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ABSTRACT 

  

 The implementation of smart irrigation techniques that rely on plants as biosensors to 

assess water stress is necessary for sustainable water management. The aims of the thesis are 

first, to review the approaches for measuring and estimating plant-based variables, to describe 

their sensitivity in estimating water status for Mediterranean tree crops, and to highlight their 

strengths and limitations; second, to assess the potential of innovative techniques for the 

automated monitoring of water status of vines in Sardinia; and third, to evaluate the possibility 

of adopting new techniques to fight water scarcity in Lebanon. To achieve the first two aims, 

a study was conducted on Vitis vinifera L. Vermentino variety vines for 3 consecutive years 

(2019 – 2020 – 2021) in 3 sites in Sardinia (Italy). Sap flow was estimated using the T-max 

and the Heat Balance methods, and leaf turgor was estimated by leaf thickness. The automatic 

measurements were compared with the reference stress indicator midday stem water potential 

values. In addition, the evapotranspiration was calculated in 2021 using the energy balance 

equation according to the Surface renewal method. The results revealed a good fit between the 

variables and a promising potential in their implementation in an automated irrigation program 

albeit some technical, mathematical, and management limitations of the sensors. To 

accomplish the third aim, a survey was performed among irrigators of 4 governorates in 

Lebanon to assess the sociological, demographic, and education situations, as well as the 

current practices in irrigation. Their views regarding lack of water and their readiness to 
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introduce new irrigation techniques were evaluated and the challenges were underlined. The 

possible strategies to improve irrigation management were highlighted with a vision to promote 

in other countries with similar environmental conditions and governmental status. 

 

Keywords 

Climate Change; Irrigation schedule; Water scarcity, Smart agriculture; Plant-based 

approaches. 
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GENERAL INTRODUCTION 

 

The world’s demand for water is rapidly increasing due to the surging populations and 

the changing climate. According to studies done by the World Research Institute, twelve out 

of seventeen countries that are facing extremely high-water stress levels are in the 

Mediterranean area. These drastic changes in the precipitation levels and severe alterations in 

temperatures highly jeopardize water availability universally and particularly in the 

Mediterranean area. Climate change and the increasing drought directly impact agriculture and 

consequently food security worldwide. This sector depends greatly on water availability, 

whether as rain fed areas or as irrigated lands where most cultivated crops can’t grow and 

produce without additional water especially in arid and semi-arid regions. Thereby emerges an 

urging need for environmentally sustainable practices that recur to using genetics, plant 

breeding and precision irrigation management with the aim of finding rapid solutions to cope 

with the alarming water scarcity that threatens the durability of agriculture. Scientists are 

continuously developing new strategies to withstand water deficit and desiccation including 

the creation of drought resistant species. On the other hand, designing and improving 

innovative irrigation techniques such as the precision irrigation system are of rising interest for 

the sake of conserving water and increasing profitability.  

In the past, most of the attention was drawn to soil water content, but recently the focus 

shifted to plants’ responses to water deficit. For this reason, the plant itself is used as a natural 

biosensor that continuously responds to changes in the environment. Sensors mounted on plant 

organs such as leaves, fruit, branches, trunk and roots provide complex but highly informative 

tools to understand when plants suffer from water stress and therefore avoiding the overuse of 

water during a specific stage of growth without affecting the yield. Scientific research should 
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be met with on-field adaptation and application to satisfy the farmers need for an appropriate 

irrigation schedule based on an automated system through the popularization and dissemination 

of new techniques, approaches, and guidelines. This work aims to discover new technical 

systems for a better irrigation management that could be introduced in the future. It is divided 

into 3 chapters: 

- The first chapter is a review detailing the current plant-based approaches that are 

applied for the assessment of water stress in the main crops grown in the Mediterranean 

climate. The sensitivity and accuracy of each plant variable in estimating water status 

are outlined per each approach. The study also highlights the applicability of each 

approach for a sustainable irrigation management. Finally, the limitations and gaps of 

each approach or method are described and the possibility for future improvements is 

outlined. 

- The second chapter describes the field activity done on vineyard crops and dedicated to 

the use of several plant-based sensors to determine plant water status since plants are 

the main biosensor that directly exchange water with the environment by transpiration. 

The main objectives of this work are on one hand to answer when to irrigate through 

the testing of plant and leaf-mounted probes for the continuous assessment of water 

status, and on the other hand, answer how much water was lost through the estimation 

actual crop evapotranspiration. To achieve this purpose, different techniques and 

methodologies for monitoring water stress are used in three sites in Sardinia during 

2019, 2020 and 2021, characterized by different environmental and cultivation 

conditions. The possible outcomes are to improve water management in viticulture with 

obvious economic and productive benefits and to provide measurement data to find out 
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which technique is best able to simulate the physiological response of the species and 

thus become effective and efficient management tools for winemakers. 

- The third chapter comprises a survey done in Lebanon in 2020 to assess the irrigators’ 

current irrigation practices based on their education levels and age, as well as their 

views on climate change, water management and their readiness to introduce new 

technologies.  The outcome of this study is to identify the trends in irrigation methods 

and projection for future development and collaboration as well as outreach efforts in 

irrigation management in Lebanon and to evaluate farmers’ decision-making processes 

on adopting improved technology and irrigation management systems. 



Gilbert Noun, Ph.D. 

Water Management and Precision Irrigation in Mediterranean Climate 

XXXIV Cycle 

University of Sassari – Italy             22                 

 



Gilbert Noun, Ph.D. 

Water Management and Precision Irrigation in Mediterranean Climate 

XXXIV Cycle 

University of Sassari – Italy             23                 

CHAPTER 1  

LITERATURE REVIEW 

 

Plant-based methodologies and approaches for estimating 

plant water status in the Mediterranean climate: a review. 

 

Based on the review scientific paper ready for journal submission.  
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ABSTRACT 

 

 Global climate change presents a threat for the environment, and it is aggravated by the 

mismanagement of water use in the agricultural sector. Since plants are the intermediate 

component of the soil-plant-atmosphere continuum, and their physiology is directly affected 

by water availability, plant-based approaches proved to be sensitive and effective in estimating 

plant water status and can be used as a possible water-saving strategy in crops irrigation 

scheduling. The aim of this work is to review the approaches and tools developed to measure 

and estimate plant-based variables as proxy for assessing plant water status. For each water 

status variable, the different approaches, including current and more recent advancement in 

methods are described and discussed. The sensitivity and accuracy in estimating water status 
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for typical Mediterranean crops are outlined per each approach. The study also highlights the 

applicability of each approach for a sustainable irrigation management, as well as the gaps and 

possible future technological improvements. 

 

KEYWORDS 

Climate change, Irrigation scheduling management, Plant-based variables, Water stress, Smart 

agriculture, Regulated deficit irrigation  
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1. INTRODUCTION 

 

  Global climate change is currently a devastating threat for the environment due to the 

constantly increase in average air and surface temperatures and the erratic alterations of the 

rainfall patterns (Shukla et al., 2019). The decrease in water availability, exacerbated by climate 

change, affects agricultural productivity by causing a reduction in crop yields, damaging 

product’s quality, and subsequently negatively impacting the economic sector (Gosling and 

Arnell, 2016; Pachauri et al., 2014; van Leeuwen et al., 2019). In addition, agriculture is the 

main consumer of water resources worldwide, and irrigated lands increase yearly to maintain 

the population’s needs of food demands (Velasco-Muñoz et al., 2018). Mismanagement of 

water use in the agricultural sector also aggravates the impact of climate change by increasing 

water losses (Velasco-Muñoz et al., 2018; Xiloyannis et al., 2012).  

  Adaptation measures need to be adopted to guarantee efficient use of the available 

water, reduce water losses, and ensure both quality and quantity of crop yield (Fernández, 

2017). Irrigation scheduling is, then, a priority, and improved and standardized methods are 

required to help farmers in pursuing productive and economic goals. Regulated Deficit 

Irrigation (RDI) strategies have been implemented as a way to balance drought periods and 

plant’s irrigation needs during specific phenological periods (El Jaouhari et al., 2018; Khapte 

et al., 2019; Yu et al., 2020). RDI is a practice where crops are irrigated with an amount of 

water slightly below the crop coefficient during the least water stress-sensitive growing period 

to improve crops production (Behboudian and Mills, 1997; Ruiz-Sanchez et al., 2010). The 

aim is to gradually enhance the plant’s response to water stress and Water Use Efficiency 

(WUE), thus saving water (Chai et al., 2016). This approach was successful particularly in 

grapevines (Munitz et al., 2017), olives (Cano-Lamadrid et al., 2015), pomegranate (Galindo 

et al., 2017), citrus trees (Ballester et al., 2013), and peach (Mirás-Avalos et al., 2017), among 
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others. On the other hand, it can negatively impact the yield in some crops, such as sweet cherry 

(Blanco et al., 2020). Nevertheless, the success of RDI requires the entailment of predefined 

water stress thresholds during each phenological phase to avoid crop damage (Marsal et al., 

2016; Ruiz-Sanchez et al., 2010). Therefore, for a remunerative and sustainable production 

process (Egea et al., 2017), an efficient plant-based irrigation program is needed, which strictly 

depends on the most sensitive indicator used to assess water stress per each crop. 

  In this regard, the plant water status (PWS) assessment is an approach that targets 

helping farmers to elaborate an irrigation schedule as a possible water-saving strategy. 

Formerly, PWS was estimated based on soil water content, the readily available water, and the 

assessment of evapotranspiration (Ben-Gal et al., 2009; Stričevič and Čaki, 1997) but, more 

recently, plant-based approaches have been used (Jones, 2006, 2004). These approaches proved 

to be more accurate and sensitive than soil-based techniques in estimating PWS, showing high 

plant responses to water deficit (Fernández, 2017; Jones, 2006, 2004). Soil-based methods are 

highly influenced by soil texture (McCutchan and Shackel, 1992; Schmitz and Sourell, 2000), 

and soil water status indirectly affects plant growth rather than directly (Kramer, 1963). On the 

other hand, plant physiological response to water deficit is affected essentially by changes in 

leaf and stem water content rather than soil water dynamics (McCutchan and Shackel, 1992). 

PWS is also particularly preferred in woody crops since the deep nature of their root systems 

shows the difficulty in estimating soil water contents (Blanco-Cipollone et al., 2017).  

  Plants are the intermediate components of the soil-plant-atmosphere continuum, and 

their physiology is directly affected by water availability (Kramer, 1963; Osakabe et al., 2014). 

Several studies analyzed and monitored PWS through various correlated physiological 

variables, whereas others focused on developing approaches, methods, and sensors that can 

operate continuously and remotely. Stomatal conductance (Turner, 1991), leaf turgor (Palta et 

al., 1987), stem diameter variation (Huck and Klepper, 1977; Klepper et al., 1971; Kozlowski, 
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1971), leaf thickness (Meidner, 1952), water potential (Choné, 2001; Garnier and Berger, 1985; 

McCutchan and Shackel, 1992), relative water content (Simonneau et al., 1993; Weatherley, 

1950), and sap flow (Marshall, 1958; Sakuratani, 1981; Swanson and Whitfield, 1981) can be 

indirect indicators or proxies of water stress deficit. Each of these physiological variables has 

a certain response to water availability. In the case of water stress, the partial closure of stomata 

reduces water loss but simultaneously reduces photosynthetic activity and, thus, reduces 

growth and productivity (Escalona et al., 2002). Loss of turgidity affects cell enlargement by 

reducing plant growth and leaf area while increasing leaf thickness (Chartzoulakis et al., 2002). 

Moreover, trunk diameter decreases evidently, and shrinking is clear as water losses and 

evapotranspiration increase (Cohen et al., 2001). Lower water potentials may lead to complete 

desiccation or plant death (Choat et al., 2012). On the other hand, the higher the relative water 

content of a plant is, the greater it tolerates and survives under drought stress conditions. Sap 

flow decreases and shoot growth decreases when water is withheld (Gavloski et al., 1992). 

This work aims to extensively review the plant-based methods and approaches that are most 

applied to monitor PWS, the different technologies available, the gaps, and the possibility of 

further improvements in establishing a sustainable irrigation schedule. We describe the various 

approaches and analyze the differences between conventional and recent improved methods. 

 

2. METHODS, TECHNOLOGIES, AND APPROACHES TO MONITOR PLANT WATER STATUS 

 

  The methodologies and technologies analyzed are reported in Figure 1.1 as a graphic 

representation, while their technical characteristics and strengths, and limitations are 

summarized in Table 1.1. 
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Table 1.1 A summary of the main plant-based water stress indicators, measured variables, 

respective sensors and methods with their technical functions, their main strengths and 

limitation for better irrigation scheduling 

Indicators, Measured variables, Sensors and Methods. 

 Technical 

function 
Strengths Limitations 

Main 

References 
(1) Stomatal conductance gs (Maximum daily Stomatal aperture) approach 

(a) Porometer 
Computes gs to 

WV 
- Effective 

- Sensitive 

- Handheld 

- Not automated 

- Leaf-to-leaf 

variation 

- Affected by nature 

of crop 

 

(b) Infrared gas 

analyzer IRGA 

Computes gs to 

WV and CO2 

-Tyree and 

Sperry, 1989 

(2) Leaf turgor (Cell turgor pressure) approach 

(a) Cell pressure 

probe 

technique 

Measures the 

turgor pressure 

equilibrium 

sap/oil 

- Continuous 

and accurate 

measurement 

- Invasive 

- Not suitable for 

long-term outdoor 

applications 

- Hüsken et al., 

1978;  

- Zimmermann 

and Steudle, 

1979  

(b) Leaf patch 

clamp pressure 

probe 

Measures 

attenuated 

output pressure, 

in response to 

magnetic clamp 

pressure 

- Noninvasive 

- Sensitive 

- Accurate 

- Continuous 

- Possible leaf-to-

leaf variation 

- Level of accuracy 

depends on crop 

- Zimmermann 

et al., 2008 

(3) Stem diameter variation (Maximum daily shrinkage) approach 

(a) Dendrometer 

 

Measures 

potential 

difference of 

either swelling 

or shrinking of 

the stem and 

translates it into 

an electrical 

signal 

- Continuously 

and 

automatically 

recorded 

- Affected by 

environmental 

changes and plant 

age 

- Variable and 

inaccurate 

- Deslauriers et 

al., 2007;  

- Rossi et al., 

2006 

(b) Linear 

variable 

differential 

transformer 

Converts linear 

displacements 

of the stem to 

an electrical 

signal 

- Robust 

- High 

precision 

- Automated 

- Need individual 

calibration 

- Simonneau et 

al., 1993 

(4) Leaf thickness approach 

(a) Micrometer 

 

Pressure-

volume curve. 
- Automated 

- Invasive method 

(requires leaf cut) 

- Bùrquez, 

1987;  

- Turner et al., 

1984 

(b) Linear 

variable 

displacement 

transducers 

Distance 

separating the 

sensor head of 

the metal target 

and leaf probe 

- Noninvasive 

method 

- Sensitivity limited 

by lateral 

shrinkage, 

- Expensive 

instrumentation 

- McBurney, 

1992 
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(5) Plant water potential (Free energy of water) approach 

(a) Thermocouple 

psychrometer 

Measure 

temperature 

and voltage 

variations due 

to vapor 

pressure 

- Noninvasive - Not automated 
- Boyer and 

Knipling, 1965 

(b) Scholander 

pressure 

chamber 

Balancing 

pressure 

measured with 

a pressure 

chamber and 

the osmotic 

potential of the 

xylem sap 

- Simple 

- Effective 

- Uses highly 

compressed gases 

- Time-consuming 

- Not continuous 

- Misrepresentation 

-Scholander et 

al., 1964 

(c) Pump-up 

pressure 

Pressure 

applied by 

means of pump 

- Avoids use of 

compressed 

gases 

- Mainly 

designed for 

irrigation 

scheduling 

and 

monitoring 

- Novel 

instrumentation, 

 

- Goldhamer 

and Fereres, 

2001 

(6) Relative water content (Relative amount of water present in the plant tissues) approach 

(a) Mass 

weighing 

Weighing 

fresh, dry, and 

turgid masses 

of the leaf 

-Easy to 

measure, 

-Directly 

related to 

physiological 

function 

- Difficulty to 

obtain uniform 

replication 

-  Weatherley, 

1950 

(7) Sap flow (Movement of fluid) approach 

(a) Heat balance method 

(i) Stem heat 

balance 

Heat input from 

the heater to 

the entire 

circumference 

is balanced by 

the heat fluxes 

out of the stem 

- Used for 

woody and 

herbaceous 

stems 

- Invasive 

- Sensors are rigid 

and fixed 

- Cannot be used for 

thick stems 

- Sakuratani, 

1981 

(ii) Trunk sector 

heat balance 

method 

Heat applied to 

a segment of 

the stem 

- Used for 

large stem 

diameters 

- Invasive 

- Sensors are rigid 

and fixed 

- Čermák and 

Kučera, 1981 

(b) Heat pulse method 

(i) Compensation 

Heat Pulse 

method 

Heat pulse 

velocity is 

calculated by 

measuring 

temperature 

differences 

- Consistent 

results 

- Need to be 

corrected 

- Unable to measure 

low sap flow rates 

and reverse flow 

- Marshall, 

1958 
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(ii) Heat ratio 

method 

Measures the 

ratio of the 

increase in 

temperature 

- Measures 

reverse flow 

- More accurate 

than CHPM, 

- Less reliable at 

high flux densities 

- Burgess et al., 

2001 

(iii) T-max method 

Calculates time 

delay for a 

maximum 

temperature 

rise to occur at 

the downstream 

temperature 

sensor 

- Single 

temperature 

sensor 

- Measures 

simultaneousl

y the heat 

wave at 

several depths 

in the trunk 

- Noisy 

measurements at 

night 

- Unable to measure 

low flow rates 

- Cohen et al., 

1981 

(iv) TmRatio Heat 

Pulse method 

Calculates heat 

pulse velocity 

using the ratio 

of the 

maximum 

temperature 

increase 

between the 

downstream 

and side probe 

- Low-cost, 

- Easily 

replicated, 

- Able to 

measure low 

flow and at 

night 

- Novel 

instrumentation 

- Miner et al., 

2017 

(v) Sapflow+ 

method 

 

Calculate 

conduction and 

convection of a 

short-duration 

heat pulse 

- Nondestructive 

measurement 

of high, low, 

and reverse 

sap flows 

- Require 

temperature 

correction 

- 

Vandegehuchte 

and Steppe, 

2012 

(c) Continuous heat method 

(i) Thermal 

dissipation 

probe 

Calculate 

temperature 

difference 

between two 

probes 

- Simple 

- Accurate 

- Low-cost 

- Needs calibration 

according to 

species 

- Errors in 

estimating sap 

flow for whole 

tree 

- High electrical 

consumption 

- Granier, 1985 

(ii) Heat Field 

Deformation 

method 

Continuous 

linear heating 

system 

- Shows plants’ 

responses to 

sudden 

environmenta

l changes and 

water stress 

- Measures at 

different 

depths in the 

sapwood, 

high, low, 

and reverse 

flows 

- Can cause errors 

in estimations 

 

- Nadezhdina, 

2018 
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Figure 1.1  Graphical scheme describing the different plant-based variables and approaches 

and the respective technology or sensors used  
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2.1. Stomatal conductance-based approach  

  In the leaf, the role of stomata is to regulate carbon dioxide (CO2) assimilation with 

respect to water vapor (WV) loss. Although water loss through transpiration during high-

temperature conditions cools down plants, stomatal closure during drought periods is crucial 

to limit transpiration and prevent possible xylem dysfunction (Tyree and Sperry, 1989). 

Therefore, stomatal regulation of leaf gas exchange is vital for plant survival under arid and 

semi-arid conditions when potential evapotranspiration is larger than precipitation (Fernández, 

2017). 

 Stomatal conductance (gs) is the measurement of stomatal aperture. It is the reciprocal 

of the stomata resistance to the rate of passage of CO2 entering and WV exiting the leaf. Many 

variables, such as alternations in soil water status and atmospheric demand, cause the stomatal 

aperture to change regularly. The constant variation of gs measurements reflects the plant 

response to water stress and is considered one of the most effective and sensitive water stress 

indicators  (Cifre et al., 2005; Jones, 2004). The maximum daily stomatal conductance (gsmax) 

is the gs value measured at the broadest possible stomatal aperture when optimal gas exchange 

is achieved and is widely considered a water stress indicator (Fernández, 2017).  

 The gs is measured using porometers and infrared gas analyzers (IRGAs). The 

porometer computes gs to WV, whereas the IRGAs compute gs to both WV and CO2. Both 

devices have a chamber in which the whole leaf, or part of it, is clamped. If the leaf cuticle is 

permeable to WV and CO2, the apparatus measures the leaf conductance (gl). If the leaf has an 

impermeable cuticle, the device computes the stomatal conductance (gs).  
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2.2. Leaf turgor-based approach 

 Leaf turgor is the pressure exerted on the cell walls to maintain its rigidity and form. 

The leaf loses rigidity and wilts as a result of water stress and deficit. The osmotic flow of 

water regulates this pressure. Stomatal closure and aperture control transpiration, which in turn 

affects leaf water status and subsequently leaf turgor pressure (Ehrenberger et al., 2012). The 

decrease in turgor pressure was shown to be directly proportional to the transpiration rate (Palta 

et al., 1987). After studying diurnal oscillations of turgor pressure, Zimmermann et al., (2010) 

also found that leaf water status can be evaluated according to the size of turgor pressure loss 

around noon and the time needed for its recovery in the afternoon.  

 

2.2.1. Cell pressure probe technique 

 The cell pressure probe technique was introduced as a method intended to continuously 

measure cell turgor (Hüsken et al., 1978; Tomos and Leigh, 1999; Zimmermann and Steudle, 

1979). The pressure probe comprises a microcapillary, a pressure chamber containing a 

pressure transducer, and a metal rod, with the whole device being filled with silicone oil. The 

probe is then attached to the leaf by inserting the microcapillary into the cell, and pressure is 

exerted by releasing the oil. Consequently, turgor pressure pushes the sap to exit the cell into 

the microcapillary, decreasing the cell pressure. Again, oil is released, causing an increase of 

pressure until the boundary sap-oil reaches an equilibrium, and the pressure on the oil read by 

the pressure transducer becomes equal to cell sap. 

 

2.2.2. Leaf patch clamp pressure probe 

 More recently, researchers studied a noninvasive leaf patch clamp pressure probe 

designed to measure leaf turgor (Bramley et al., 2013; Rüger et al., 2010; Zimmermann et al., 
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2008). The probes are made up of pressure sensors clamped to the leaves using two magnets to 

monitor relative water status changes. For considering measurements accurate, the patches 

should be in osmotic contact with the whole leaf, and stomata should be closed to avoid water 

loss. For these conditions to be achieved, the upper magnet can be moved and clamped 

according to leaf thickness and rigidity while keeping constant the pressure exerted by the 

magnets. The probe measures the pressure transfer function of the leaf patch, i.e., the attenuated 

output pressure (Pp), in response to the magnetic clamp pressure (Pclamp), with cell turgor 

pressure (Pc) measured on the leaf patch being opposed to this output pressure (Pp) (Westhoff 

et al., 2009; Zimmermann et al., 2008). 

 

2.3.  Stem diameter-based approach 

 Stem diameter variation (SDV) is a PWS indicator that permits the early detection of 

water stress. Studies have shown a strong relation between daily variations in PWS and daily 

variations in stem diameter (Huck and Klepper, 1977; Klepper et al., 1971; Kozlowski, 1971). 

As transpiration (Ep) occurs in the plant leaves, a tension arises in the evaporative surface and 

extends to all water-storing organs. This rapid response to atmospheric changes causes 

systematically diurnal diameter changes in all plant parts, including the stem, branches, roots, 

leaves, and fruits (Cermak et al., 2007; Sevanto et al., 2002; Ueda and Shibata, 2001). As a 

result, as Ep increases, water loss increases, leading to a decrease in trunk diameter. 

 Nevertheless, these changes in water content represented by shrinkage and swelling of 

the tissues are reversible, leading to diurnal SDV. Daily, the fluctuations record SDV-derived 

variables: a maximum daily stem diameter and a minimum daily stem diameter, the difference 

between them being the maximum daily shrinkage. Another recorded measurement is stem 

growth rate which corresponds to the difference between the maximum stem diameter of two 

consecutive days (Fernández and Cuevas, 2010). 
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2.3.1. Dendrometers 

 Dendrometers are instruments used to measure stem and trunk diameter variation and 

growth. They give high-resolution data of diurnal stem size variations and seasonal tree growth 

and water storage fluctuations over the year (Deslauriers et al., 2007).  

 

2.3.1.1.  Point dendrometers 

 Point dendrometers measure stem growth along the radius or diameter of a tree using a 

linear potentiometer or sensor consisting of a rod nailed or screwed outside the trunk. The 

sensor measures a potential difference of either swelling or shrinking of the stem and translates 

it into an electrical signal (Rossi et al., 2006). An output voltage will then be obtained, 

indicating the stem's growth.  

 

2.3.1.2. Band dendrometers 

 Band dendrometers measure the circumference and linear displacement of a band 

wrapped around the trunk, stem, or branch through the use of a linear potentiometer. Like the 

point dendrometer, as the stem swells or shrinks, the band expands and contracts, transmitting 

a signal to the potentiometer (Deslauriers et al., 2007).  

 

2.3.2.  Linear variable differential transformers 

 Linear variable differential transformers (LVDT) are sensors fixed on the main trunk 

by a metal frame of Invar, a metal alloy with minimal thermal expansion. They function by 

converting stem linear displacements they are coupled to into an electrical signal through a 

displacement transducer. The sensors should be individually calibrated using a precision 
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micrometer. The LVDT sensors are robust and of high precision (Fernández and Cuevas, 

2010). They are sensitive to small changes in stem growth.  

 

2.4.  Leaf thickness 

 The first studies dedicated to the relationship between leaf thickness and PWS showed 

a decrease in leaf thickness during plant dehydration followed by a rapid compensation upon 

irrigation making changes in leaf and stem thickness indicators of water deficit (Meidner, 

1952). More recent studies showed that leaf thickness can be used to leaf relative water content 

and overall plant water content (Afzal et al., 2017).  

 Leaf thickness can be measured using micrometers (Bùrquez, 1987; Turner et al., 1984) 

or using the linear variable displacement transducers (LVDTs) that similarly measure stem 

diameter (McBurney, 1992). 

 

2.4.1. Micrometers 

 The sample leaf is cut and submerged in water after being inserted in a polyethylene 

bag to prevent evaporative water loss and stored in darkness. The leaf is allowed to regain full 

hydration before measuring its thickness at full turgor. The gear-wheel type micrometer is used 

to measure leaf thickness through an internal spring that exerts pressure when released. A 

pressure-volume curve is then constructed to calculate thickness and relative water content 

(RWC) (Bùrquez, 1987; Turner et al., 1984). 

 

2.4.2. Displacement transducers 

 A displacement transducer is a device consisting of a leaf clamp holding a probe and a 

metal target or rod (McBurney, 1992). When the instrument is clamped around a sample leaf, 
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an alternating current passes through the probe generating an alternating magnetic field that 

induces eddy currents within the target. The circuit is then transformed into a voltage and 

linearized as a function of the distance separating the sensor head of the metal target and the 

leaf probe, this distance being the leaf thickness. Studies showed a correlation between leaf 

thickness and plant water potential (Bùrquez, 1987; McBurney, 1992), providing an early stress 

detection measurement.  

 

2.5.  Plant water potential-based approach 

 Water potential or free water energy measures the potential energy of water that allows 

water to move up the plant (Kramer and Boyer, 1995). 

 Leaf water potential (Ψleaf) is measured on a single leaf and can represent local leaf 

water demand, soil water availability, internal plant hydraulic conductivity, and stomatal 

regulation (Choné, 2001). Xylem water potential (Ψxylem) is measured on a non-transpiring leaf 

since, when leaves do not transpire, their potential is considered to correspond to Ψstem (Begg 

and Turner, 1970; van Leeuwen et al., 2019). Xylem water potential is the result of whole-plant 

transpiration and soil and root/soil hydraulic conductivity. Subsequently, it indicates the ability 

of plants to conduct water from the soil to the atmosphere (Begg and Turner, 1970). Plant water 

potential is measured using two main methodologies: psychrometry and the pressure chamber 

(Schaefer et al., 1986; Turner, 1981; Turner et al., 1984). 

 

2.5.1. Thermocouple psychrometers  

 Thermocouple psychrometers are noninvasive instruments that measure leaf water 

status on site. Isopiestic psychrometers work by enclosing the sample leaf and a thermocouple 

in a small container or chamber while maintaining constant temperature (Boyer and Knipling, 
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1965). The thermocouple is made up of two junctions: the reference junction, which measures 

the chamber temperature, and the measurement junction, which measures the air temperature. 

As water evaporates from the leaf, air humidity is measured, and water vapor pressure is 

determined. When evaporation takes place, vapor pressure increases, and subsequently, 

temperature and voltage detected by the thermocouples decrease. Contrarily, when 

condensation occurs, vapor pressure drops, and temperature and voltage increase. 

Nevertheless, when the temperature is kept stable, and neither condensation nor evaporation 

occurs, vapor pressure is considered equal to air humidity, thus equivalent to the plant water 

potential (Boyer and Knipling, 1965). 

 

2.5.2. The Scholander pressure chamber  

 The Scholander pressure chamber is a simple and effective instrument widely used to 

measure leaf water potential (Scholander et al., 1964). The method consists of increasing the 

pressure using a high-pressure compressed gas around a leaf until sap from the xylem appears 

at the end of the shoot, extends outside the chamber, and is exposed to atmospheric pressure 

(Boyer and Knipling, 1965). The pressure needed to keep this condition is equal to the negative 

pressure existing in the intact stem. The quantity of pressure necessary to force water out of 

the leaf cells into the xylem is a function of the water potential of the leaf cells (Boyer and 

Knipling, 1965). Leaf water potentials are then estimated from the sum of the balancing 

pressure measured with a pressure chamber and the osmotic potential of the xylem sap in leafy 

shoots or leaves.  

 The pump-up pressure chamber is a newly designed pressure chamber that avoids the 

use of compressed gases in the Scholander design, achieving the required pressure through a 

pump (Goldhamer and Fereres, 2001). This novel pressure chamber is mainly designed for 

irrigation scheduling and monitoring, particularly for managing deficit irrigation. 
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 Assuming constant hydraulic conductivity in the petioles throughout the growing 

season, the difference between Ψstem and Ψleaf (ΔΨ) varies with soil water availability in the 

root zone (Garnier and Berger, 1985). Thus, as the soil dries, ΔΨ increases, causing an increase 

in the tension in the xylem. As a result, Ψxylem decreases, leading to an increasing number of 

embolized xylem vessels, and therefore, a loss of hydraulic conductance (Fernández, 2017; 

Tyree and Sperry, 1989). Studies showed Ψstem to be a water deficit indicator (Choné, 2001; 

Garnier and Berger, 1985; McCutchan and Shackel, 1992)  and since Ψstem, as previously 

discussed is equal to Ψxylem, it can replace Ψleaf as a more accurate water stress indicator 

(McCutchan and Shackel, 1992). According to van Leeuwen et al., (2019) under conditions 

established by dry soil cultivation, plants tend to maintain Ψleaf, especially at midday, through 

increased stomatal closure constantly to avoid severe water losses. Furthermore, Choné (2001) 

established a relationship between leaf transpiration and ΔΨ for grapevines.  

 

2.6.  Relative water content-based method 

 Relative water content represents the relative amount of water present in the plant 

tissues and can be used as a water deficit indicator. Mathematically, the RWC of plant tissue 

is calculated according to the equation (Weatherley, 1950) : 

 

RWC (%) = [(FW - DW) / (TW - DW)] x 100  (Eq. 1.1) 

 

 Where FW, DW, and TW are the fresh, dry, and turgid masses, respectively, of the 

tissue. FW is the mass weighed immediately after leaf collection, TW is obtained after floating 

the leaf in distilled water, and DW is the weight taken after placing the leaf in a heated oven. 
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Diurnal RWC is closely related to stem diameter changes and varies inversely with the change 

in solar radiation, increasing when the radiation decreases and decreasing as radiation increases 

(Simonneau et al., 1993).  

 

2.7.  Sap flow-based approach 

 Sap flow is the movement of fluid in the roots, stems, and branches of plants and is 

typically measured in the xylem of plants (Giménez et al., 2013). The measurement of the rate 

at which the sap ascends a plant, whether the whole plant, individual branches, or tillers, can 

determine the transpiration rate. Since transpiration depends on PWS and given that the effect 

is controlled by stomatal opening and stomatal conductance, sap flow can be used as an 

indicator of PWS and water stress (Alarcón et al., 2000; Giménez et al., 2013). According to 

Alarcón et al., (2000), sap flow is greatest on warm, sunny days of high vapor pressure deficit 

and least on cooler, cloudy days of low VPD. Additionally, sap flow would decrease 

progressively once irrigation water is suspended, and vice versa increase when irrigation is 

resumed (Alarcón et al., 2000).  

 Two main approaches exist to measure sap flow: one calculating the sap-flow rate 

through the heat balance methods, the another calculating sap-flux density through the heat 

pulse methods, and the continuous thermal dissipation or heat dissipation methods. 

 

2.7.1. Heat Balance Methods 

 Heat balance methods calculate the mass of flow rate of sap, determining, by difference, 

the amount of heat transported in the moving sap after being subjected to a known amount of 

heat. 

 



Gilbert Noun, Ph.D. 

Water Management and Precision Irrigation in Mediterranean Climate 

XXXIV Cycle 

University of Sassari – Italy             42                 

2.7.1.1.  Heat Balance with external heating, or stem heat 

balance method 

 The stem heat balance (SHB) method introduced by Sakuratani (1981) is used to 

measure sap flow in both woody (Steinberg et al., 1989) and herbaceous (Baker and van Bavel, 

1987) stems. A SHB gauge is made up of a flexible heater (thermopile) and thermocouples to 

sense temperature differences wrapped around the conductive organ. A small quantity of heat 

is then applied continuously through the heater, and the connected thermocouple junctions 

sense the increase of temperature of the enclosed stem. 

 Energy conservation between the energy put into the stem and the energy losses is 

calculated, i.e., the heat input from the heater is balanced by the heat fluxes out of the stem, 

thus obtaining sap flow (Baker and van Bavel, 1987; Sakuratani, 1981). 

 

2.7.1.2.  Heat Balance with internal heating, or the trunk sector 

heat balance method  

 The trunk sector heat balance method of sap flow measurement used on tree trunks with 

diameters greater than 120 mm. Similarly, sap flow rates are derived from the heat balance of 

a heated stem tissue to the stem heat balance method. However, in the trunk sector heat balance 

method, heat is applied internally to only a segment of the trunk instead of externally to the 

entire circumference of the enclosed stem. Stainless steel electrode plates, as well as 

thermocouples, are inserted into the trunk to transfer heat. Temperature increase ΔT between 

the inside and the outside of the trunk is calculated to measure the sap flow rate at the center 

of the heated trunk sector (Čermák and Kučera, 1981). 
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2.7.2. Heat-Pulse Methods 

 Heat-pulse techniques are noninvasive methods used to measure sap flow in plant stems 

without disrupting the sap stream of the conductive organ (Cohen et al., 1981; Green and 

Clothier, 1988; Swanson and Whitfield, 1981). The obtained measurements are consistent, use 

low-priced technology, provide a good time resolution of sap flow, and automated data 

collection and storage. The sequential or simultaneous measurements on numerous trees can 

estimate transpiration from whole stands of trees (Green and Clothier, 1988). 

 

2.7.2.1.  Compensation Heat Pulse method 

 The Compensation Heat Pulse method (CHPM) introduced by Marshall, (1958) is a 

technique intended to study sap flow (Alarcón et al., 2000; Fernández et al., 2001; Green et al., 

2003; Green, 1993). Since then, simple instrumentation, robust probes, and reliable 

measurements were developed (Green and Clothier, 1988). 

 This technique uses two temperature probes asymmetrically placed on either side of a 

central line heater inserted radially into the tree xylem through drilling holes into the sapwood. 

The heater probe then releases a heat pulse that is then carried via convection and conduction 

as a tracer in the conducting organ. The Heat Pulse velocity is then calculated by measuring 

temperature differences, with the application of a set of theoretically derived corrections to 

correct errors that might occur due to a stem wound following the drilling (Green et al., 2003; 

Green and Clothier, 1988; Swanson and Whitfield, 1981).  

 The comparison between the values of sap flow and transpiration rates measured 

underlined the robustness and high sensitivity of the compensation heat-pulse technique for 

estimating transpiration (Alarcón et al., 2005).  
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2.7.2.2.  The heat ratio method 

 The heat ratio method (HRM), an improved heat-pulse-based technique, was developed 

by Burgess et al., (2001) to modify the CHPM.  

 The HRM measures the ratio of the increase in temperature, following the release of a 

heat pulse through a central heater, at points equidistant downstream and upstream. With the 

HRM, placement errors of the equidistant probes can be tested in situ and mathematically 

corrected, making it more accurate than CHPM asymmetrical probes (Burgess et al., 2001).  

 The velocity of the heat pulse can be calculated from the temperature ratio between the 

two sensor probes, the thermal diffusivity of the sapwood, and the distance between the heater 

and the sensor probes (Burgess et al., 2001; Marshall, 1958) and then converted into sap flux 

density (Burgess et al., 2001; Fuchs et al., 2017). 

 A recently developed external heat ratio (EHR) method aims to obtain a noninvasive 

and accurate bidirectional sap flow and is further adapted to thin stems (Clearwater et al., 2009; 

Wang et al., 2018). The EHR consists of a small heater and two thermocouples installed on the 

stem equidistantly, at a few millimeters, from the center of the heater. 

 

2.7.2.3.  T-Max method, The Cohen's heat-pulse method 

 Marshall's (1958) analytical theory was used by Cohen et al. (1981) to develop an 

alternative improved heat pulse method, the T-max method, which, as opposed to other heat-

pulse methods that rely on two temperature sensors or thermocouples, uses a single temperature 

sensor inserted downstream of the line heater. This method simultaneously measures the 

heatwave at several depths in the trunk. Recording the time delay for a maximum temperature 

rise at the sensor location. A second probe located upstream of the heater serves as a reference 

probe to compensate for any background changes in stem temperature during the T-max 
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measurement. Sap flow is then determined from the time delay for a maximum temperature 

rise to occur at the downstream temperature sensor. 

 Green et al. (2003) described the procedure used to convert raw heat-pulse data into 

values of volumetric sap flow by presenting a set of theoretical correction factors for this 

purpose.  

 

2.7.2.4.  The ratio heat pulse method  

 Miner et al. (2017) developed the TmRatio method using a gauge consisting of three 

needle probes: the central probe applies a heat pulse, one temperature probe located above the 

heater probe and the other placed on the side of the heater. The aim is to calculate heat pulse 

velocity using the ratio of the maximum temperature increase between the downstream and 

side probe.  

 

2.7.2.5.  The Sapflow+ method  

 Vandegehuchte and Steppe (2012) developed a sap flow method that simultaneously 

measures sap flow density and stems water content without disrupting the sap flow. The 

combination of determining heat velocity and water content outcomes the sap flux density 

values. These parameters are determined based on the conduction and convection of a short-

duration heat pulse with finite length away from an infinite line source in the anisotropic 

sapwood. The sensor is formed of a four-needle probe consisting of a linear heater and three 

measurement needles located at specific distances axially upstream, downstream, and 

tangentially from the heater (Vandegehuchte and Steppe, 2012). 

 Measurements can be conducted at different depths to obtain a radial sap flux density 

profile. Therefore, heat velocity, axial and tangential thermal conductivity, and volumetric heat 
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capacity are thus derived after fitting the correct heat conduction–convection equation to the 

measured temperature profiles. 

 

2.7.3. Continuous Heat  

2.7.3.1.  Thermal dissipation probe  

 Granier (1985) developed a simple yet accurate and low-cost constant heating method 

to relate the dissipation of heat to sap flux density empirically. The thermal dissipation sap 

flowmeter is composed of two probes inserted radially into the xylem. One of the two probes, 

the thermal dissipation probe, is heated with constant energy input. In contrast, the other, the 

reference probe, remains unheated, i.e., keeps the same ambient temperature of the wood. Sap 

flux density is then calculated as a function of the temperature difference between the two 

probes, assuming that under thermal equilibrium conditions of the system and constant sap flux 

density, input of heat is equal to heat dissipated by convection and conduction (Cabibel et al., 

1991; Granier, 1985).  

 

2.7.3.2.  The Heat Field Deformation method  

 The heat field deformation (HFD) method (Nadezhdina, 1999) enables sap flux density 

measurements to be made through a continuous linear heating system. This constant heating 

technique shows plant responses to sudden environmental changes and water stress. The sensor 

used comprises a needle-like heater radially inserted in the sapwood and two pairs of 

differential thermocouples. The lower reference thermometer of the asymmetrical pair of 

thermocouples is then positioned in one common needle and placed below the heater. The 

upper thermometer is placed next to the heater, whereas the thermometers are positioned 

equidistantly from the heater in the symmetrical pair of thermocouples. This placement allows 
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recording simultaneously of the dissipation and deformation of heat in axial and tangential 

directions around the linear heater (Nadezhdina, 1999). The HFD method measures both 

asymmetrical and symmetrical temperature gradients, dTsym and dTas, respectively. It, therefore, 

eliminates any limitations in the measurements due to the separate application of thermometers 

as in other methods.  

 The dTsym/dTas ratio thus calculated is proportional to sap flow rates (Nadezhdina, 2012, 

1999) and dTsym is also known as the sap flow index, which can be used as a stress indicator 

(Nadezhdina, 1999). The method is designed to measure sap flow measurements in tree organs 

having a diameter greater than 3 cm, as well as those with a diameter less than 2 cm using baby 

sensors (Hanssens et al., 2013; Nadezhdina, 2013). 

  

3. THE APPLICATION OF PLANT-BASED INDICATORS IN IRRIGATION SCHEDULING 

 

 The PWS should be monitored very carefully to sustain and optimize irrigation 

management and prevent water waste and avoid excess stress for plants that can adversely 

affect crop yield. The physiological variables studied for the main crops grown in the 

Mediterranean climate region are listed below (Table 1.2), describing the strengths and 

limitations of each method or approach (Table 1.1).  
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Table 1.2 The most relevant methods applied in the development of an irrigation schedule 

according to the different Mediterranean crops.  

Method Crop Reference 

Stomatal 

conductance 
Olive; Grapevine 

(Ahumada-Orellana et al., 2017; Williams et al., 

2012)  

Leaf turgor 
Citrus and avocado; Olive; 

Grapevine 

(Padilla-Díaz et al., 2018; Rüger et al., 2010; 

Sharon and Bravdo, 2001; Westhoff et al., 2009) 

Leaf thickness Cowpea, Common beans (Seelig et al., 2012; White and Montes-R, 2005)  

Water 

potential 

Apples; Nectarine; Prunes; 

walnuts; almonds; Chestnut; 

Pistachio 

(Fulton et al., 2014; Memmi et al., 2016)  

Stem diameter Olive; Peach; Almond; Lemon 

(Conejero et al., 2007; Fereres and Goldhamer, 

2003; Goldhamer et al., 1999; Moriana et al., 

2010; Moriana and Fereres, 2002)  

Relative water 

content 
Olive (Torres et al., 2019) 

Sap flow 
Grapevines; Olive; Apple; Pear; 

Apricot; Lemon 

(Escalona et al., 2002; Fernández et al., 2017; 

Muchena et al., 2020; Nadezhdina, 1999; Nicolas 

et al., 2005; Ortuño et al., 2006)  

 

3.1.  Stomatal conductance 

 Stomatal closure is one of the most effective and sensitive plant responses to water 

stress, and its monitoring is widely used in irrigation scheduling. Nevertheless, gs has its 

limitations. First, the sizeable leaf-to-leaf variation requires much replication to obtain reliable 

data (Jones, 2004). Second, the devices used to measure stomatal conductance are handheld 

and managed manually and therefore are labor-intensive and not readily automated. In an 

attempt to automate the measurement of gs, (Hernandez-Santana et al., 2016) reported a method 

to estimate gs from values of radial sap flux density and vapor pressure deficit of the air. These 

two variables can be continuously and automatically recorded under field conditions. 
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 When stomatal conductance is considered a stress indicator, specific leaves at specific 

positions and timings should be monitored since stomata frequently change their conductance 

depending on environmental conditions (Ferreira, 2017). Additionally, the isohydric and 

anisohydric nature of the plants affects the leaf water status through controlled stomatal 

closure. Like maize and cowpea, isohydric species regulate leaf water status over a wide range 

of atmospheric demand and soil water content (Tardieu and Simonneau, 1998). On the other 

hand, anisohydric species such as sunflower or barley are less effective at controlling leaf water 

status through stomatal closure (Tardieu and Simonneau, 1998). 

 In contrast, some species such as grapevine may show isohydric or anisohydric 

behavior, depending on the water stress conditions (Schultz, 2003). This isohydric and 

anisohydric behavior can limit the accuracy of the reliance on stomatal conductance alone. 

Another limitation is that the sensors used to measure stomatal conductance are not automated. 

The sensitivity of stomatal conductance to PWS changes was shown to be a good irrigation 

indicator for several crops (Jones, 2004). It was studied in the application of an irrigation 

schedule in olives (Ahumada-Orellana et al., 2017) and grapevines (Williams et al., 2012), 

among many others. 

 

3.2. Leaf turgor 

 Leaf turgor measurements can be run continuously and automatically, specifically 

using the leaf patch clamp pressure probe or ZIM-probes, representing PWS and sensitive 

changes accurately. These new non-invasive probes can monitor the effects of air and leaf 

temperature, air relative humidity, illumination, and wind on turgor pressure (Zimmermann et 

al., 2013). Additionally, the developed probes are designed to send the data about the water 

status wirelessly through the cloud, enabling the timing of irrigation and the precise amount of 

water to be adjusted as needed. This method can be controlled remotely by telemetry, where 
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the obtained data is transferred directly to a dedicated server. Short-term and long-term 

temporal and spatial dynamics of leaf water status can thus be detected with high precision and 

real-time (Rüger et al., 2010). Patch-clamp pressure probe can give sensitive, accurate and 

distinguished turgor pressure measurements given microclimatic changes as well as alterations 

in irrigation (Zimmermann et al., 2010). Nevertheless, many sensors are needed to be mounted 

to provide a global idea of the field water status, which can be expensive for farmers (Scalisi 

et al., 2018). Furthermore, clamping the sensors for a long duration can cause damage to the 

leaf surface, suggesting that it is most practical for thick leaves such as olives (Scalisi et al., 

2018). 

 A fully automated irrigation system based on leaf turgor was found to be sensitive and 

accurate in detecting water needs in citrus and avocado (Sharon and Bravdo, 2001). In olives, 

an irrigation scheduling approach based on the automated measurement of leaf turgor was 

shown to be effective and easy to apply by farmers for young trees and fully mature (Padilla-

Díaz et al., 2016). In grapevines, leaf turgor showed sensitive responses to changes in PWS. It 

can be used as an indicator for establishing an irrigation regime in grapevines even under an 

unsettling environment (Rüger et al., 2010; Westhoff et al., 2009). Nevertheless, the actual leaf 

turgor measurements can be dependent on the level of water stress and impose further studies 

on the data to be considered reliable in irrigation scheduling (Padilla-Díaz et al., 2018). 

 

3.3.  Stem diameter 

 The SDV outputs are accurate and sensitive water stress indicators and can be easily 

automated at a field scale giving them great potential for irrigation scheduling (Fernández and 

Cuevas, 2010; Ortuño et al., 2010). Nevertheless, they are highly affected by seasonal growth 

patterns, plant age and size, and crop load (Fernández and Cuevas, 2010; Intrigliolo and Castel, 

2007), and they might show plant-to-plant variability (Fernández and Cuevas, 2010), calling 
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for many measurements to be made  (Intrigliolo and Castel, 2007). Therefore, the complex 

results impose the necessity of expert interpretation before being applied in any irrigation 

schedule, limiting their potential for an automated calculation (Gu et al., 2020). The limitation 

of point dendrometers is that they measure only one side of the stem, and therefore, many 

experimental repetitions should be held in order to achieve accurate results whereas band 

dendrometers underestimate tree growth, and they may not be able to measure the hourly 

diameter change of small diameter branches (Fernández, 2014). Although point dendrometers 

are considered more accurate and more precise in dealing with wood formation than band 

dendrometers (Corell et al., 2014; Downes et al., 2009), they have the limitation of needing 

maintenance due to interference from insects and spiders (Downes et al., 2009). Moreover, the 

applicability of an SDV-derived index should be tested for field conditions (Blanco-Cipollone 

et al., 2017).  

 Despite these limitations, they are often used in irrigation schedules since they are 

continuously and automatically recorded. In studies done on olive, variations in stem diameter 

were shown to be the most sensitive indicator for accurate automated irrigation scheduling in 

young olive trees. In contrast, for mature trees, this indicator was not very sensitive (Moriana 

and Fereres, 2002). 

 

3.4. MDS 

 Calculated maximum daily shrinkage is considered a key indicator of the PWS (Cohen 

et al., 2001; Ortuño et al., 2006). Its measurement can be easily and continuously automated, 

which would be considered a limitation for the measurement of leaf water potential (Ψleaf) or 

stem water potential (Ψstem) (Fernández and Cuevas, 2010). 

 In peach, the continuous MDS measurements are sensitive enough to detect early 
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changes in water status and thus prevent water stress and damage and can be used alone as an 

indicator for water status and irrigation scheduling (Conejero et al., 2007; Goldhamer et al., 

1999; Moriana and Fereres, 2002). Apart from its sensitivity, the continuous and automated 

monitoring of changes in stem diameter makes it a better tool than leaf water potential, which 

needs to be manually measured once per day (Mirás-Avalos et al., 2017). MDS was shown to 

be a sensitive indicator in almonds and apples (Fereres and Goldhamer, 2003).  

 

3.5.  Leaf thickness  

 Sharon and Bravdo (2001) showed that the continuous leaf thickness sensor-based drip 

irrigation treatment resulted in the highest yield and greatest water use efficiency. Similarly, 

Seelig et al. (2012) proved that using an automated irrigation system based on a leaf thickness 

sensor improves water use efficiency. Nevertheless, since the sensitivity of leaf thickness to 

changes in the water status of the leaves is sometimes inconsistent, this technique cannot 

always be reliable (Zimmermann et al., 2013). Furthermore, leaf thickness is affected by plant 

growth (McBurney, 1992) and photosynthetic active radiation, where leaves developing in 

bright sunlight were shown to be substantially thicker than leaves that grew in the shade 

(Carpenter and Smith, 1981; Nobel and Hartsock, 1981). 

 Leaf thickness was studied for woody crops and herbaceous crops such as cowpea and 

common beans and was shown to be an effective tool in the conservation of water when used 

in an irrigation schedule (Seelig et al., 2012; White and Montes-R, 2005). 

 

3.6.  Water potential 

 Regarding water potentials, midday Ψstem was shown to be a more accurate plant water 

stress indicator for soil water potential, predawn, and midday leaf-water potentials (Alcaras et 
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al., 2016; Naor, 2000) making it a reliable criterion for irrigation scheduling, particularly in 

fruit trees. It can be especially positive since its measurement can be automated (Ferreira, 

2017). However, leaf water potential fluctuates and is affected by environmental changes, 

putting into question its usefulness as an indicator for irrigation scheduling (Jones, 2008). 

Nevertheless, this indicator can be used as a reference against which other water stress 

indicators can be tested due to its high sensitivity to irrigation regime and its high correlation 

with fruit size (Naor, 2000).  

 Midday Ψstem was a good and sensitive indicator for irrigation scheduling in apples and 

nectarine (Naor, 2000). Under mild water stress conditions, Ψstem was an accurate indicator in 

olives (Moriana et al., 2010). Ψstem was shown to be a direct measure of tree response to 

irrigation management in almonds, prunes, and walnuts (Fulton et al., 2014). In chestnut, Ψleaf 

was used to assess water transpiration (Martins et al., 2010), and Ψstem as an indicator for smart 

irrigation (Mota et al., 2018). In pistachio, Ψstem was considered a tool to manage an irrigation 

schedule (Memmi et al., 2016). 

 

3.7.  Relative water content 

 Relative water content is a simple method used to determine PWS. Higher RWC in a 

plant show greater tolerance and survival under drought stress condition (Dutta et al., 2016; 

Schonfeld et al., 1988).Nevertheless, this method is labor-intensive and time-consuming and is 

restricted to research purposes. It is rarely used as an indicator for irrigation scheduling 

commercially because it cannot be automated.  

 In olive, RWC was shown to indicate the tree's water needs, prevent stress, and support 

irrigation scheduling (Torres et al., 2019). 
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3.8.  Sap flow 

 Sap flow methods hold important advantages over other techniques in the measurement 

of transpiration since sap flow methods are easily automated, and therefore allow continuous 

records of plant water use with high time resolution over extended periods of time (Smith and 

Allen, 1996). Fernández et al. (2001) and Nadezhdina et al. (2007) both suggested using the 

ratio of sap flow as a potential trigger for when to irrigate. Alternatively, measuring sap flow 

in irrigated plants and comparing results against representative control plants could be 

considered a successful approach to quantify the degree of water stress to avoid soil water 

limitations (Goldhamer and Fereres, 2001). 

  The correlation of sap flow to stomatal closure makes it a good indicator of water stress 

as well as an estimate of transpiration rate and water loss (Jones, 2008) especially in woody 

crops (Steppe et al., 2010). This gives an idea of the amount of water to be added (Jones, 2008). 

For instance, sensors were able to detect differences in both the timing and amount of water 

used by irrigated and non-irrigated crops (Eastham and Gray, 1998). Nevertheless, sap flow 

shows less sensitivity and reliability in detecting changes in PWS with respect to other 

indicators, such as maximum daily shrinkage (Conejero et al., 2007). 

 Furthermore, flow is also very dependent on atmospheric conditions and therefore 

shows a great variability. This is why site-specific calibration procedures using reference 

models are needed to accurately determine transpiration through sap flow approaches 

considering changing meteorological conditions (Rana et al., 2019). Cammalleri et al. (2013) 

suggested using micro-meteorological techniques (eddy covariance) with sap flow to 

effectively evaluate evapotranspiration to assess water stress.  Moreover, the complex 

instrumentation and technical expertise required to interpret the results and the need for 

constant calibration for each tree limits its practical application (Jones, 2004).  

 The different methods used to measure sap flow have their own strengths and 
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limitations. The sensors used in the stem heat balance method are rigid and of fixed size, not 

permitting stem growth. For this reason, their positions should be regularly changed to avoid 

stem strangulation during plant growth. Moreover, the heater band and the energy requirements 

become too large as the stem diameter thickens, leading to difficulties in calculating the stored 

heat. A new sensor was evaluated by Lascano et al. (2016), allowing better thermal contact 

between the plant stem and the temperature sensors. CHPM has been shown to have limitations 

regarding the measurements of low sap flow rates since the heat pulse may dissipate by 

conduction before it reaches the measurement point (Becker, 1998).Therefore, accurate 

measurements of sap flow are possible only above a minimum threshold sap velocity. Testi and 

Villalobos (2009) developed a calibrated average gradient method to measure the lower sap 

flow range. On the other hand, HRM is sensitive to the direction of sap flow, thus allowing the 

measurement of reverse flow and able to measure low rates of flow accurately (Bleby et al., 

2004). However, substantial limitations were observed for high sap flow rates in highly 

conductive roots, and the method is considered less reliable at high flux densities (Bleby et al., 

2004; Fuchs et al., 2017). The T-max method gives consistent measurements during the day 

instead of noisy measurements at night (Green et al., 2003). Nevertheless, the T-max method 

cannot measure low flow rates due to practical difficulties and therefore presents limitations 

(Cohen et al., 1988; Green et al., 2003). The ratio heat pulse method is a novel low-cost 3D-

printed sap flow gauge measures transpiration with the advantages of being easily replicated 

and deployed while allowing the same electronics to be used on plants of different shapes and 

stem diameters (Miner et al., 2017). Furthermore, in contrast to the T-max method, this method 

can measure low flows under water stress conditions or at night (Miner et al., 2017). The 

sapflow+ method allows a nondestructive measurement of high, low, and reverse sap flows, 

thermal wood properties, and water content of the sapwood based on thermodynamics 

(Vandegehuchte and Steppe, 2012). On the other hand, some studies assumed using the thermal 
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dissipation probe to measure sap flow a universal method applicable to all tree species, given 

that the sensor and electrical power are identical, and the used probes are correctly inserted in 

the xylem (Granier, 1987; Lu et al., 2004; Lu and Chacko, 1997). Others showed that it should 

be calibrated depending on the individual species (Bush et al., 2010; Smith and Allen, 1996; 

Steppe et al., 2010). Furthermore, this method measures sap flow in part of the cross-section 

of the conductive organ, raising the occurrence of errors related to the estimation of the sap 

flow for the whole tree (Lu et al., 2004). Additionally, its high electrical consumption can 

become a limitation in its practical use in the field since many repetitions are needed to scale 

up the measurements produced at the single tree level to a whole forest stand. In an interest to 

lower heat consumption and save energy, the cyclic heating method was introduced while 

considering proper calibration and corrections (Nourtier et al., 2011). The HFD method was 

shown to calculate sap flow at different depths in the sapwood and can distinguish high, low, 

and reverse flows (Nadezhdina et al., 2012; Vandegehuchte and Steppe, 2012). The noise level 

is considered negligible, especially at low flux or zero flow densities (Steppe et al., 2010). 

Nevertheless, it can cause errors in estimations depending on the sap flux density, water 

content, and thermal characteristics of the wood (Steppe et al., 2010; Vandegehuchte and 

Steppe, 2012).  

 In grapevine and lemon, sap flow was a sensitive approach to estimating plant water 

consumption and thus designing an irrigation program since a minor change in sap flow, for 

instance, due to water stress, was shown to be an optional indicator for prompting irrigation 

(Escalona et al., 2002; Ortuño et al., 2006). Applying the transpiration method based on the 

calculation of sap flow in well-irrigated plants proved to be an effective method for the 

irrigation scheduling in olives and grapevines but difficult to apply in commercial orchards due 

to limitations management (Fernández et al., 2017). Nadezhdina (1999) defined a Sap Flow 

Index, which can be automated and continuously recorded and was shown to be sensitive when 
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applied to apples. Muchena et al. (2020) used sap flow to study the sensitivity of apple rootstock 

to deficit irrigation. Nicolas et al. (2005) showed that sap flow measurements could be used as 

an indicator in the automation of an irrigation schedule. 

 

3.9.  Combination of approaches 

 Some studies have shown the success of combining two or more plant-based 

approaches in monitoring water stress. Sap flow and MDS gave immediate and sensitive 

estimations in lemon trees (Ortuño et al., 2004). TDV and plant water potential were studied 

for apples (De Swaef et al., 2009), nectarines (de la Rosa et al., 2013), and almonds (Fereres 

and Goldhamer, 2003). In olives, the potential of the combined use of Ψstem, gs, and TDV in 

irrigation scheduling was investigated (Alcaras et al., 2016) . In cherry, a correlation between 

Ψstem and TDV made it possible to obtain water deficit threshold values (Livellara et al., 2011). 

In grapevines, Sirca et al. (2021) tested the applicability of automated sensors that measure leaf 

thickness and sap flow and compared them with SWP measurements in the aim of real time 

monitoring of vine water stress. 

 

4. CONCLUSION  

 

 Improving irrigation management and scheduling in agriculture by saving water while 

increasing crop yield quantity and quality is a must to handle water scarcity caused by climate 

change. The choice of which plant-based approach to use and which method to follow to assess 

water status depends on the crop and its relative sensitivity and physiological adaptation to 

water deficits. Standardization of the methods applied is a necessity but can be limited by the 

species-specific response. 
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 Each crop differs for the plant-based indicator that is sensitive to water stress, and the 

approach that is valid for one crop can be inapplicable for others. Since every method and 

sensor has its conveniences and limitations, combining two or more approaches could give a 

better representative model of water status and crop stress conditions. Furthermore, since the 

effects of water quality are dynamic during crop’s growth, studies suggest the use of more than 

one method to enhance irrigation management (Marino et al., 2021). For example, the 

continuous sap flow measurements can be used in conjunction with other plant-based methods 

to give ground validation of other sensing approaches from areas where little information is 

available, thus forming a holistic monitoring strategy (Scholasch, 2018). Still, more studies 

should be done to prove the applicability of combined methods in the establishment of an 

effective irrigation schedule (Sirca et al., 2021). Moreover, plant-based approaches are sensible 

to any slight modification in the surrounding environment, especially changes in 

meteorological conditions, thus allowing to develop a protocol for assessing plant water status 

by considering several plant-based indices. For example, Fernandes de Oliveira et al. (2021) 

tested and validated an irrigation need index that serves as a simple, automated, non-invasive, 

and economic estimation of irrigation requirements in vineyards under different environmental 

contexts. 

 Research is constantly done to provide modern and user-friendly technologies that 

allow data to be automatically monitored and accessible through the cloud in order to help 

implement irrigation strategies according to actual plant responses. Platforms are designed to 

use biosensors that measure remotely and automatically plant water stress (Loddo et al., 2020; 

Soccol et al., 2019). Data is collected through a wireless communication network and sent to a 

cloud application connected to a decision support system. Additionally, the updated sensors 

are progressively becoming available at a reasonable cost, making them more convenient and 

accessible for commercial production. These technologies should provide readily available 
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simultaneous measurements of several variables and indicators to commercial growers, thus 

facilitating an appropriate design of crop irrigation scheduling based on real plants’ water needs 

as a water saving strategy. Nevertheless, the data communication needs to be more widespread 

and common. For this, science needs to make a double effort by improving the technology, the 

sensor sensitivity, and the species specificity. Secondly, clear protocols and procedures for 

using the available sensors, and for results interpretations should be set up. The different 

approaches should be easier to apply, measurements simple to read, and results clear to 

understand. A more accurate monitoring of any variation in plant water availability allows the 

early detection of water stress in crops, consequently preventing irreversible damage and yield 

loss. 
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CHAPTER 2  

FIELD ACTIVITIES – SARDINIA 2019 - 2020 - 2021 

 

Evaluation of innovative techniques for water status 

estimation in Vitis vinifera L. 

 
This chapter is under the process of scientific paper preparation and submission. 

Some preliminary results are already published as conference paper and posters and showed 

below: 

Annex 1: 

Sirca, C., Lo Cascio, M., Noun, G., Snyder, R.L., Marras, S., Fernandes de Oliveira, A., 

 Barbaro, M., Meloni, P., Loddo, S., Ucchesu, M., Mameli, M.G., Satta, D., Muntoni, 

 M., Duce, P., Vagnoni, E., Cesaraccio, C., Spano, D., 2021. Water status monitoring in 

 grapevines with traditional and new automated sensors. Acta Hortic. 1314, 69–74. 

 https://doi.org/10.17660/ActaHortic.2021.1314.10 
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 Barbaro, M., Loddo, S., Sirca, C., 2021. Traditional and innovative technologies to 

 water irrigation management in Mediterranean area, in: Convegno AISSA#under40, 1-

 2 July 2021, Department of agriculture, University of Sassari, Italy. 

  

Annex 3: 

Spano, D., Cascio, M. Lo, Snyder, R.L., Marras, S., Noun, G., Giuseppe, M., Satta, M.D., 

 Massimo, B., Oliveira, A.F. de, Meloni, P., Sirca, C., 2020. Automated water status 

 monitoring in grapevines. EGU Gen. Assem. 2020. 

  

Annex 4: 

Lo Cascio, M., Noun, G., Marras, S., Spano, D., Satta, D., Mameli, M.G., Oliveira, A.F. De, 

 Barbaro, M., Loddo, S., Sirca, C., 2021. Traditional and innovative technologies to 

 water irrigation management in Mediterranean area, in: XIII Giornate Scientifiche 

 Della Società Di Ortoflorofrutticoltura Italiana. Catania, Italy. 

  

 

https://doi.org/10.17660/ActaHortic.2021.1314.10


Gilbert Noun, Ph.D. 

Water Management and Precision Irrigation in Mediterranean Climate 

XXXIV Cycle 

University of Sassari – Italy             85                 

Evaluation of innovative techniques for water status estimation in Vitis 

vinifera L.  FIELD ACTIVITIES – SARDINIA 2019 – 2020 – 2021 

 

ABSTRACT 

 Climate change and its effect on the water availability in the Mediterranean area and 

the consequent impact on agriculture impose the implementation of smart irrigation techniques 

for a more sustainable water management. The present study was conducted on Vermentino 

vines for 3 consecutive years 2019, 2020, and 2021 in 3 different sites in Sardinia (Italy). Two 

plant-based variables, sap flow and leaf turgor, were continuously and automatically measured 

and compared to the reference recorded values of midday stem water potential as stress 

indicator. Sap flow was measured using 2 different methods, T-max method and the Heat 

Balance method, and leaf turgor was indirectly measured by leaf thickness. In parallel, 

evapotranspiration, which accounts for the amount of water lost by the plants and soil, was 

calculated using the energy balance equation according to the Surface renewal method. The 

aims of the work were to first estimate when to irrigate and then to know how much water the 

vineyards use during the vegetative season. The obtained results revealed a good fit between 

the measured variables and a promising potential in their implementation in an automated 

irrigation program. Technical, mathematical, and management limitations of the sensors 

highlighted the need of further efforts for improving the efficiency of the automated water 

status monitoring. 

 

KEYWORDS 

Sap flow, Leaf thickness, Energy balance, midday Stem Water Potential, Irrigation schedule, 

Climate change, Vineyard.  
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1. INTRODUCTION 

 

Worldwide water withdrawals are predicted to escalate to meet the growing needs of 

the urban, industrial, and environmental sectors, with 70 to 80% of the total diverted water 

devoted to irrigated agriculture (Fereres and Soriano, 2007). In parallel, future climate change 

scenarios project higher temperatures and more irregular precipitation that will exacerbate 

desertification processes and reduce the quantity and quality of water used for irrigation (IPCC 

et al., 2019). Projections show that, in 2050, agriculture continues to be the major consumer of 

water resources with an increase in withdrawn water from 2.6 thousand km3 in 2005–2007 to 

an estimated 2.9 thousand km3 in 2050, whereas the parallel increase in demand for water in 

other sectors will reduce the volume of available water for irrigation (FAO & WWC, 2015). 

The Mediterranean area is distinguished by its arid climate coupled with an escalating 

water scarcity (Lionello et al., 2014). Considering this scenario of climate change and the 

increasing need of water to meet the agriculture demand, water is a crucial resource of these 

areas. The scientific community and agricultural advocators are working on finding sustainable 

solutions to reduce water waste and increasing its use efficiency. To analyze and assess the 

current and future climate conditions in Italy, the National Plan for Adaptation to Climate 

Change (PNACC, 2017) was elaborated with the technical-scientific support of the Ministry of 

Environment and Protection of Land and Sea. In this framework, a list of reference climatic 

indicators was chosen: 

- annual average daily temperatures, number of days with maximum temperature 

greater than 30.1 °C (summer days), 

- number of days with minimum temperature below 0 °C (frost days),  
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- maximum number of consecutive days per year with daily precipitation less than 1 

mm (consecutive dry days), 

- maximum daily precipitation amount with a return period of 2 to 6 years. 

 These climate indicators were then grouped through cluster analysis methodologies 

to allow the definition, on a national scale, of 6 "homogeneous climate macro-regions" for 

the period 1981-2010 (Figure 2.1). These multiple indicators are commonly used to analyze 

local climate characteristics and impacts of climate change to create regional adaptation 

strategies. Sardinia is located in the sixth macro-region, which is the hottest and driest region 

on average, characterized by the highest average temperature (16 °C), the highest number of 

consecutive days per year without rain (70 days year-1), and the lowest average summer 

precipitation (21 mm) (PNACC, 2017). 
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Figure 2.1 Climate zones over the reference climatic period (1981-2010). The chromatic scale 

is in reference to the identified macro-regions and their geographical distribution on the 

national territory (PNACC, 2017) 

 These distinct climatic characteristics of Italy, as well as the geographical and soil 

conditions have allowed a versatile growing of crops, especially grape varieties. In particular, 

the adequate conditions present in Sardinia allowed it to be among the first areas in the western 

part of the basin to cultivate Vitis vinifera L. (Ucchesu et al., 2014). The amount of land 

dedicated to viticulture in Sardinia is 26,000 ha, 85% of which is represented by 6 main 

cultivars, including the 3 main red berry varieties Cannonau, Carignano, and Bovale sardo, and 

the major white berry variety Vermentino (Benedetto et al., 2014; De Mattia et al., 2009; 

Nieddu, 2011). In 1963, Vermentino was considered a "minor" grape variety and used to 

occupy only 1% of the regional vineyard area, whereas today, it is considered one of the main 

varieties to be grown on the island with 3,300 ha (approximately 13%) (Nieddu, 2011; 

Benedetto et al., 2014). 
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With the decreasing water availability worldwide, and in the Mediterranean area in 

particular, Vitis vinifera L.'s reactions to cope with deficit becomes an essential survival 

strategy. Species are classified into "isohydric" and "anisohydric”, depending on the cultivars' 

different stomatal behavior in response to water availability (Schultz, 2003). Isohydric behavior 

is characterized by stomatal closure under decreasing soil moisture to maintain a near-constant 

leaf water potential. Under the same conditions of declining soil moisture and increasing 

evaporative demand, anisohydric stomatal behavior results in decreasing leaf water potential 

as stomata remain relatively open compared to isohydric plants. Different varieties of the same 

species can have different stomatal sensitivities to drought and may thus act as isohydric or 

anisohydric plants depending on water status (Schultz, 2003). Within the Vitis vinifera L. 

specie, Vermentino shows near-anisohydric behavior under water stress (Fernandes de Oliveira 

et al., 2021). Therefore, this change in behavior depends on the amount of water added. The 

applied irrigation practices were shown to increase grape yields up to a certain level, above 

which the effect on grapes and wine is unnoticeable, and while increasing the amount of water 

might increase further grape yields, the impacts on quality become negative as this causes 

losses in color, decrease in sugar content and acidity imbalances (Cifre et al., 2005; Cocco et 

al., 2020). 

Different irrigation strategies can be applied when watering crops. Regulated Deficit 

Irrigation (RDI), Sustained Deficit Irrigation (SDI), and Partial Rootzone Drying (PRD) are 

deficit irrigation strategies that aim to water crops in a certain pattern that allows the 

improvement of water use efficiency while maintaining crop yield and maximizing quality 

(Dry and Loveys, 1998; Shellie, 2014). A study showed the benefits of applying RDI and SDI 

on Vitis vinifera L. Vermentino in improving must quality and saving water without 

compromising plant production (Mameli et al., 2010). 
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Therefore, the adopted irrigation system depends on the assessment of plant water status 

and the stress thresholds of each crop. As discussed and detailed in Chapter 1, Stem Water 

Potential (SWP), leaf turgor, and sap flow (SF) are plant-based water status indicators used to 

measure plant water stress (Noun et al., personal communication, 2021), whereas on the other 

hand, evapotranspiration (ET) estimates water losses from plants and soil.  The direct and 

indirect physiological indicators provide the best estimation of a crop's water status, which is 

required when designing irrigation programs (Remorini and Massai, 2003). In grapevines, 

SWP, and specifically midday SWP (mSWP), was used to assess water status and monitor 

water relations since it was a sensitive indicator of transpiration and early water deficits (Choné 

et al., 2001; Williams and Araujo, 2002). mSWP data are used to manage irrigation and to 

adapt it to a specific variety. Although they are sensitive and key physiological indicators of 

plant water status, their measurements are invasive, not automated and time-consuming (Van 

Leeuwen et al., 2010). For these reasons, mSWP forms a basis for calibration of other decision 

support tools to validate automatic sensors such as advanced SF (Ortuño et al., 2005) and leaf 

thickness sensors that indirectly measure turgor to allow continuous and automated 

assessments of plant water status. 

On the other hand ET, which estimates crop water use and requirements, is frequently 

used in irrigation scheduling (Davis and Dukes, 2010). The reference evapotranspiration (ETo) 

of a crop is obtained from daily weather variations. The crop coefficient (Kc) expresses a crop's 

relative water use. The specific crop evapotranspiration (ETc) estimated crop water 

requirement, and is calculated as the product of ETo and Kc (Hochberg et al., 2017). The actual 

evapotranspiration (ETa) is the real amount of water lost by the crop through transpiration from 

soil and evaporation from the plant (Rana and Katerji, 2000) and is equivalent to the latent heat 

flux (LE) (Spano et al., 1996). It can be estimated based on the following energy budget 

equation: 
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LE= Rn – G – H  (Eq. 2.1) 

Where Rn is the net radiation, G is the ground heat flux, and H is the sensible heat flux. 

Traditionally, ET is measured using lysimeters, eddy covariance, and other 

biomicrometeorological methods (Parry et al., 2019), but these techniques are complicated and 

the used sensors are expensive, fragile, and prone to give noisy measurements (Hu et al., 2018). 

Surface Renewal (SR) is an improved and affordable biometeorological technique that uses 

high-frequency air temperature measurements above a plant canopy to estimate H (Snyder et 

al., 1997; Spano et al., 2000). As air penetrates the canopy, temperatures vary inversely: if the 

parcel of air is cooler than the canopy, the temperature of the latter will cool down instantly 

and then increase gradually as it is warmed up and vice versa if the entering parcel of air is 

warmer than the canopy (Paw U et al., 1995). SR technique therefore account for the eddies of 

wind transferred from the field to measure the actual amount of water that has evaporated and 

estimate ET for the entire area (Shapland et al., 2012a). SR typically requires an empirically 

derived coefficient (α) determined according to the basic physical theories of energy and mass 

conservation and derived by calibration against independent standardized surface mass and 

energy exchange measurements such as eddy covariance (Spano et al., 1996). An improved 

stand-alone SR system was derived to provide a cost-effective and site-specific estimate of ET 

and crop stress (Parry et al., 2019). Knowing how much water the system lost through 

evaporation can help the irrigators decide the optimum irrigation amounts. 

 Scientists are constantly developing innovative technologies to support growers' 

decision making in the best timing and amount of water to apply since these choices directly 

impact fruit yield and quality depending on the variety and environmental conditions. Recently, 

advanced technologies based on biosensors and research have elaborated and tested sensors 

used to monitor the physiological indicators that have different impacts on plant water status 

(Marino et al., 2021). Since every method and sensor has its conveniences and limitations, 
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combining 2 or more approaches could give a better representative model of water status and 

crop stress conditions. For instance, the applicability of automated sensors that measure leaf 

thickness and SF compared with mSWP measurements to real-time monitoring of vine water 

stress was tested, and promising preliminary results were obtained (Sirca et al., 2021). Another 

study that combined stem sap flow and leaf turgor pressure measurements proves that different 

indicators should be used depending on the intensity of stress (Rodriguez-Dominguez et al., 

2012). Furthermore, online platforms are designed to collect data from such biosensors to 

provide continuous and automated measurements that can easily and readily translate into user-

friendly decision-making data on when and how much to irrigate (Loddo et al., 2020; Soccol 

et al., 2019). In this context, our experimental work (in situ) is based on the application of 

different techniques and methodologies for monitoring vine water stress. The aims of this study 

are: 

i) to answer the question of when to irrigate by determining whether the continuous 

measurements of the plant-based indicators leaf turgor and SF are sensitive and 

reliable indicators of plant water status (comparing the reference measurement 

of mSWP), 

ii) to assess how much water was lost by the crop, using the SR method to estimate 

ETa to detect water stress in Vitis vinifera L. Vermentino.  

 The overall purpose is to evaluate the outputs from new automatic sensors to 

determine which approach is best able to simulate the physiological response of the species 

translatable into effective and efficient management tools for growers, irrigators, and 

winemakers.  
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2. MATERIALS AND METHODS 

  

 Measurements were carried out in collaboration with the researchers of University of 

Cagliari (Department of Electrical and Electronic Engineering) and AGRIS Sardinia, in the 

framework of 2 research projects (GA-VINO and ACUADORI) funded by the Autonomous 

Region of Sardinia and POR FESR funds. 

 The study was conducted on the Vermentino variety for 3 consecutive growing seasons 

(2019 - 2020 - 2021) in 3 different sites situated in 2 areas of Sardinia: Site 1 and Site 3 located 

in the Romangia region (north-western Sardinia) were monitored respectively in 2019 and 

2021, and Site 2 in the Gallura region (north-eastern Sardinia) was monitored in 2020 (Figure 

2.2).  

 
Figure 2.2 Location of experimental sites 
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Site 1 - Romangia, 2019 

 The first trial was set during the 2019 production year in the vineyard located in 

northwestern Sardinia, the territory of Romangia, countryside of Sorso (SS) (40°50'10''N, 8° 

37'36''E; 120 m asl) (Figure 2.2). Soil samples were collected in the main root zone at 0-0.5 m 

depth to determine physical and chemical soil fertility and water retention curves. All 

meteorological data were collected for the entire duration of the measurement season with a 

weather station (ATMOS 41, Meter Group, Inc., Pullman, WA, USA), and the derived 

variables Vapor Pressure Deficit (VPD) and ETo were calculated. The Vermentino vineyard, 

grafted on 1103 Paulsen, and pruned in single Guyot, was planted in 2006 with a planting 

distance of 2.3 m × 1.15 m and with northwest orientation of the rows. The Vermentino vines 

were submitted to 2 different irrigation treatments: in the first (irrigated), deficit irrigation was 

applied, from fruit set to veraison, using a single drip line (2.2 l h-1 emitters spaced 0.75 m 

apart). A total water volume of 216.8 m3 ha-1 was provided in 3 irrigation interventions, 

maintaining plants under mild to moderate water stress. In the second (stressed) treatment, 

irrigation was withheld from bunch closer until harvest to keep plants under moderate to severe 

water deficit. A single supplemental pre-harvest irrigation of 76.5 m3 ha-1 was applied on both 

treatments to avoid defoliation and prevent an irreversible degree of water stress. The sampling 

was collected from 3 selected rows of 80 vine plants each. In order to increase the range of vine 

water status and obtain a more robust dataset for the validation of vine water stress monitoring, 

a non-irrigated (stressed) treatment was imposed on 2 adjacent rows of vines, keeping the plants 

dry from BBCH (BiologischeBundesanstalt, Bundessortenamt und CHemischeIndustrie) stage 

79 onwards (Table 2.1). This treatment was compared with data recorded on the third selected 

row which was irrigated according to the farm plan. 
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Site 2 - Gallura, 2020 

 The second trial was set during the 2020 growing season in a vineyard located in 

northeastern Sardinia, Gallura region, countryside of Arzachena (SS) (41°03'21''N, 9°20'31''E; 

119 m asl) (Figure 2.2). Soil samples were collected in the main root zone at 0-0.5 m depth to 

determine physical and chemical soil fertility and water retention curves. Meteorological data 

were acquired from the meteorological stations of the Meteoclimatic Department of ARPA 

Sardinia (Regional Agency for Environmental Protection of Sardinia) for the entire duration of 

the measurement seasons. Measurements were carried out on a vineyard of similar 

characteristics as the first trial i.e., vines of the Vermentino variety, grafted on 1103 Paulsen 

and pruned in single Guyot. The vines were planted in 2006 with a planting pattern of 2.5 m × 

1.0 m, with north-south orientation of the rows. The trial was carried out based on 1 deficit 

irrigation treatment, from fruit setting to veraison, using a single drip line (2.2 l h-1 emitters 

spaced 0.75 m apart) which allowed the maintenance of the plants in conditions of mild to 

moderate water stress. The sampling was collected from 2 adjacent rows, and from each row 

10 out of 80 plants.  

 

Site 3 - Romangia, 2021 

 The third trial was set during 2021 in a second plot in the Romangia region 

(40°51'06.6"N 8°38'17.0"E75 m a.l.s.) (Figure 2.2). Soil samples were collected in the main 

root zone at 0-0.5 m depth to determine physical and chemical soil fertility and water retention 

curves. A weather station (ATMOS 41, Meter Group, Inc., Pullman, WA, USA) was used to 

collect meteorological data and calculate the derived variables VPD and ETo for the entire 

duration of the measurement seasons. The Vermentino vineyard, grafted on 1103 Paulsen, and 

pruned in single Guyot, was planted in 2008 with a planting distance of 2.3 m × 0.9 m and with 

northeast-southwest orientation of the rows. The vineyard was irrigated by a single drip line 
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auto-compensating 2 l h-1 spaced 0.8 m apart. The Vermentino vines were submitted to deficit 

irrigation, from fruit setting to veraison. The sampling was collected from 2 adjacent rows, and 

from each row 10 out of 80 plants. 

 

2.1. Midday Stem Water Potential measurements 

In order to have an estimation of the reference plant water status degree and evaluate 

the response of the automatic sensors installed in the field, and then define the actual water 

status of the plant from fruit setting to harvesting, mSWP was measured weekly on adult leaves 

at an average height of the canopy, using a portable pressure chamber (Pump up, PMS 

Instruments, Albany, OR, USA) (Figure 2.3). Leaves were enclosed using a small black plastic 

bag covered with aluminum foil for 1 hour before measurement with the pressure chamber at 

solar noon. This procedure allows to reduce leaf transpiration equilibrate the leaf water 

potential with that of the vine (Shackel, 2011). 

In Romangia 2019, mSWP of 4 representative vines was monitored by selecting 2 

leaves per plant (n =8) for each measurement. In Gallura 2020, with the aim of increasing 

sample randomization, each replication was performed on 2 leaves of 5 different plants (n =10). 

In Romangia 2021, the replications were conducted on 1 leaf of 6 different plants (n =6). 
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Figure 2.3 Pump-up diagram to measure mSWP and leaf sampled in the field  

  

 Table 2.1 shows the specific mSWP thresholds for each phenological stage of 

Vermentino with respect to the BBCH which is a decimal system designed to uniformly code 

similar phenological stages of different crops including the grapevine (Lorenz et al., 1995). In 

the stressed treatment in Romangia 2019, RDI was applied, and vines were irrigated when 

mSWP fell below these thresholds to maintain high quality production. 

 

Table 2.1 Midday Stem Water Potential (mSWP) thresholds reference for the different 

phenological stages of Vermentino (source: Agris, Sardinia) 

 

Fruit growth (MPa) Fruit ripening (MPa) 

Blossoming / 

Allegation 

Allegation / 

Closure of the 

bunch 

Beginning 

of veraison 
Veraison 

Mid-

ripening / 

Harvest 

Vermentino 

(mSWP)  
-0.7 -0.9 -0.9 -1.2 -1.4 

BBCH 

Phases 
65/70 71/79 80 83 85/89 
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2.2. Sap flow and velocity measurements 

 SF and sap velocity was measured using 2 methods, the T-max method and the Heat 

Balance method. The purpose is to record and analyze both slow and fast SF rates since T-max 

method cannot measure low flow rates (Cohen et al., 1988; Green et al., 2003). 

 

2.2.1. T-max method  

The TreeTalker (TT, Nature 4.0, SB srl, IT) is a novel multifunctional device based on 

Internet of Things (IoT) systems that allows real-time measurements of physical and 

physiological variables in trees (Valentini et al., 2019). The TreeTalker Wine (TT-W, Nature 

4.0, SB srl, IT) is a version tailored specifically to monitor vines and is being tested for the first 

time (Figure 2.4). These devices are able to measure and record sap velocity and other climate 

and soil parameters. The recorded measurements are stored in a flash memory and are sent to 

a Gateway through the LoRa transmission protocol that allows the forwarding of data to a 

dedicated server.  

Xylem sap velocity was determined using a methodology based on the T-max method 

(Cohen et al., 1981). This measurement requires a 3-probe configuration: a central heater and 

2 temperature probes, 1 downstream and 1 upstream.  

In Romangia 2019, 2 vine plants were monitored per treatment (n =2) while in Gallura 

2020, 4 plants were monitored (n =4). In Romangia 2021, the measurements were conducted 

on 6 vine plants (n =6). 
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Figure 2.4 TreeTalker Wine (Nature 4.0 SB srl, IT) in Romangia - 2019 experimental field 

 

2.2.2. Heat Balance method  

The KSap Flow Sensor (Nishioka et al., 2012) is a project of the Japanese start-up 

company (Kisvin Science Inc., and Hitachi Metals, LTD.) that monitors xylem SF based on the 

Heat Balance Method (Sakuratani, 1981). The sensor consists of a gauge made up of a central 

heater and 4 thermopiles placed symmetrically above and below the heater. In order to increase 

the contact surface between the gauge and the stem of the vine, a special non-toxic preparation 

of creamy consistency was applied. During measurements, the gauge was insulated using 

Aeroflex (Aeroflex International Co., LTD.). Finally, an isothermal bubble wrap was applied 

to shield the sensor from solar radiation. The sensors were managed by a datalogger, model 

CR1000 (Campbell Scientific, Inc.) and data was recorded every 10 minutes on a micro-SD 

card. The obtained values were analyzed using a special spreadsheet provided by the 

manufacturer. This sensor was used in Gallura 2020 and Romangia 2021, during which 10 and 

6 plants were monitored, respectively (Figure 2.5).  
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Figure 2.5 Experimental site - Gallura 2020, Ksap sensor and Sap Flow meter (SF) diagram 

(Ta, Tb and Tha, Thb are the thermopiles placed in symmetrical positions with respect to the 

central the electrical resistance) 

  

2.3. Leaf Thickness Measurement  

In Romangia 2019 and Gallura 2020, the leaf turgor was estimated using a commercial 

sensor, the Leaf Sensor REV3 from Agrihouse company, which is a calibrated real-time sensor 

connected to a digital multimeter that measures an output voltage that varies with detected leaf 

thickness (Figure 2.6). The Leaf Sensor receives a 5 V supply from the LoRa Mote microchip 

and generates an output voltage proportional to leaf thickness which is then converted digitally 

into an indirect measure of leaf turgor. Measurements were carried out in collaboration the 

Department of Electric and Electronic Engineering, University of Cagliari, UniCa, Italy. 
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Figure 2.6 Leaf sensor of Agrihouse company measuring the leaf thickness - Romangia - 2019 

 

2.4. Energy balance 

 To estimate the real consumption of water during the productive season, we calculate 

LE from the energy balance equation LE = Rn – G – H, where Rn is measured with model 

NR01 4-component net radiometer; G is measured with a 3 heat-plates (model HFP01SC Self-

Calibrating Heat Flux Sensor), all buried in the soil; and H is measured with the SR technique 

using a thermocouple model FW3 Type E with a 0.003 inch. diameter (0.0762 mm) (Figure 

2.7). Air temperature was recorded at a 10 Hz frequency and data were collected every half 

hour using a Campbell Scientific CR1000 data-logger.  

 G measurements were corrected as per the Eq. 2.2: 

Gcorr. = Gmeas. + Soil Specific Heat * (STfinal – STinitial)/ (1800 * z) 

 where Gcorr. is the corrected Ground Heat Flux (MJ m-2 d-1), Gmeas. is the recorded 

Ground Heat Flux (MJ m-2 d-1), soil Specific heat is assumed as 1.9 × 106 by theory, STinitial is 

the soil temperature of the previous 30 minutes, STfinal is the soil temperature at every 30 

minutes, z is soil probe depth 0.08 meters, and 1800 seconds. 
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 H measurements were corrected as per the Eq. 2.3: 

Hcorr. = Hmeas. *  

 where Hcorr. is the corrected Sensible Heat Flux (MJ m-2 d-1), Hmeas. is the recorded 

Sensible Heat Flux (MJ m-2 d-1), and  is the derived coefficient (= 0.8 as calculated in our 

previous field measurements over vineyard in different areas of Sardinia and Shapland et al., 

2012b). 

 
Figure 2.7 The residual of Energy Balance Method used to calculate actual crop 

evapotranspiration and the sensors for each component 

 

 The conducted measurements and the respective sensors for each site are summarized 

in Table 2.2. 
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Table 2.2 Summary of instruments used in 2019, 2020 and 2021 in 3 different sites in Sardinia 

Instrument  Measurement  

Year 

2019 

Romangia - 

Sorso 

2020 

Gallura - 

Arzachena 

2021 

Romangia - 

Sorso 

Zentra weather station 

(ATMOS 41, Meter 

Group, Inc., Pullman, 

WA, USA) 

Meteorological 

measurement 
✔  ✔ 

ARPA Sardinia 

(Regional Agency for 

Environmental 

Protection of Sardinia) 

Meteorological 

measurement 
 ✔  

TreeTalker Wine (TT-

W, Nature 4.0, SB srl, 

IT)  

Xylem Sap Flow 

rate (T-Max 

method) 

✔ ✔ ✔ 

Pump-up pressure 

chamber (PMS 

Instruments, USA) 

Stem water 

potential 
✔ ✔ ✔ 

Ksap Flow Sensor 

(KS wins Science Inc, 

Japan) 

Xylem Sap Flow 

rate (Heat balance 

method) 

 ✔ ✔ 

Leaf Sensor REV3 

(Agrihouse) 
Leaf turgor ✔ ✔  

Surface Renewal SR 

Actual 

Evapotranspiration 

(ETa) 

  ✔ 

✔used instrument 

 instrument not used 

  

Statistical Data analysis 

 The relationship between mSWP, SF T-max, SF Heat balance, Leaf thickness, Air 

temperature, ETo and VPD were tested with 2-tailed Pearson Correlation Regression analysis. 

Statistical significance was defined at the 99% and 95% confidence level (p-value <0.05 or p-

value <0.01). All statistical analyses were performed using SPSS software version 23.0. 
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3. RESULTS 

Soil characteristics 

 The soil in Romangia sites is clay-limestone, with low organic matter content and high-

water retention capacity, while in Gallura - 2020, the soil is mainly sandy, with neutral pH, 

medium organic matter content and low water retention capacity. The physical and chemical 

soil fertility and water retention curves as presented by Agris, Sardinia are reported in Table 

2.3. 

Table 2.3 Physical, chemical analysis and hydraulic constants of soil in the 3 studied sites 

 Sites 

Romangia-2019 Gallura-2020 Romangia-2021 

Soil texture Clay loam Sandy loam Clay loam 

p (g cm-3) 1.2 1.5 1.2 

pH 8.6 6.8 8.4 

O.M. (%) 1.1 3.9 2.4 

CaCO3(%) 42 - 22.8 

CEC (cmol kg-1) 78.5 27.4 78.5 

Salinity (dS m-1) 0.2 0.1 0.2 

FC (g 100 g-1) 34.3 12.6 34.3 

WP (g 100 g-1) 16.5 5.5 16.5 

AW (mm m-1) 213.3 102.9 213.3 

ρ bulk density; O.M. organic matter; CaCO3 total calcareous; CEC Cation Exchange Capacity; 

FC Field Capacity; WP Wilting Point; AW Available Water. 

 

3.1. Romangia- 2019 

3.1.1. Weather 

 The daily variations in the environmental conditions of air temperature and rainfall 

recorded from June 15 until September 20, 2019, are shown in Figure 2.8.  
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Figure 2.8 Daily mean air temperature and precipitation - Romangia – 2019 

  

 The monthly maximum (Tmax), minimum (Tmin), and average (Tavg) air temperatures 

and rainfall precipitations (R.prec.) in Romangia during the growing season of 2019 are shown 

in Table 2.4. 

Table 2.4 The monthly maximum (Tmax), minimum (Tmin) and average (Tavg) air 

temperatures and rainfall - Romangia - 2019 

2019 - Romangia 

Month Tmax (°C) Tmin (°C) Tavg (°C) R.prec. (mm) 

June 28.2 25.2 27.0 0.0 

July 28.5 21.6 25.3 17.8 

August 28.7 22.6 25.6 10.8 

September 25.9 20.2 23.2 4.8 

June - September 28.7 20.2 25.3 33.4 

 

 Throughout the experiment duration, the daily temperatures reached a minimum of 20.2 

°C and a maximum of 28.7 °C. The highest precipitations occurred in late July and early 

August, and several intervals of consecutive dry days were observed (2 intervals of 11 days). 
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The average temperature recorded during this period was 25.3 °C and the cumulated rainfall 

was 33.4 mm. 

 

3.1.2. Midday Stem water potential  

 

 
Figure 2.9 shows the total water supplies in mm from precipitation and irrigation and the 

mSWP variations in the stressed and irrigated treatments. In both treatments, mSWP values 

were similar ranging from -0.7 to -1.5 MPa.  During cluster development, in July, light to 

moderate stress was recorded with mSWP varying between -0.8 to -1.1 MPa whereas moderate 

to severe water deficit was observed in August where mSWP ranged between -1.1 and -1.4 

MPa. In September, at harvest, values were the lowest (-1.5 MPa). On the other hand, during 

the irrigation season, the stressed and irrigated treatments showed similar mSWP trends until 

veraison maintaining an optimal water status. At the beginning of berry ripening, mSWP 

reached moderate water stress in the irrigated vines, whereas in the stressed vines, it reached 

severe water stress thresholds. After the last irrigation was supplied to the whole vineyard on 

the 21st of August, vines subjected to both treatments were able to recover and regain a similar 

mSWP of -1.3 MPa. 
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Figure 2.9 Water supplies and midday Stem Water Potential (mSWP) variations in the stressed 

and irrigated treatments - Romangia - 2019 

 

3.1.3. Sap velocity rates 

 The trend of the sap velocity rate and mSWP values are shown in Figure 2.10 and 

Figure 2.11. Sap velocity rate trends demonstrated high daily variability. The sap velocity 

trend followed a similar pattern to the mSWP values in irrigated grapes only in the early part 

of the monitoring period in June, when the vines were in satisfactory water conditions, with 

mSWP values ranging from -0.7 MPa to -0.9 MPa. Thereafter, as levels of water stress 

increased, the sap velocity trend slightly deviates from the mSWP values. On the other hand, 

in the stressed treatment, the sap velocity rate and mSWP values showed similar trends 

throughout the monitoring period with a peak sap velocity of 25.3 cm h-1 on September 9 and 

mSWP of -1.3 MPa on September 8. Additionally, the values of the sap velocity rates of the 

irrigated plants were higher than those found in the stressed vines. 
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Figure 2.10 Sap velocity T-max method and midday Stem Water Potential (mSWP) values 

recorded in irrigated (Irr) vines - Romangia - 2019. Bars indicate standard error  

 

 
Figure 2.11 Values of sap velocity T-max method and midday Stem Water Potential (mSWP) 

recorded in stressed vines (Str) - Romangia - 2019. Bars indicate standard error  

 

3.1.4. Leaf thickness 

 The leaf thickness measured for the irrigated and stressed treatments is shown in Figure 

2.12 and Figure 2.13 respectively. In both treatments, leaf thickness showed a pattern similar 

to the mSWP variations. In the irrigated treatment, maximum values of 1.91 V and 

corresponding to a mSWP value of -1.1 MPa were recorded in the end of July and minimum 
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values of 1.89 V corresponding to a mSWP of -1.5 MPa recorded in the beginning of September 

during the periods of highest water stress. In the stressed treatment, maximum values of 1.89 

V corresponding to a mSWP value of -1.3 MPa were recorded late September and minimum 

values of 1.88 V corresponding to a mSWP of -1.4 MPa in early August. On average, higher 

leaf thickness values were reached in irrigated vines compared to stressed ones. 

 
Figure 2.12 Leaf thickness and midday Stem Water Potential (mSWP) values in the irrigated 

vines - Romangia - 2019. Bars indicate standard error  

 

 
Figure 2.13 Leaf thickness and midday Stem Water Potential (mSWP) values in the stressed 

vines - Romangia - 2019. Bars indicate standard error  
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3.2. Gallura-2020 

3.2.1. Weather 

 The daily air temperature and precipitations recorded at the experimental site from June 

1 to September 30, 2020, are shown in Figure 2.14. The mean daily temperature was 23.3 °C 

and the cumulative precipitation recorded a value of 140.8 mm. Average temperature values 

ranged from a minimum of 10.5 °C to a maximum of 39.4 °C with the minimum values 

recorded at the same time as the rainfall events. The most consistent precipitation events 

occurred between early June and the end of August and during September, with maximum 

values of 38.4 mm on September 25. The monthly maximum (Tmax), minimum (Tmin) and 

average (Tavg) air temperatures and rainfall (R.prec.), recorded during the whole period, are 

shown in Table 2.5. 

 
Figure 2.14 Daily mean air temperature and precipitation - Gallura - 2020 
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Table 2.5 The monthly maximum (Tmax), minimum (Tmin) and average (Tavg) air 

temperatures and rainfall (R.prec.) - Gallura - 2020 

2020 - Gallura 

Month Tmax (°C) Tmin (°C) Tavg(°C) R.prec. (mm) 

June 32.2 10.5 21.0 13.8 

July 39.4 15.9 25.3 0.00 

August 38.4 15.2 25.8 26.0 

September 31.3 11.2 21.0 101.0 

June -September 39.4 10.5 23.3 140.8 

 

3.2.2. Midday Stem water potential 

 
Figure 2.15 shows the total water supplies in mm from precipitation and irrigation 

treatments and the mSWP variations. mSWP varied from a maximum value of -0.6 recorded 

mid-June to a minimum value of -1.6 MPa recorded early September. The lowest values were 

recorded in pre-harvest, while light to moderate water stress (-0.9 to -1.3 MPa) was observed 

during cluster development in July. Moderate to severe mSWP values (-1.3 MPa to -1.6 MPa) 

were recorded in August. During the irrigation season at the beginning of maturity, mSWP 

reached moderate to severe stress thresholds. After the last irrigation supplied on August 18, 

plants were able to recover an mSWP value of -1.0 MPa. 
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Figure 2.15 Water supplies and midday Stem Water Potential (mSWP) variations - Gallura - 

2020. Bars indicate standard error 

 

3.2.3. Sap flow and velocity rates 

3.2.3.1. T-max method 

 Figure 2.16 shows the comparison between mSWP values and sap velocity measured 

according to the T-max method. Sap velocity values varied daily and followed a similar pattern 

of increase and decrease as mSWP but with a delay in the response as stress increased. At the 

beginning of the measurements, the sap velocity and mSWP recorded variations were 

respectively 36.8 cm h-1 and -0.9 MPa on July 6 and 35.4 cm h-1 and -1.1 MPa on July 16. 

Later, the values decreased and recorded 35.7 cm h-1 and -1.3 MPa respectively on August 5. 

In the final monitoring period, during the high stress phase, sap velocity’s recorded values of 

28.6 cm h-1 and 24.2 cm h-1, while mSWP values ranged from -1.6 0MPa on September 2nd to 

-1.6 MPa on September 22nd, respectively. The maximum sap velocity value reached during 

the whole period was 41.5 cm h-1 recorded on the 31st of July and the minimum value was 20.6 

cm h-1 recorded on the 27th of September (harvest season) and the maximum mSWP was -0.8 

MPa. 
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Figure 2.16 Sap velocity values of T-max method and midday Stem Water Potential (mSWP) 

- Gallura - 2020. Bars indicate standard error 

 

3.2.3.2. Heat balance method 

Figure 2.17 shows the comparison of the Heat Balance sensor measurements and 

mSWP values. The Ksap flow sensor values show a daily variability and a correspondence with 

the mSWP measurements, declining as water stress increased. On August 18, SF and mSWP 

recorded values of 38.6 g h-1 and -1.4 MPa respectively, up to maximum values of 126.2 g h-1 

on August 22 and with mSWP values of -1.0 MPa. Those values decrease as stress increase to 

reach 45.4 g h-1 on September 2 and with mSWP values of -1.6 MPa and remain somewhat 

constant until September 22 with values of 15.1 g h-1 and -1.6 MPa respectively coinciding 

with the periods of high water stress. 
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Figure 2.17 Midday Stem Water Potential (mSWP) and Sap flow (SF) values from the Ksap 

sensor over the reference period - Gallura - 2020. Bars indicate standard error. 

 

3.2.4. Leaf thickness 

Figure 2.18 shows the comparison between the leaf thickness measurements made with 

the Leaf Sensor Agrihouse and the mSWP values. The trend in this case shows similar daily 

variability as the mSWP measurements, albeit with background noise. Initially from June 24 

to August 18, average leaf thickness values of 1.87 V were recorded during the period of low 

water stress where mSWP values were between -0.7 and -1.0 MPa. Then due to a loss of signal 

from a cable break, data could not be recorded from July 28 to August 7. After this interruption, 

the recorded leaf thickness resumed to follow the pattern of the mSWP and slightly decreased 

as water stress increased and inversely from August 3, with leaf thickness values of 1.83 V and 

mSWP of -1.3 MPa, until August 21 with values of 1.86 V and -1.0 MPa respectively. From 

August 22 there is a progressive deviation of the signal provided by the sensor from the 

reference values of the mSWP, presumably due to a necrosis of the leaf tissue found at the 

point of application of the sensor itself. 
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Figure 2.18 Midday Stem Water Potential (mSWP) values and leaf thickness - Gallura - 2020. 

Bars indicate standard error 

 

3.3. Romangia- 2021 

3.3.1. Weather 

 The daily variations in the environmental conditions of air temperature and rainfall 

recorded from June 15 until September 30, 2021, are shown in Figure 2.19. 

 
Figure 2.19 Daily mean air temperature and precipitation - Romangia - 2021. 
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 Table 2.6 shows the monthly maximum (Tmax), minimum (Tmin) and average (Tavg) 

air temperatures and rainfall (R.prec), in Romangia, during the growing season of 2021. 

Table 2.6 The monthly maximum (Tmax), minimum (Tmin) and average (Tavg) air 

temperatures and rainfall (R.prec) - Romangia - 2021 

2021 - Romangia 

Month Tmax (°C) Tmin (°C) Tavg (°C) R.prec. (mm) 

June 33.4 16.0 23.6 0.0 

July 38.3 17.0 24.9 1.1 

August 37.6 17.1 24.6 0.5 

September 34.6 16.4 23.2 32.2 

June - September 38.3 16.0 23.2 33.7 

 

 Throughout the experiment duration, the daily temperatures reached a minimum of 16.0 

°C and a maximum of 38.3 °C. The highest precipitations occurred on September 10, whereas 

several intervals of consecutive dry days were observed especially in July and August where 

the highest number of consecutive dry days was observed in August (24 days). The average 

temperature recorded during this period was 23.2 °C and the cumulated rainfall was 33.7 mm. 

 

3.3.2. Midday Stem water potential  

 Figure 2.20 shows the water supply through precipitation and irrigation in mm with 

respect to the variations in mSWP. During the first part of the measurements, mSWP recorded 

a maximum value of -0.7 MPa and decreased slightly to reach -0.8 MPa indicating light stress. 

Plants were irrigated on July 16th to maintain light stress during cluster development. A value 

of -1.2 MPa was recorded on August 4 after which plants were irrigated a second time and 

mSWP restored a value of -1.0 MPa. Afterwards, as water stress increased, mSWP decreased 

to reach a minimum value of -1.4 MPa showing moderate stress on September 9. On September 
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10, the rainfall that occurred allowed plants to restore mSWP values of -1.0 MPa, which 

decreased again to reach values of -1.3 MPa around harvest. 

 
Figure 2.20 Water supplies and midday Stem Water Potential (mSWP) variations - Romangia 

- 2021. Bars indicate standard error 

 

3.3.3. Sap flow and velocity rates 

3.3.3.1. T-max method 

 Figure 2.21 shows the comparison between mSWP values and sap velocity measured 

according to the T-max method. As in previous years, sap velocity values showed high day to 

day variations. During the first part of the measurements, these values followed a similar 

pattern as mSWP when plants were not under stress. On July 8, the recorded values of sap 

velocity and mSWP were 38.5 cm h-1 and -0.7 MPa respectively, whereas on July 22, the 

measurements decreased slightly and recorded 36.6 cm h-1 and -0.8 MPa respectively. As plant 

water stress increased, the trends of sap velocity deviated from mSWP. The maximum sap 

velocity value of 46.1 cm h-1 was recorded on August 22 around the period of the highest water 

stress during this season after an irrigation treatment on the 8th of August and decreased 

gradually simultaneously with the lowest mSWP (-1.4 MPa on September 9). Afterwards, on 

September 10, the plants were irrigated by rainfall and the sap velocity trends were able to 
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restore conformity with the mSWP values recording values of 28.2 cm h-1 and -1.2 MPa 

respectively. 

 
Figure 2.21 Sap velocity values of T-max method and midday Stem Water Potential (mSWP) 

- Romangia - 2021. Bars indicate standard error 

 

3.3.3.2. Heat balance method 

 Figure 2.22 shows the comparison of Ksap flow sensor measurements and mSWP 

values. The Ksap flow sensor values show day to day variations and a good correspondence 

with the mSWP measurements and water stress throughout the measurement period. Maximum 

values of SF of 238.8 g h-1 were recorded during light stress periods (mSWP recorded -0.7 

MPa). These values gradually decreased as stress increased to reach low values of average 47.7 

g h-1 in September and with mSWP values of -1.3 MPa coinciding with the periods of high 

water stress. A loss of signal due to a disconnection in the power caused by a wild boar occurred 

between the 24th of September and the 1st of October which led to an interruption in the 

recorded measurements of SF during this period. 
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Figure 2.22 Midday Stem Water Potential (mSWP) and Sap flow (SF) values from the Ksap 

sensor over the reference period - Romangia - 2021. Bars indicate standard error.  

  

3.3.4. Energy balance 

 Figure 2.23 shows the trends of the observed energy balance components. The daily G 

remained close to 0 MJ m-2 d-1 throughout the experiment with an average of 0.02 MJ m-2 d-1. 

The daily G values ranged from −1 MJ m-2 d-1 to 0.6 MJ m-2 d-1 recorded on September 19 and 

August 11 respectively coinciding with the coldest and hottest days of the measurements 

(Figure 2.20). Daily H recorded low values and slightly decreased from an average of 3.8 MJ 

m-2 d-1 in August to an average of 3 MJ m-2 d-1 in September to minimum values of average 2.6 

MJ m-2 d-1 in early October simultaneously with the rainfall event on September 10 that 

increased surface evaporation. The Rn trend showed day to day fluctuations with an overall 

decreasing aspect, declining from average values of 12.0 MJ m-2 d-1 recorded during August, 

to an average of 8.3 MJ m-2 d-1 recorded during September, to minimum values of 5.6 MJ m-2 

d-1 recorded at the end of the season. A maximum daily Rn value of 14.7 MJ m-2 d-1 was 

recorded on August 7 and the minimum value of 3.3 MJ m-2 d-1 on September 8. Similarly, the 

trend of LE showed daily variations and presented an overall decreasing aspect until the end of 

the measurement period. The daily LE recorded a maximum value of 13.9 MJ m-2 d-1 on August 
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7 and a minimum value of 2.4 MJ m-2 d-1 on October 3. A loss of signal due to a disconnection 

in the power caused by a wild boar occurred between the 24th of September and the 1st of 

October which led to an interruption in the recorded measurements of SF during this period. 

 
Figure 2.23 Trend of the observed energy balance components: Sensible Heat Flux (H), 

Ground Heat flux (G), Net radiation (Rn), Latent Heat Flux (LE) in Romangia - 2021 

 

 Figure 2.24 shows the daily and the cumulative ETa calculated for the period of the 

experiment. Daily ETa presented a slightly decreasing trend from the beginning of the 

measurements in August until the end in beginning of October. The maximum calculated value 

was 5.7 mm d-1 on August 7 and the minimum value was 1 mm d-1 calculated on October 3. 

The cumulative ETa reached a total amount of 140 mm at the end of the measurements on 

October 6. 
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Figure 2.24 Daily calculated actual evapotranspiration (ETa) and cumulative ETa in mm in 

Romangia – 2021 

 

Relationship between the different variables and methods 

 To better understand plant dynamics and compare the different plant-based indicators 

sensitivity to water stress, we studied the relationships between mSWP and the continuously 

measured variables of SF, sap velocity and leaf thickness, as well as the external factors of 

VPD, ETo, and air temperature (Table 2.7, Table 2.8, Table 2.9 and Table 2.10). 

 There was a significant positive correlation between mSWP and sap velocity measured 

by the T-max method in 2019 in Romangia site in the stressed treatment (R2 =0.4, p <0.05), as 

well as in 2020 in Gallura site (R2 =0.4, p <0.05), but was absent in the irrigated treatment of 

Romangia 2019 and Romangia 2021. On the other hand, no correlation was found between 

mSWP and SF measured by the Heat Balance method in any of the years of experiments.   

 A positive correlation was also present between SF and sap velocity measured by both 

methods, T-max and Heat Balance in both years 2020 and 2021, in Gallura and Romangia sites 

respectively (R2 =0.4, p <0.01 and R2 =0.1, p <0.01 respectively). Additionally, both SF 
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measurement methods were correlated with each of air temperature, ETo, and VPD (data shown 

in Tables 2.8 and 2.9), though the correlation was greater in the T-max method than the Heat 

Balance method.  

 On the other hand, no correlation was found between leaf thickness and mSWP in 2019 

in the stress treatment in Romangia. Nevertheless, in the irrigated treatment in the same year 

as well as in 2020, there was a strong and significant correlation between the two indicators 

(R2 =0.9 and R2 =0.7, p <0.01 respectively).  

Table 2.7 Statistical analysis and regression correlations between different variables and 

methods - Romangia - 2019 - Stressed 

  mSWP - Str SF T-max - Str Leaf thickness - Str 

Sap velocity T-max – 

Str 

R2 0.4*   

n 12   

Leaf thickness – Str 
R2 0.3 -0.1  

n 6 33  

VPD – Str 
R2 0.1 0.1 0.1 

n 11 78 33 

Air Temperature – Str 
R2 0.1 0.2** -0.1 

n 11 80 33 

* Significant correlation at 0.05 level (2 tailed) 

** Significant correlation at 0.01 level (2 tailed) 

 

Table 2.8 Statistical analysis and regression correlations between different variables and 

methods - Romangia - 2019 - Irrigated 

  mSWP - Irr SF T-max - Irr Leaf thickness -Irr 

Sap velocity T-max – 

Irr 

R2 0.1 
  

n 12 
  

Leaf thickness – Irr 
R2 0.9** 0.1 

 

n 7 36 
 

VPD – Irr 
R2 0.1 0.1 0.1* 

n 11 78 34 

Air Temperature – Irr 
R2 0.1 0.1 0.2** 

n 11 80 36 

* Significant correlation at 0.05 level (2 tailed) 

** Significant correlation at 0.01 level (2 tailed) 
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Table 2.9 Statistical analysis and regression correlations between different variables and 

methods - Gallura - 2020 

  mSWP SF T-max  SF Heat Balance  Leaf thickness 

Sap velocity T-max  
R2 0.4*    

n 12    

SF Heat Balance  
R2 0.8 0.4**   

n 4 51   

Leaf thickness 
R2 0.7** -0.1 -0.1  

n 15 61 30  

Air Temperature 
R2 -0.1 0.6** 0.3** -0.1 

n 20 87 51 74 

ETo 
R2 0.3* 0.5** 0.4** 0.1 

n 20 86 50 74 

* Significant correlation at 0.05 level (2 tailed) 

** Significant correlation at 0.01 level (2 tailed) 

 

Table 2.10 Statistical analysis and regression correlations between different variables and 

methods - Romangia - 2021 

  mSWP SF T-max  SF Heat Balance  

Sap Velocity T-max  
R2 0.1   

n 14   

SF Heat Balance  
R2 0.2 0.1*  

n 13 94  

Air Temperature 
R2 0.1 0.1** 0.1 

n 15 103 94 

VPD 
R2 0.3 0.3** 0.1* 

n 14 103 94 

* Significant correlation at 0.05 level (2 tailed) 

** Significant correlation at 0.01 level (2 tailed) 

 

4. DISCUSSION 

  

 To optimize irrigation scheduling, plant-based water stress indicators need to take into 

consideration the short-term changes in plant water status. For this reason, to compare the 

sensitivity of the different indicators in assessing plant water status to decide when to irrigate, 

mSWP was chosen as a reference indicator given its uniformity and sensitivity to water stress 

(Ortuño et al., 2005; Williams and Araujo, 2002). 
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 Grapevines were able to maintain good growth depending on the level of water stress 

during specific growth stages with increasing stress thresholds as vegetative and productive 

growth proceeded (Fernandes de Oliveira et al., 2019; Ojeda, 2008). While only light water 

stress with mSWP values staying above -0.3 MPa from budding to flowering was accepted, the 

values increased gradually to -0.9 and -1.2 MPa between veraison and harvest respectively 

(Deloire et al., 2020; Ojeda, 2008). At this level of stress, it was important to rewater to prevent 

an undesirable effect on yield quality and quantity where plants subject to mild and moderate 

stress were able to recover and maintain mSWP at -1.3 MPa (Fernandes de Oliveira et al., 

2019). At the same time, excess watering is unfavorable during vegetative development and 

mSWP values should remain below -0.7 MPa for higher water use efficiency (Fernandes de 

Oliveira et al., 2021). 

 The relationship between mSWP and each of SF, sap velocity and leaf turgor was 

studied to evaluate their potential as mild water stress indicators. SF values varied daily but 

decreased considerably with water stress, a trend which was found in other studies (Ortuño et 

al., 2005; Rodriguez-Dominguez et al., 2012). Since mSWP estimates plant water status at a 

given moment of the day as opposed to SF measurements which can be continuously and 

automatically recorded, the latter shows a greater integrated sensitivity to water stress (Ortuño 

et al., 2005). The correlation between SF and mSWP reflects Vermentino’s near-anisohydric 

behavior which shows that this variety reacted to water stress by decreasing SF similarly as 

shown by Marino et al., 2021. This correlation, present in the stressed treatment in Romangia 

2019 as well as in Gallura 2020, proves the direct effect of the variations in climate and 

temperatures on these variables (Marino et al., 2021; Ortuño et al., 2005). Furthermore, SF was 

shown to be more adequately predicted by alterations in evaporative demand than mSWP as it 

is associated with changes in ETo and therefore directly related to daily transpiration (Ortuño 
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et al., 2006, 2005). This is applicable at low levels of water stress since as levels of stress 

increase, measurements of SF slightly underestimate actual transpiration (Alarcón et al., 2000). 

 With regards to the method used to measure SF, the values of sap velocity recorded by 

the T-max method showed high daily variations which can also cause a deviation of the results 

from vine to vine and an underestimation in canopy transpiration as shown in other studies 

(Delrot et al., 2010). In contrast, the Heat Balance method showed lesser day to day variations 

and could therefore provide a good representation of plant water consumption (Delrot et al., 

2010). Although the relationship between the two methods showed a positive correlation, the 

sensitivity of each depended on the level of water stress. At mild stress levels, SF followed 

mSWP trends, but as water stress increased, the sap velocity values recorded by the TT-wine 

sensor deviated from those of mSWP and thus couldn’t be considered a reliable water stress 

indicator at higher stress levels. Previous studies stated that after plants suffered from severe 

water deficit, SF values decreased to irreversible degrees and recovery was reduced (Remorini 

and Massai, 2003). Meanwhile, SF values recorded by the SF Heat balance sensor showed 

better sensitivity even at higher water stress levels, which indicates that the Heat Balance 

method is more reliable than the T-max method at such levels of stress. Nevertheless, the 

thermal insulation required for the installation of the SF Heat balance sensor provided an ideal 

environment for superficial fungal development which could be considered a technical 

restriction in the operation of the sensor. Furthermore, a loss of signal at a certain moment of 

the experiment shows a limitation in the automation of the recordings. 

 In parallel, leaf turgor decreased slightly as water stress increased especially during the 

requiring seasons (Padilla-Díaz et al., 2016; Rodriguez-Dominguez et al., 2012). Nevertheless, 

this decrease in leaf thickness was minimal, unlike other studies that showed a rapid decrease 

in response to water deficits (Seelig et al., 2012). The correlation between leaf thickness and 

mSWP in the irrigated treatment in the 2019 Romangia site and 2020 Gallura site shows a 
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potential link between the two indicators contrarily to previous studies that were unable to 

prove a conclusive relationship (Seelig et al., 2015). On the other hand, the Agrihouse Leaf 

sensor used to measure leaf thickness represented some limitations in the in-situ application 

and revealed the fragility of the sensor. First, the results obtained were incomplete due to a 

cable break during the experiment. Furthermore, the sudden deviation of the leaf thickness 

trends from the mSWP at the end of the monitoring period resulting from possible necrosis of 

the leaf tissue at the point of application of the sensor prevent the continuous long-term use of 

this sensor. These shortcomings in the applicability of the sensors in the field compel the 

constant human monitoring and observation to prevent such technical complications. 

 The preliminary results obtained by the LE calculated from the residual energy balance 

equation based on H obtained by the SR method allowed the calculation of daily and 

cumulative ETa. Nevertheless, for more precise and conclusive analysis, and to demonstrate 

the reliability of this technique in the quantification of the amount of water lost by the crop, 

further studies should be conducted to compare the obtained results with the Eddy Covariance 

method. Moreover, since ETa is affected by the specific characteristics of the field, such as soil 

properties, soil and water management, meteorological conditions, and crop varieties (Marras 

et al., 2016), its relationship with ETo, VPD and precipitation should be evaluated to give more 

accurate and informative insights. 

  

5. CONCLUSION 

  

 The results of the experiment demonstrate that the continuous monitoring of SF and 

leaf thickness can be indicative of the levels of water stress to decide when to irrigate. The 

good fits between each of SF and leaf turgor with the reference measurement of mSWP show 

that the combined observation of these plant-based variables can be representative of the 
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Vermentino variety. Due to cultivar-specific drought mechanisms, further studies should be 

done to tailor the applicability of these variables in other varieties that have different behaviors 

and responses to water stress. Nevertheless, the weakness of the correlations can be explained 

by the limitations in obtaining replications on a large number of plants, indicating the need to 

perform more studies to deepen the analysis. On the other hand, the sensors studied in this 

experiment showed technical limitations such as loss of signal, disconnections due to animal 

attacks, and leaf damage, indicating that even though the measurements can be automatically 

and remotely recorded, constant human observation is required to ensure proper functioning of 

the tools. In particular, the new KSap flow sensor tested to measure SF with the Heat Balance 

method showed better sensitivity and reliable results even at high stress levels compared to the 

sap velocity measured by the T-max method using the novel TT-wine. In order to better 

compare the found results of sap velocity and SF obtained by the T-max method and Heat 

Balance method respectively, standardization could be an insight for future perspectives. An 

example of such an approach is the calculation of the standard score or Z score {Z-score = (x - 

mean)/standard deviation}. 

On the other hand, SR proved to be a potential method to find daily and cumulative ETa 

allowing the estimation of the real consumption of water by the crops, although studies should 

be done to test its reliability against Eddy Covariance method. Ultimately, the results and 

datasets concluded from this chapter have to be explored deeply and merged to obtain a uniform 

and meaningful statistical analysis for a better understanding of the plant-based variables and 

their relationships as well as the climatic and soil factors, publishing the final scientific paper 

in a high impact factor journal. Finally, although many technical, mathematical, and 

management aspects need improvement, the overall results indicate the potential of 

establishing an automated monitoring platform derived from real-time data of plant-based 

variable measurements using affordable and sensitive sensors. This tool of support would stand 
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as the foundation for a quick and reliable decision for growers in irrigation scheduling and 

management. 
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CHAPTER 3  

FIELD ACTIVITIES – LEBANON 2019 - 2020 

 

Irrigation scheduling and Water Management in 

Lebanon: Survey and qualitative analysis. 

 

This chapter is under the process of submission in a journal to this date.  
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ABSTRACT 

 Lebanon is facing the exacerbating effects of climate change with rising temperatures 

and declining precipitations which are threatening the agricultural sector. A survey was 

conducted among farmers, and particularly irrigators, in 4 governorates to assess the 

sociological and demographic situations as well as education levels and the current practices 

in water and irrigation system and management. Farmers’ views regarding climate change and 

water scarcity and their readiness to introduce new innovative techniques were studied and 

evaluated. The aim of this work is to evaluate the potential of adopting of new innovative 

techniques to prevent water scarcity. The gaps and challenges impeding the development of 

water management are underlined. Finally, the necessary strategies that can be implemented to 
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improve irrigation management at the national level as well as farmers’ level in Lebanon are 

highlighted with a vision to promote in other countries with similar environmental conditions 

and governmental status.  

 

KEYWORDS 

Climate Change, Water conservation, Lack of irrigation water, Farmers questionnaire, New 

technologies. 
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1. INTRODUCTION 

 

Recently, the world’s demand for water is rapidly increasing due to the surging 

populations and the changing climate (Sowers et al., 2011). According to studies done by the 

World Bank, farmers were forced to cut down forests to grow more food to compensate for the 

crops destroyed by increasing drought periods (Verner et al., 2018). This deforestation causes 

rivers to dry up, worsening climate change and causing severe damage. In 2019, the World 

Resource Institute developed new hydrological models to establish global water risk indicators 

that assess water stress worldwide. They found that 17 countries, where one-quarter of the 

world’s population lives, face “extremely high” levels of water stress (Hofste et al., 2019). 

Twelve out of these 17 are in the Middle East and North Africa (MENA) region, with Lebanon 

ranking third. By 2040, the temperature is expected to rise by 1 to 2 °C, the annual rainfall 

would decrease 10 to 20%, and drought periods would extend by 9 days (Abulfotuh et al., 

2014). By 2050, this would cause a 10% decrease in water supply, which would possibly lead 

to conflicts with the neighboring countries (Abulfotuh et al., 2014). These drastic changes in 

the climate may lead to a decrease in productivity for most of the crops and fruit trees especially 

for wheat, tomatoes, cherries, apples, olive and grapes (MoE et al., 2012). Although Lebanon 

is rich in water resources, having more than 2000 springs and 17 perennial rivers, it is still at 

risk of extreme water shortage due to the long civil war, the mismanagement of the available 

resources, and the absence of reliable hydrologic data (Bou-Zeid and El-Fadel, 2002). 

With respect to the total water consumption, the proportion of irrigation water 

consumption in Lebanon (60%) is the lowest among the Southern and Eastern Mediterranean 

Arab countries (Cheriet, 2013). Irrigation methods and sources differ relatively to the region 

of production. Gravity irrigation methods are implemented in 81.3% of irrigated farms in 

Akkar, but only in 20.9% of farms in West Bekaa. Regarding water sources, in Bekaa, around 
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60% of the water derives from artesian wells, whereas in Akkar streams are the main water 

source for 58.1% of the irrigated surface (Hamade, 2019). The Bekaa valley, whose lands are 

mainly shallow, is home to rainfed crops, and, where water is available, some irrigated fruits 

and crops. However, the increasing populations and demographic density in Akkar, Bekaa 

Valley, and other regions lead to a reduction in water for irrigation (Verner et al., 2018). As a 

result, large areas of production suffer from water shortage. In the case of grapes, changes in 

temperature as well as precipitations affect production and wine quality. Higher temperatures 

will cause excessive evapotranspiration leading to an increased water demand (Verner et al., 

2018). Every crop has its own response and vulnerability to drought and varying temperatures. 

For instance, olive trees are resistant to rapid temperature variations but are affected by the 

long-term climate change whereas cereal yields are vulnerable to decreased rainfall and high 

temperatures especially during growing season (Verner et al., 2018). Additionally, as a result 

of the changing precipitations and temperatures, some of the crops such as potato and fruit 

trees, who will not meet their chilling requirements, will observe a decrease in the yields, 

whereas the others will be negatively affected by the increasing heat and drought waves 

(cherry, tomato, wheat, grape) (MoE et al., 2012). For instance, in the rainy season in 2013-

2014, the extremely low precipitations over the Lebanese territories affected the rainfed 

agriculture, prevented the groundwater sources replenishment and caused the surface water 

sources to dry up (Verner et al., 2018). 

Furthermore, scientific research and innovation remains very weak and fragile in the 

region, with an earmarked budget for research representing only 0.3% of Gross Domestic 

Product  in the Southern and Eastern Mediterranean Arab countries, whereas the world average 

is 1.4% (Besson, 2008). The weakness of both training and technical supervision of farmers 

slows down and delays the diffusion of technology. This is reflected in the level of performance 

among agricultural producers. In order to regain vibrancy and competitiveness for the sector, 
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new agricultural techniques especially in water management must be introduced as a matter of 

urgency under world climate change and water scarcity and farming practices should, therefore, 

adapt to the changing environment. Lebanon has low adaptation capacities and inadequate 

response to climate change, as well as mismanagement of its limited natural resources and an 

increasing environmental pollution (FAO and IWMI, 2020; MoE et al., 2012). Additionally, 

Lebanon lacks the necessary data generation and dissemination systems that determine 

environmental resources. Recently, a National Agriculture Strategy 2020-2025 was 

implemented aiming to revive and to recover the economic and agri-food sectors. Pillar 4 of 

this strategy is dedicated to improving climate change adaptation and sustainable natural 

resources management. One of the programs is to enhance the efficient use of irrigation water 

and the adoption of modern irrigation techniques. 

The aim of this work was to analyze the traditional agricultural practices implemented 

by irrigators throughout the major cultivated areas in Lebanon specifically in the context of 

irrigation. A survey was conducted, by means of a questionnaire that aims to evaluate the 

willingness of farmers to adopt modern irrigation schedules and the possibility of changing the 

mentality among Lebanese irrigators into more conservative water management. Our objective 

was to assess how the demographic and sociological characteristics, such as age and education 

level, as well as type of adopted irrigation system, decision drivers and water availability, affect 

farmers’ perception on water management. The outcome of this study is to identify the trends 

in irrigation methods and to evaluate farmers’ current decision-making strategies. This would 

make it possible to evaluate a projection for future development and collaboration as well as 

outreach efforts in adopting enhanced irrigation management systems and technologies in 

Lebanon and other developed countries in the MENA that face similar environmental 

challenges coupled with governmental shortcomings (Sowers et al., 2011).  
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2. MATERIALS AND METHODS 

 

2.1. Study area 

 Lebanon is a Middle Eastern country situated on the Mediterranean coast with an area 

of 10,452 km2. Despite its small surface, it has various bioclimatic zones due to its topographic 

diversity mostly subtropical, temperate semi-continental and semi-arid, accompanied by heavy 

rainfall (Figure 3.1). The climate of Lebanon is Mediterranean, with heavy rains during winter 

(December/April) and semi-arid during the remaining months of the year creating various 

microclimates with diverse temperatures and rainfall distribution influenced by the sea and 

desert from the north-east border. Generally, the littoral yearly average temperature is 20 °C 

fluctuating between 13 °C in winter season and 27 °C and more in summer; However, in the 

Bekaa, the average temperature is 16 °C and extends from 5 °C to 26 °C, whereas, in mountain 

areas, the yearly average temperature is less than 10 °C, fluctuating from 0 °C to 18 °C. The 

yearly average rainfall is around 823 mm decreasing progressively from mountains, coast, 

eastern and northeast location, with 75% of the rain befalling between January and May. Lastly, 

the potential evapotranspiration annual mean varies between 1200 mm in the Bekaa and 1100 

mm in the littoral (International Labour Organization and UNDP, 2003) 
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Figure 3.1. Phyto-association zones distribution in Lebanon with respect to the altitude levels 

(Abi-Saleh and Safi, 1988) 

 

 These different bioclimatic zones create heterogenic agroclimatic zones, hosting 

distinctive natural, indigenous, and agricultural plants and being a home to 1.11% of the 

world’s plant species (Tohmé and Tohmé, 2007). Its arable land is estimated at 350,000 

hectares (34% of the total surface area), half of which is permanently cultivated with only 

100,000 hectares of sufficiently irrigated land (Sbeih, 2009). The highest concentration of 

cultivated land is in the Bekaa valley (42% of the total cultivated area), northern Lebanon 

(26%), southern Lebanon (22%) and Mount Lebanon (9%) (MoA and FAO, 2010). 

 The main cultivated crops are fruit trees (31%), most importantly citrus, apricots, 

peaches, plums, cherries, grapes, almonds, apples, and pears, 23% are olive trees, 20% are 
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cereals (mainly wheat), 17% are vegetables (tomatoes, potatoes), and the remaining 9% are 

industrial crops such as tobacco, grape vineyards, and others (MoA and FAO, 2010). The main 

agricultural sub-sectors are wine, olive oil and table olives, dairy products, canned products, 

especially legumes (chickpeas and beans) and livestock. 

 Agriculture, which for a long time constituted one of Lebanon's main assets (33% of 

the Gross National Product), has gradually decreased to only 3% of the Gross Domestic Product 

in 2016-2018 (International Labour Organization, 2019). One of the most critical causes is the 

insufficient financing of agriculture, where the agricultural sector receives less than 1% of the 

national budget (Lampietti et al., 2010). In parallel, a negative evolution of the agricultural 

workforce was observed from 1965 to 2004 in Lebanon due to the low interest in the 

agricultural sector (Blanc et al., 2009). The agricultural sector used to employ 7.5% of 

Lebanon’s labor force in 2004 but decreased to only 3.6% in 2018 (International Labour 

Organization, 2019). Regarding the quality of human capital, the low level of education of rural 

people constituted an obstacle to the development of agrarian systems (Arous et al., 2015; 

Kalim, 2007). 

 

2.2. Sampling and data collection 

The Irrigation Water Management Survey (available in the supplementary material 

section) is a pilot survey conducted in 2020 to collect information about irrigation water use in 

agriculture among irrigators in Lebanon. The study targeted 100 farmers that have an installed 

irrigation system and are located in the 4 main governorates with the highest concentration of 

cultivated lands (Bekaa, Mount-Lebanon, North and South). Data were collected by means of 

a questionnaire composed of 39 closed-ended questions and divided under four main parts 

entitled: Personal information and land use, Irrigation System, Water management, and 

Suggestions and additional comments. The first section consists of demographic variables, 
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including gender, age, educational level, field location, weather information, sloping, 

cultivated surface, crop, and yield. The second section contains information about the irrigation 

system installed, such as type of system (drippers, drip line sprinklers, and tape drip line), water 

source and capacity (well, tank, and purchased water), and the main challenges regarding water 

availability and water cost to irrigate the cultivated land. The third section considers questions 

related to the willingness to manage and to admit new methodologies and integration for better 

irrigation water use. Finally, the last section is dedicated to extra proposals and remarks 

suggested by the farmer. 

 

2.3. Qualitative data analysis 

 All datasets were tested for normality and homogeneity of variance (Shapiro-Wilk and 

Levene statistics) and were log-transformed when necessary. A 2-tailed Fisher exact test for 

small samples to assess associations between two variables was used, statistical significance 

was defined at the 99% and 95% confidence level (p-value <0.05 or p-value <0.01). All 

statistical analyses were performed using STATISTICA software version 12.0 (Statsoft, Inc., 

Tulsa, 2013). 

 

3. RESULTS AND DISCUSSIONS  

3.1. Personal information and land use 

3.1.1. Demographic and sociological characteristic 

The distribution of the field samples in the surveyed regions presents 31% in the Bekaa, 

27% in Mount Lebanon, 23% in the North and 19% in the South. The sociological and 

demographic characteristics of the farmers who participated in the survey are displayed in 

Table 3.1. Almost all the farmers (99%) are male, clearly indicating that very few females are 

interested in the agricultural sector. Out of the total surveyed farmers, 48% are aged from 30 
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to 50 and 47% from 50 to 70. 9% had a complementary school level or less, 34% completed a 

secondary school level, while 57% hold a university degree. The farmers aged between 30-50 

have a high education level whereas those aged between 50-70 are of average education. Out 

of the 34% who achieved secondary school, 88% are aged between 50-70 and out of the farmers 

who hold a university degree, 77% are between 30-50 years old. 

 

Table 3.1. Respondents’ demographic and sociological characteristics - Lebanon 

Variable Percentage (%) 

Sex 

Male  99 

Female  1 

Age category 

20-30 3 

31-50 48 

51-70 47 

>70 2 

Educational level 

Complementary 9 

Secondary 34 

University 57 

 

The cross between age and education level (p <0.01) in Figure 3.2 shows that 20 to 30 

year-olds in the surveyed region are not interested in agriculture. This lack of interest might be 

due to the absence of regulations of the farming activities under the scope of the Lebanese 

Labor law, and therefore the unavailability of a universal health coverage system and 

retirement plans (Hamade, 2019) as well as the low revenues from farming with respect to 

other sectors (FAO and IWMI, 2020). 
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Figure 3.2. Cross between age and education level (p <0.01) - Lebanon 

 

3.1.2.  Land information and characteristics 

Table 3.2 displays the land information and the major crops. Most of the cultivated 

lands (82%) are open fields and the rest are mainly greenhouses, with the majority showing a 

flat nature (47%). The main crops are apple (29%), grapevines (25%), vegetables such as 

lettuce, tomato, cucumber, eggplants, and bell pepper (25%), banana (11%) and citrus (6%). 

Other crops grown are pear, avocado, maize, potato, strawberry, and ornamental plants. 
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Table 3.2. Land information and major cultivated crops - Lebanon 

Variable Percentage (%) 

Type of farming 

Greenhouse 9 

Open field 82 

Open Field + greenhouse 8 

Hydroponic greenhouse 1 

Land slope 

Flat 47 

Slope 5-10 26 

Slope 11-15 18 

Slope 16 -25 9 

Main crops  

Apple 29 

Pear 2 

Avocado 2 

Banana 11 

Citrus/ orange 6 

Grape vines 25 

Maize 2 

Potato 4 

Vegetable mix 25 

Strawberry 3 

Mix trees 5 

Nursery + ornamental 4 

 

3.2. Irrigation system 

Table 3.3 shows the results of the current irrigation methods and water sources. The 

majority of the farmers (67%) irrigate using drip lines, 19% use drippers, and the remaining 

14% are equally divided between tape drip lines and mini sprinklers.  
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Table 3.3. Percentage of irrigation methods used and water sources - Lebanon 

Variable Percentage (%) 

Type of irrigation system 

Drip line 67 

Tape drip line 7 

Drippers 19 

Mini sprinklers 7 

Irrigation source 

Drilled well 31.31 

Drilled well + Water Pond  16.16 

Personal tank  31.31 

Personal tank + drilled well 9.10 

Personal tank +Water Pond 1.01 

Municipality tank  3.03 

Water pond 8.08 

 

The most used irrigation types by crop are drip line for apple trees, grapevines, citrus 

and banana and drippers for the other tree crops especially for grapevine. In parallel, sprinklers 

and tape drip lines are especially used to irrigate potatoes (p <0.01) (Figure 3.3). In addition, 

Figure 3.4 shows the variability of the used irrigation system according to the total area of the 

cultivation. 

 
Figure 3.3. Type of irrigation crossed by the main cultivated crops (p <0.01) - Lebanon 
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Figure 3.4. Irrigation system used according to the total surface area of the cultivated field - 

Lebanon 

 

With regards to the major irrigation challenges faced by the farmers, 70% of the 

surveyed farmers reported the lack of training activities devoted to the improvement of 

irrigation techniques whereas 52% blamed water availability. Out of the surveyed farmers, 37% 

held the old and degraded irrigation systems responsible, 35% claimed inefficiency in the 

established irrigation design and 26% attributed the problem to the high cost of the material 

and maintenance. Only 8% thought the main challenge was the water quality such as its salinity 

and wastewater. Out of the total surveyed farmers, 85% suffer from water shortage, from this 

56% blame water availability and 19% complain about the high cost of the needed material. 

On the contrary, in Bekaa, the majority of the farmers reported that the main irrigation problems 

are the high cost of the material and the lack of training (Figure 3.5). 
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Figure 3.5. Major irrigation problems faced by the surveyed farmers - Lebanon 

 

According to the surveyed farmers, the cause of water shortage for irrigation is mainly 

from climate change (90%), 88% blame the lack of guidance and rules for water distribution, 

and 88% claim there is an absence of proper governmental support (Figure 3.6). Maddison 

(2006) has shown that farmers first need to perceive a change in the climatic conditions in order 

to implement a set of strategies to address them. 
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Figure 3.6. Cause of water shortage - Lebanon 

 

As a matter of fact, although the Ministry of Agriculture is mandated to implement and 

rehabilitate irrigation infrastructure, due to a lack of a national budget and the dependence on 

international funds and projects, its scope of work is constrained (FAO and IWMI, 2020). 

Additionally, smart irrigation systems are not financially affordable by farmers and their 

installation and operation is complex and not easily manipulated, which translated into a lack 

of interest and prioritization in smart devices. Few efforts were made by NGOs to implement 

such irrigation practices among farmers, but the projects never surpassed the pilot stages 

although they were successful in reducing water use while improving productivity (FAO and 

IWMI, 2020). 
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implementation of an irrigation schedule. Out of those, 70% reported that their decision to 

irrigate was determined by the given irrigation schedule.  

 Out of the total surveyed farmers, 75% decide the amount of water based on the plant 

and/or soil water needs that is in an empirical way. These farmers look for changes in soil 

texture and manually check soil humidity. They also rely on traditional know-how and field 

observations such as crops’ color and size to decide when and how much to irrigate. The other 

30% take the decision to irrigate when the crop shows signs of stress and 16% irrigate when 

the soil is dry. The 17% irrigate with a fixed amount of 30-40-50 l day-1 tree-1 and only 2% 

irrigate every day until harvest (Table 3.4).  

Regarding the amounts of water consumed, 44% of the surveyed farmers claimed that 

they cannot estimate the water used and 56% are applying more than 90 m3 ha-1 per crop of 

water even after professional assistance. As a matter of fact, farmers tend to over-irrigate when 

water fees do not depend on the amount of water consumed and instead pay a flat rate (FAO 

and IWMI, 2020) and therefore are less motivated to use efficient irrigation techniques.  

The results show that only 17% of the surveyed farmers have sufficient water to irrigate 

their lands, most of them owning open field farms, 80% of those suffer from water shortages, 

and 84% have to purchase water to compensate for the needed amounts. As the study reveals, 

only 12% of the farmers are using irrigation metering or timing devices to monitor their water 

consumption. Most of the surveyed farmers (69%) reported that they cannot estimate the water 

quantity used for irrigation, with 93% of them not owning any irrigation metering instruments 

(p =0.01). In fact, the lack of water metering information makes water management 

challenging. The absence of farm-level metering, for both surface and groundwater, makes it 

difficult to develop irrigation guidelines for droughts or produce estimates of water demand 

fluctuations caused by drought (Verner et al., 2018). 
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In the aim of regulating and systemizing water use, a Water Users Association WUA is 

composed of a group of irrigators who share a common water resource. WUAs scope of work 

to operate the water network and to monitor the allocation of water among its members. 

Although it is a prerequisite to monitor irrigation networks and for irrigation systems requiring 

on-farm water supply on a daily basis such, in Lebanon, the establishment of WUAs is absent 

since it requires several institutional arrangements that are unfortunately non-existent. 

 

Table 3.4. Description of the percentage of how farmers decide to irrigate and the amount of 

water - Lebanon 

Variable Percentage (%) 

Decision of irrigation  

Dry soil surface  16 

Crop shows signs of stress 30 

Every day until harvest period 2 

Irrigation schedule by an engineer 63 

Decision of the amount of water 

plant/soil water needs 71 

4-5times / summer 2 

Every week/summer 2 

Professional irrigation schedule / according to the system 2 

6 h day-1 1 

30-40-50 l day-1 tree-1 15 

Can't estimate 7 

 

Regarding environmental observations, most of the surveyed farmers don’t own 

climatic instruments and are likely to assume weather conditions based on day-to-day climate 

observations or on online weather applications that give general information rather than a local 

accurate representation (FAO and IWMI, 2020). The results show that only 36% of the total 

surveyed farmers are using climatic instrumentation and sensors such as precipitation sensor, 

humidity sensor, weather station, pH meter, among others. The most used instruments are the 

weather station, pH meter and humidity sensors.  
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These instrumentations are mostly found among farmers who cultivate grape vines but 

are almost absent among those growing apple trees (p <0.01). In parallel, when compared to 

the type of irrigation systems, most of the farmers who own such instrumentations and sensors 

are using drip lines (61%) and drippers (36%) (p =0.05). 

Out of the 30% of the farmers who decide to irrigate according to crop stress signs, the 

majority (87%) aren’t using climate instruments (p <0.01). In parallel, out of the 63% who 

decide to irrigate according to an irrigation schedule, half of them is using climatic 

instrumentations. Out of the 85% of the farmers who reported suffering from water shortages, 

63% do not own climatic instrumentations. On the other hand, out of those who declare having 

enough water to irrigate, 75% depend on climatic instrumentations and sensors (p <0.01).  

This proves that the use of technological tools and approaches such as sensors 

measuring soil moisture levels and crop water requirements based on climatic data can be used 

to improve farming management, water monitoring and irrigation practices for an optimal 

water application. In an attempt to offer farmers better understanding of the climatic 

information, a nationwide drought Early Warning System (EWS) was developed. This EWS 

relies mostly on the collection of weather forecasts combined with climate risk analysis 

technologies which are translated into information that can be used by farmers. If properly 

implemented, managing irrigation through EWS could help save water (Verner et al., 2018). 

On the other hand, out of the total surveyed farmers, 82% require new innovative 

irrigation equipment to improve water management whereas only 3% asked for guidance in 

crop management for better management and 48% are willing to introduce new innovative 

techniques that reduce water use. Research shows that improved farmer education as well as 

the provision of free extension advice may also play a role in promoting and hastening 

adaptation to climate change (Maddison, 2006). 
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Furthermore, the analysis of the results shows that 69% of the surveyed farmers are 

willing to establish efficient equipment aiming to reduce water usage by introducing new 

innovative technologies. Only 32% claimed to have already heard about precision irrigation 

(PI) and water status assessment (WSA). But when compared with the education level, among 

uneducated farmers, only 9% have heard about PI and WSA. 

The vast majority (92%) of the farmers claim to be interested in becoming more water 

conservative with 92% of them acknowledging the possibility of reducing the amount of water 

without affecting production and quality of their products. The reasons differ relatively to the 

location of the field (p <0.01): in the Bekaa and Mount Lebanon, the main motive is to use less 

water due to the water shortage. In parallel, in the North and South, the cause is related to the 

cost of the water.  

Although farmers suffer from shortage, few implemented water conservation 

techniques to reduce their water consumption. This can be explained by the fact that first, 

farmers are accustomed to the traditional knowledge and techniques that have been practiced 

for generations. Second, since surveyed farmers employ irrigation systems to irrigate their 

crops, they already consider themselves water conservators. Third, most farmers seem to be 

unaware of the benefits of introducing new water saving technologies cost wise. And last, the 

farmers seem to be more preoccupied by the numerous economic challenges such as rent and 

product marketing rather than instilling innovative techniques. 

Moreover, the vast majority (95%) of the farmers claimed that they never received help 

from any party such as the Ministry of Agriculture or concerned NGOs to reduce the water 

shortage. The very few who did get support or technical advice came from either commercial 

agricultural enterprises or some NGOs as part of their training programs as part of 

developmental projects. The lack of engagement of public institutions in the agricultural and 

water sectors and the limited initiatives and projects dedicated to their development can be 
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translated into an unsound use of water in addition to poor irrigation practices and farm 

management (FAO and IWMI, 2020). The lack of staff and financial resources can also restrain 

sustained extension services to farmers. Additionally, the scarcity in human skills dedicated to 

research and development in the field as well as the limited number of technicians that are 

expert in the domain hinders the availability of adequate support. 

 

3.4. Age, education level and irrigation management 

 

Education and age were significantly associated with farmers’ implemented irrigation 

systems. Young, well-educated farmers requested a design and schedule for the irrigation (p 

<0.01) as 71% of those hold a university degree (p <0.05) and the range of age was between 

30-50 (57%). 

Furthermore, age and education level together affect the decision to irrigate. Farmers 

who hold a university degree do not irrigate according to dry soil or stress of the crop but rather 

according to an irrigation schedule. 

Educated farmers, most of whom are 30 to 50 years old, are aware of the possibility to 

reduce the amount of water without affecting the yield and the quality of the production (p 

<0.05). These farmers consider climate change as the cause of water shortage with 

desertification (67%) and excessive human water use (49%) as being the main factors for water 

scarcity in Lebanon. The same farmers showed an interest in being more water conservative, 

60% of them to decrease water use and for economic reasons.  

Educated people (university and secondary) and aged between 30 and 50 years 

requested professional assistance regarding the irrigation schedule to apply and showed interest 

in having more information and guidance regarding new innovative equipment for improved 

water management. 
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Additionally, when compared with the education level, most of the educated people 

acknowledged the use of sensors for water status assessment as actions to minimize the impact 

of drought and water scarcity.  

Previous research has shown that farmers with the greatest experience are more likely 

to notice climate change but educated farmers are more likely to respond by making at least 

one adaptation. Furthermore, farmers who have enjoyed free extension advice are also more 

likely to adapt to climate change (Maddison, 2006). 

 

4. CONCLUSION 

 

The predicted declines in precipitation exacerbated by climate change, and the 

subsequent decrease in the available water for irrigation, will have a direct impact on irrigated 

agriculture areas and crops, such as banana, apple, potato, and tomato (MoE et al., 2012). This 

imposes water management as a critical factor that regulates water availability and quality for 

agriculture as well as commercial and residential uses in Lebanon.  

The adaptation of national measures and strategies, as well as institutional and 

organizational arrangements for monitoring water demand and for scheduling water 

distribution into a network within an irrigation scheme, are essential to cope with the impacts 

of climate change and to increase the resilience of the farmers and the vulnerable crops to such 

alterations. These measures should be initiated within the government and coordinated with 

the private sector and civil society. Combining the communication and collaboration among 

governmental agencies and non-governmental organizations with active participatory decision-

making at farmer level should be effective in reducing the risk of water deficiency.  

Such initiatives should work on several levels. On the first level, the governmental 

institutions should recruit trained and qualified experts as well as allocate budgets for research 
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and development to fill the gaps of non-existent national data and previous negligence in the 

agricultural sector, especially in the irrigation and water management department. 

Additionally, policies and strategies should be reconsidered to encourage water conservation. 

For instance, since farmers tend to over-irrigate, and wastewater depending on the rate they are 

paying, water pricing strategies should be modified from the traditional fixed fee tariff to 

metering charges based on volumetric consumption. 

On the second level, planning and implementing information dissemination strategies 

among farmers is a must. This can be accomplished by conducting training through seminars, 

workshops, and awareness campaigns to improve farmers’ behavior and perception of 

improved and efficient irrigation management strategies under diverse climatic conditions and 

soil characteristics. The aim is to maintain certain sustainability and follow up of the executed 

actions instead of being mainly undertaken in the frame of momentary international projects. 

For this reason, the concerned Ministries, such as the Ministry of Agriculture, should allocate 

the necessary budget for subsidies to motivate farmers and support their involvement and active 

participation in water conservation.  

On the third level, the outdated curriculum currently taught in agriculture schools and 

universities should be revised to include practical training programs and facilities to become 

appealing to young career seekers and to be able to meet emerging demand for skills in 

agribusiness and farm management. 

Furthermore, the irrigation systems throughout the country could be standardized to 

include recommendations customized according to the specific region and available online. 

The recommendations could be deduced from a set of calculations based on daily weather 

forecasts and precipitation, soil conditions and characteristics, and crop potential 

evapotranspiration.  The values could be tailored according to a number of predefined crops 

and their different development stages. Plants, soil and irrigation settings (soil moisture 
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threshold and irrigation depth) can be adjusted by the users to better reproduce the local 

conditions. Irrigation would then be recommended when the water deficit reaches a user-

defined threshold. The implemented irrigation scheduling systems should be able to predict 

well the total amount of water used, and to support the farmers with adaptation strategies in the 

face of seasonal changes and crop water requirements. 

These actions and measures could be useful in improving water management and 

increasing its efficient use not only in Lebanon, but also across the MENA region. These 

countries face the same environmental threats and governmental vulnerability (Sowers et al., 

2011) and their farmers, who grow the same types of crops as Lebanese farmers, share similar 

cultural beliefs and adopt resembling agricultural and irrigation practices.  
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GENERAL CONCLUSION 

 

Climate change is a serious worldwide threat that urges immediate and effective 

intervention measures to slow down and reverse the negative impacts on the environment and 

water availability. Since agriculture is the main sector that consumes water whether rain fed 

crops or irrigated crops, and since its durability has direct consequences on food security and 

survival, new techniques and approaches should be implemented to monitor and reduce water 

waste while increasing yield quality and quantity. Irrigation management and scheduling is a 

must for the sake of benefiting from the limited water availability especially in arid and semi-

arid regions as well as areas menaced by the increasing drought periods and soaring 

temperatures. The decision of the amount and timing of irrigation should be based on results 

and data obtained from automated and continuous monitoring of water stress. Since plants are 

comprised of natural biosensors, the use of plant-based approaches and techniques to assess 

the crops reaction to water stress and therefore design the adequate schedule to irrigate. 

Continuous research should be done in order to provide farmers with practical irrigation 

systems that are user-friendly and can be efficiently applied in the field. Furthermore, the data 

communication needs to be more widespread and common. For this, science needs to make a 

double effort by improving the technology, the sensor sensitivity, and the species specificity. 

Moreover, an important reduction in prices of these technologies is a must to making these 

systems increasingly affordable and accessible for commercial production. 

On the other hand, further studies should be done to improve the yet available 

approaches in monitoring water stress. These approaches should consider all alterations in the 

environment and offer good results throughout the plant’s growing periods. The applied sensors 

should not be restricted to research purposes but give a holistic assessment of water thresholds 
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at the field level given the possible technical complications. Furthermore, the sensors should 

be enhanced to avoid mechanical damage to the organs they are mounted and improve the 

signal by making them more sensitive to physiological changes in the plant and reduce the 

inevitable background noise. Moreover, modeling tools should be calibrated and validated to 

be able to simulate the response of crops in conditions of climate change and identify 

appropriate adaptation strategies. 

In Lebanon precisely, the adaptation of national measures and strategies as well as 

institutional and organizational arrangements for monitoring water demand and for scheduling 

water distribution into a network within an irrigation scheme are essential to cope with the 

impacts of climate change and to increase the resilience of the farmers and the vulnerable crops 

to such alterations. As a matter of fact, communication and collaboration among the different 

governmental agencies and non-governmental organizations with active participatory decision-

making at farmer level is absent and act as an obstacle in the improvement of water 

management. First, the government should establish effective and sustainable strategies that 

standardize water use among farmers as well as allocate a budget to support and train experts 

to offer proper extension services. At the farmers’ level, training should be conducted through 

seminars, workshops, and awareness campaigns to improve their behavior and perception 

efficient irrigation management strategies and its positive outcome on yield and productivity. 

At the national level, irrigation systems should be unified to include recommendations 

customized according to the specific region and available online to support farmers in their 

decision-making strategies. 

Finally, to achieve a better dissemination among farmers and to make a discernable 

difference in an improved water management, one might think of developing a company that 

aims to market the modern technologies and sensors worldwide. To make these applications 
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available and achievable among farmers, collaborations between the related public and 

governmental institutions and concerned NGOs, as well as a reach out to interested investors 

are a must. The main goal is to improve water management through the design of an adequate 

and customizable irrigation schedule to fight against the threatening water scarcity exacerbated 

by climate change. 
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Annex 1: Sirca et al., 2021 
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Annex 2: Noun et al., 2021
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Annex 3: Spano et al., 2020 
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Annex 4: Lo Cascio et al., 2021 
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Annex 5: Survey document 2020 
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