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1.1 Abstract

Olive fruit growth has an important effect on the final yield, and thus, it is important

to study its response to water stress, and to know how olive fruits grow under no water

restriction. The present PhD. Thesis centered on the fruit growth, and the factors that

influence it, such as the root system distribution, the leaf gas exchange and the water

relations between fruits and leaves as well as on the utility of continuous measurements

of fruit diameter variations. Therefore, in Chapter 2 we assessed the influence of the

increment of drip lines (from one to two drip lines per tree row) on the belowground

and aboveground vegetative and on the fruit growth, during two irrigation seasons. We

also estimated leaf stomatal conductance from sap flux measurements, and simulated

photosynthesis (Chapter 3). From the simulated photosynthesis, we compared its accu-

mulated values with growth, both vegetative growth (leaf area and number of intern-

odes in current-year stems) and fruit growth (fruit dry weight and oil content). As fruit

growth is not only influenced by photosynthesis, but also by the water relations, we as-

sessed the influence of water stress on the water relations between fruits and leaves, and

its influence on fruit growth (Chapter 4). Additionally, we performed pressure-volume

curves with olive fruits from well irrigated and deficit irrigated treatments. Finally, we

evaluated the usefulness of fruit dendrometers, and the indexes derived from its mea-

surements, to assess tree water status and to schedule irrigation (Chapter 5). The results

presented in this PhD. Thesis improve the knowledge on the factors involved in fruit

growth and present a first step towards the use of fruit dendrometers in olive trees. Ad-

ditionally, these results are important for the development of future studies on the olive

fruit growth physiology.

1.2 Introduction

1.2.1 Olive production and challenges

Olive trees are cultivated throughout the Mediterranean region, both for table fruit

and also for olive oil extraction. The world average harvested area for the 2012-2016

period was equal to 10,322,887 ha, being 47.7% of this area in Europe, and 24.1% in

Spain (2,490,381 ha, 2012-2016 average), being the first country in harvested area of the

world, according to FAO. Regarding harvested area, Spain is followed by Tunisia (16.5%)

and Italy (11.1%). The global olive production is around 1.9 mi tones, being Europe

responsible for approximately 60% of it, and Spain for around 31% of the global olive

production (FAO, 2015).

For a long time, olive trees were cultivated under rainfed conditions at the Mediter-
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ranean region (Fig. 1.1). However, Orgaz and Fereres (2008) have proven that the pro-

ductivity could be improved with the application of irrigation. Some years ago, tradi-

tional or intensive orchards started to be substituted by new orchards with higher tree

density per hectare, called super-high-density (SHD) olive orchards or hedgerow olive

orchard, with plant densities equal to 1500 trees ha-1 and upwards, aiming olive oil pro-

duction. This increase in trees density means an increase of leaf and root area by hectare,

increasing the need to apply irrigation. The main objective of increasing the tree density

per hectare is to increase productivity per hectare and enable the mechanical harvest of

olive fruits, reducing costs and time in the harvesting (Fig. 1.2).

Figure 1.1: The distribution of main regions where olive trees are cultivated. Image taken from

http://deoleo.com

Figure 1.2: Super-high-density olive orchard mechanical harvest in the study area (Sanabria orchard).

The perspective of global warming and climate change is increasing the need for

good use of high quality water, as the forecast is for the precipitations to decrease and the

temperature to increase in the Mediterranean region (Fig. 1.3, IPCC (2014)). This, added
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to the fact of higher plant density in the SHD olive orchards, initiated the search for a

better irrigation strategy for this kind of olive orchard. In this context, many studies have

been performed on the response of olives to deficit irrigation strategies (Fernández et al.,

2013; Fernández and Cuevas, 2011; Gómez-del-Campo, 2013; Gucci et al., 2007; Moriana

et al., 2003). Some authors consider both sustained deficit irrigation (SDI) and regulated

deficit irrigation (RDI) reliable for olive orchards (Iniesta et al., 2009; Moriana et al., 2003;

Ramos and Santos, 2009). The SDI strategy comprehends applying a certain percentage

of the crop evapotranspiration (ETC) throughout the period when irrigation is needed.

On the other hand, the RDI strategy focus on giving more or less water according to the

phenological stage and its respective sensitivity for water stress (Fernández et al., 2013;

Fernández et al., 2018c).

Figure 1.3: Projection of climate change regarding surface temperature (A) and precipitation (B), predic-

tions from 2081 to 2100. Images from International Panel for Climate Change (IPCC, 2014).

The calculations of the irrigation needs (IN), both in the SDI and RDI strategies are

usually performed by first calculating the crop evapotranspiration (ETC) through the

parametrized equation recommended by FAO (Allen et al., 1998). However, this method

considers a crop coefficient, which should be obtained for every location and crop, which

may imply some uncertainties in this coefficient calculation.

1.2.2 Plant-based methods to schedule irrigation

The correct application of RDI strategies can be improved and more precisely through

the use of sensors to automatically and continuously monitor changes in water status

(Fernández, 2017). These sensors may monitor soil water, atmospheric demand and

plant water status, being the last ones advantageous for using the plant as a biosensor,

integrating soil water, atmospheric demand and the plant response to the water avail-

ability (Fernández, 2017). In the last decade many studies have been published on the

use of plant sensors to assess plant water status and the need to increase or decrease

irrigation amount (IA).

One of the sensors more evaluated to schedule deficit irrigation are trunk dendrom-

eters. Indeed, many researchers have performed experiments on the use of trunk den-
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drometry to monitor the daily patterns of micrometric variations in trunk diameter (e.g.

Corell et al. (2017), Cuevas et al. (2010), Cuevas et al. (2013), Fernández et al. (2011b),

Girón et al. (2015b), and Girón et al. (2015c), using some indexes derived from the trunk

dendrometers measurements to assess olive tree water status. Fernández and Cuevas

(2010) performed a review of the published articles at the moment on the use of trunk

dendrometers and standardized most of these indexes through the graph presented here

in Figure 1.4.

Trunk dendrometers and the indexes derived from their measurements are useful

to schedule irrigation as they respond early to water stress. However, the maximum

daily shrinkage (MDS, Fig. 1.4) in olive trees presents an increase in its values as the

leaf water potential (Ψ) decreases to a certain value, after this Ψ value MDS decreases as

Ψ continues to decrease (Ortuño et al., 2010). Additional difficulties occur on the data

processing and interpretation of these values (Fernández, 2017; Fernández and Cuevas,

2010).

Figure 1.4: Trunk diameter variation derived indices. The plot data were recorded with an LVDT sen-

sor installed in the trunk of a 37-year-old ‘Manzanilla de Sevilla’ olive tree. DOY = day of year. After

(Fernández and Cuevas, 2010).

Another useful measurement that is possible to automatize is the sap flux density,

which allows the estimative of the whole plant water consumption. There are three main

groups of methods, all of them using heat to estimate sap flux density or sap flow di-



Chapter 1. Introduction 7

rectly: heat-pulse compensation (Huber, 1932; Marshall, 1958), constant heat (Granier,

1987; Nadezhdina et al., 1998) and heat balance (Daum, 1967). Different authors have

used these methods to estimate the water use by olive trees (Moreno et al., 1996; Cuevas

et al., 2013; Fernández et al., 2006; Fernández et al., 2012) and tried to use them to

schedule irrigation (Fernández et al., 2008a; Fernández et al., 2008b). However, most

approaches for scheduling irrigation from sap flow related measurements requires high

training for installing and maintaining the system, and considerable data processing

(Fernández, 2014a), curtailing their use in commercial orchards.

New approaches, however, opened recently the possibility to a wider use of sap

flow-related measurements. This is the case of a new method proposed by (Hernandez-

Santana et al., 2016b) to estimate stomatal conductance (gs) directly from sap flux density

(Js) values normalized by vapor pressure deficit (D). In this approach estimations of gs

are based on the control that stomata exert on transpiration, and thus, on sap flux den-

sity (Js) under conditions of high coupling to the atmosphere, which is the case for olive

(Moreno et al., 1996; Tognetti et al., 2009). This approach is sensitive enough to allow the

evaluation of the gs response to the two main driving variables of transpiration under

water stress: atmospheric and soil water deficit. Thus, it allows, for the first time, the

automated estimation of gs in olive orchards, which has a great potential to schedule

irrigation. Similarly, based on the tight coupling of gs and photosynthesis (AN), (López-

Bernal et al., 2015) derived an approach to estimate the canopy AN in olive trees from

sap flow related measurements.

Yet under the perspective of a search for better plant sensors and aiming at getting

a better knowledge of the water status of individual leaves, Zimmermann et al. (2008)

developed a new probe, called leaf patch clamp pressure probe or LPCP probe. This

probe has been studied thoroughly in olive orchards, mainly after Ehrenberger et al.

(2012) and Fernández et al. (2011a) established some leaf turgor states for olive trees,

based in the shape of the output pressure retrieved from the LPCP probes (Pp). For

example, Padilla-Díaz et al. (2016) and Padilla-Díaz et al. (2018) performed a two-year

experiment using the commercial version of the LPCP probes, called ZIM probes. These

authors increased or decreased the irrigation amount according to the leaf water state

retrieved from the ZIM probes, in periods when olive trees are more sensitive to water

stress. This probe has also been studied and validated by Marino et al. (2016), in olive

orchards in south Italy. This kind of probe has proven useful for irrigation scheduling,

through the use of the leaf turgor states derived from the Pp daily curves. However, little

is known about the importance, relevance and significance of the absolute values of Pp

and, even with the use of the leaf turgor states to schedule irrigation, at the present mo-

ment it is a time-consuming task and requires an experienced user, as its identification

is performed visually.



8 1.2. Introduction

These three sensors mentioned above (trunk dendrometers, sap flux density probes

and LPCP probes), among other plant-based sensors, constitute a try to continuously

and automatically monitor tree water status. These sensors are normally compared with

the widely and traditionally used measurements of leaf water potential (Ψleaf), daily

maximum leaf stomatal conductance (gs) and daily maximum net photosynthesis rate

(AN) (Fernández, 2017).

All these sensors have advantages and disadvantages as mentioned, but all of them

are centered in the tree water status, not taking into account what is most important to

the final yield, which is the fruit. Therefore, it would be interesting to study a sensor that

could integrate the tree water status and the fruit growth, which could help to predict the

yield according to the applied irrigation in the future. A sensor like this would enable

us to know when the deficit irrigation is causing a severe reduction in the fruit size and

how the fruits respond to an increase in the irrigation dose.

1.2.3 Olive root system and irrigation practices

Since the beginning of the expansion of super-high-density (SHD) olive orchards, the

most common irrigation method has been by localized irrigation (Fernández, 2014b),

with only one line of drip emitters per row of trees, applying irrigation to one side of

the trees (Diaz-Espejo et al., 2012; Fernández et al., 2013; Gómez-del-Campo et al., 2008;

Padilla-Díaz et al., 2016; Padilla-Díaz et al., 2018). However, in the work by (Diaz-Espejo

et al., 2012), in a SHD olive orchard, simulated results from the use of models (Sperry

et al., 2002; Buckley et al., 2003) indicated that the main limitation of water use by olive

trees was due to the limited root zone in comparison to the leaf area (Fig. 1.5). In other

words, the transpiration was limited by the high leaf-root ratio, being too many tran-

spiring leaves for a small amount of roots absorbing water, imposing a great hydraulic

limitation.

Figure 1.5: Relations between transpiration (Ep) and leaf area index (LAI) and between transpiration and

number of drippers per tree. Graph obtained by Diaz-Espejo et al. (2012) by applying the Sperry et al.

(2002) model to a super-high-density olive orchard.
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A probable explanation for the results obtained by Diaz-Espejo et al. (2012) is the

distribution of fine active roots obtained by Fernández et al. (1991) and Searles et al.

(2009), which observed greater root length density of these active roots in the wetted

soil volume, closer to the drippers for the irrigated olive trees. Contrary to that, rainfed

olive trees concentrate their active roots closer to the trunk (<0.6 m) and between 0.15

and 1 m in depth, presenting a greater effort to explore deeper layers of soil, searching

for water (Abd el Rahman et al., 1966; Fernández et al., 1991).

Accordingly to Diaz-Espejo et al. (2012), a recent work conducted by Espadafor et

al. (2018) assessed the influence of the increase in wetted soil volume on physiological

variables and growth of young almond trees. These authors obtained greater plant tran-

spiration and growth when the wetted soil volume increased. In a similar study, Gispert

et al. (2013) tested the influence of wetted soil volume on the olive fruit and olive oil pro-

duction, obtaining higher final yield for the treatment which had a greater soil volume

wetted by irrigation.

The works by Fernández et al. (1991), Gispert et al. (2013), and Searles et al. (2009)

were performed in olive orchards with trees widely spaced, with tree density lower than

1,000 trees ha−1. However, a relevant study has been recently made public by García-

Tejera et al. (2018) on the root distribution of SHD olive orchards under deficit and full

irrigation. These authors obtained results that show greater growth of roots with low

diameter in the wet bulb when regulated deficit irrigation is applied (García-Tejera et

al., 2018). However, we still do not know the influence of increasing the number of drip

emitters in the vegetative and fruit growth in super-high-density olive orchards, which

could be really useful to avoid transpiration limitation produced by the high leaf-root

ratio, according to the hypothesis of Diaz-Espejo et al. (2012) is correct.

The study of the fruit growth and oil accumulation under two irrigation treatments

with different distribution of the applied water would be interesting to evaluate if the

transpiration limitation mentioned above affect the fruit growth and oil accumulation.

1.2.4 Olive fruit botany and growth

From the botanical point of view, the olive fruit is a drupe, characterized by a thin

exocarp, a pulpy mesocarp and a hard, stony endocarp which protects the seed (King,

1938; Rallo and Rapoport, 2001). The endocarp of olive fruit starts to grow from the

flower fertilization (ca. May for the northern hemisphere) and grows in size during the

next two months (Rapoport, 2008). The mesocarp also starts to develop from the fertil-

ization, but differently from the fruit endocarp which stops growing after two months,

it continues to grow until fruit maturation. The mesocarp cells are parenchymatic, little

differentiated but with a great growing potential. During the mesocarp development the

parenchymatic cells present a great increase in size (Rapoport, 2008). The oil accumula-
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tion occurs in the vacuoles of the mesocarp parenchymatic cells (King, 1938). During the

first period of the mesocarp growth, which goes from fertilization until 6 to 8 weeks after

full bloom (WAFB), both processes of cell division and expansion occur concomitantly.

From the 6th to 8th WAFB, the mesocarp growth is only due to cell expansion (Rallo and

Rapoport, 2001). Depending on the environmental conditions and specially on the tree

water status, this process may be continuous or discontinuous (Rapoport, 2008).

Regarding the growth behavior of olive fruits, Hartmann (1949) and Lavee (1986)

described a characteristic drupe double sigmoid growth curve for variables such as fruit

diameter, volume, fresh weight and dry weight. The results obtained in the studies

performed by Rallo and Rapoport (2001) confirmed this same growing pattern for other

variables such as mesocarp width and cell size.

Fruit growth involves biochemical and biophysical processes which lead to increase

in fruit fresh and dry weight, depending on the biomass and water accumulation. Xylem

and phloem inflows are responsible for accumulation of water, carbohydrates and min-

erals in the fruits (Morandi et al., 2016). Two features influence the fruit xylem flow,

the water potential gradients (∆Ψ) and the fruit xylem pathway hydraulic conductance

(K). Fruits can also loose water by the epidermal transpiration (Greenspan et al., 1996;

Morandi et al., 2016) and, theoretically, by xylem backflows (Kozlowski, 1968; Kozlowski,

1972; Jarvis, 1975). Fruit transpiration occurs due to both fruit characteristics (fruit sur-

face conductance, gc) and the environmental conditions (i.e. vapor pressure deficit – D)

(Greenspan et al., 1996).

Regarding the mentioned possibility of xylem backflows from fruits to leaves, it is

based in the idea that the fruits may serve as a water reservoir in the tree and would sup-

ply water to transpiring leaves during periods of high evaporative demand (Kozlowski,

1968; Kozlowski, 1972; Jarvis, 1975). For the backflow to occur, the water potential gra-

dient between the stem (or leaves) and fruits (∆Ψleaf-fruit = Ψleaf − Ψfruit) would need to

be negative, in other words, leaves presenting more negative Ψ than fruits. However,

studies such as the one of Greenspan et al. (1996) challenged this idea, demonstrating

that the grape berries presented relevant contraction to when ∆Ψleaf-fruit was positive.

These authors hypothesized that this fact could be explained by the xylem inflow being

lower than the fruit transpiration rate, causing the fruit contraction. More recently, other

works (Higuchi and Sakuratani, 2006; Clearwater et al., 2009; Clearwater et al., 2012)

found similar results and hypothesized that back flows only occur as transient morning

reversal of flow or under severe water stress.

1.2.5 Fruit diameter variations to assess water status

Other drupes have shown great fruit diameter variations in response to atmospheric

variables and irrigation doses (Greenspan et al., 1996; Morandi et al., 2014a), and as
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fruit growth is directly associated to the final yield in case of olives, an alternative to

assess the plant water status could be the use of fruit dendrometers to automatically

monitor daily fruit diameter variations (Fig. 1.6). Fruit dendrometers have been used

in many experiments to calculate the water and sap flow into and water flow out of the

fruits, mainly in fruits with big diameter as in kiwifruit (Morandi et al., 2010a; Torres-

Ruiz et al., 2016); apple (Morandi et al., 2011c; Zibordi et al., 2009), pear (Morandi et

al., 2014b) and peach (Morandi et al., 2007b; Morandi et al., 2010b; Morandi and Corelli

Grappadelli, 2009). The study by Greenspan et al. (1996) was the only one, as far as

we know, that performed experiments with the use of fruit dendrometers in small fruits

(grape berries) and under water stress conditions.

Figure 1.6: Fruit dendrometer installed in an olive fruit in the study area (Sanabria orchard).

Olive fruits are known to present a thick cuticle, with few stomas in the epidermis

(Rapoport, 2008), possibly presenting reduced fruit transpiration. According to the find-

ings reported by Morandi et al. (2016), fruits with high surface conductance tend to be

characterized by high xylem conductance. These fruits grow due to the high rates of

water exchange through the xylem and transpiration, when transpiration rate is greater

than water inflow (sunny hours) fruit shrinkage occurs. On the contrary, fruits with

thicker cuticles and consequently lower surface conductance are characterized by low

water exchanges by transpiration and by xylem, presenting no fruit daily shrinkage.

However, this hypothesis has not yet been assessed in olive.

To the best of our knowledge, the study by Greenspan et al. (1996) was the only one to

present concomitant measurements of daily fruit diameter variations and water poten-

tial gradient between fruits and stem. However, none of these authors have performed

an analysis of the usefulness of the fruit dendrometers to monitor the plant water status
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or to schedule irrigation. Monitoring fruit diameter variations could be useful to assess

tree water status as it provides valuable information on the water available for the fruit

growth. Additionally, there is no record in the literature regarding the daily variations

of olive fruit diameter.

1.3 Objectives

The main purpose of this Ph.D. thesis was to study the relationship between olive

fruit growth and tree water status, considering the water relations between fruits and

leaves and the competition with vegetative growth for photoassimilates and water and

to explore the use of fruit diameter variations to assess tree water status and to schedule

irrigation. We began with the study of the influence of the increment of wetted soil

volume on the vegetative and fruit growth (Chapter 2), we followed with the study of

the relationship between photosynthesis rate and fruit growth compared to vegetative

growth (Chapter 3) and of the water relations between leaves and fruits (Chapter 4).

Finally, we applied all this knowledge to explore the usefulness of fruit dendrometers to

assess the plant water stress and to schedule irrigation (Chapter 5). To accomplish these

objectives we focused on the following specific objectives:

• To assess the response of vegetative and fruit growth to the increase of the number

of drippers per tree in a super-high-density olive orchard (cv. Arbequina). The

vegetative growth was measured both aboveground (i.e. leaf area and number of

internodes per current year shoots’), and belowground (i.e. root length density per

unit volume and root surface area per unit volume).

• To calibrate and validate an approach to simulate AN based on the estimation of

gs from continuous sap flow measurements in olive trees to assess the use of sim-

ulated AN to study the fruit growth and the vegetative growth of a super-high-

density olive orchard in response to water stress.

• To explore the effect of water relations between leaves and fruits on fruit growth

in well-watered and water-stressed olive trees during an entire irrigation season.

We performed an experiment with frequent measurements of leaf and fruit water

potential at two moments of the day (predawn and midday) and the continuous

measurement of fruit diameter with the use of fruit dendrometers.

• To evaluate the fruit dendrometers usefulness to assess water stress and apprais-

ing its use to schedule regulated deficit irrigation in olive orchards. Therefore, we

compared the fruit dendrometers with other plant sensors (i.e. trunk dendrome-

ters and leaf patch clamp pressure probes) and with traditional measurements of
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physiological variables (i.e. midday leaf water potential and daily maximum leaf

stomatal conductance).
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Abstract

Olive root growth is known to be greatly influenced by the soil volume wetted by

irrigation. We studied the effect of one (1L) and two (2L) drip line per tree row on root,

vegetative and fruit growth, and tree water status, under full and deficit irrigation, for

two years. Greater root length density and root surface area per unit volume were ob-

tained close to the new wetted soil volume (2L treatments), mainly in the deficit irrigated

treatment. This greater root growth closer to the new drip line influenced somewhat the

physiological variables related to water status (leaf water potential at predawn and mid-

day and daily maximum leaf stomatal conductance), the two drip line deficit irrigated

treatment presented slightly better water status in comparison to the one drip line deficit

irrigated treatment. Aboveground vegetative growth during 2017 irrigation season was

greatly influenced by the new drip line in the two drip line deficit irrigated treatment,

both for leaf area and current-year shoots’ number of internodes. Our data also revealed

greater influence of the irrigation treatments on vegetative growth than on fruit growth,

mainly fruit dry weight, which presented statistically similar results for all irrigation

treatments for the great majority of the irrigation seasons. This confirms that the fruits

are a priority to the trees, even during water stressed periods. Unfortunately, our data

on olive fruit and virgin olive oil yield presented great variability, within and between

the experimental plots.

2.1 Introduction

Hedgerow olive orchards with plant densities over 1500 trees ha−1, also called super-

high-density (SHD) orchards, are becoming increasingly popular (Rius and Lacarte, 2010).

This is explained by this management system being among the most profitable ones for

olive production. SHD orchards, however, are technically demanding and, in most cases,

require irrigation. More precisely, and both because of the low water availability in olive

growing areas and the need to avoid excessive growth, deficit irrigation strategies are

often the best option in SHD olive orchards. Concerning the irrigation system, those

with one line of drippers per tree row are commonly used in SHD olive orchards (Diaz-

Espejo et al., 2012; Fernández et al., 2013; Gómez-del-Campo et al., 2008; Padilla-Díaz

et al., 2016; Padilla-Díaz et al., 2018). However, in the study performed by (Diaz-Espejo

et al., 2012), in which the mechanistic models of Buckley et al. (2003) and of Sperry et al.

(2002) were used to assess the performance of main physiological traits, results led to

the conclusion that a reduced root zone volume wetted by irrigation can highly limit

transpiration in SHD olive orchards. These authors concluded, in fact, that the low root

to leaf ratio determined both by the high plant density and by the localized irrigation,
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imposed a large hydraulic limitation to transpiration.

Root distribution has been studied in main woody crops, such as apple (Sokalska et

al., 2009), avocado (Michelakis et al., 1993) and grapevine (Stevens and Douglas, 1994),

among others. In olive, just a few studies are found in the literature on the relation be-

tween irrigation and root distribution (Deng et al., 2017; Fernández, 2017; Searles et al.,

2009), and a fraction only refers to SHD olive orchards (Diaz-Espejo et al., 2012; García-

Tejera et al., 2018). Fernández et al. (1991) performed a study on the root distribution

of mature ‘Manzanilla de Sevilla’ trees planted at 7 x 7 m. Two orchards were consid-

ered, one irrigated from orchard planting and the other from 12 years after planting.

Drip irrigation was applied in both cases. These authors demonstrated that root dis-

tribution was highly dependent on both the location of the drippers and on adaptive

traits of the species to drought. For instance, the high concentration of young, active

roots near the trunk, which are effective for taking up the rainfall water collected by the

canopy (Gómez et al., 2001), persisted even after eight years of irrigation. Regarding the

wetted soil volume by irrigation, (Searles et al., 2009), studied the root distribution in

‘Manzanilla fina’ and ‘Manzanilla reina’ olive orchards in Argentina, with 312 and 250

trees ha−1, and with two and four drippers per tree. They found greater root length in

the trees irrigated with four drippers, as compared to those with two drippers only. Pas-

tor et al. (2005) irrigated mature ‘Picual’ olive trees with the same amount of water but

with increasing number of drippers, which resulted on increasing fractions of the root

zone wetted by irrigation. They found that yield increased with increasingly wetted

soil volumes. This agrees with results reported by Gispert et al. (2013) for ‘Arbequina’

trees. Recently, Espadafor et al. (2018) conducted a work in which the influence of the in-

creased wetted soil volume on physiological aspects and growth of young almond trees

was assessed. They reported greater growth and plant transpiration when the wetted

volume increased. Modeling exercises, such as that made by García-Tejera et al. (2017a),

have confirmed that transpiration of drip-irrigated olive trees is likely to be limited by

a reduced fraction of the soil volume wetted by irrigation, and added that the degree of

such limitation depends on the atmospheric demand and the ratio of root area vs. leaf

area. García-Tejera et al. (2018) performed root samplings with augers in a ‘Arbequina’

SHD olive orchard (1667 trees ha−1) with trees under full irrigation and under regulated

deficit irrigation (RDI). Their results show that the reduction of irrigation volume in RDI

induced a change in the root growing pattern, promoting root elongation in the alley

between tree rows. Their simulation exercises indicated that the root system of trees

under deficit irrigation shows an active response to the water patches created by the

drippers, leading to an increase in photosynthetic assimilation (AN), particularly when

the available water in the soil is low.

Based on the findings reported above, we hypothesized that, for the same irrigation



Chapter 2. Wetted soil volume influence on olive tree growth 25

amounts, an increase in the soil volume wetted by irrigation determined by a greater

number of drippers per tree, will increase the root zone volume and the root length and

total root surface area per tree. As a consequence, this improvement in water uptake

conditions would improve the tree water status, with a positive impact on growth and

production. To the best of our knowledge, no previous studies have been performed in

SHD olive orchards on the increase of drip emitters per tree and its influence on vege-

tative and fruit growth. Thus, the main objective of this study was to assess the impact

on tree performance of installing a second irrigation line per tree row in a SHD ‘Arbe-

quina’ orchard. More precisely, we worked with two irrigation strategies, full irrigation

and regulated deficit irrigation. In both cases we used one (1L) and two single dripper

lines (2L) per tree row. For the 2L trees each irrigation event lasted half of the time, for

keeping the same irrigation amounts in all trees of each irrigation strategy. We analyzed

the effect of each irrigation treatment on leaf water potential and stomatal conductance,

as well as on root growth, canopy growth and fruit growth. Root growth was assessed

from root length and root surface area measurements, while the number of internodes

of current-year shoots and leaf area measurements were used to assess canopy growth.

Fruit growth was assessed from fruit dry weight, fruit volume and water content mea-

surements.

2.2 Material and Methods

2.2.1 Experimental orchard and irrigation treatments

The experiments were performed in a super-high-density (SHD) olive orchard (Olea

europaea L., cv. Arbequina) at 25 km to the south-east of Seville, Spain (37◦15′ N,−5◦48′

W, 60 m a.s.l.). Measurements were made mainly in the irrigation season of 2016 (from

June 4th, day of the year –DOY– 156, to November 3rd, DOY 308) and 2017 (from May

31st, DOY 151, to October 25th, DOY 298). The orchard, which was 10-year-old in 2016,

had ‘Arbequina” trees at 4.5 m x 1.5 m (1667 trees ha−1), planted at the top of 0.4 m high

ridges with a N-NE to S-SW orientation. The average annual precipitation (P) and po-

tential evapotranspiration (ETo) in the area were 516.4 mm and 1528.5 mm, respectively

(period 2002-2017). Meteorological variables were recorded by a Campbell weather sta-

tion (Campbell Scientific Ltd., Shepshed, UK) located in the center of the area covered

by the experimental plots, with the meteorological sensors located above the canopies.

The station recorded 30 min average radiation (Rs), air temperature (Tair), relative hu-

midity (RH) of the air, and total P. The air vapor pressure deficit (D) was derived from

the recorded Tair and RH values.

In 2016 we had two full irrigation treatments (control treatments) aimed to supply

100% of the irrigation needs (IN). The difference between both treatments is that in one
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of them (treatment 100C-1L) we used one drip line per tree row with a 2 L h−1 dripper

every 0.5 m, next to the tree trunks, while in the other one (treatment 100C-2L) we used

two drip lines per tree row, one on each side of the trunks and separated 0.5 m. With

that distance, and according to the study on hydraulic characteristics of the soil orchard

made by Egea et al. (2016), the wetted soil volume per tree was about double in 100C-2L

than in 100C-1L. We also had two sustained deficit irrigation (SDI) treatments, aimed

to supply 45% of the irrigation needs throughout the irrigation period. As in the con-

trol treatments, we had trees with one drip line (treatment 45SDI-1L) and with two drip

lines (treatment 45SDI-2L). In the 2L plots, the irrigation time was scheduled to be half

of that in the 1L plots, so that the trees received the same volume of water despite hav-

ing double number of drippers. In all treatments irrigation was applied daily, from the

beginning (DOY 156) to the end of the irrigation season (DOY 308). The irrigation needs

were calculated on a daily basis as IN = ETc - Pe, with ETc being the potential crop evap-

otranspiration calculated with the single crop coefficient approach (Allen et al., 1998),

and Pe the effective precipitation which, according to Orgaz and Fereres (2008), was as-

sumed to be 75% of the precipitation recorded in the orchard. For the calculation of

ETc we used values of the drop coefficient adjusted for the orchard, and meteorological

records from a nearby standard weather station belonging to the network of agroclimatic

weather stations of the local government. This approach to calculate ETc has proven sat-

isfactory, as reported elsewhere (Diaz-Espejo et al., 2012; Fernández et al., 2013; Egea

et al., 2016). An irrigation controller (Agronic 2000, Sistemes Electrònics PROGRÉS,S.A.,

Lleida, Spain) was used to apply the calculated irrigation amounts (IA). The second line

of drippers of the 2L treatments was installed on May 17th, 2016. Both in 2016 and 2017,

we used a complete randomized design, with four plots (replicates) per treatment. Each

plot consisted of 8 central trees surrounded by 16 border trees.

In 2017 we also had two full irrigation treatments, 100C-1L and 100C-2L, with the

same design and management than in 2016. In this second experimental year, however,

the irrigation needs were calculated daily from a simplified version of the stomatal con-

ductance (gs) model tested for the orchard conditions by Diaz-Espejo et al. (2012). Our

soil water measurements (Section 2.2) confirmed that in the 100C-1L and 100C-2L trees,

irrigation amounts were enough to keep the soil volumes wetted by irrigation close to

field capacity conditions all along the irrigation season (from DOY 151 to DOY 298).

Under these non-limiting soil water conditions and according to the model evaluated

by Diaz-Espejo et al. (2012), gs is a function of D, Rs and tree leaf area. Vapor pres-

sure deficit hourly values were predicted for the three following days according to the

weather forecast for the studied area provided by Meteogrid (Madrid, Spain). Tree leaf

area was estimated as described in Section 2.4. The percentage of sunny to total leaf area,

estimated after Diaz-Espejo et al. (2002) and Fernández et al. (2008b), was assumed to
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be 0.35. Assuming a perfect coupling between canopy and atmosphere (the olive tree

has small leaves), tree water consumption (Ep) was calculated as Ep = D·(gs,sun·Asun +

gs,shade·Ashade), where D is the vapour pressure deficit, gs,sun and gs,shade are stomatal

conductance of new, sun-exposed leaves and old, shaded leaves, respectively; Asun and

Ashade are the corresponding leaf areas of sun and shade leaves, respectively. Soil evapo-

ration (Es) was estimated according to Orgaz et al. (2006). Finally, the irrigation require-

ments (IN) were estimated as Ep + Es (see Fernandes et al. (2018), for further details). In

addition to the control treatments, in 2017 we had two regulated deficit irrigation (RDI)

treatments, aimed to supply a total amount of water in the whole irrigation period equal

to 45% of IN. The RDI treatments, named 45RDI-1L and 45RDI-2L, received the same

amounts of water but supplied with one or two drip lines, respectively, as described for

the 2016 treatments. A main difference between the SDI strategy applied in 2016 and

the RDI strategy applied in 2017 is that, in the latter, both the irrigation dose and the

frequency of irrigation changed depending on the phenological stages. More precisely,

we applied the 45RDI strategy first described in Fernández et al. (2013) and perfectioned

by Fernández (2017). Basically, the 45RDI strategy consisted on applying daily irrigation

to replace the crop water needs in the so-called period 1 (from the last stages of floral

development to full bloom; second fortnight of April, in our case), period 2 (from the 6

to the 10 weeks after bloom; June) and period 3 (three weeks prior to ripening, after the

midsummer period of high atmospheric demand; from late August to mid-September).

For the rest of the time, just one to three irrigation events per week were applied. In our

case, in the periods 1, 2 and 3 the 45RDI trees were irrigated daily to supply approxi-

mately 80% of the IN. Between periods 2 and 3 (from DOY 185 to 238), irrigation was

applied twice per week only, amounting to a total of ca. 20% IN for that period. From

the end of period 3 to harvesting (DOY 262 to 308) we applied two or three irrigation

events per week, supplying a total of some 40% of IN.

2.2.2 Soil water status

We assessed the soil volumetric water content (θ, m3 m−3) with a Profile probe (Delta-

T Devices Ltd., Cambridge, UK) calibrated in situ (Fernández and Cuevas, 2011) and

two access tubes in each plot, at 0.1 and 0.4 m from the drippers and at 0.5 m from the

tree trunk. We measured 1-2 times per week, all throughout the irrigation seasons, and

occasionally from a couple of months before the irrigation seasons. Measurements were

performed at the time of maximum gs (ca. 9.00 GMT), at the depths of 0.1, 0.2, 0.3, 0.4,

0.6 and 1.0 m. Since the maximum rooting depth in the orchard was 0.4 m (Diaz-Espejo

et al., 2012), for the calculations of average θ for each treatment we used θ records from

0.1 to 0.4 m only. Those were weighted by the percentage of roots, and then a simple

average of the averages obtained for each plot.
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2.2.3 Root growth

Roots were sampled with a soil sampling auger of 8 cm of diameter and 10 cm of

length (502.6 cm3). Soils samples were taken at the beginning of the 2016 irrigation

season (May-June) and again in February-March 2017, before the start of the irrigation

season. In 2016 the samples were taken from one plot per treatment only, until the depth

of 40 cm. In 2017 we sampled three plots per treatment. Both in 2016 and 2017, the

samples were taken at two locations in the 1L treatments, close to the only drip line (In1)

and at 0.4 m from the drip line (Out). For the 2L treatments, samples were taken at three

locations, close to the original drip line (In1), close to the additional drip line (In2) and

at 0.4 m from the drip lines (Out).

The soil samples were washed out in the laboratory and the roots separated from

the soil with the use of sieves of different sizes. They were then separated into roots of

diameter �<2 mm and �>2 mm. From the group of roots thinner than 2 mm, roots were

randomly sampled and scanned with a regular office scanner, and the image treated with

the WinRHIZO system (Regent Instruments, Québec, Canada). From these images, we

assessed root length density per unit volume (Lv, cm cm−3) and root surface area per

unit volume (Sv, cm2 cm−3). All roots were then dried at 65◦C for 48 hours, to obtain the

root dry weight of the roots.

2.2.4 Plant water status

Leaf water potential was measured with a Scholander-type pressure chamber (PMS

Instrument Company, Albany, Oregon, USA). Measurements were made every two weeks

between July 7th (DOY 189) and November 3rd (DOY 308) in 2016, and between May 17th

(DOY 137) and October 23rd (DOY 296) in 2017. Measurements were performed both at

predawn (Ψl,pd) and at midday (ca. 11.00 GMT, Ψl,md). Measurements of Ψl,pd and Ψl,md

were made in two leaves per plot, in three out of the four plots per treatment (n = 3), one

per tree, sampled from current-year shoots from the outer part of the canopy. The sam-

pled leaves were stored in plastic bags with humid filter paper until its measurement at

the laboratory, in the afternoon of the sampling days. A portion of the leaf blade was cut

to allow the insertion of the leaf petiole into the pressure chamber.

Maximum leaf stomatal conductance (gs,max) was also measured every two weeks, on

the same days when Ψl,pd and Ψl,md measurements were performed. We used a Licor LI-

6400 portable photosynthesis system (Li-cor, Lincoln NE, USA), with a 2 x 3 cm standard

chamber, at 08.00–09.00 GMT, the time for maximum daily stomatal conductance in olive

(Fernández et al., 1997). We measured gs,max in two young but fully developed leaves

per tree, in two central trees per plot and in three out of the four plots per treatment (n

= 3).
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2.2.5 Shoot and fruit growth

Aboveground growth was assessed through leaf area, number of internodes of cur-

rent year shoots and fruit growth (fruit dry weight, fruit volume and fruit water content).

Measurements of leaf area (LA) were made every two weeks, from June 17th to Novem-

ber 3rd in the 2016 irrigation season, and from May 17th to October 23rd in the 2017

irrigation season. We used a LAI-2200 Plant Canopy Analyzer (Li-Cor, Inc., Lincoln, NE,

USA) and followed the measurement procedure described by Villalobos et al. (1995) for

olive orchards. In brief, eight measurements were made in each plot per treatment, four

underneath the tree canopies where leaf area index (LAI) is maximum (LAImax), and the

other four at the midpoint between two tree rows, where LAI is minimum (LAImin). The

average (LAIavg) was calculated using the fraction of ground cover (GC) as weighting

factor (LAIavg = LAImax·GC + LAImin·(1-GC)). The average LA was calculated as LAIavg

multiplied by the ground area per plot and dividing by the number of trees in the plot.

In May 2016 and April 2017, four current year shoots were selected and tagged in two

central trees per plot, totaling eight and 32 current year shoots per plot and per treat-

ment, respectively. Their growth was assessed by counting the number of internodes

every two weeks, from June 13th to October 31st in 2016 and from May 2nd until October

10th in 2017. To assess fruit growth, six fruits per plot were sampled every two weeks,

from May 30th to November 3rd in 2016 and from May 17th to October 23rd in 2017. These

fruit samples were stored in plastic bags with wet filter paper inside and refrigerated.

At the afternoon of the same day, we weighted (fresh weight, FFW) and measured the

longitudinal and equatorial diameters (DL and DE, mm) of each fruit. These data were

used to estimate the fruit volume (FV, cm3), through the following equation:

FV =
π

6
DEDL

Finally, the fruits were dried at 65◦C for 48 hours, to obtain its dry weight (FDW). From

the fruit fresh and dry weights, we estimated fruit water content (FWC).

2.2.6 Fruit and oil production

Final yield as fruit and virgin olive oil (VOO) yields were obtained by manually har-

vesting three trees from the central trees of each of the four plots per treatment. Harvest-

ing was performed on November 3rd, 2016 (DOY 308) and on October 25th, 2017 (DOY

298). The entire fruit production of each tree was weighted individually. We took a ran-

dom sample of 2 kg of fruits from each plot for the VOO physical extraction with the

Abencor method (Comercial Abengoa S.A., Seville, Spain) (Martinez et al., 1975).
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2.2.7 Statistical analysis

Predawn and midday leaf water potentials, fruit dry weight, fruit volume and fruit

water content were analyzed using linear mixed models, with the experimental plots

and leaves or fruits as random factors. Values of maximum stomatal conductance, num-

ber of internodes in current-year shoots and fruit yield were analyzed using linear mixed

models with the experimental plots and trees as random factors. Finally, data on leaf

area, soil water content and VOO yield were analyzed using the linear mixed models

without the use of random factors, as we only had one measurement per plot. All the

data analyses were performed with the R 3.2.2 R© software (R Core Team, 2015), through

the package “nlme” (Pinheiro et al., 2017). The Tukey test for linear mixed models was

performed as a Post-hoc test, with the use of the “multcomp” package (Hothorn et al.,

2008).

Graphs on root length and root surface area measured in 2016 do not present error

bars because we sampled one plot per treatment only. Graphs for the 2017 data show

an error bar relative to the standard error of the mean, as each column represent the

average of three plots per treatment. The 2017 root data were tested with linear mixed

models, and the Tukey test was applied as a Post-hoc test with the "multcomp" pack-

age when significant differences were detected. No random factor was used to analyze

belowground growth in 2017 as we had only one sample per plot.

The rest of the graphs present the treatment average and standard error obtained

from the average of the three plots of each treatment. In the graphs, differences between

treatments are indicated by letters. Different letters indicate significant differences be-

tween treatments (p <0.05).

2.3 Results

2.3.1 Weather and soil water conditions

High average temperature occurred throughout both experimental years (2016 and

2017), with maximum temperature above 35◦C for 58 days in 2016 irrigation season (Fig.

2.1A) and for 64 days in 2017 (Fig. 2.1B). The maximum air temperature was 45.3◦C

on DOY 249 (September 5th, 2016) and 42.7◦C on DOY 204 (July 23rd, 2017). The daily

average potential evapotranspiration (ETo) for the 2016 irrigation season was 6.17 mm

(Fig. 2.1C). Maximum daily ETo values were recorded in July and August. From DOY

250 to the end of the 2016 irrigation season ETo values showed a decreasing trend. For

the 2017 irrigation season, the daily average ETo was 5.20 mm, with a decreasing trend

from DOY 225 (Fig. 1D). The highest daily total solar radiation (Rs) values were recorded

at the beginning of both irrigation seasons. The average daily Rs value from DOY 122
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to DOY 240 was 26.21 kJ m−2 in 2016 and 27.52 kJ m−2 in 2017 (Figs. 1E and 1F). After

DOY 240, the average daily Rs was 15.97 kJ m−2 in 2016 and 19.79 kJ m−2 in 2017. For

the whole irrigation season, the average values were 21.66 and 24.69 kJ m−2 in 2016 and

2017, respectively. In both years the trend of Rs de creased after mid-July (ca. DOY 200).

Figure 2.1: Weather conditions during the 2016 and 2017 irrigation seasons. Tair = air temperature; ETo =

FAO56 Penman-Monteith potential evapotranspiration; Rs = daily total solar radiation.

Both the irrigation amounts (IA, mm) for each treatment and the precipitation (P)

recorded in the orchard are shown in Figs. 2.2A (2016) and 2.2B (2017). Also shown

are the irrigation needs (IN) calculated with the crop coefficient approach (2016) and

derived from estimated values of maximum daily stomatal conductance (2017) (Section

2.1). Total IA per treatment and year are shown in Table 2.1. Irrigation was reasonably

well managed, in the sense that the agreement between the applied irrigation amounts

and the calculated irrigation needs was reasonably good (Figs. 2.2A,B). The total IA in

2017 was lower than in 2016 (Table 2.1). First, because of the lower atmospheric de-

mand (Figs. 2.2C,D). Second, because of the method to calculate IN. Thus, the method
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used in 2017, based on stomatal conductance (gs) values lead to an average IA of 3752.95

m3 ha−1 for the 100C treatments (Table 2.1), while the IN value calculated with the crop

coefficient approach on that year (not shown in Table 2.1) amounted to 4595.27 m3 ha−1.

In other words, the IA values applied in 2017 with the gs approach were 81.7% only of

the IN values calculated with the crop coefficient approach. The precipitation recorded

within the irrigation season amounted to 77.01 mm in 2016 and to 20.39 mm in 2017. In

2016, non-significant differences on θ were found among treatments, not even between

the 100C and the 45SDI treatments, apart from the first measurement day when the soil

water regimes were not established yet (Fig. 2.2C). This could be due to the high vari-

ability shown by the θ values, as indicated by the large error bars found for this variable

in 2016. As expected, both in 2016 and 2017 the θ values in the 100C treatments where

close to field capacity (0.28 cm3 cm−3), suggesting non-limiting soil water conditions for

the 100C trees. Concerning the 45SDI treatments applied in 2016, we expected decreas-

ing θ values along the irrigation season, but data in Fig. 2.2C show the contrary, both

for 45SDI-1L and 45SDI-2L. This can be partly explained by the rainfall events recorded

at the end of the 2016 irrigation season (Fig. 2.2A). In 2017, the seasonal θ courses were

as expected. Thus, they were relatively constant and close to field capacity for the 100C

trees, and quite variable for the 45RDI trees, echoing changes in the irrigation amounts

established by the applied RDI strategy.

Table 2.1: Irrigation amounts (m3 ha−1) supplied to each treatment. Numbers between parentheses are

the applied amounts expressed as a percentage of the calculated irrigation needs for full irrigation.

Treatment 2016 2017

100C-1L 4368.22 (98.87%) 3748.10 (81.56%)

100C-2L 4353.85 (98.54%) 3757.80 (81.77%)

45SDI-1L 1911.27 (43.26%) -

45SDI-2L 1850.28 (41.88%) -

45RDI-1L - 1689.00 (36.76%)

45RDI-2L - 1671.63 (36.38%)

2.3.2 Belowground growth

Data on root length density per unit volume (Lv, cm cm−3) for each treatment, sam-

pling time and sampling location (Out, In1, In2) are shown in Figure 2.3. Considering

that the sampling of roots was made in May-June 2016 and again in February-March

2017, data in Fig. 2.3 refers to the 100C and 45SDI tr ees only, since the 45RDI strategy

was applied after root sampling in 2017. Results show that Lv values were always lower

in the soil volumes non-affected by irrigation (Out) than within the soil volumes wetted
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Figure 2.2: Top graphs show the irrigation amounts (IA) supplied to each treatment, and the precipitation

(P) recorded in the orchard in 2016 (graph A) and 2017 (graph B). The calculated irrigation needs (IN)

to replace 100% of the crop water needs are also shown. Bottom graphs show the seasonal courses of

the average soil water content (θ) in 2016 (graph C) and 2017 (graph D). Each data point of the bottom

graphs represents the average of three plots, with vertical bars representing the standard error of the

mean. Different letters show significant differences (p <0.05). The horizontal dashed lines in graphs C

and D represents θ values at field capacity (0.28 m3 m−3) and at the driest soil conditions measured during

the experimental period (0.049 m3 m−3).

by irrigation (In1 and In2), although differences were not always significant. Also, Lv

values were generally greater in In1 than in In2. This was expected, since in ln2 each tree

had double volume of soil wetted by irrigation. The greatest Lv values were recorded in

the In1 locations of the 45SDI-2L trees. This occurred even in May-June 2016, i.e. prior

to the beginning of the irrigation season. Therefore, it cannot be attributed to an effect of

the additional drip line. For all sampling locations, Lv values were greater in 2017 than in

2016. This was also expected, since data form 2017 accounts for root growth during the

whole 2016 irrigation season plus most of the 2016-2017 rainy season, which went from

October 22nd, 2016 (DOY 296) to May 12th, 2017 (DOY 132). At both sampling dates, the
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45SDI trees presented higher Lv values at In1 and In2 in comparison to the 100C trees.

Likely, the reduced soil volume affected by irrigation in the 45SDI trees, as compared to

the 100C trees, caused a greater root concentration in the irrigation bulbs. Also, the 2L

treatments presented higher values of root length at both In1 and In2 when compared

to the respective 1L treatments. Again, the 2L trees had smaller irrigation bulbs than

the 1L trees, which likely led to greater root densities in the wetted soil volume. No sig-

nificant differences were found between treatments at the 2017 measurements (data not

shown). However, In1 presented significantly higher root length for the 100C-2L and

45RDI-1L treatments, in comparison to the other sampling locations (Out and In2). For

the 45RDI-2L the In1 presented significantly higher root length in comparison to Out,

but no significant difference was found between In2 and In1 and between In2 and Out

(Fig. 2.3B). For the 100C-1L treatment, no significant difference was found between In1

and Out.

Figure 2.3: Root length density per unit volume (Lv) measured in May-June 2016 (A) and February-March

2017 (B). Data are average values for the 0 to 40 cm depth. In 2016 each column represents one plot per

treatment. In 2017 each column represents the average of three plots per treatment. Vertical bars repre-

sent the standard error of the mean. Different letters indicate significant difference within the irrigation

treatments in 2017 (p <0.05).

Data regarding root surface area per unit volume (Sv, cm2 cm−3) (Fig. 2.4), agree with

those of Lv (Fig. 2.3), with the exception of data from the Out location of the 45RDS-2L

treatment sampled in 2016.
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Figure 2.4: Root surface area per unit volume (Sv) measured in May-June 2016 (A) and February-March

2017 (B). Data are average values for the 0 to 40 cm depth. In 2016 each column represents one plot per

treatment. In 2017 each column represents the average of three plots per treatment. Vertical bars repre-

sent the standard error of the mean. Different letters indicate significant difference within the irrigation

treatments in 2017 (p <0.05).

2.3.3 Tree water status and gas exchange

In 2016, predawn leaf water potential (Ψl,pd) values recorded in 100C trees were gen-

erally close to -0.5 MPa (Fig. 2.5A), a threshold Ψl,pd value for water stress in olive (Fer-

nández and Moreno, 1999), which is in agreement with the non-limiting soil water con-

ditions commented on the prior section. That year, differences in Ψl,pd between the 100C

and the 45SDI treatments were significant on DOY 208 and 224 only. For the rest of

the season, no significant differences between the 100C and the 45SDI treatments were

found. The low values recorded around DOY 250, in all the irrigation treatments (Fig.

2.5A), were probably due to the high ETo values recorded on that period (Fig. 2.1A).

In 2017, the Ψl,pd values in the 100C trees showed decreasing values from ca. DOY

180 (Fig. 2.5B), becoming lower than -0.5 MPa. The decreasing trends of Ψl,pd in the

100C treatments are in agreement with the decreasing trends of IA (Fig. 2.2B), although

not with the θ values (Fig. 2.2D). Concerning the 45RDI treatments, the Ψl,pd seasonal

courses were in agreement with both the seasonal courses of IA and θ. Minimum Ψl,pd

values were recorded in the 45RDI trees at the end of the mid-summer period, just before

the recovering period 3 (Fig. 2.5B).

Concerning differences between the 1L and 2L treatments, those were non-significant

for the 100C treatments, both in 2016 and 2017 (Fig. 2.5). The same can be said for the

deficit irrigation treatments, with the exception of DOY 207 in 2017, which corresponds
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to the beginning of the period with deficit irrigation between periods 2 and 3. On that

day, the 45RDI-2L trees presented Ψl,pd values significantly higher than those recorded

in 45RDI-1L trees. Values recorded in the 45RDI-2L trees were, in fact, similar to those

of the 100C trees.

Figure 2.5: Seasonal courses of predawn leaf water potential (Ψl,pd) measured in trees of all treatments in

2016 (A) and 2017 (B). Each data point is the average of three plots, with two measurements per plot. Ver-

tical bars represent the standard error of the mean. Different letters show significant differences (p <0.05).

In 2016, midday leaf water potential (Ψl,md) in 100C trees was higher than -1.4 MPa

for most of the irrigation season (Fig. 2.6A). Ψl,md = -1.4 MPa is a threshold for water

stress in olive (Moriana et al., 2012). We registered values greater than -1.5 MPa at the

beginning of the season only. On DOY 201 the 100C treatments presented significantly

higher Ψl,md values in comparison to the 45SDI treatments, and on DOY 294 the 45SDI-

2L presented significantly lower values in comparison to the other irrigation treatments.

For the rest of the irrigation season, the recorded differences among treatments were not

significant. In both the 100C and the 45SDI treatments, the seasonal courses of Ψl,md

agreed with those of soil water content (Fig. 2.2C). In 2017, Ψl,md for the 100C treatments

was above -1.4 MPa for most of the irrigation season (Fig. 2.6B). Only at the end of

the season values lower than -1.4 MPa were registered. For the 45RDI treatments, Ψl,md

values were lower at the periods of low soil water content, reaching values below -3 MPa

at the end of August, i.e. immediately before the recovering period 3. Between periods

2 and 3 (from DOY 185 to 238), the 45RDI-2L trees presented a slower decrease in Ψl,md,

in comparison to the 45RDI-1L trees.

The time courses of the daily maximum leaf stomatal conductance (gs,max) (Fig. 2.7)

were, somehow, similar to those of Ψl,md. In 2016 gs,max values measured in 100C trees
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Figure 2.6: Seasonal courses of the midday leaf water potential (Ψl,md) measured in trees of all treat-

ments in 2016 (A) and 2017 (B). Each data point is the average of three plots, with two measurements per

plot. Vertical bars represent the standard error of the mean. Different letters show significant differences

(p <0.05).

were generally greater than those from the 45SDI trees for most of the season, until DOY

280. On DOY 252 and 266, however, no significant differences were found. Likely, the

high ETo values recorded in that period (Fig. 2.1A) induced stomatal closure even in

the 100C trees. This year we observed no differences between the 1L and 2L trees, for

either treatment. As in 2016, seasonal courses of gs,max recorded in 2017 agreed with

those of Ψl,pd, Ψl,md and θ. Thus, the 45RDI trees presented significantly lower gs,max

values than the 100C trees when deficit irrigation was applied, i.e. in between periods 2

and 3 and after period 3 (Fig. 2.7B). The 100C trees showed gs,max values close or above

0.2 mol m−2 s−1 for most of the irrigation season, with peak values of 0.33 mol m−2 s−1

on DOY 207, In the 45RDI trees, however, gs,max values were usually lower than 0.1

mol m−2 s−1, with minimum values of 0.03 at the end of August (DOY 235). No signifi-

cant differences were found between 1L and 2L for either treatment, although there was

a trend for the 2L trees to show higher gs,max values.

2.3.4 Aboveground growth

According to the number of internodes in current year shoots (Fig. 2.8A), shoot

growth in 2016 was greeter in the 100C-2L trees than in the 100C-1L trees, with the

greater differences at the end of the season (Fig. 2.8A). Shoot growth in the 45SDI trees,

was negligible, both in 1L and 2L trees. Shoot growth in 2017 was greater in the 100C

trees than in the 45RDI trees, although this year no differences between 100C-1L and
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Figure 2.7: Seasonal courses of daily maximum leaf stomatal conductance (gs,max) measured in trees of

all treatments in 2016 (A) and 2017 (B). Each data point is the average of three plots, with four measure-

ments per plot. Vertical bars represent the standard error of the mean. Different letters show significant

differences (p <0.05).

100C-2L were found. Shoot growth was also observed in the 45RDI trees, although to

a lesser extent (Fig. 2.8B). No significant differences were found between 45RDI-1L and

45RDI-2L trees, although the number of internodes was usually greater in the latter. In

fact, no significant differences were found between 100C and 45RDI-2L, while differ-

ences between 100C and 45RDI-1L were significant since DOY 193.

Figure 2.8: Seasonal courses of the number of internodes of current year shoots measured in trees of all

treatments in 2016 (A) and 2017 (B). Each data point is the average of three plots, with eight measure-

ments per plot. Vertical bars represent the standard error of the mean. Different letters show significant

differences (p <0.05).

In 2016, the seasonal courses of leaf area (LA) revealed greater growth in the 100C
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trees than in the 45SDI trees, from DOY 208 (Fig. 2.9A). Although the figure shows

differences between the 45SDI-1L and the 45SDI-2L trees, these could be explained by

differences in the initial value. Therefore, and considering that the slopes of the seasonal

courses of both 45SDI-1L and 45SDI-2L were about horizontal, our data show that no

significant LA increase was recorded along the irrigation season in those treatments.

Results in LA (Fig. 2.9A) agree with those in the number of internodes in the current

year shoots (Fig. 2.8A), in the sense that both variables indicate negligible growth in the

45SDI trees. No significant differences in LA were found between 100C-1L and 100C-2L

either, although in these treatments LA increased along the season, as mentioned above.

Differences in the number of internodes recorded between the 100C treatments did not

have an effect on LA.

In 2017, the 100C trees were again those showing greater increases in LA during the

irrigation season, with no difference between 100C-1L and 100C-2L (Fig. 2.9B). Some

increase in LA was also recorded in the 45RDI trees, although less than in the 100C

trees. Still, the statistical analysis showed no differences between the 100C trees and the

45RDI-2L trees, and greater increase in LA in the 45RDI-2L trees than in the 45RDI-1L

trees.

Figure 2.9: Seasonal courses of canopy leaf area measured in trees of all treatments in 2016 (A) and 2017

(B). Each data point is the average of three plots. Vertical bars represent the standard error of the mean.

Different letters show significant differences (p <0.05).

Data on fruit dry weight (FDW) collected along the two irrigation seasons revealed

practically no significant differences between treatments (Fig. 2.10). From the end of July

(ca. DOY 210) to the end of the season, lower FDW values were recorded in the 45SDI

(2016) and 45RDI (2017) trees, but differences with the 100C trees were not significant.

In 2016 no differences were appreciated between the two 45SDI treatments. In 2017

the lowest FDW values were recorded in fruits from the 45RDI-1L trees. But, again,
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differences were not significant. Both in 2016 and 2017, the slope of the FDW seasonal

courses was greater before than after the end of July.

Figure 2.10: Seasonal courses of fruit dry weight measured in trees of all treatments in 2016 (A) and 2017

(B). Each data point is the average of three plots. Vertical bars represent the standard error of the mean.

Different letters show significant differences (p <0.05).

Contrarily to fruit dry weight, significant differences between the full irrigation and

deficit irrigation treatments were found in fruit volume (FV), both in 2016 and 2017 (Fig.

2.11). In both years, fruits from the 100C trees showed greater FV values from the end

of July to the end of the season, although differences with the 45SDI (2016) and 45RDI

(2017) trees were not always significant. In 2016, significant differences were recorded in

August and September only (Fig. 2.11A). Form the end of September (ca. DOY 270) to

harvesting, the 45SDI trees showed lower FV values than the 100C trees, but differences

were not significant. In 2017, the dynamics of the FV seasonal courses were similar than

in 2016, although differences between the control and the deficit irrigated trees remained

until later in the season in 2017 than in 2016. At the end of the season of both years, FV

values were lower for the deficit irrigated trees than for the fully irrigated trees, although

with not statistical difference. Maximum FV values reached at the end of the season were

greater in 2016 than in 2017. Changes in the slope of the FV time courses recorded both

in 2016 and 2017 show lower increase rate of FV in midsummer, when the stress was

high, than in June and July (Fig. 2.11). During the recovery period 3, from the end of

August (ca. DOY 240) to mid-September (ca. DOY 260), the rate of FV vs. time increased

again. At the end of the irrigation season, FV increases quicker in 2016 than in 2017,

likely because of the greater precipitation recorded in 2016 at that time of the year (Figs.

2.2A,B).

In 2016, values of fruit water content (FWC) from all treatments decreased markedly

from mid-June (ca. DOY 165) to the end of July (ca. DOY 210), and remained low un-
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Figure 2.11: Seasonal courses of fruit volume in measured in trees of all treatments in 2016 (A) and 2017 (B).

Each data point is the average of three plots, with six fruits per plot. Vertical bars represent the standard

error of the mean. Different letters show significant differences (p <0.05).

til early September (ca. DOY 210) (Fig. 2.12A). From then to harvesting FWC values

increased, in agreement with a less demanding atmospheric demand (Fig. 1) and the

autumn rainfall (Fig. 2). In general, FWC measured in 2016 were always lower for the

45SDI trees than for the 100C trees, all along the irrigation season. Differences, however,

were significant between the 100C fruits and the 45SDI-2L fruits only, from DOY 182

until the last measurement day (DOY 308). From DOY 238 until DOY 280, there were no

significant differences between the 45SDI-1L and both 100C treatments. In 2017, FWC

data showed significant differences between the 100C and the 45RDI treatments between

period 2 and period 3, i.e. along the mid-summer period of increasing water stress in the

45RDI trees (Fig. 2.12B). During period 3, when those trees recovered from water stress,

no differences in FWC were found between the 45RDI and the 100C trees. After period

3, when the 45RDI trees were again under deficit irrigation, new differences in FWC ap-

pear between the fully irrigated and the deficit irrigated trees. No significant differences

were found between 1L and 2L, either for the 100C trees or for the 45RDI trees.

2.3.5 Crop production

Final yield was assessed through measurements of fruit and virgin olive oil (VOO)

yields. No significant differences were identified by the linear mixed models either for

fruit or VOO yield, on both 2016 and 2017 harvests (Table 2.2). The high variability

of the yields, inside and in between plots, partly explain the lack of differences among

treatments. Both for fruit and VOO, the yields obtained in 2017 were considerably lower

than those obtained in 2016. Likely, this was due to a severe pruning that was performed

between in December 2016.
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Figure 2.12: Seasonal courses of fruit water content measured in trees of all treatments in 2016 (A) and

2017 (B). Each data point is the average of three plots, with six fruits per plot. Vertical bars represent the

standard error of the mean. Different letters show significant differences (p <0.05).

Table 2.2: Final fruit yield per hectare and virgin olive oil (VOO) yield averaged per each treatment. No

significant differences were found between irrigation treatments for each year.

2016 2017

Treatment Fruit (kg ha−1) VOO (kg ha−1) Fruit (kg ha−1) VOO (kg ha−1)

100C-1L 16,817.7±915.4 1,062.2±122.3 12,633.1±3,448 1,076.5±378.8

100C-2L 17,835.5±1,082.5 1,356.6±110 8,392±372.4 621.5±211.54

45SDI-1L 16,062.9±931.7 1,372±69.7 — —

45SDI-2L 14,042.4±832.7 1,250.5±109 — —

45RDI-1L — — 7,398.7±276.1 777.1±98.4

45RDI-2L — — 7,593.2±994.2 915.7±133.3

2.4 Discussion

2.4.1 Irrigation supplies and soil water status

Although the aim of this study was not to evaluate differences between the irrigation

scheduling approaches applied in 2016 (the Kc approach) and 2017 (the gs approach),

our results show that the aimed irrigation supplies to each treatment were accomplished

reasonable well (Table 2.1, Fig. 2.2B). On the other hand, the total irrigation amounts in

2017, i.e. estimated from the gs approach, were ca. 82% lower than the irrigation needs

(IN) estimated from the Kc approach (Table 2.1). We are confident on the IN values esti-

mated from the Kc approach, since we calibrated it and tested it widely for the orchard
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conditions (Fernández et al., 2013; Fernández et al., 2018c). Still, every Monday we cal-

culated the IN for the starting week based on the ETo values recorded on the previous

week. With the gs approach, however, we rely on a 3-day weather forecast prediction

(Section 2.1). On the other hand, the gs approach computes estimations of leaf area in-

dex (LAI) and of the gs in the orchard trees. For estimating LAI we used a method

(Section 2.4) that have proven to be useful for the orchard conditions (Fernández et al.,

2013; Padilla-Díaz et al., 2018). Concerning the estimated gs, Hernandez-Santana et al.

(2016b) compared gs,sun results calculated as described in Section 2.1 with the field mea-

surements of gs,max (Section 2.4), and Hernandez-Santana et al. (2018) compared the gs

simulated through sap flow related measurements and the field measurements of gs,max.

In the sustained deficit irrigation treatments (2016), the soil water contents remained

above the level of soil water depletion which may limit water uptake in olive (Fig. 2.2C).

Thus, the readily available water for olive is considered to be between 60 and 75% of the

available soil water (Orgaz et al., 2006; Cuevas et al., 2010), and Fig. 2.2C shows that

the average soil water content for the 0.0-0.4 m soil layer was always above that limit.

Concerning the regulated deficit irrigation treatments (2017), the soil water status (Fig.

2.2D) changed according to the dynamics of water supply (Fig. 2.2B). In mid-summer,

i.e. between periods 2 and 3, soil water contents were below the readily available water

level. Late in the 2017 season, during the deficit irrigation applied after period 3, the soil

water content in the 45RDI trees was much lower than the values recorded for the 45SDI

trees on that period, in 2016. This can be explained by both the greater rainfall and lower

ETo recorded in 2016.

2.4.2 Treatment effects on the root system

The root sampling methodology used in this study, based on the use of an auger

able to take soil samples of big volume, has been successfully used in olive orchards

(Deng et al., 2017; Fernández et al., 1991; García-Tejera et al., 2018; Searles et al., 2009).

Other authors have obtained reliable data with the trench method (Fernández et al.,

1991; Michelakis et al., 1993; Diaz-Espejo et al., 2012). In our case, however, the large

variability on root distribution found in the orchard hampered the identification of sig-

nificant differences among treatments. Also, both the lack of replicas in the 2016 root

sampling, and differences on the root sampling times between 2016 and 2017, curtailed

the detection of any possible differences on the annual root growth due to the irrigation

treatment. Still, the collected data gave us reliable information on the development of

new roots closer to the additional drip line, from its installation before the irrigation sea-

son of 2016 to the beginning of the spring in 2017. Thus, and according to our initial hy-

pothesis, the increase in number of drip lines per tree row from the 1L to 2L treatments,

and the consequent increase in the fraction of the rhizosphere wetted by irrigation, led to
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greater root length density (Lv) and root surface area per unit volume (Sv) (Figs. 2.3 and

2.4, respectively). The greater increases in these two variables were found in the 45SDI-

2L trees. These increases in Lv and Sv found in the 2L treatments agree with the results

reported by Fernández et al. (1991) and Searles et al. (2009), who obtained the greatest

root length densities of fine, active roots, closer to the drippers, i.e. within wetted soil

volumes. Close to the additional drip line (In2), Lv and Sv values were lower than at

the In1 locations, likely because the plant had had less time for the development of new

roots in those soil volumes. Our data suggest that the non-limiting soil water conditions

kept all along the irrigation season in the fraction of the rhizosphere affected by irriga-

tion in the 100C-1L trees, allowed for enough water uptake, such that the installation of

the additional drip line in the 100C-2L trees did not led to a great increase either in Lv or

Sv.

2.4.3 Treatment effects on water status, gas exchange and growth

For all the considered variables related to water status, gas exchange and shoot and

fruit growth, the 100C treatments showed a better performance than the deficit irrigated

treatments. This was expected, since previous work in the orchard showed an effect

of the 45RDI treatments on those variables (Fernández et al., 2013; Padilla-Díaz et al.,

2016; Padilla-Díaz et al., 2018). Concerning the 45SDI treatments, 2016 was the first

year in which a sustained deficit irrigation strategy was applied to the orchard. For

the physiological variables (Ψl,pd, Ψl,md and gs,max), no marked differences were found

between the 1L and 2L treatments, either in 100C, 45SDI and 45RDI strategies, with the

exception of some days in 2017 in which Ψl,pd, Ψl,md and gs,max data showed less stress

in the 45RDI-2L trees than in the 45RDI-1L trees (Figs. 2.5B, 2.6B and 2.7B, respectively).

Below we discuss about the effect of this in growth and production. The Ψl,pd and Ψl,pd

data show increasing water stress in the 100C trees, along the irrigation season. Data on

gs,max (Fig. 2.7B) were also below 0.2 mol m−2 s−1 from ca. DOY 225 to ca. DOY 270,

which also suggest moderate water stress. The applied irrigation amounts in 2017 were

ca. 15% lower than the irrigation needs calculated with the crop coefficient approach

(Table 2.1), but we cannot say that this was enough to explain the increasing seasonal

water stress, because data on soil water content (Fig. 2.2B) do not show increasing water

depletion. Still, this is a warning on the irrigation needs estimated with the gs approach

to be rather low. For the 45 deficit irrigation treatments, Ψl,pd, Ψl,md and gs,max data show

that, at the end of the season, the 45SDI trees (2016) were less stressed than the 45RDI

trees (2017). This, however, cannot be attributed to the irrigation treatments only, but

also to weather differences between the two years (Figs. 2.1 and 2.2).

Data on the number of internodes show greater growth in the 100C trees than in

the deficit irrigated trees, both in 2016 and 2017 (Fig. 2.8). It is striking that, in 2016,
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these differences were quite high despite of the lack of differences in soil water content

(Fig. 2.2C). Thus, no growth was detected along the irrigation season in the 45SDI trees,

while in the 100C trees, especially the 100C-2L, growth of the current-year shoots was

remarkable (Fig. 2.8A). This advises for caution when interpreting soil water content

measurements. In this case, the greater soil volume wetted in the 2L trees, as compared

to the 1L trees, should have account for a greater water availability for the 2L trees. It is

known, in fact, that the amount of water that a plant can take up from the soil depends

not only on the average soil water content, but also on the total soil volume wetted by

irrigation. In 2017 we also observed greater growth in the 100C trees than in the 45RDI

trees. This year we recorded some growth in the 45RDI trees, especially in the 45RDI-

2L trees. This agrees with the greater Lv and Sv values recorded on those trees (Figs.

2.3 and 2.4, respectively). As expected, our data on leaf area (LA, Fig. 2.9) shows the

same growth trends than the data on the number of internodes in shoots of the current

year, with the difference that similar LA values were found in 2016 in the two 100C-1L

and 100C-2L treatments. Differences between the two 45SDI treatments were likely due

to differences in the initial LA of the measured trees, so they must not be attributed to

an effect of the 1L vs. 2L treatments. In 2017, both the number of internodes and LA

measurements show growth in the 45RDI trees along the irrigation season. Differences

between the 45RDI-1L and the 45RDI-2L suggests that the reduced root zone volumes

of the 45RDI-1L trees, together with the reduced soil water contents due to the deficit

irrigation applied to those trees, clearly limited growth in the 45RDI treatments as com-

pared to the 100C treatments. These results are in accordance with those obtained by

Ismail and Almarshadi (2013), which obtained greater current-year shoots growth of ju-

jube fruit trees when irrigated with more drip emitters per tree. Espadafor et al. (2018)

also reported greater growth in young almond trunk diameter with the increase of wet-

ted soil volume. It is known that growth is highly sensitive to water stress (Connor and

Fereres, 2005; Fernández, 2014b) so, despite the lack of differences between 1L and 2L

treatments in Ψl,pd, Ψl,pd and gs,max, our data on shoot and leaf area growth suggest, in

summary, less water stress in the 2L plants.

Contrarily to vegetative aboveground growth, fruit growth in terms of fruit dry

weight (FDW) (Fig. 2.10) was not affected by the additional drip line. These results

agree with those obtained by Ismail and Almarshadi (2013) in jujube fruits. They worked

with trees irrigated with different number of emitters and drip emitters of different flow

rates, although maintaining the same total flow rate per tree. Their findings show sig-

nificant differences between treatments in shoots’ growth but similar FDW. This can be

explained by fruit development being a priority for plants, as compared to vegetative

growth. Recently, Hernandez-Santana et al. (2018) showed data from our orchard, for

2016, for which they reported, for the first time, the lack of differences in FDW despite
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of differences in shoot growth. Our data of 2017 confirms that tendency (Fig. 2.10). The

fruit volume (Fig. 2.11) revealed some differences during the irrigation season, which

are in agreement with data regarding fruit water content (Fig. 2.12). Fruit water content

was greatly influenced by precipitation, irrigation and atmospheric demand. Despite

no significant differences were found between 45RDI-1L and 45RDI-2L, the 45RDI-1L

treatment presented lower values of fruit water content (Fig. 2.12). Other authors have

already reported that the oil content is less influenced by deficit irrigation than shoot

growth (Gómez-del-Campo, 2013; Hernandez-Santana et al., 2018), fruit water content

and fruit size (Gómez-del-Campo et al., 2014). This agrees with our results, as the oil

content is reflected in the fruit dry weight which did not present significant differences

between irrigation treatments.

Data from 2017 on the number of internodes in current-year shoots (Fig. 2.8) and

fruit volume (Fig. 2.11) agree with the fact that midday leaf water potentials (Fig. 2.6)

were somehow greater in 45SDI-2L trees than in the 45RDI-1L trees. As mentioned in

the Results section, differences were not significant, but the fact that water stress was

less severe in the 45RDI-2L trees than in the 45RDI-1L trees is supported by the greater

canopy growth of the 45RDI-2L trees (Figs. 2.8B and 2.9B). Likely, during 2017 these

trees would already have more active roots in the new wet bulb, probably increasing its

water uptake.

The fact that no differences in fruit dry weight (FDW) were detected despite of differ-

ences in fruit water content and fruit volume illustrates the fact that fruits are a priority

in terms of carbon allocation for the plant. This was recently addressed by Hernandez-

Santana et al. (2018), who reported that neither oil synthetization nor fruit growth and

development were affected by the 2016 treatments in the orchard. The change in the

FDW slope at the beginning of July both in 2016 and 2017 (Fig. 2.10), for all treatments,

indicate the influence of the endocarp sclerification that happens at some 6-10 weeks af-

ter bloom, a period when most of cell division occurs and when the approximate final

number of cells per fruit is established (Hammami et al., 2011; Hammami et al., 2013).

Although increments in root surface area compared to leaf area has been suggested

to contribute to the improvement of plant hydraulic efficiency (Magnani et al., 2002),

increase transpiration (Diaz-Espejo et al., 2012) and reduce belowground hydraulic con-

ductance decline with soil drying (Johnson et al., 2018) we did not observe a clear better

plant water status in the 2L trees as compared to the 1L trees. García-Tejera et al. (2018)

used the soil plant atmosphere continuum model (SPAC model) developed by García-

Tejera et al. (2017b) to simulate the response of photosynthesis to a change in root den-

sity. These authors obtained results that revealed an increase of about 10% of net assimi-

lation in olive trees when the root density was increased 25% on the soil volume affected

by localized irrigation.



Chapter 2. Wetted soil volume influence on olive tree growth 47

In general, our data suggest that the 100C treatment with one single drip line had

rooting conditions good enough to allow for maximum tree growth, such that they did

not suffer hydraulic limitation to transpiration. This may explain the lack of differences

between 100C-1L and 100C-2L.

To the best of our knowledge, this is the first experiment concerning changes in wet-

ted soil volume on olive orchards under full irrigation and under sustained and regu-

lated deficit irrigation.

2.4.4 Treatment effects on crop production

Unfortunately, our data on production (Table 2.2) are far from conclusive. First, be-

cause of the high variability we found, which suggest that the three sampled trees per

plot were not representative enough. On the other hand, it seems that the severe pruning

made in December 2016, among other factors perhaps, markedly reduced the produc-

tion of 2017, which hampered the evaluation of the impact of the irrigation treatments

on production. Our data from the prior section shows clear differences in growth and

leaf area between the control and the deficit irrigated trees, so differences in production

of fruit and oil should have been detected. Our data in Table 2.2, however, shows that

the irrigation treatments had no effect on production. But, as mentioned above, both

the high variability and the possible effect of the severe pruning advices for not taking

into account data in Table 2.2 when interpreting the effect of the irrigation treatments on

production.

2.5 Conclusions

Considering the results obtained and the experimental conditions, we may conclude

that the increment of an extra drip line per tree row in the 2L treatments influenced

positively the root growth closer to the new wetted soil volume, on both root length

density (Lv) and root surface area per unit volume (Sv), mainly in the deficit irrigated

treatments. This, together with the greater fraction of the rhizosphere wetted by irriga-

tion, contributed to lower water stress levels in the 2L trees as compared to the 1L trees,

especially when being under the deficit irrigation approaches tested in this work. Our

data on fruit development and production did not allow us to detect differences among

treatments, likely because of the great variability found in the field and because of se-

vere pruning before the 2017 growing cycle. Doubt remains on whether the observed

benefits of installing a second drip line will pay the grower for the cost of installing and

maintaining that line. The second irrigation line affected root and canopy growth, two

variables that have an impact on crop performance in the medium and long term. There-

fore, a longer experiment is needed for a rigorous evaluation of the benefits of installing
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a second dripper line in hedgerow olive orchards with high plant densities.
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Abstract

Carbohydrates availability, which are directly related to photosynthesis (AN), and

turgor are the main de- terminants of fruit growth. Since stomatal conductance (gs) is

the main limiting factor of AN in fruit trees in most environments, and is strongly reg-

ulated by turgor, its measurement is pivotal to understanding fruit growth dynamics.

Despite its relevance, the use of gs to estimate AN faces the major limitation of being

difficult to measure in an automated and continuous manner. Based on these observa-

tions, and considering the control that the stomata exert on transpiration, and thus on

sap flux density (Js) under conditions of high coupling to the atmosphere, we conducted

a multi-faceted experiment in olive trees. The main objective was to assess the use of

continuously modeled AN, derived using a simulated gs, as a tool to study fruit growth

and oil accumulation and other components of vegetative above-ground growth (leaf

area and number of shoot internodes) in a super-high-density olive orchard under dif-

ferent irrigation levels. Sixteen olive trees under four different irrigation treatments (two

control and two deficit irrigated, with one and two drip lines each) were continuously

monitored with Js sensors from May to November 2016. Gas exchange, fruit growth,

number of shoot internodes and leaf area were measured periodically. Stomatal con-

ductance was empirically simulated through Js, and AN was modeled using previously

simulated gs and a biochemical model of photosynthesis. Results showed that AN can

be accurately modeled from simulated gs, obtained in turn from Js measurements di-

vided by pressure deficit. Moreover, the approach was shown to be sensitive enough to

infer the response of gs and AN to soil water content and vapour pressure deficit. In-

terestingly, accumulated AN was significantly related to fruit growth and oil content for

all the irrigation treatments which determine the slope of these relations. In contrast,

the relationship with leaf area was only significant for the control irrigation treatments,

where the number of shoot internodes increased significantly more than in the water-

stressed trees. Our results show that under water stress conditions trees prioritize fruit

growth and oil content accumulation over vegetative growth, suggesting a higher sink

strength for reproductive growth than for vegetative growth. We conclude that the use

of sap flow and the proposed approach provides reliable gs and AN data, and allows the

modeling of the relations between carbon assimilation and allocation, which are helpful

to estimate fruit growth.

3.1 Introduction

Water is an increasingly scarce resource, but central to achieve a more productive

agricultural output to feed the growing world population (Foley et al., 2011; Mueller et
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al., 2012). Plants require water for growth and tissue expansion, with water absorbed by

plants through their roots being lost through the stomata while CO2 is taken up for pho-

tosynthesis. Stomatal opening is the main factor determining CO2 uptake, and therefore,

the synthesis of photoassimilates in the plant (Flexas and Medrano, 2002). Furthermore,

stomatal closure is one of the earliest responses to water deficit (Martin-StPaul et al.,

2017), markedly affecting water uptake and water movement through the plant. Stom-

atal conductance (gs) is, therefore, a sensitive water stress indicator, directly related to

plant function, shoot and fruit growth and, eventually, to yield (Jones and Tardieu, 1998).

In addition to affecting the amount of carbohydrate available for the fruit, stomatal reg-

ulation ultimately determines the fruit water status through its effect on both leaf and

fruit water potential (Ho et al., 1987; Fishman and Génard, 1998; Lechaudel et al., 2007).

Despite it being important to know gs for ecophysiological studies and agricultural

applications such as irrigation scheduling, its continuous and automated recording is

not yet possible. However, new approaches have been recently proposed to conduct gs

estimations continuously, either by modifying the inverted equation of Penman-Monteith

(Kučera et al., 2017), or by using its simplified version (McNaughton and Jarvis, 1983;

Jarvis and McNaughton, 1986) as proposed by Hernandez-Santana et al. (2016b). Specifi-

cally, Hernandez-Santana et al. (2016b) proposed simulating gs from sap flux density (Js)

values measured in the trunks of trees, divided by the air vapour pressure deficit (D).

This avoids the uncertainty derived from upscaling from single point measurements of

Js in the trunk to the whole tree transpiration (Swanson, 1994; Lopez-Bernal et al., 2010;

Hernandez-Santana et al., 2015; Berdanier et al., 2016). The automated estimation of gs

opens the possibility of using it both as a reliable water stress indicator and as an input in

photosynthesis models which, when applied to fruit tree orchards, could help to predict

yield. The mechanistic model of photosynthesis by Farquhar et al. (1980) has proven

to be robust and easily applicable to many species and environments (Farquhar, 2001;

Caemmerer, 2013). This model has been parameterised for many species of high agro-

nomic interest (Diaz-Espejo et al., 2006; Egea et al., 2011; Greer and Weedon, 2012; Kattge

and Knorr, 2007). After a correct parametrization, the main difficulty to its application

rests in the estimation of gs. However, once we have a value for gs, AN can be estimated

from environmental variables, such that we can predict which region of the AN− gs rela-

tionship our crop is in at any given moment. Considering the close analogy between the

AN − gs relationship and yield-transpiration (Flexas et al., 2010; Medrano, 2002; Mori-

son et al., 2008; Parry et al., 2005), i.e., the two relations can be considered equivalent,

the combination of sap flux density measurements and Farquhar et al.’s photosynthesis

model may overcome the difficulty of applying a target level of water stress in deficit ir-

rigated trees. For example, the known hyperbolic curve usually found between AN and

gs justifies the maintenance of gs values below the plateau region in which AN hardly
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increases, but gs, and thus tree water use, still grows significantly, thereby decreasing

water use efficiency (Parry et al., 2005).

However, there is no straightforward relationship between AN and yield. Indeed, the

fraction of photoassimilates going to each organ of the plant depends on a series of com-

plex rules. Carbon allocation partitioning links source and sink plant organs through

various regulations and interactions among different plant processes related to carbon

metabolism (Génard et al., 2008). When AN is limited by low soil water availability,

the allocation partitioning patterns can change based on priority rules. These allocation

patterns have been widely studied (Le Roux et al., 2001), although they are not easy to

implement in agriculture because the mechanisms by which dry matter is distributed

among organs are not fully understood (Marcelis, 1996). Nevertheless, biomass alloca-

tion patterns have been manipulated in agricultural species for years to achieve a gain

in productivity by increasing the plant harvest index (the ratio of grain/fruit weight

to total plant weight), which reflects the partitioning of photoassimilates between the

grain/fruit and the rest of the plant (Sinclair, 1998; Morison et al., 2008). Indeed, the

plant harvest index can be increased by using deficit irrigation strategies (Morison et

al., 2008). In addition to saving water, deficit irrigation strategies can reduce vegetative

growth without decreasing yield, i.e., they are effective in decreasing the carbon spent

on vegetative growth without decreasing fruit growth as shown previously in olive (Ini-

esta et al., 2009; Dag et al., 2010; Hernandez-Santana et al., 2017). Thus, under limited

available water, fruits augment their already strong carbohydrate sink capacity and have

higher priority for assimilates than vegetative organs, leading to a reduced vegetative

growth of roots, stem and leaves (Génard et al., 2008; Hacket-Pain et al., 2017). There-

fore, knowing the irrigation strategy that can modify the growth patterns of a plant to

enhance the biomass allocation to fruits rather than to vegetative organs, would allow

us to control excessive vegetative growth with a reduced impact on fruit growth. In

addition, this would lead to a net water saving in agriculture. Recent results indicate

that 30–45% of the irrigation needs of a super-high-density olive orchard could be useful

for this purpose (Hernandez-Santana et al., 2017). However, these results were based on

values obtained at the end of the irrigation season of different years, and did not provide

information about the dynamics during the fruit growth period.

In this work, we simulated the dynamics of gs and AN continuously over an irriga-

tion season (late May to early November) in a hedgerow olive orchard with high plant

density. Fruit size, oil content, leaf area and number of shoot internodes were frequently

measured, to derive the correlation between accumulated AN and fruit development.

We followed the approach described in Hernandez-Santana et al. (2016b) to simulate gs

from continuous and automated Js/D measurements, and then used the photosynthesis

model by Farquhar et al. (Farquhar et al., 1980) to estimate AN. Our hypothesis was that



58 3.2. Material and Methods

this approach would allow the estimation of the temporal dynamics of fruit size and oil

content since gs is highly sensitive to water stress, the main limiting factor of AN and

a major regulator of the incoming and outgoing water fluxes of the fruit. We further

hypothesized that knowing the dynamics of accumulated AN would allow the dynam-

ics of fruit growth, oil accumulation, leaf area and the number of shoot internodes to

be simulated over the course of the season. Finally, we hypothesized that vegetative

growth would be more affected by deficit irrigation than fruit growth. Thus, our specific

aims were (1) to calibrate and validate an approach to simulate gs and AN based on au-

tomated Js measurements, and (2) to assess the use of continuously simulated AN as a

tool to study fruit growth, oil accumulation and other components of vegetative above-

ground growth (leaf area and shoot length) in a super-high-density olive orchard under

different levels of irrigation.

3.2 Material and Methods

3.2.1 Orchard and climate characteristics

The experiment was conducted along the irrigation season (late May to early Novem-

ber) of 2016, in a commercial super-high-density orchard near Seville (Spain) (37◦15′ N,

−5◦48′ W). At that time, the ‘Arbequina’ olive trees used were 10years old. They were

planted in a 4 by 1.5 m formation (1667 trees ha−1), in rows oriented N-NE to S-SW. The

trees, with a single trunk and shoots from 0.6 to 0.7m above the ground, were pruned

in December-January each year. The orchard soil (Arenic Albaqualf, USDA 2010) had a

sandy loam top layer and a sandy clay layer underneath. The trees were planted at the

top of 0.4m-high ridges. The amount of fertilizer was changed every month to match the

crop needs (Troncoso et al., 2001). Further details on the orchard characteristics can be

found in Fernández et al. (2013).

The area has a Mediterranean climate with hot and dry weather from May to Septem-

ber, being mild and wet for the rest of the year. Most of the annual rainfall occurs

between late September and May. Average values in the area of potential evapotran-

spiration (ETo) and precipitation (p) were 1531mm and 509mm, respectively, for the

2002–2016 period. For that period, average maximum and minimum air temperature

values were 25.3◦C and 10.9◦C, respectively. The hottest months are July and August.

We applied four irrigation treatments: two control treatments, in which irrigation

fulfilled tree water demand, with one (100C-1L) or two (100C-2L) dripper lines, and two

sustained deficit irrigation treatments (SDI) in which 45% of the water added to control

was applied along the whole irrigation season, with one (45SDI-1L) or two (45SDI-2L)

dripper lines. The objective of these sub-treatments is to alter the equilibrium between

root and leaf area with localized irrigation by drippers which have an important effect
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on transpiration as shown preliminarily in (Diaz-Espejo et al., 2012). However, this aim

is beyond the scope of this work. Moreover, the dripper lines were doubled in 2016 and

thus, no effect was observed between the treatments with one and two dripper lines in

this work. All lines were close to the trunk and each line had a 2 L h−1 dripper placed

every 0.5 m. We used a complete randomized design, with four plots (replicates) per

treatment. Each plot consisted of 8 central trees surrounded by 16 border trees. For the

100C treatment, the trees were irrigated daily to replace 100% of the irrigation needs

(IN). These were calculated on a daily basis as IN = ETC − Pe, with ETC being the

maximum potential crop evapotranspiration calculated with the single crop coefficient

approach (Allen et al., 1998) and Pe, the effective precipitation which, according to Orgaz

and Fereres (1997), was calculated as 75% of the precipitation recorded in the orchard.

Estimation of ETC in this orchard has proven satisfactory in several studies (Diaz-Espejo

et al., 2012; Fernández et al., 2013; Egea et al., 2016). The 45SDI treatments were aimed

to replace 45% of IN. In the 2L plots, the irrigation time was scheduled to be half that of

the 1L plots, so that the trees received the same volume of water despite having double

the number of drippers. An irrigation controller (Agronic 2000, Sistemes Electrònics

PROGRÉS,S.A., Lleida, Spain) was used to apply the calculated irrigation amounts (IA).

3.2.2 Meteorological measurements

Thirty-minute average values of main meteorological variables were recorded by a

weather station (Campbell Scientific Ltd., Shepshed, UK) located in the centre of the area

covered by the experimental plots. All meteorological sensors were located just above

the tree canopies. The station recorded 30 min average values of air temperature (Tair),

air humidity (RH) and photosynthetically active radiation (PAR), among other variables.

Vapour pressure deficit (D) was calculated as a function of Tair and RH.

3.2.3 Measurement of predawn leaf water potential

Measurements of predawn leaf water potential (Ψl,pd, MPa) were conducted before

dawn every other week from July to the beginning of November, with a Scholander-type

pressure chamber (PMS Instrument Company, Albany, Oregon, USA). On each measure-

ment day we sampled two leaves per tree of four trees per irrigation treatment. These

values were used as a proxy of soil water potential.

3.2.4 Sap flux density measurements

The Compensation Heat Pulse (CHP) method (Green et al., 2003) was used to derive

sap flux density (Js, mm h−1) values in the sapwood of sampled trees (Tranzflo NZ Ltd.,
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Palmerston North, New Zealand). CHP consists of measuring the time for the temper-

ature difference registered by two temperature probes located 10mm downstream and

5mm upstream of a heater probe to become 0 after the release of a heat pulse. Details on

the calibration and testing of the technique for the olive tree, as well as on data analysis,

are given in Fernández et al. (2001) and Fernández et al. (2006). One or two central trees

per plot, in three plots per treatment, were monitored with one sap flow probe set on the

east-facing side of trunks, 0.3–0.4m above-ground; four trees were used per treatment

to give a total of 16. Each temperature probe measured Js at a depth 5mm below the

cambium, given that we observed in a previous study (Hernandez-Santana et al., 2016b)

that Js measured at this depth was strongly related to gs measured in new, sun-exposed

leaves. Measurements were made every 30min by releasing heat pulses (60J; 60W over

1s) at that frequency for the entire experimental period (from May 29 to November 8,

2016). A CR1000 datalogger connected to a AM25T multiplexer (Campbell, Campbell

Scientific Ltd., Shepshed, UK) was used to release the heat pulses and to collect probe

outputs.

3.2.5 Gas exchange measurement and modeling

Stomatal conductance was simulated after Hernandez-Santana et al. (2016b), i.e. from

the collected Js/D values and measured gs. The simulated gs values were the input of

the model by Farquhar et al. (Farquhar et al., 1980) to estimate AN. Briefly, we estab-

lished regressions between gs measured in new, sun-exposed leaves, and Js measured

in the trunk of the same tree, divided by D values calculated from the weather station

at the orchard. The Js/D vs. gs calibration equations were established using 10–23 data

points from each instrumented tree (Table 3.1).

The stomatal conductance values used for the equations were obtained from mea-

surements of gs and AN, which were conducted on four clear days from May to August,

every 30–60min from dawn to noon, in three sun-exposed current-year leaves per instru-

mented tree. The sampled leaves were on the SE-facing side of the canopy, i.e. on the

sun-exposed side. In addition, we used a dataset obtained from measuring maximum gs

and AN (gs,max and AN,max) in two leaves per tree, conducted every other week in every

tree instrumented with sap flow probes, from mid-July to the beginning of October, at

8:00-9:00 GMT, this being the time for maximum stomatal opening in olive leaves (Fer-

nández et al., 1997). Data from five randomly selected days from this last dataset were

not included in the calibration but, instead, were used to validate the calibration gs equa-

tions. We used two portable photosynthesis systems (Li-cor 6400-XT, LI-COR, Lincoln

NE, USA), with a 2cm x 3cm standard chamber, at ambient light and CO2 conditions for

these measurements.

AN was modelled from the simulated gs values following the procedure described
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Table 3.1: Calibration equations descriptors to estimate stomatal conductance from the ratio between sap

flux density and air vapour pressure deficit (slope, intercept, coefficient of determination (R2), probabil-

ity value (P) and calibrations points (N)) and validation statistical parameters (root mean squared error

(RMSE), mean absolute error (MAE) and mean bias error (MBE)).

Treatment Tree Slope Intercept R2 p n RMSE MAE MBE

mol m−2 s−1

100C-1L 1 0.017 -0.138 0.834 <0.001 12 0.039 <0.001 -0.005

100C-1L 2 0.020 0.014 0.594 0.006 10 0.051 0.038 0.038

100C-1L 3 0.009 0.080 0.573 0.002 12 0.035 0.009 0.009

100C-1L 4 0.028 -0.055 0.514 0.009 11 0.038 0.032 0.032

100C-2L 1 0.018 0.035 0.534 0.007 11 0.041 0.012 0.012

100C-2L 2 0.007 0.047 0.499 0.008 12 0.042 0.019 0.019

100C-2L 3 0.013 0.037 0.758 <0.001 19 0.051 0.034 0.034

100C-2L 4 0.008 0.086 0.690 <0.001 12 0.062 <0.001 -0.025

45SDI-1L 1 0.010 0.028 0.669 <0.001 12 0.017 0.009 0.009

45SDI-1L 2 0.010 0.037 0.479 0.012 12 0.036 <0.001 -0.001

45SDI-1L 3 0.006 0.015 0.858 <0.001 19 0.031 <0.001 -0.004

45SDI-1L 4 0.007 -0.012 0.688 <0.001 15 0.035 <0.001 -0.014

45SDI-2L 1 0.009 0.030 0.502 0.010 11 0.015 0.007 0.007

45SDI-2L 2 0.004 0.015 0.844 <0.001 23 0.037 0.010 0.010

45SDI-2L 3 0.007 0.051 0.737 <0.001 18 0.025 <0.001 -0.005

45SDI-2L 4 0.013 0.059 0.634 <0.001 18 0.041 <0.001 -0.036

in the Section 3.6. The specific temperature responses for olive were taken from Diaz-

Espejo et al. (2006). The maximum rate of ribulose bisphosphate (RuBP) carboxylation

(Vcmax), maximum rate of electron transport (Jmax) and mesophyll conductance to CO2

(gm) were determined from five AN−Ci response curves measured in the instrumented

trees of the 100C and 45SDI plots, regardless of the number of dripper lines. The curves

were measured between 09:00 and 13:00 GMT during the experimental period (June

14th, 15th, 21st and 23rd) using two LI-6400 portable photosynthesis systems (LI-COR,

Lincoln, NE, USA) at ambient temperature, saturating photosynthetic photon flux den-

sity (1600 µmol m−2 s−1) and an ambient CO2 concentration (Ca) of between 50 and 1500

µmol mol−1 as described in Hernandez-Santana et al. (2016a). After steady-state photo-

synthesis was achieved, the response of AN to varying Ci was measured by lowering Ca

stepwise from 390 to 50 µmol mol−1, returning to 390 µmol mol−1 and then increasing Ca

stepwise from 390 to 1500 µmol mol−1. Each A− Ci curve comprised 16 measurements,

each made after at least 3min at each Ca. Maximum carboxylation rate (Vcmax) was esti-

mated by the curve-fitting method proposed by Ethier and Livingston (2004). Diffusion
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leaks were corrected following the procedure by Flexas et al. (2007). Rubisco kinetic

parameters were taken from Bernacchi et al. (2002). The validation of the Farquhar et

al. (Farquhar et al., 1980) equation to simulate AN was conducted with the measured

dataset as described above. Accumulated AN is calculated summing up the quantity of

simulated AN every 30 minutes until the moment the value is showed.

3.2.6 Leaf area measurements

Measurements of leaf area were made at dawn every other week from June to Octo-

ber, with a LAI-2200 Plant Canopy Analyzer (Li-cor, Lincoln, NE, USA). We followed the

approach proposed by Villalobos et al. (1995) for olive orchards. In this way, measure-

ments were taken at eight locations per plot with the LAI-2200 Plant Canopy Analyzer,

in each of the four plots per irrigation treatment (100C-1L, 100C-2L, 45SDI-1L, 45SDI-

2L). Four of those locations per plot were just underneath the two central tree rows of

the plot, providing the maximum leaf area index (LAImax). The other four locations were

in-between the two central rows of each plot, where LAI is minimum (LAImin). The frac-

tion of groundcover (GC) was used as a weighting factor to calculate the average leaf

area index (LAIavg) as LAIavg = LAImaxGC + LAImin(1− GC). Finally, the average tree

leaf area per plot was calculated by multiplying LAIavg by the ground area per plot, and

dividing this by the number of trees in the plot.

3.2.7 Shoot growth

Shoot growth was assessed by measuring the number of internodes of four current-

year shoots per tree, each from a cardinal point of the canopy and randomly selected in

two trees per plot in each treatment (n=32). Measurements were made every 15 days

from June 13 to October 31.

3.2.8 Fruit growth and yield determination

Fruit growth was determined from fruit dry weight and fruit diameter measure-

ments. For fruit weight we randomly sampled six fruits per plot for each treatment; these

were oven-dried for 48h and then weighed on a digital balance (XS105 Dual Range, Met-

tler Toledo, Greifensee, Switzerland). Fruit weight was measured from the beginning

(May 30th) to the end of the irrigation season (November 9th) every other week.

In addition, in one tree from each of the 100C-2L and 45SDI-2L treatments we in-

stalled two fruit dendrometers (FI-XSSF, Solfranc, Tarragona, Spain) to monitor the sea-

sonal courses of fruit equatorial diameter, logging these every 5min. The fruit dendrom-

eters were connected directly to CR1000 dataloggers (Campbell Scientific Ltd., Shep-

shed, UK). When the diameters of the fruits were close to the maximum range of mea-
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surement of the fruit dendrometers, an offset was added to the fruit dendrometer, by

changing the position of one of its ends. The fruit dendrometers were installed on Au-

gust 17th (day of year (DOY) 230) and were removed from the experimental plots a few

days before harvesting (November 9th, DOY 313). Calculations of accumulated daily

fruit equatorial diameter increment and AN were started the day the fruit dendrometers

were installed. To better understand the seasonal dynamics of fruit growth in relation to

AN, we also calculated the accumulation of the two variables over a period of three days;

this value was divided by the number of days to obtain the rate per day such that fruit

growth reflects the effect of a previously fixed carbon. Three days was assumed to be a

reasonable period of time to integrate/translate the accumulated AN into fruit growth.

Four central trees were also manually harvested at the end of the irrigation season

(November 9th) to determine total fruit yield in each experimental plot. Samples were

oven-dried and weighed separately to determine the dry fruit weight. The number of

fruits was calculated from the total fruit yield and dry fruit weight.

3.2.9 Oil accumulation

Oil accumulated in the fruits was determined from June to November, both in 2014

and 2015. We manually collected around 100 fruits from a height of ca. 1.5 m for five

out of the eight central trees of each plot (the three remaining trees were used to deter-

mine yield, as described above). After grinding the fruits ca. 20 g of fresh paste was

obtained, which was dehydrated at 105◦C. The oil of the dehydrated paste was chemi-

cally extracted by using hexane as a solvent during 4 h (Soxhlet’s method, García et al.

(2013)). Results were expressed as percentage of oil per fruit dry weight.

3.2.10 Statistical analyses

Relationships, coefficient of determination (R2) and probability values (p) were deter-

mined using SigmaPlot (version 12.0, Systat Software Inc., San Jose, California, USA). Es-

timation accuracy was determined by the calculation of root mean square error (RMSE)

and mean absolute error (MAE). We also calculated the mean bias error (MBE) to esti-

mate the deviation of the predicted gs. The closer that R2 is to 1 and that RMSE and

MAE are to 0, the better is the agreement between measured and calculated gs values.

The sign of MBE indicates whether simulated gs is being underestimated (negative) or

overestimated (positive). More details on the formulas used here and their meaning can

be found in Abbas et al. (2011) and Walther and Moore (2005).

We used linear mixed models (LMM) with Tukey’s post-hoc comparisons to ana-

lyze the effects of irrigation treatment (fixed factor) on mean fruit number and yield as

dependent variables at p <0.05. No random factor was necessary as only one measure-
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ment was made per plot. When no normal or heteroscedastic residuals were obtained,

appropriate transformation of the variable was used. We also used analysis of covari-

ance (ANCOVA) including the interaction term (accumulated AN* irrigation treatment)

to test whether the slopes of the regression lines for fruit weight, leaf area, oil content

and number of shoot internodes were significantly different. For these analyses, we con-

sidered that the variables were linearly related even though for dry fruit weight and oil

content a linear relation did not provide the best fit. This same analysis was conducted

when comparing measured and modeled gs and AN to detect any effect of irrigation

treatment. These analyses were conducted with R software (R Core Team, 2015) using R

packages “nlmeR” (Pinheiro et al., 2017) and “multcompR” (Hothorn et al., 2008).

3.3 Results

3.3.1 Simulation of stomatal conductance and net photosynthesis rate

The Js/D vs. gs relationships derived from each instrumented tree all had high R2

values (between 0.48 and 0.86, with the majority of trees being over 0.6) and were highly

significant (all p values were <0.01 except for one, which was 0.012) (Table 3.1). The

validation results confirmed the good agreement between measured and simulated gs

values calculated with the calibration equations. Moreover, the observed RMSE and

MAE values were small and close to 0 for every instrumented tree, while MBE did not

show any under- or overestimating bias for gs. The validation of the simulated gs and

AN, calculated by treatment, also showed good agreement with measured gs and AN

(Fig. 3.1). The high R2 (0.7), the slopes close to 1, and the y-intercepts close to zero in

both cases, indicated a good level of accuracy between observed and simulated gs and

AN. No bias produced by the irrigation treatments was detected.

3.3.2 Automated and continuous simulation of stomatal conductance

and net photosynthesis rate

Once the strong correlation between the dynamics of Js measured in the outer xylem

of the trunk and that of gs in new, sun-exposed leaves in the canopy was confirmed, and

after validating the Farquhar et al. model to estimate AN in the monitored olive trees, we

inferred the time dynamics of gs and AN for 170 days at 30min intervals. The simulated

daily values of maximum stomatal conductance (gs,max, Fig. 3.2a) and net photosynthe-

sis rate (AN,max, Fig. 3.2b) showed that the seasonal dynamics of these variables were

mainly driven by D and the irrigation treatment, i.e. gs,max and AN,max decreased as D

increased (Fig. 3.2c), but they decreased with soil water potential (predawn leaf water

potential, Ψl,pd, was used as a proxy). Thus, lower gs,max and AN,max values were simu-
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Figure 3.1: Comparisons of simulated (a) stomatal conductance (gs) and measured gs and (b) net pho-

tosynthesis rate (AN). Measurements used to calculate the gs calibration equations were not used in the

validation results. Each point represents the average of four trees per treatment. Black symbols are control

trees (100C), irrigated with one drip line (1L, circles), and two drip lines (2L, triangles). White symbols

represent trees under deficit irrigation (45SDI) with one drip line (circles) and two drip lines (triangles).

Dashed line represents the 1:1 relationship and the solid line the linear relationship between modeled and

measured gs. Bars are ± 1 SE.

lated in the 45SDI trees than in the 100C trees (Fig. 3.2d). The number of drip lines had

no effect on these results.

3.3.3 Relationship between accumulated net photosynthesis and growth

Accumulated AN was linearly related to the measured variables associated with veg-

etative growth, i.e. with leaf area (Fig. 3.3a) and number of shoot internodes (Fig. 3.3b).

As mentioned in the Material and Methods section, accumulated AN was calculated

for the condition where the first day of measurement of fruit growth was taken as the

baseline (AN=0). The relationships between accumulated AN and leaf area for the con-

trol irrigation treatments were strong and significant (100C-1L: R2=0.95, p=0.002; 100C-

2L: R2=0.84, p=0.0002), but they were not for water-stressed trees (45SDI). The number

of shoot internodes correlated well with AN (100C-1L: R2=0.95, p <0.0001; 100C-2L:

R2=0.98, p <0.0001; 45SDI-1L: R2=0.76, p= 0.001; 45SDI-2L: R2=0.91, p <0.0001), al-

though in the case of 45SDI trees the slopes of the equations were very small despite the

significant relationship (0.01–0.02 in 45SDI trees versus 0.04 in 100C).

On the other hand, the relationships between both dry fruit weight and oil content

with AN were strong and highly significant for all treatments, with power relationships

providing the best fit (R2=0.92–0.99, p <0.0001). However, the rate of increase in dry

fruit weight was steeper at the beginning of the measurement period (Fig. 3.3c) than at

the end, in contrast to the opposite holding true for oil accumulation (Fig. 3.3d).

An analysis of the regression equations suggests that the rate of increase of number
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Figure 3.2: Temporal variation of (a) simulated daily maximum stomatal conductance (gs,max), (b) simu-

lated daily maximum photosynthesis rate (AN,max), (c) vapor pressure deficit (D) measured at gs,max and

AN,max, (d) predawn leaf water potential (Ψl,pd) in the four irrigation treatments at the Sanabria experi-

mental orchard. Symbols as in Fig. 3.1. Each point is the average of four trees; error bars are not shown

for clarity purposes.

of shoot internodes (Fig. 3.3b) and olive oil accumulation were statistically different be-

tween 100C trees and 45SDI trees (different slopes), with either one or two dripper lines.

In contrast, the slopes of the regression curves between dry fruit weight and accumu-

lated AN (Fig. 3.3c) were similar for all treatments, indicating a similar growth rate for
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Figure 3.3: Relationship between accumulated net photosynthesis (AN) and (a) leaf area, (b) number of

shoot internodes, (c) dry fruit weight and (d) oil content. Symbols as in Fig. 3.1. Solid black and gray

line are well-irrigated trees (100C) with one and two drip lines, respectively and dashed black and gray

represent deficit irrigated trees (45SDI) with one and two drip lines, respectively. Each point for leaf

area and internodes shoots is the average of four plots per treatment. Fruit weight symbols represent the

average of 3-5 fruits. The calculation of accumulated AN started on the first day that dry fruit weight was

measured. Error bars are ± 1 SE.

fruits, regardless of the irrigation treatment.

Overall, and for all treatments, we observed a good agreement between accumulated

AN and both the number of shoot internodes and leaf area. However, the final fruit

weight and the oil content were very similar despite the final accumulated AN being

different for the different treatments (Fig. 3). No statistical differences were found when

comparing the number of fruits or the yield among treatments (Table 3.2), although the

average yield reduction for the 45SDI treatments was 14% compared to the 100C yield.

Table 3.2: Final fruit number per plot, and yield averaged for each treatment. No significant differences

were found among the irrigation treatments.

100C-1L 100C-2L 45SDI-1L 45SDI-2L

Number of fruits (106) 22.3±2.32 25.5±2.97 25±1.73 20.9±8.6

Yield (kg ha−1) 16,817.7± 915.4 17,835.5± 1,082.5 16,062.9± 931.7 14,042.4± 832.7

The accumulated increase in fruit diameter measured with fruit dendrometers fol-

lowed the seasonal dynamics of AN (Fig. 3.4), with the increase in fruit diameter being
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slightly higher in plot 9 tree (45SDI-2L) than in plot 15 tree (100C-2L), despite AN being

higher in the latter tree than in the former. The average fruit diameter was higher in the

100C-2L tree (7.966mm) than in the 45SDI tree (7.598mm) on DOY 231, at the beginning

of the measurement period. However, the temporal dynamics of the fruit diameter in-

crement were closely related to the rate of AN accumulation in the two monitored trees

for each irrigation treatment (Fig. 3.5).

Figure 3.4: Fruit diameter increment and temporal dynamics of accumulated net photosynthesis (AN)

measured in two trees, one well-irrigated (plot 15 tree, 100C-2L) and one deficit-irrigated (plot 9 tree,

45SDI-2L). The lines of fruit diameter correspond to the average of two fruits; standard errors not shown

for clarity purposes. Initial diameter was 7.966 and 7.598 mm on average for the two fruits measured in

100C-2L and 45SDI-2L trees, respectively.

3.4 Discussion

3.4.1 Automated simulation of leaf gas exchange

This study builds on the gs simulation method reported in Hernandez-Santana et al.

(2016b) and presents a new, simplified approach for tracking gas exchange in a continu-
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Figure 3.5: Increase in rate per day of net photosynthesis (AN) and fruit diameter calculated as the sum of

each variable for three days, divided by that number of days. The measurements were conducted in two

fruits of two trees exposed to different irrigation treatments: the plot 9 tree is under deficit irrigation with

two drip lines (45SDI-2L), while the plot 15 tree is well-irrigated with two drip lines (100C-2L).

ous manner and for studying its relationship with leaf area, number of shoot internodes,

fruit growth and oil accumulation in olive trees. These results open the gate to develop

a novel approach to manage the level of stress of the plant by irrigation, although still

some uncertainties must be explored like the determination of photoassimilates parti-

tioning to fruits vs other plant organs under a range of water stress levels, the effect

of xylem-fruit water potential gradients on fruit growth or how to scale-up from fruit

growth to yield considering different crop loads. Stomatal conductance was simulated

from sap flow-related measurements and easy-to-record meteorological values. The pro-

posed approach is sensitive enough to infer stomatal response to soil water availability

and to D, and to quantify their impact on AN (Fig. 3.2). The approach can be fully

automated and provides values representative of the whole canopy (thereby avoiding

errors derived from the natural variability among leaves). Importantly, it does not re-

quire any upscaling, or for any assumptions to be made about any parameter. Moreover,

it does not require the measurement of total leaf area or environmental variables other

than D in contrast to other approaches using sap flow data to simulate gas exchange

at the canopy level (Granier et al., 2000; David et al., 2007; López-Bernal et al., 2015;
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Kučera et al., 2017). Using direct measurements of Js allows the use of sap flow probes

with a single temperature sensor, which makes the method cheaper, as demonstrated by

López-Bernal et al. (2017). In addition, the number of sensors required to assess the level

of water stress is also reduced as it is not necessary to apply the signal intensity con-

cept, in which measurements should be made both in treatment and in reference trees

(Goldhamer and Fereres, 2004).

If used for scheduling irrigation, the described approach has two potential advan-

tages: it is based on absolute values of gs,max, which have a solid physiological meaning

in relation to plant water stress (Medrano, 2002), and allows quantification of the AN lim-

itation imposed by deficit irrigation, which is an indicator of yield (Hernandez-Santana

et al., 2017). Moreover, gs and AN tracking overcomes one of the shortcomings of other

water stress indicators widely used for scheduling irrigation, which do not consider key

intrinsic processes related to fruit development (Bustan et al., 2011). Although the re-

lationships between gas exchange measurements and fruit growth or oil accumulation

are not straightforward, gs and AN provide more information on fruit growth than other

water stress indicators. Stomata regulate the carbohydrate source and, indirectly, the

incoming-outgoing fluxes in the fruit, through their effect on leaf, stem and fruit water

potentials, driven in turn, by osmotic pressure and hydrodynamics (Zonia and Munnik,

2007).

3.4.2 Growth partitioning under water stress

The proposed approach is also able to predict AN, which thus increases the value of

the approach for the management of irrigation. This is due to AN being closely related to

plant growth, function, productivity and yield, in response to water deficit (Flexas et al.,

2004; López-Bernal et al., 2015; Ramírez et al., 2016). As mentioned, AN is, together with

the accumulation of water, i.e. turgor, one of the determinants of fruit growth (Fishman

and Génard, 1998). Our data show that reduced soil water availability, induced by SDI,

modified the supply of photoassimilates through the reduction of AN, and altered the re-

lationships between these photoassimilates and the growth of different plant organs (Fig.

3.3). We found that fruit growth was less affected in water-stressed trees than was leaf

area and the number of shoot internodes. The reduced slopes of the AN-shoot growth

relationship in 45SDI trees and the non-relationship between accumulated AN and leaf

area for that treatment, confirmed that vegetative growth in our water-stressed trees was

reduced. The steeper slopes of the same relationships in well-irrigated trees indicated

that growth occurred to a point suggesting that well-irrigated trees were photosynthe-

sising enough to promote both fruit and vegetative growth. However, under conditions

of water stress, 45SDI trees dedicated most of their AN to fruit growth and oil accumu-

lation (Fig. 3.3). Other authors working with forest and agronomical species reported
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similar results (e.g., Dag et al. (2010), Müller-Haubold et al. (2013), Selås et al. (2002),

Intrigliolo and Castel (2007b), Hacket-Pain et al. (2017), and Hernandez-Santana et al.

(2017)), demonstrating that the competing sink relationships between vegetative growth

(stem or leaves) and fruit production for newly assimilated carbon were dependent on

drought. This indicates that the biological costs of reproduction increase strongly under

conditions of environmental stress, penalizing vegetative growth but having no detri-

mental effect on vegetative growth under favourable climatic conditions (Hacket-Pain

et al., 2017). Accordingly, studies on leaf-fruit water relations in olive suggest that veg-

etative growth is more sensitive to drought than fruit growth, and that this sensitivity

can be modulated by crop load (Dell’Amico et al., 2012; Girón et al., 2015a). However,

this is the first time that the hypothesis of a higher response of vegetative growth ver-

sus reproductive growth to water stress has being tested in olive. We showed that the

relationship between AN and fruit dry matter depends on the level of irrigation. Thus,

in future implementations of the model, the prediction of fruit dry matter accumulation

should consider the increment towards reproductive sinks under water stress condi-

tions. In agricultural species, carbon allocation to reproductive organs is particularly

important in economic terms because of its impact on fruit yield.

3.4.3 Estimation of fruit growth and oil content

Our results support the use of the described approach to simulate the impact of wa-

ter management on fruit and oil yields, which are the major production targets for farm-

ers. More work is needed, however, to achieve the objectives of predicting fruit growth

and thus, crop yield, which is beyond the scope of the present study. First, predicting

fruit growth in terms of fresh weight might even be more complicated because it is de-

termined by water besides biomass accumulation, which in turn, is a consequence of

changes in water flows into and out of the fruit with the parent plant and also of tran-

spiration losses from the fruit (Greenspan et al., 1994; Greenspan et al., 1996; Matthews

and Shackel, 2005). This water fruit balance has been described to change toward the

end of fruit development (Matthews and Shackel, 2005). Moreover, these results may

apply particularly well in olive where the water component is less important than in

other species where water flows are major determinants of fruit growth such as grape

(Greenspan et al., 1996), peach (Morandi et al., 2007b), pear (Morandi et al., 2014a), etc.

Secondly, the relationship between AN and yield is not so straightforward, with yield

determined not only by fruit size but also by fruit number. Fruit number is highly as-

sociated with the number of leafy shoots from the previous year, and therefore, leaf

area plays a key role in determining yield, as was shown for the studied orchard by

Hernandez-Santana et al. (2017). Naor et al. (2013) reported that in trees with a higher

crop load, fruit size decreased, suggesting a stronger competition for assimilates among
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fruits. This was not the case in our study, in which the number of fruits and their size

was statistically similar for all treatments. However, it is likely that under more stress-

ful conditions, or under other conditions in which the ratio between leaf area and crop

load is further reduced, we could have observed a limitation in yield produced by the

number of fruits, as we did in other years in the same orchard (Fernández et al., 2013;

Hernandez-Santana et al., 2017). The effect of the irrigation strategy on yield, whether

regulated or sustained, is not the objective of this work and one irrigation season is not

enough to evaluate the effects of an irrigation strategy on yield. Still, our study shows

a remarkably tight correlation between fruit growth and accumulated AN (Fig. 3.5). In

our case, the main driving variable for AN was D, which has a direct effect on stom-

atal regulation and confirms that diffusional limitations of photosynthesis are the main

constraints for plant production in our environment (Flexas et al., 2014). Mechanistic

models dealing with fruit growth (Lechaudel et al., 2007; Lescourret and Génard, 2005)

could facilitate the calculation of yield based on gas exchange modeling.

As oil production is a key feature of olive cultivation, we also evaluated oil accumu-

lation and observed that the final oil content in the fruit was slightly higher in water-

stressed trees than in well-irrigated trees (Fig. 3.3d). Although accumulated AN did not

start from 0 (Fig. 3.3d) – because the baseline used to calculate accumulated AN was

the first day that fruit growth was measured – the dynamics of oil content accumula-

tion in relation to AN would have been similar if the baseline selected was different. In

agreement with our results, other authors reported for olive that oil content in the fruit

was less affected by water stress than shoot growth (Gómez-del-Campo, 2013), fruit size

(Gómez-del-Campo et al., 2014) or yield (Dbara et al., 2016). It has been demonstrated

that the amount of water in the fruit is most sensitive to decreases in irrigation supplies

than is the amount of oil, which is less impacted by water deficit (Gómez-del-Campo

et al., 2014). In our study, both fruit weight and oil content were expressed in dry weight

terms to avoid misinterpretations due to the impact of the irrigation treatment on the

fruit water content. The fruit dendrometers, however, measured the fruit diameter “in

vivo”, thus including the effect of changes on fruit water content. The use of fruit den-

drometers is promising as these instruments work automatically and provide data with a

high temporal resolution (Figs. 3.4 and 3.5). Similarly to trunk dendrometers, however,

the interpretation of the signal to separate the effect of water relations from biomass

accumulation is challenging (Fernández and Cuevas, 2010; Mencuccini et al., 2013; De

Swaef et al., 2015). In our case, the slightly higher fruit growth in the 45SDI-2L trees,

as compared to the 100C-2L trees, suggests that growth is less affected by the relatively

mild atmospheric demand typical of the end of the summer (Fig. 3.2) in the smaller fruits

of the 45SDI-2L. However, these results should be considered with caution because we

used just two fruit dendrometers per treatment.
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3.4.4 Consequences for scheduling deficit irrigation

Our findings increase the understanding of the trade-off between vegetative growth

and fruit growth, and show that oil accumulation in the olive is dependent on soil wa-

ter availability. A priority in dry environments, which will become even drier in the

future, will be to produce more with less water. To face this challenge, irrigation man-

agement must be adapted to maximize fruit production while avoiding excessive tree

growth. Excessive growth is, in fact, a major a problem in super-high-density orchards

(Connor et al., 2014; León et al., 2007). Applying deficit irrigation strategies designed

to optimize the carbon allocation patterns could lead to trees of reduced size, i.e., re-

quiring less water, without severely penalizing production. Indeed, the large gain in

productivity among fruit tree species is often the result of the manipulation of the car-

bon allocation pattern within the plant, the objective being to increase the number and

size of fruits produced as a result of higher fruit competition for carbohydrates, as has

been conducted in agricultural species for years (Génard et al., 2008). Deficit irrigation

can extend the modification of these patterns further by enhancing fruit load and quality

while controlling vegetative growth. Combined with pruning and a properly designed

fertilization strategy, this approach will help to achieve the right balance between fruit

and vegetative growth.

While a sustained irrigation strategy was used in the present study, regulated deficit

irrigation (Chalmer et al., 1981) is often recommended for super-high-density olive or-

chards (Fernández et al., 2013). However, information is lacking concerning the main

processes underlying crop performance to irrigation, which makes it a challenging task

to design regulated deficit irrigation strategies that are pertinent to specific orchard con-

ditions and production targets. Scheduling irrigation with a mechanistic approach as

was used here could help to establish a regulated deficit irrigation strategy for each

case. Although the relationships established between gs, AN, plant and fruit dry weight,

as well as oil content, could help to establish an irrigation deficit approach based on

physiological measurements, they still have to be assessed further in different olive or-

chards and under various environmental conditions.

3.5 Conclusions

Our results demonstrate that fruit growth can be simulated using accumulated pho-

tosynthesis, being this relation dependent on the level of irrigation. Photosynthesis is not

the only determinant of growth, being the other key variable involved in fruit growth,

turgor pressure, set by stem/fruit water potential gradients, also related to fruit growth

via gs, at least in a daily basis. Future efforts must be focused on studying the inter-

relations among leaf, stem and fruit water relations, as well as the physiological traits
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determining photoassimilate partitioning between both organs. In this sense, the use of

sap flow measurements for monitoring tree performance emerges as a powerful tool to

understand the mechanisms involved in the dynamics of fruit growth in tree crops and

their relationship with leaf gas exchange. Although sap flow monitoring can be used

directly to evaluate the seasonal response to irrigation management, we used it in our

approach to simulate gs empirically. Knowing the diurnal and seasonal dynamics of

gs allows us not only to estimate transpiration with tree leaf area, but also to estimate

photosynthesis. Moreover, our approach could also be used to develop process-based

models of gs, which could help us understand why crops respond differently under

a given environmental condition. Mechanistic models can provide information about

plant responses to increased atmospheric CO2, providing an approach to test mecha-

nisms by which plants can acclimate to changes in the environment. Although the use

of the methodology proposed in this study should be further tested in different species

and under a range of management and environmental conditions, the estimation of gs

and its use in mechanistic models emerge as the core component of the new generation

of methods and tools to schedule irrigation and predict yield in the future.

3.6 Appendix: Biochemical model of photosynthesis

This appendix presents equations necessary to reproduce the model used in this

study to estimate net photosynthesis rate (AN). We estimated stomatal conductance to

H2O (gs) from sap flow as described in the Material and Methods section, following the

procedure described in Hernandez-Santana et al. (2016a) and Hernandez-Santana et al.

(2016b). Then AN was estimated following the widely used biochemical model by Far-

quhar et al. (1980). The supply function for net photosynthesis rate (As) is described by

Fick’s law as

As = gCO2,total.(Ca − Cc) (3.1)

where Ca is ambient CO2, Cc is chloroplastic CO2 and gCO2,total is the total conduc-

tance to CO2 (1/gCO2,total = 1/gs,CO2 + 1/gm). In the former equation gs,CO2 = gs/1.6.

We used the biochemical model of Farquhar et al. (1980) and the gas exchange

equations of Von Caemmerer and Farquhar (1981) to simulate the demand function

for net photosynthesis rate (Ad) based on the RuBP-carboxylation-limited and RuBP-

regeneration-limited rates (Ac and Aq) as follows:

Ad = min(Ac, Aq, Ap)− Rd, (3.2)
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Ac = Vcmax
Cc − Γ∗

Cc + Kc

[
1 + ( oi

Ko
)
] , (3.3)

Aq = J
(Cc − Γ∗)

4(Cc + 2Γ∗)
, (3.4)

where Vcmax is the carboxylation capacity, J is the potential electron transport rate, Cc

is the chloroplastic CO2 concentration, Kc and Ko are the Michaelis constants for RuBP

carboxylation and oxygenation, respectively, O is the oxygen concentration and Rd is the

rate of non-photorespiratory CO2 release.

A nonrectangular hyperbolic function (Farquhar and Wong, 1984) was used to calcu-

late J as a function of irradiance (PPFD),

θ J2 − (αPPFD + Jmax)J + αPPFDJmax = 0 (3.5)

where Jmax is the maximum rate of electron transport under saturating irradiance, α

is the quantum efficiency of electron transport and θ describes the degree of curvature

of the function (Table 3.3).

Table 3.3: Values of carboxylation capacity (Vcmax), the maximum potential electron transport rate (Jmax)

and mesophyll conductance to CO2 (gm) used in this study. These parameters were estimated from the

analysis of AN − Ci measured under field conditions as explained in Material and Methods.

WW WS

Vcmax (µmol m2 s−1) 199.4 ± 19.4 162.2 ± 14.7

Jmax (µmol m2 s−1) 154.2 ± 8.4 170.5 ± 10.6

gm (mol m2 s−1) 0.341 ± 0.064 0.226 ± 0.040

Several parameters in this photosynthesis model have a high dependence on temper-

ature. We used the following equations to describe these temperature dependencies:

y(Tk) = y25exp(c1 − c3T−1
k )

(
1 + exp(c2 − c4T−1

r )

1 + exp(c2 − c4T−1
k )

)
(3.6)

where y(Tk) is the value of a parameter at a temperature Tk (kelvins); y25 is the pa-

rameter’s value at Tk =298.15K (25◦C) (for Vcmax, Jmax and gm those shown in Table 3.3);

Tr =298.15K; and c1, c2, c3 and c4 are empirical parameters whose values used in this

study for olive are suitable in Table 3.4.

At steady state the demand and supply functions are equal (Ad = As), and AN is

given by the intersection of As and Ad:

AN = As ∩ Ad. (3.7)

This intersection leads to a quadratic equation whose positive root is equal to AN.
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Table 3.4: Parameter values used in this study for responses of photosynthetic parameters to temperature.

Values at 25◦C (y25) varied across leaves, treatments and species, except that we assumed y25 = 272.38 Pa

for Kc, 165.82 kPa for Ko and 37.43 Pa for Γ∗, based on Bernacchi et al. (2002). Tr=298.15K.

parameter y c1 (unitless) c2 (unitless) c3 (K) c4 (K) source

Kc 32.6 0 c1.Tr 0 1

Ko 9.57 0 c1.Tr 0 1

Γ∗ 9.87 0 c1.Tr 0 1

Vcmax 18.7 0 c1.Tr 0 2

Jmax 19.53 43.05 c1.Tr 13,608.7 2

gm 32.27 45.87 c1.Tr 13,608.7 3

Rd 18.07 0 c1.Tr 0 2

Sources: (1) Bernacchi et al. (2002); (2) Diaz-Espejo et al. (2006); (3) Diaz-Espejo et al. (2007).
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Abstract

Yield, the final goal in agricultural systems, is highly determined by fruit growth.

However, most works on deficit irrigation did not consider the physiology and dynam-

ics of fruit growth. In this study, we explore the effect of water relations between leaves

and fruits on fruit growth in well-watered (100C-1L) and water-stressed (45RDI-1L)

trees in a super-high-density olive orchard (cv. Arbequina) over a full irrigation sea-

son (June–October of 2017) in southern Spain. Both leaf and fruit water potential were

measured, along with pressure-volume curves. Concomitantly, fruit growth and diur-

nal changes in six fruits of each irrigation treatment were continuously monitored with

fruit gauges, which recorded changes in the equatorial diameter of the fruit. Fruit water

status and growth were greatly affected by water stress, the latter recovering markedly,

following our regulated deficit irrigation strategy. The gradient between leaf and fruit

water potential was positive most of the time for both irrigation treatments, and greater

for 45RDI-1L than 100C-1L trees, which suggests water flow into the fruit. However,

we also observed negative fruit growth in 45RDI-1L which, together with the positive

gradient, suggests that water flow from the parent plant to the fruit was insufficient to

balance fruit transpiration under conditions of water deficit. Although a strong corre-

lation was found between leaf water potential and the amplitude of fruit contraction in

100C-1L trees, this relationship did not hold for 45RDI-1L trees, suggesting a progressive

decoupling of fruit water status from leaves as water stress progressed. Accordingly, an

osmotic adjustment as evidenced by the analyses of pressure-volume curves occurred in

45RDI-1L fruits towards the end of the season. These results indicate that leaf-fruit water

potential measurements may not be sufficient to study fruit-leaf water relationships in

the canopy; however, fruit gauges may serve as highly useful instruments to understand

the water status and daily dynamics of fruit growth.

4.1 Introduction

The world’s agricultural production needs to continue to grow to meet the increasing

demand for food, challenge aggravated by climate change. Production is highly deter-

mined by fruit size, among other factors such as crop load (Naor et al., 2013) and leaf

area (Hernandez-Santana et al., 2017) and thus, the study of fruit growth can provide

information on final yield. Moreover, fruit growth is highly sensitive to water deficit,

which decreases its carbon accumulation and tissue expansion and reduces cell number

(Tardieu et al., 2011). The aforementioned characteristics make fruit growth to be a sen-

sitive water stress indicator, directly related to plant function and yield. Specifically, the

study of the water potential gradients between the parent plant and the fruit which de-
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termine water flux into and out of the fruit and also of transpiration losses from the fruit

(Greenspan et al., 1994; Greenspan et al., 1996), would help to understand the diurnal

diameter fluctuations in fruit size.

Moreover, osmotic adjustment could also contribute to investigate fruit growth and

crop yield under drought stress because it is widely recognized to have a relevant role in

turgor maintenance, which plays a critical role in cell growth (Hsiao et al., 1976; Ho et al.,

1987; Fishman and Génard, 1998). However, despite its relevance, osmotic adjustment in

fruits has been addressed in relatively few studies (Mills et al., 1996; Pomper and Breen,

1997; Girón et al., 2015a).

Interestingly, previous studies on olive trees have shown that fruit growth has pref-

erence over vegetative growth (stem or leaves), especially under water stress conditions

(Iniesta et al., 2009; Dag et al., 2010; Hernandez-Santana et al., 2017). Under such condi-

tions, the fruit is the main sink for new carbon assimilates. Similarly, it has been reported

that olive fruits are the main water sinks during water stress periods, and that this de-

creases in importance under conditions of no water stress (Girón et al., 2015a). However,

opposite results have also been reported (Dell’Amico et al., 2012), being the different

crop load in each study a possible explanation for these contrasting results (Girón et al.,

2015a).

Fruit diameter has been monitored successfully with fruit gauges in different crop

species such as apples (Jones and Higgs, 1982; Zibordi et al., 2009; Morandi et al., 2011c),

pears (Morandi et al., 2014a), peaches (Morandi et al., 2007a; Morandi et al., 2010a),

and kiwis (Morandi et al., 2011b; Morandi et al., 2011a), although studies showing their

use with small fruits are less frequent (Greenspan et al., 1996) and to the best of our

knowledge, they have not been used in olives. Fruit gauge measurements can provide

useful information on daily growth and shrinkage and related water movement into

and out of fruits (Morandi et al., 2007a; Morandi et al., 2010a; Morandi et al., 2011b;

Morandi et al., 2011a; Morandi et al., 2011c). However, as for trunk dendrometers, the

interpretation of data to allow the effect of water fluxes to be separated from biomass

accumulation is challenging which complicates its use as a water stress index (Fernández

and Cuevas, 2010; Mencuccini et al., 2013; De Swaef et al., 2015). Thus, more information

on the mechanisms impacting fruit growth is needed to evaluate its use as a water stress

indicator and its relation to final yield. To the best of our knowledge, this constitutes

the first study of this type on the olive tree and one of the few in other species because

fruit dendrometers are normally used to measure fruit growth in wet or well-irrigated

orchards but they are not usually used to study fruit growth dynamics provoked by

water stress.

The objective of this work is to study the effect of water stress on fruit growth dynam-

ics of trees in a super-high-density olive orchard (cv. Arbequina) and the water potential
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gradient between leaves and fruits as a possible mechanism to explain these dynam-

ics. To fulfill this objective, we established the following aims: (i) to assess changes in

fruit growth in response to water stress; (ii) to evaluate the relations between changes

in fruit diameter and the gradient of water potential between leaves and fruits; and,

(iii) to study osmotic adjustments in fruits as a consequence of water availability. Fruit

growth was measured continuously with fruit gauges and the water potential gradient

between fruits and leaves was assessed with a view to increase our understanding of the

physiological mechanisms underlying fruit growth and water relations in the canopy in

response to water stress. We believe this knowledge is crucial for the development in

the future of new deficit irrigation methods based on process-based models focused on

the improvement of crop water productivity to schedule irrigation and predict yield.

4.2 Material and Methods

4.2.1 Experimental orchard and irrigation treatments

The experiments were performed in a super-high-density olive orchard (Olea europaea

L., cv. Arbequina), located 25 km to the south-east of Seville, Spain (37◦15′N, −5◦48′W).

Trees were planted in a configuration of 4 m x 1.5 m (1667 trees ha-1) at the top of 0.4 m

high ridges oriented N-NE to S-SW. The average annual precipitation (P) and potential

evapotranspiration (ETo) in the area are 501.2 mm and 1498.1 mm, respectively (period

2002-2016). The olive trees were 11 years old at the time of the study. Meteorological

variables were recorded by a Campbell weather station (Campbell Scientific Ltd., Shep-

shed, UK) located in the center of the area covered by the experimental plots, with the

meteorological sensors located above the canopies. The station recorded 30 min average

radiation (Rs), air temperature (Tair), relative humidity (RH) of the air, and total P. The

vapor pressure deficit (D) was calculated as a function of Tair and RH. The crop evap-

otranspiration (ETC) was calculated from the potential evapotranspiration (ETo) mea-

sured by the meteorological station located at Los Molares (ca. 13.5 km from the exper-

imental plots, 37◦10′34”N, 05◦40′22”W). The estimation of ETo was performed by the

Penman-Monteith equation (Allen et al., 1998), with the data regarding air temperature,

air relative humidity, radiation and wind speed. From the ETo data the crop coefficient

approach was used to calculate ETC.

We applied a well-watered (100C-1L) treatment and a water-stressed (45RDI-1L) treat-

ment. Each treatment involved three 12 m x 16 m plots in a randomized block design.

Each plot had 24 trees, and measurements were made in the central 8 trees to avoid

border effects. For the 100C-1L treatment, trees were irrigated daily to replace 100% of

the irrigation needs (IN). IN were calculated daily based on a simplified version of the

stomatal conductance (gs) model tested for this olive orchard by Diaz-Espejo et al. (2012).
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The 100C-1L treatment was assumed to have a soil water content at field capacity, i.e. a

soil matric potential equal to 0. Following this model, gs is described as a function of

D, Rs and tree leaf area, the latter estimated once every two weeks for each plot during

the irrigation season. Measurements were made at dawn with a LAI-2200 Plant Canopy

Analyzer (Li-Cor, Inc., Lincoln, NE, USA) following the procedure described by Diaz-

Espejo et al. (2012). The percentage of sunny to total leaf area was estimated to be 35%

according to Diaz-Espejo et al. (2002) and Fernández et al. (2008b). Assuming a perfect

coupling between canopy and atmosphere, tree water consumption (Ep) was calculated

as Ep = D·(gs,sun·Asun + gs,shade·Ashade), where D is the vapour pressure deficit, gs,sun

and gs,shade are stomatal conductance of new, sun-exposed leaves and old, shaded leaves,

respectively; Asun and Ashade are the corresponding leaf areas of sun and shade leaves,

respectively. Soil evaporation (Es) was estimated according to Orgaz et al. (2006). Fi-

nally, IN were estimated as Ep + Es. We compared the gs results calculated as described

with those simulated through sap flow-related measurements (Hernandez-Santana et

al., 2016a). For the 45RDI-1L treatment we applied the regulated deficit irrigation (RDI)

strategy recommended by Fernández et al. (2013) for super-high-density olive orchards.

This strategy considers three periods over the course of the olive growing cycle dur-

ing which the crop is highly sensitive to water stress. During these periods, irrigation

replaced the crop water needs. Period 1 extended from the final stages of floral develop-

ment to full bloom (second fortnight of April); period 2 took place at the end of the first

phase of fruit development (June); and period 3 related to a period of approximately

three weeks prior to ripening, after the midsummer period of high atmospheric demand

(from late August to mid-September). Between periods 2 and 3 (late June-late August),

the olive tree is highly resistant to drought (Alegre et al., 2002; Moriana et al., 2003; Ini-

esta et al., 2009; Fernández et al., 2013), such that irrigation was only applied twice per

week, amounting to a total of ca. 20% IN for that period. From the end of period 3 to

harvesting (end of October) ca. 40% of IN was supplied. Further details on RDI can

be found in Fernández et al. (2013) and Hernandez-Santana et al. (2016a). For the ex-

perimental period (DOY 151 – 296) the total applied irrigation was equal to 3620.95 and

1631.52 m3 ha−1 for the 100C-1L and 45RDI-1L treatments, respectively. 45RDI-1L was

45% of the 100C-1L irrigation applied.

The irrigation system consisted of a single pipe per tree row with three 2 L h−1 drip-

pers per tree, spaced 0.5 m apart. To assess soil volumetric water content (θ, m3 m−3)

we used a Profile probe (Delta-T Devices Ltd., Cambridge, UK) calibrated in situ (Fer-

nández and Cuevas, 2011; Fernández et al., 2011a), and two access tubes in each plot,

placed 0.1 and 0.4 m from the drippers and 0.5 m from the tree trunk. Measurements

were performed at the time of maximum gs (ca. 9.00 GMT), at depths of 0.1, 0.2, 0.3, 0.4,

0.6 and 1.0 m. For the calculations of average θ for each treatment, a weighted average
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was calculated for each plot with the measurements from 0.1 to 0.4 m, weighted by the

percentage of roots, and then by a simple average of the averages obtained for each plot.

4.2.2 Leaf and fruit water potential

Leaf water potential (Ψleaf) and fruit water potential (Ψfruit) were measured with a

Scholander-type pressure chamber (PMS Instrument Company, Albany, Oregon, USA).

Measurements of Ψleaf were performed every two weeks between day of year (DOY)

151 and 296 (i.e. between May 31 and October 23). Measurements of Ψfruit were made

on the same days but starting from DOY 200 (July 19). Leaves and fruits were sampled

before sunrise (predawn, Ψl,pd and Ψf,pd) and at midday (ca. 11.00 GMT, Ψl,md and Ψf,md).

Additional measurements of both Ψl,md and Ψf,md were performed at DOY 212, 226, 228,

243 and 256. Measurements of both Ψl,pd and Ψl,md were made in two leaves per plot

(n = 3) sampled from current-year shoots of two central trees, from the outer part of the

canopy. The leaf blade was cut to allow the insertion of the leaf petiole into the pressure

chamber. For both Ψf,pd and Ψf,md, two fruits per plot from the central trees of three plots

were sampled (n = 3). The chosen fruits had a long pedicel (ca. 2 cm) to allow the use

of the pressure chamber. Once the fruits and leaves were excised they were placed in a

closed bag with a soaked paper in it with a saturated atmosphere of H2O and CO2 (to

force stomata to close) and avoid transpiration to allow the water potential of the sample

to equilibrate. This bag was introduced in a second zip bag which in turn was introduced

in a black plastic bag inside a field fridge with ice containers. This sampling method also

allowed us to collect all the samples in a very short time, reducing the variability among

them due to different collecting time. Preliminary tests were conducted to test that the

water potential was not changing significantly for hours. Leaf water potential and Ψfruit

were measured precisely in the laboratory on the afternoon of the sampling days using

magnification lens.

Fruit gauges were installed in one fruit of two representative trees per plot, totaling

six monitored fruits per treatment. We used two types of fruit dendrometers; one model

was the FI-XSSF from Solfranc (Solfranc Tecnologias, SL, Tarragona, Spain), and the

other model was adapted using a linear potentiometer model MM(R)10-11 with internal

spring return (from Megatron Elektronik GmbH & Co., Munich, Germany) coupled to a

sensor holder. We had 2 of the Solfranc fruit dendrometers and four of the Megatron fruit

dendrometers per treatment. The fruit dendrometers recorded fruit equatorial diameter

every 5 min with the use of a datalogger (CR1000, Campbell Scientific Ltd., Shepshed,

UK). From the fruit gauge measurements, we calculated cumulative fruit growth as the

maximum daily diameter of the fruit minus the maximum diameter of the previous day.

The fruit daily contraction was obtained by subtracting the maximum diameter from

the minimum diameter of a certain day, which results in negative values. The Megatron
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model was already used by Morandi et al. (2007a) to monitor apple fruit diameter, pre-

senting useful and relevant data. A comparison was performed between the two models

of fruit dendrometers, aiming at analyzing the similarity of the measured data between

each model, showing very similar results(Megatron-Solfranc fruit daily variations for

100C-1L fruits: r=0.86, p <0.0001, slope=1.05 and for 45RDI-1L fruits: r=091, p <0.0001,

slope=1.06).

4.2.3 Pressure-Volume Curves

On DOY 244 (September 7th), four leaves from central trees of the 45RDI-1L treatment

were sampled and immediately subjected to rehydration by immersing their petioles

into distilled water. These leaves were then stored in complete darkness at 2-4 ◦C for 24

hours for complete rehydration. Six fruits from 100C-1L plots and 11 fruits from 45RDI-

1L plots were sampled from central trees by cutting the pedicel immersed in distilled

water and then the fruit was left in distilled water and complete darkness at 2-4 ◦C for

24 hours. These measurements were conducted on four different days for 45RDI-1L

trees (August 28, September 14th, October 19th and 20th) and on two different days for

100C-1L trees (September 1st and October 19th).

After rehydration, pressure-volume (PV) curves were measured by weighing the tis-

sue (leaf or fruit) shortly before measuring its water potential (Ψ) with a Scholander-type

pressure chamber (PMS Instrument Company, Albany, Oregon, USA). At the start of the

curves the increase in pressure was about 0.01 MPa s−1, increasing to 0.1 MPa s−1 for

points with Ψ more negative than -1.8 MPa. After the measurement of the whole PV

curve, the dry weight of the fruit or leaf was obtained by placing samples for 48 hours

in a drying oven maintained at 65◦C.

The PV curves for each leaf and fruit were obtained by expressing relative water

content (RWC) versus the respective water potential (Ψ), where values were plotted for

(100-RWC) against (-1/Ψ). Based on these plots, the turgor loss point (TLP) was obtained

by the inflection point of the relation 1/Ψ vs. 100–RWC, providing the water potential

and the relative water content at the turgor loss point (ΨTLP and RWCTLP, respectively).

The calculation of the osmotic potential at saturation (Ψπ100) was performed according

to Nguyen et al. (2017).

4.2.4 Calculations and Statistical Analysis

We calculated the average Ψleaf and Ψfruit values for each plot and then a general

average and standard error for each treatment. With the average for each plot we calcu-

lated the difference between Ψleaf and Ψfruit (∆Ψleaf-fruit = Ψleaf – Ψfruit), following which

the average ∆Ψleaf-fruit value and its standard error were calculated for each treatment.
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The same approach was used for data regarding soil water content. The vertical bars in

graphs represent the standard error of the mean between the three plots of each treat-

ment.

Data for soil volumetric water content, leaf and fruit water potential and the indexes

calculated by the PV curves were analyzed by the Student’s t-test (two independent

samples). Significant differences (p <0.05) are shown with an asterisk in the graphs. All

data processing and statistical analyses were performed with R 3.2.2 R© software (R Core

Team, 2015).

4.3 Results

4.3.1 Meteorological and soil conditions

Weather conditions during the experimental period (DOY 151 to 296) were typical of

the Mediterranean summer, with daily maximum temperatures (Tmax) exceeding 30◦C

on 80% of days (Fig. 4.1A). Precipitation was scarce, totaling just 17.62 mm on six days

during the 145-day experimental period (Fig. 4.1B). Daily crop evapotranspiration (ETC)

averaged 3.31 mm from the beginning of the experiment until DOY 230 (August 18th),

and decreased thereafter, giving an overall average of 2.82 mm for the experimental

period (Fig. 4.1B). Daily average of vapor pressure deficit (D) was around 2.16 kPa

before DOY 240 (August 28th) and decreased slightly thereafter for an average value of

1.93 kPa for the experimental period (Fig. 4.1C). Of note is the fact that a large number of

days had a maximum D of over 6 kPa, which imposed a large demand for transpiration.

Soil volumetric water content (θ, m3 m−3) in the 45RDI-1L treatment was significantly

lower (ca. 57% lower; p <0.05) than the 100C-1L treatment, between the pit hardening

period and the irrigation recovery period (from DOY 185 to 238, i.e. from July 4th to

August 26th), and also after the irrigation recovery period (Fig. 4.2).

4.3.2 Fruit growth and diameter variation

The average cumulative fruit growth for the 100C-1L treatment was relatively steady

during the early part of the experiment, with a slope of 0.07 mm d−1 from DOY 151 until

DOY 190, and decreasing thereafter (0.018 mm d−1) until approximately DOY 238 (Fig.

4.3). The fruits from the 45RDI-1L treatment, on the other hand, exhibited a decrease,

as evidenced by negative slopes, of cumulative fruit growth during the drought period

(ca. DOY 190 to 238) and after the irrigation recovery period (ca. DOY 262 to 286). The

plot of cumulative fruit growth for the 45RDI-1L treatment had a slope of 0.11 mm d−1

during the pit hardening period (ca. DOY 159 to 185), which was higher than the slope

at the same period for the 100C-1L treatment. The 45RDI-1L treatment also exhibited a
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Figure 4.1: Weather conditions during the irrigation season. Tair - air temperature (◦C); ETC - crop evap-

otranspiration calculated by the Penman-Monteith equation; D - daily average vapor pressure deficit.

Vertical dotted and dashed lines represent the periods when irrigation treatments were irrigated similarly.

high recovery rate at the beginning of the recovery period, with a slope of 0.23 mm d−1

between DOY 238 and 242, reaching a similar cumulative growth rate to that of fruits

in the control irrigation treatment (100C-1L: 6.02 mm; 45RDI-1L: 5.70 mm). Fruits from

both treatments grew at similar rate thereafter.

In agreement with the commented findings, a greater daily equatorial diameter con-

traction was observed for the 45RDI-1L treatment than for the 100C-1L treatment (Fig.

4.4). Fruits from the 45RDI-1L treatment exhibited contractions greater than –0.5 mm

during most of the period when deficit irrigation was applied (ca. DOY 185 to 238).

These contractions followed the irrigation frequency, which was programmed to take

place twice per week, and suggest a close correlation with soil water availability. In con-
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Figure 4.2: Soil water content (θ, m3 m−3) for irrigation treatments. 100C-1L - well watered treatment;

45RDI-1L – water stress treatment. Each point is the average of three plots, with the vertical bars rep-

resenting the standard error of the mean. The dotted and dashed lines represent the periods when irri-

gation treatments were irrigated similarly. Asterisks represent significant difference between treatments

(p <0.05).

Figure 4.3: Cummulative growth in equatorial diameter of fruit (mm), where each line represents the aver-

age of three plots per treatment (100C-1L - well watered treatment; 45RDI-1L - water stress treatment). The

dotted and dashed vertical lines represent the periods when irrigation treatments were irrigated similarly.

trast, fruits from the 100C-1L treatment exhibited a lower contraction due to their daily

irrigation and better water status. It is also interesting to note that the contractions of

fruits from the 45RDI-1L treatment were lower than those from the 100C-1L treatment

during the recovery period (DOY 238 to 262).

The daily patterns (on a 24h time scale) showed that fruit contraction occurred dur-

ing the day light hours (mainly during the afternoon) and its expansion and growth
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Figure 4.4: Fruit daily contraction (mm) calculated for well watered (upper, 100C-1L) and water stress

treatment (lower, 45RDI-1L). Data from a period with less than three fruit dendrometers are represented

as dashed lines. The dotted and dashed vertical lines represent the periods when irrigation treatments

were irrigated similarly.

during the evening/night (Fig. 4.5). However, in periods of maximum stress, 45RDI-1L

fruits were able to grow at night only when irrigation occurred, showing practically no

contraction (Fig. 4.5B; DOY 226 and 229), being the fruit expansion the rest of the nights

much smaller or not happening at all. During the recovery period (from DOY 238 on-

ward), we observed a remarkable growth at nights in 45RDI-1L fruits (Fig. 4.5D), higher

than the expansion showed by 100C-1L fruits for the same period (Fig. 4.5C).

4.3.3 Water relations between fruits and leaves

For the predawn and midday sampling times, and in the period when deficit irriga-

tion was applied (between period 2 and 3 and after period 3), leaf water potential (Ψleaf)

values for the 45RDI-1L treatment were lower than for the 100C-1L treatment, with sig-

nificant differences between both treatments in a few of the measurement days within

that period (p <0.05) (Figs. 4.6A and 4.6B).

Similar findings were obtained for fruit water potential (Ψfruit) (Figs. 4.6C and 4.6D)

in the mentioned periods, when irrigation was lower for the 45RDI-1L treatment than

for 100C-1L, and differences between the treatments were more frequently for Ψfruit than

Ψleaf (p <0.05). Predawn values (Fig. 4.6C) of Ψfruit for the 100C-1L treatment were

always higher than -2 MPa, with a slightly decreasing trend seen over the experimental

period. Midday values of fruit water potential (Fig. 4.6D) ranged from -1 to -2 MPa

for the 100C-1L treatment, and were relatively stable during the measurement period.

In contrast, Ψfruit in 45RDI-1L was lower than -2MPa in predawn measurements and
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Figure 4.5: Fruit daily diameter variations from DOY 226 to 231 (A and B), a period of maximum stress

and from DOY 237 to 242 (C and D), the recovery period, from the 100C-1L (well watered, A and C)

and 45RDI-1L (water stress, B and D) treatments. The shaded areas represent the night hours. Each line

represent data from different fruit dendrometers.

lower than -3 MPa at midday at times when olive trees were water stressed. Predawn

and midday Ψfruit values during the recovery period (period 3) were similar for both

treatments.

The difference between Ψleaf and Ψfruit (∆Ψleaf-fruit = Ψleaf – Ψfruit), i.e. the water po-

tential gradient between leaves and fruits, was relatively stable and close to zero for

predawn values in 100C-1L treated olive trees (Fig. 4.6E), with a slight increasing trend

on the last two measurement days. In contrast, at midday these differences were positive

and only close to zero after the recovery irrigation (Fig. 4.6F). On the other hand, higher

values of ∆Ψleaf-fruit were more often found in 45RDI-1L trees than in 100C-1L trees.
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Figure 4.6: Water potential of leaves at predawn (A) and midday (B) timepoints. Water potential of fruits

at predawn (C) and midday (D). Differences between leaf and fruit water potential measurements at

predawn (E) and midday (F). Each point represents the mean of three plots per treatment, with the verti-

cal bars representing the standard error of the mean. The dotted and dashed vertical lines represent the

periods when irrigation treatments were irrigated similarly. Ψleaf – leaf water potential; Ψfruit – fruit water

potential; ∆Ψleaf-fruit – leaf to fruit water potential gradient (∆Ψleaf-fruit = Ψleaf – Ψfruit); Asterisks represent

significant difference between treatments (p <0.05).

4.3.4 Fruit diameter variations and canopy water relations

Fruit contraction was significantly correlated to Ψleaf in 100C-1L treated olives (R2=

0.48; p <0.001) (Fig. 7). For the 45RDI-1L treatment, however, the Ψleaf – fruit contraction

relationship was more scattered and not statistically significant (p >0.05).
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Figure 4.7: Scatterplot showing values of midday leaf water potential (Ψleaf) and fruit diameter contraction

for the period when severe stress was imposed to the water stress treatment (45RDI-1L). Each point repre-

sents an individual value from each experimental plot. The line represents the linear model obtained for

the well-watered treatment (100C-1L). The linear model obtained for the water stress treatment (45RDI-1L)

was not significant and is therefore not shown.

4.3.5 Pressure-Volume Curves

Parameters calculated from the PV curves measured in leaves (for the 45RDI-1L treat-

ment only) and in fruits (from both treatments) are shown in Table 4.1. Ψπ100 values

for fruits from the 100C-1L treatment were higher than those seen for fruits from the

45RDI-1L treatment although no significant differences between irrigation treatments

were found for Ψπ100 values in fruits. Furthermore, fruits from the 45RDI-1L treat-

ment had significantly lower average ΨTLP values than fruits from the 100C-1L treat-

ment, these being similar to average ΨTLP values obtained in leaves from the 45RDI-1L

treatment.

Table 4.1: Parameters derived from pressure-volume curves measured in olive fruits and leaves. Data

corresponds to the average ± standard error of the mean from fruits of the well-watered (100C-1L) and

from the water stress treatment (45RDI-1L) and from leaves of the 45RDI-1L treatment. Different letters in

the same column mean significant difference (pvalue<0.05, by the Tukey test), lowercase letters between

fruits of 100C-1L and 45RDI-1L treatments and uppercase letter between fruits and leaves of the 45RDI-1L

treatment. Ψπ100 – osmotic potential at saturation; ΨTLP – water potential at turgor loss point.

Tissue Treatment Ψπ100 (MPa) ΨTLP (MPa)

Fruit 100C-1L -1.615 ± 0.11a -1.844 ± 0.08b

Fruit 45RDI-1L -1.954 ± 0.13aA -2.328 ± 0.09aA

Leaf 45RDI-1L -1.488 ± 0.27A -2.349 ± 0.34A
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4.4 Discussion

4.4.1 Response of fruit growth to water stress

In this work we have studied the fruit-leaf water relations in olive trees and their in-

fluence on fruit growth. Although previous studies have extensively researched fruit de-

velopment (Jones and Higgs, 1982; Lang, 1990; Higuchi and Sakuratani, 2006; Greer and

Rogiers, 2009), few have focused on the interaction between water relations of fruits and

leaves in the canopy under conditions of water stress (Greenspan et al., 1994; Greenspan

et al., 1996; Mills et al., 1996; Pomper and Breen, 1997; Dell’Amico et al., 2012; Girón

et al., 2015a).

The results presented here showed significant daily expansion and contraction of

fruit diameters in response to both irrigation treatments (Fig. 4.4), with greater contrac-

tion seen for 45RDI-1L than for 100C-1L in the period when irrigation for the former

was much lower than that for the latter (i.e. between period 2 and 3 and after period 3).

Contractions usually happened in the afternoon and expansion at nights, except for pe-

riods of severe water stress when it did not occur (Fig. 4.5). These increased contractions

reflected fluctuations in soil water content as a consequence of the irrigation scheduling

used for that treatment. In contrast, fruit contraction in response to the 100C-1L treat-

ment was mainly driven by the high vapor pressure deficit present in the study area

(Fig. 4.1). These daily variations, mainly that of daily shrinkage, are usually interpreted

as elastic variations in tissue volume (Lechaudel et al., 2007). Indeed, the daily changes

of fleshy fruits involves a balance between supply and withdrawal of water via the vas-

cular tissue, and losses through transpiration (Clearwater et al., 2012). The observed

daily variations in fruit diameters can be interpreted as changes in water flows into and

out of the fruit. The water stress caused greater fruit contraction during the day light

hours within the deficit irrigated period for the 45RDI-1L treatment compared to 100C-

1L, and the recovery at evening/night was not enough to increase or maintain the fruit

diameter (Fig. 4.5), causing an apparent negative fruit growth (Fig. 4.3).

Under conditions of water stress, there is also a limitation of the carbon assimilated

due to stomatal closure. Hernandez-Santana et al. (2018) demonstrated that cumulative

fruit growth, more specifically biomass accumulation, was directly related to accumu-

lated CO2 assimilation. As other authors have reported (Matthews and Shackel, 2005;

Génard et al., 2008) cumulative fruit growth is determined by biomass accumulation,

confirming that CO2 assimilation plays a major role in fruit growth, together with tur-

gor maintenance. Further studies to examine the effect of water and photoassimilate

relationships between fruits and leaves on fruit growth would help greatly to increase

our understanding of fruit growth mechanisms. Although 45RDI-1L fruits were grow-

ing at a higher rate than 100C-1L fruits in the beginning, likely due to natural variability,
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the drop in the cumulative fruit growth was relevant compared to 100C. However, even

after that significant growth stop the studied 45RDI-1L trees recovered quickly, showing

the daily pattern almost no contraction in some fruits during the afternoon (Fig. 4.5)

such that the final fruit diameter of 45RDI-1L trees became similar to that of fruits from

olive trees subjected to the 100C-1L treatment (Fig. 4.3), similar to what we found in the

same orchard for several years Hernandez-Santana et al. (2017) and Hernandez-Santana

et al. (2018). It is likely that the full irrigation applied during the critical stage of pit

hardening, when most of the cell division and size are defined (Hammami et al., 2011),

helped to reduce differences between water treatments. These results support the irri-

gation strategy used in this work, since water use was reduced, and a similar final fruit

growth was achieved.

4.4.2 Water relations between fruits and leaves under water stress

We identified positive ∆Ψleaf-fruit values (Fig. 4.6) similar to that of Girón et al. (2015a),

although they measured smaller water potential gradients. In the study by Dell’Amico

et al. (2012), which was conducted in the same trees as those used by Girón et al. (2015a)

(44-year-old table olive trees (cv Manzanillo)), even smaller gradients were reported and

in most cases the gradient was negative (leaf water potential was lower than fruit water

potential). In both studies, both leaf and fruit water potentials were higher than values

measured in our study, indicating that the water stress was more severe in our study,

which could explain the greater water potential gradients between leaves and fruits. In-

deed, in the present work, where less stressful conditions prevailed at the end of the

summer (more frequent irrigation and lower evaporative demand), the water poten-

tial gradient became smaller and closer to zero, particularly for midday measurements.

They studied a different cultivar (Manzanilla) than in this study which may help to ex-

plain also these differences. The two aforementioned studies (Dell’Amico et al., 2012;

Girón et al., 2015a) did not report continuous measurements of fruit growth as in our

study, thus making it more difficult to interpret how ∆Ψleaf-fruit affected fruit growth.

In Dell’Amico et al. (2012), fruit size was measured two times during the study, with a

larger fruit size measured in stressed than in control trees. In Girón et al. (2015a), which

reported results more in line with ours, fruit volume was measured regularly (13 times

in 110 days), and they observed also a fruit volume decrease at the end of the water

stress period. With their data they could conclude that water stress provoked that fruit

was a stronger water sink than leaf. However, we demonstrated with our concomitant

measurements of fruit growth dynamics (Figs. 4.3 and 4.5) and leaf-fruit water poten-

tials (Fig. 4.6) that even according to the leaf-fruit water potentials the fruit would be

a stronger water sink, the reduction of the fruit growth diameter may be explained by

an imbalance in water discharge-refilling processes which in turn, may lead to a deple-
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tion of water reserves in fruit exposed to water stress. This gradient towards the fruit

may help olive fruits to recover growth quickly after stress compared to other temper-

ate fruit species, where fruit have less negative water potentials than leaves (Greenspan

et al., 1996; Morandi et al., 2010b; Morandi et al., 2011c). Thus, the study of water sink

relationships between fruits and leaves would benefit greatly from the continuous mon-

itoring of fruit growth, in addition to water potential measurements.

Although, this and the mentioned works (Dell’Amico et al., 2012; Girón et al., 2015a)

were conducted comparing the water potentials of leaves and fruits, fruit vascular flows

are driven usually by the water potential gradient between the stem and the fruit. Thus,

stem water potential would be a more direct measurement influencing fruit water po-

tential changes and their effects on fruit growth and daily shrinkage.

4.4.3 Effect of canopy water relations on fruit growth

As fruits and leaves can be considered as competing sinks for water, it has been

assumed that the difference between fruit and leaf water potential determines the di-

rectionality of water exchange between the fruit and the parent plant (Matthews and

Shackel, 2005). Thus, the positive ∆Ψleaf-fruit observed during maximum water stress

would indicate water flow into the fruit from the parent tree. In this study, this phe-

nomenon did take place in 100C-1L trees, but the greatest positive ∆Ψleaf-fruit measured

in 45RDI-1L trees (Fig. 4.6) coincided with times of fruit contractions in these same trees

(Fig. 4.3) Indeed, the greatest positive ∆Ψleaf-fruit during 45RDI-1L occurred when the

highest fruit contractions were observed.

The enhanced fruit contraction along with positive ∆Ψleaf-fruit could be explained by

an insufficient water flow into the fruit to balance fruit transpiration under water deficit

conditions (Greenspan et al., 1994; Greenspan et al., 1996). Water entering the fruit can be

used for growth, evaporation or, subsequently, a reverse flow to other tissues. The idea

of sustained reverse flows from fruits to other tissues has been challenged (Clearwater

et al., 2012), and it has been hypothesized that this probably occurs only as a transient

morning reversal in sap flow (Higuchi and Sakuratani, 2006; Clearwater et al., 2009)

or when plants undergo severe water stress (Greenspan et al., 1996; Clearwater et al.,

2012). Thus, fruit transpiration together with a reduced fruit water inflow with water

stress may be the most likely explanation for negative fruit growth as reported for other

species (Greenspan et al., 1994; Greenspan et al., 1996; Morandi et al., 2007b; Greer and

Rogiers, 2009; Clearwater et al., 2012), and especially in our case, where ∆Ψleaf-fruit was

positive. The lack of correlation between leaf water potential and fruit contraction in

45RDI-1L trees (Fig. 4.7) may be considered as circumstantial evidence of a high resis-

tance to flow from the parent tree to fruit, which could have resulted in impaired xylem

water exchange in 45RDI-1L trees. In 100C-1L, however, the relationship between leaf
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water status and fruit contractions was robust and significant. A change in the relative

importance of xylem-phloem flows (Matthews and Shackel, 2005) as water stress devel-

ops may help to explain the lack of correlation between fruits and Ψleaf in 45RDI-1L trees

as fruits would have had less influence from xylem Ψleaf. This phenomenon has also

been described to occur towards the end of fruit development, as fruits become stronger

sinks for water and carbohydrates (Mills et al., 1996). In addition, fruit transpiration

has been reported to be relatively independent of stomatal regulation (Greenspan et al.,

1994; Fishman and Génard, 1998; Montanaro et al., 2012), depending mainly on cutic-

ular transpiration driven by vapor pressure deficit (Morandi et al., 2007b; Montanaro

et al., 2012) (Morandi et al., 2007; Montanaro et al., 2012). This would result in a higher

fruit transpiration on those days with remarkable a high atmospheric demand and again

more independent of Ψleaf than leaf transpiration.

The greater importance of phloem compared to xylem flow could also help to explain

the osmotic adjustment observed in 45RDI-1L fruits (Table 4.1) towards the end of the

season (Matthews and Shackel, 2005), as this mechanism relies on the accumulation of

solutes within the cells under water stress. These results indicate that leaf-fruit water

potential measurements alone may not be sufficient to study competitiveness for water

in the canopy. As such, fruit gauges could serve a useful role to help elucidate the water

status and daily dynamics of fruit growth, and to establish deficit irrigation practices.

Indeed, fruit growth is a sensitive water stress indicator as demonstrated here, with a

remarkable capacity of recovery, and importantly, it is directly related to plant function

and yield. These characteristics make fruit growth tracking a good candidate to schedule

deficit irrigation but more work is needed before it can be used with that purpose.

4.5 Conclusions

To the best of our knowledge, this report marks the first attempt to measure fruit

growth dynamics continuously in olive trees and to evaluate the role of water potential

gradients between fruits and leaves on those dynamics at the same time. We confirm that

olive fruit growth is sensitive to water stress and shows a remarkable capacity to recover

following the irrigation strategy employed here. Our results also indicate that the study

of water sink relationships between fruits and leaves would benefit greatly from the

continuous monitoring of fruit growth, in addition to water potential measurements,

as a progressive decoupling of fruit water status from leaves can arise as water stress

progresses. We conclude that the imbalance in water discharge-refilling processes may

lead to a depletion of water reserves in fruit exposed to water stress and accordingly

to a net reduction in fruit diameter. Tracking fruit growth could serve as a promising

approach to schedule regulated deficit irrigation, enabling determination of the level
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of water stress that fruit can experience without affecting the recovery of their full size,

while using less water in the process. Moreover, fruit growth is a highly relevant variable

to measure because of its relationship to fruit yield. While more work is needed to

fully evaluate the usefulness of fruit gauges to schedule regulated deficit irrigation, these

results can be considered a first step towards achieving that purpose. The information

provided by the fruit dendrometers could be integrated in increasingly used mechanistic

models to schedule irrigation and predict yield for different environmental conditions,

management approaches and cultivars. Future work should also consider the effect of

biomass along with water accumulation and their relation to leaf water status.
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Abstract

Fruit dendrometer have been intensively used in the study of fruit crop management

but rarely as a water stress indicator. This occurs despite fruit development being highly

correlated to production. The objectives of this work were to evaluate the usefulness of

the fruit dendrometer to assess water stress in a commercial SHD olive orchard, and to

derive the best water stress index derived from the collected records and to test its poten-

tial to schedule a regulated deficit irrigation (RDI) strategy in the orchard. We compared

fruit dendrometers with trunk dendrometers and ZIM probes (leaf patch clamp pressure

probes), two other methods widely used with the commented purposes, as well as with

physiological measurements of midday leaf water potential (Ψl,md), daily maximum leaf

stomatal conductance (gs,max) and daily maximum net photosynthesis rate (AN,max). All

the sensors were installed in the olive trees at the beginning of the irrigation season,

in both well-watered trees (100C-1L, 100% of the crop water needs supplied) and wa-

ter–stressed trees (45RDI-1L, trees under an RDI strategy supplying 45% of the crop wa-

ter needs). From the indexes derived from the fruit dendrometers, the daily maximum

fruit diameter (MXFD) was considered the best, because it shows the growing trend of

fruit diameter and also the influence of low frequency irrigation events. For the 45RDI-

1L treatment, fruit and trunk daily growth (DGfruit and DGtrunk, respectively) showed

significant correlation with Ψl,md, but only DGfruit presented significant correlations with

gs,max and AN,max. On the days when irrigation was applied DGfruit and the maximum

output value of the ZIM probes (Pp,max) increased, but the DGtrunk responded only one

day after irrigation was applied. We considered that the fruit dendrometer have a poten-

tial as a reliable method to schedule RDI, which is advantageous because fruits are more

directly related to final yield than the other indicators to assess water stress normally

used in commercial orchards. However, as fruit growth is a priority for the trees under

water stress, the use of just fruit dendrometers to schedule deficit irrigation could lead

to a decrease in vegetative growth, which should be considered. Still, a complementary

method to schedule irrigation is required at the beginning of the irrigation season, when

there are no fruits, or they are too small.

5.1 Introduction

Changes in climate, due to the global warming, are increasing the need to better

manage the water use in agriculture, with the consequent need to limit irrigation in areas

with low water availability. One approach to this problem is to improve performance

and efficiency of the irrigation systems. But another important approach is to improve

the irrigation management, mainly from effective deficit irrigation strategies (Fereres



114 5.1. Introduction

and Soriano, 2007; Fernández et al., 2013), and from reliable and methods to schedule

irrigation (Jones, 2004; Fernández, 2017).

The search for an inexpensive, easy to use and precise method to schedule irrigation

has been the aim of many studies. Sensors and related systems providing sap flow (Fer-

nández et al., 2012), trunk diameter variations (Cuevas et al., 2010; Cuevas et al., 2013)

and leaf turgor related measurements (Padilla-Díaz et al., 2016; Padilla-Díaz et al., 2018)

have been tested. Also, thermal images, both at the plant level (García-Tejero et al., 2017)

or above the orchard (Egea et al., 2017; Gonzalez-Dugo et al., 2013; Gonzalez-Dugo et al.,

2015) have been evaluated. Daily changes in fruit diameter have been studied through

the use of fruit dendrometers in crops such as apple (Jones and Higgs, 1982; Zibordi et

al., 2009; Morandi et al., 2011c), pear (Morandi et al., 2014a), peach (Morandi et al., 2007b;

Morandi et al., 2010b), and kiwifruit (Morandi et al., 2011b; Morandi et al., 2011a), aim-

ing at understanding the flows of water and nutrients into and out of the fruits. To our

best knowledge, however, no previous studies have been published on the use of fruit

dendrometers with the aim of assessing water stress in olive.

When assessing new sensors and related systems, as well as water stress indexes

derived from the collected records, to schedule irrigation, authors usually compare the

measurements of the new sensor with concomitant measurements with a well-known,

reliable method, such as leaf water potential (Ψleaf), stem water potential (Ψstem), and

daily maximum stomatal conductance (gs,max). Padilla-Díaz et al. (2016), Padilla-Díaz

et al. (2018), and Fernandes et al. (2017) used Ψstem and gs,max to assess the use of ZIM, or

LPCP, probes in a hedgerow olive orchard with high plant density, or super high density

(SHD) olive orchard, both under full irrigation and deficit irrigation. (Cuevas et al., 2013)

have compared the use of sap flow and trunk diameter variation related measurements

with Ψstem measurements, in different types of olive orchards, to assess the potential and

limitations of each method.

Considering the lack of experiments on the use of fruit dendrometers to assess water

stress in olive, this study aimed: (i) to evaluate the usefulness of the fruit dendrometer

to assess water stress in a commercial SHD olive orchard, and to derive the best water

stress index derived from the collected records; and (ii) to test its potential to schedule

a regulated deficit irrigation (RDI) strategy in the orchard. Changes in fruit diameter

were continuously recorded throughout the irrigation period of 2017 and compared with

changes in trunk diameter (trunk dendrometers), leaf turgor related measurements (ZIM

probes) and midday leaf water potential. Our final aim was to better understand the

relations between fruit growth and plant water status, and to determine whether the

first can be used to schedule irrigation in olive.
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5.2 Material and Methods

5.2.1 Experimental orchard and irrigation treatments

The experiments were performed in 2017 in a super high density olive orchard, lo-

cated at 25 km to the south-east of Seville, Spain (37◦15′ N, −5◦48′ W, 60 m a.s.l.). Trees

(Olea europaea L., cv. Arbequina), were 11 years old at the time of the study. They were

planted in a configuration of 4 m x 1.5 m (1667 trees ha−1) at the top of 0.4 m high

ridges oriented N-NE to S-SW. The soil has a sandy loam texture on the top 0.4 m, with a

sandy clay layer below. The climate in the area is typical Mediterranean with 516.4 mm

and 1528.5 mm average annual precipitation (P) and potential evapotranspiration (ETo),

respectively (period 2002-2017). Meteorological variables were recorded by a Camp-

bell weather station (Campbell Scientific Ltd., Shepshed, UK) located in the center of the

area covered by the experimental plots, with the meteorological sensors located between

1 and 3 m above the canopies. The station recorded 30 min average radiation (Rs), air

temperature (Tair), relative humidity (RH) of the air, and P. ETo values used to sched-

ule irrigation with the crop coefficient approach were collected from a nearby standard

weather station (37◦10′N,−5◦40′W) belonging to the Agroclimatic Information Network

of the local government (Junta of Andalusia).

We applied a well-watered (100C-1L) treatment and a water-stressed (45RDI-1L) treat-

ment from May 19th (day of year - DOY - 139) to October 25th (DOY 298). Each treatment

was applied to four 12 m x 16 m plots in a randomized block design. Each plot had 24

trees, and measurements were made in the central eight trees to avoid border effects.

The irrigation system consisted of a single pipe per tree row with three 2 L h−1 drip-

pers per tree, 0.5 m apart. An automatic controller (Agronic 2000, Sistemes electronics

PROGRÉS S.A., Lleida, Spain) was used for irrigation supply. The 100C-1L trees were

irrigated daily to replace 100% of the irrigation needs (IN). These IN were calculated

daily with a simplified version of the stomatal conductance (gs) model tested for our

orchard by Diaz-Espejo et al. (2012), where gs was described as a function of air vapor

pressure deficit (D), Rs and tree leaf area (LA). The leaf area was estimated at dawn

with a LAI-2200 Plant Canopy Analyzer (Li-Cor, Inc., Lincoln, NE, USA) once every two

weeks for each plot during the irrigation season, following the procedure described by

Diaz-Espejo et al. (2012). Tree leaf area was estimated as described in Section 5.2.4. The

percentage of sunny to total leaf area, estimated after Diaz-Espejo et al. (2002) and Fer-

nández et al. (2008a), was assumed to be 0.35. Vapor pressure deficit hourly values were

predicted for the three following days according to the weather forecast for the stud-

ied area provided by Meteogrid (Madrid, Spain). Assuming a perfect coupling between

canopy and atmosphere (the olive tree has small leaves), tree water consumption (Ep)

was calculated as Ep = D·(gs,sun·Asun + gs,shade·Ashade), where D is the vapor pressure
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deficit, gs,sun and gs,shade are stomatal conductance of new, sun-exposed leaves and old,

shaded leaves, respectively; Asun and Ashade are the corresponding leaf areas of sun and

shade leaves, respectively. Soil evaporation (Es) was estimated according to Orgaz et al.

(2006). Finally, the irrigation requirements (IN) were estimated as Ep + Es. Similarly,

the soil water content dynamic was monitored to confirm that field capacity remained

over the entire irrigation period in 100C-1L plots and therefore the IN applied had been

correctly estimated. The 45RDI-1L trees were irrigated following a regulated deficit ir-

rigation (RDI) strategy first recommended by Fernández et al. (2013) and perfected by

Fernández et al. (2018b) for the orchard conditions. The RDI strategy considers three

critical periods along the olive tree growing cycle, for which the plant is highly sensitive

to water stress and, therefore, irrigation supplies must be equal or close to the irrigation

needs. Period 1 extends from the final stages of floral development to full bloom (in our

area, this usually occurs in the second fortnight of April); period 2 goes from the 6th to

the 10th week after full bloom (June). This agrees with an active phase of cell division

in the fruit, just before the pit offers resistance to be cut with a knife; and period 3, after

the midsummer period of high atmospheric demand, when olive have a marked capac-

ity to recover from water stress (from late August to mid-September). Between periods

2 and 3 (late June to late August) the olive tree is highly resistant to drought (Alegre

et al., 2002; Moriana et al., 2003; Iniesta et al., 2009; Fernández et al., 2013). Therefore,

the RDI trees were irrigated daily on periods 1 to 3 to replace the crop water needs, but

in between periods 2 and 3, they were irrigated twice per week only, replacing ca. 20%

IN in that period. From the end of period 3 to harvesting (end of October) ca. 40% of

IN was supplied, with 2-3 irrigation events per week (see Fernández et al. (2013) and

Hernandez-Santana et al. (2017) for further details). No irrigation was needed, in 2017,

the experimental year, in period 1, because rainfall was enough to replace the crop water

needs. The irrigation season started on DOY 139, i.e. in between period 1 and period 2.

Period 2 was from June 8th to July 4th (DOY 159 to 185), and period 3 from August 26th

to September 19th (DOY 238 to 262).

Two access tubes were installed in each plot, at 0.1 m and at 0.4 m from the drip-

per, and at 0.5 m from the tree trunk, to measure the soil volumetric water content (θ,

m3 m−3) with a Profile probe (Delta-T Devices Ltd., Cambridge, UK) calibrated in situ

(Fernández and Cuevas, 2011). Measurements were performed at the time of maximum

gs (ca. 9.00 GMT), at depths of 0.1, 0.2, 0.3, 0.4, 0.6 and 1.0 m. A weighted θ average

with the measurements from 0.1 to 0.4 m was calculated for each plot, weighted by the

percentage of roots, and then by a simple average of the averages obtained in the plot.

Soil volumetric water content for field capacity in the top 0-0.40 m was 0.28 m3 m−3 and

0.049 m3 m−3 for the permanent wilting point.
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5.2.2 Plant water status and gas exchange measurements

Midday leaf water potential (Ψl,md) was measured at midday (ca. 11.00 GMT) every

two weeks between May 31 (DOY 151) and October 23 (DOY 296) with a Scholander-

type pressure chamber (PMS Instrument Company, Albany, Oregon, USA). One leave

was sampled from each of two central trees per plot, in three out of the four plots, (n

= 3), The leaves were young but dully developed, from near the apex of current-year

shoots in the outer, sunny, part of the canopy. Leaf samples were stored in plastic bags

with moist filter paper until the measurement of Ψl,md were made in the laboratory, on

the afternoon of the sampling days (see Fernandes et al. (2018) for further details).

On the same days and following the same criteria for sampling the leaves, maximum

leaf stomatal conductance (gs,max) and net photosynthesis (An,max) were measured with

a Licor LI-6400 portable photosynthesis system (Li-cor, Lincoln NE, USA) with a 2 cm x

3 cm standard chamber. Two leaves from two central trees in three plots per treatment

(n=3) were measured at ca. 09.00 GMT, the time for maximum daily stomatal conduc-

tance in olive tree (Fernández et al., 1997).

5.2.3 Fruit and trunk diameter variations and leaf turgor related mea-

surements

Fruit dendrometers were installed in three out of the four plots per treatment, in one

fruit of two representative trees per plot, totaling six monitored fruits per treatment.

We used two types of fruit dendrometers; the FI-XSSF model from Solfranc (Solfranc

Tecnologias, SL, Tarragona, Spain), installed in four fruits (two fruits per treatment);

and a model adapted from a linear potentiometer MM(R)10-11 with internal spring re-

turn (from Megatron Elektronik GmbH & Co., Munich, Germany) coupled to a sensor

holder, which we installed in four fruits per treatment (a total of eight fruits). All fruit

dendrometers recorded fruit equatorial diameter every 5 min with the use of a datalog-

ger (CR1000, Campbell Scientific Ltd., Shepshed, UK). The Megatron model was suc-

cessfully used by Morandi et al. (2007a) to monitor apple fruit diameter. A comparison

was performed between the two models of fruit dendrometers (Fernandes et al., 2018),

aiming at analyzing the similarity of the measured data between each model. We found

very similar results (Megatron-Solfranc fruit daily variations for 100C-1L fruits: r=0.86,

p <0.0001, slope=1.05; and for 45RDI-1L fruits: r=0.91, p <0.0001, slope=1.06).

We calculated three water stress indexes from the collected records, similar to those

derived from trunk diameter variations (Fernández and Cuevas, 2010). These indexes

were: (i) fruit daily growth (DGfruit), which is the difference between the maximum fruit

diameter between two consecutive days; (ii) fruit maximum daily shrinkage (MDSfruit),

calculated by subtracting the minimum from the maximum diameter recorded on the
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same day; and (iii) maximum fruit diameter (MXFD), i.e. the maximum diameter recorded

on the day.

Trunk dendrometers (Plantsens radial dendrometer, Verdtech un Nuevo Campo S.A.;

Lepe, Spain) were installed in one out of the two central trees monitored with fruit den-

drometers., i.e. in three trees per treatment. Trunk dendrometers were installed at ca.

20 cm from the soil and connected to a datalogger (CR1000, Campbell Scientific Ltd.,

Shepshed, UK), which recorded the changes in trunk diameter every 30 minutes. From

the recorded trunk diameter variations we derived the daily maximum trunk diame-

ter (MXTD), the trunk daily growth (DGtrunk) and the trunk maximum daily shrinkage

(MDStrunk).

ZIM probes (YARA ZIM Plant Technology, Hennigsdorf, Germany) were installed in

two fully expanded leaves of each tree instrumented with fruit dendrometers, totaling

six leaves per treatment. They were connected to a radio transmitter, which transferred

the data every five minutes to a datalogger in the orchard. Twice a day the storage data

were sent via GPRS to a server of the manufacturer, for the data to be accessible through

the internet. From the daily variations of Pp we derived Pp,max.

5.2.4 Calculations and statistical analysis

The daily maximum output pressure measured with the ZIM probes (Pp,max) was

firstly averaged by plot, and then, the treatments’ average and standard error were cal-

culated with the average from each experimental plot.

Data regarding midday leaf water potential (Ψl,md), maximum stomatal conductance

(gs,max) and net photosynthesis (AN,max) were firstly averaged by plot, then the treat-

ments’ average and standard error were calculated using the average from each experi-

mental plot.

Comparisons of Ψl,md, gs,max, AN,max and θ between treatments were performed by

the t-Student test, as there were only two irrigation treatments, the significant differences

(p <0.05) were identified with asterisks in the graphs. The data regarding DGfruit and

DGtrunk were tested individually against Ψl,md, gs,max and AN,max for correlation, using

the Pearson’s correlation coefficient (r). In the graphs, the Pearson’s correlation coeffi-

cient is shown only when a significant correlation was found (p <0.05). The MDSfruit

and MDStrunk data were also tested for correlation (Pearson’s coefficient) with Pp,max,

considering all the irrigation period.
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5.3 Results

5.3.1 Meteorological and soil water conditions

Weather conditions during the irrigation season were typical of the Mediterranean

climate in the area (Fig. 5.1). Maximum temperature exceeded 30◦C on 80% of the ex-

perimental days (Fig. 5.1A). Daily potential evapotranspiration (ETo) averaged 6.26 mm

from the beginning of the experiment, on May 31st (DOY 151), to August 18th (DOY 230),

with four days with peak values higher than 7.5 mm. Then decreased from mid-August

to the end of the season. The average ETo for the whole experimental period was 5.20

mm (Fig. 5.1B). Daily total solar radiation (Rs) was around 28.42 kJ m−2 before DOY

230 (August 18th) and decreased slightly thereafter, with an average of 24.70 kJ m−2 for

the experimental period (Fig. 5.1C). In ca. 58% of the days, daily Rs values over 25

kJ m−2. Maximum Rs and ETo are normally recorded in July and August, but in 2017

were recorded in June.

Figure 5.1: Meteorological conditions during the experimental period. (A) Air temperature (Tair), (B)

evapotranspiration (ETo), and (C) daily total solar radiation (Rs)
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The time courses of the irrigation amounts (IA) applied in each treatment are shown

in Fig. 5.2A. We calculated the IN for the experimental season with the crop coefficient

approach, to compare it with the IA supplied after using the gs approach described in

Section 5.2.1 to estimate the crop water needs in the orchard. Our data show that IN

estimated with the crop coefficient approach amounted to 4595.27 m3 ha−1. The total

IA supplied to the 100C-1L was 3748.10 m3 ha−1. In other words, the IA values ap-

plied with the gs approach were 81.6% only. The crop coefficient approach is a relatively

coarse method, so this 18.4% difference does not necessarily mean that the gs approach

underestimated IN. Concerning the 45RDI-1L treatment, we applied 1689 m3 ha−1, i.e.

36.8% of IN. Small amounts of precipitation occurred at the end of the irrigation season,

totaling 17.62 mm on a 6-day period (Fig. 5.2A).

The impact of the water supplies on the soil water status of each treatment is shown

in Fig. 5.2. On period 1, the irrigation amounts were lower in the 45RDI-1L treatment

than in the 100C treatment (the adopted 45RDI irrigation strategy advices for IA to be ca.

80% of IN), but this had little effect on the averaged volumetric water contents (θ), such

that no significant differences between treatments were found (Fig. 5.2B). In between

periods 2 and 3, i.e. from July 4th (DOY 185) to August 26 (DOY 239), θ values in the

45RDI-1L treatment were significantly lower (ca. 57% lower; p <0.05) than in the 100C-

1L treatment, in agreement with the lower IA applied to the deficit irrigation on those

weeks. In period 3 the soil water content recovered, although not fully, and from the

end of period 3 to the end of the irrigation season (DOY 262 to 298), they remained

lower than for the 100C-1L treatment, as expected because of the lower IA applied at the

end of the season (Fig. 5.2B).

5.3.2 Plant water status

Midday leaf water potential (Ψl,md) measurements revealed differences between 100C-

1L and 45RDI-1L treatments during the deficit irrigation periods of the irrigation season

(Fig. 5.33). Measurements on periods 2 and 3 showed no differences. In the 100C-1L

trees, values of Ψl,md were above -1.4 MPa (a threshold for the olive water stress, ac-

cording to Moriana et al. (2012)) for most of the irrigation season. The 45RDI-1L trees

showed Ψl,md values lower than -1.5 MPa all over the season, except in periods 2 and

3. The greater irrigation amounts supplied in those periods were enough for the trees

to recover from the previous water stress. After period 3, the 45RDI-1L trees were more

stressed than the 100C-1L trees. For both treatments, therefore, the time courses of Ψl,md

echoed those of θ, as expected.

Measurements of maximum daily leaf stomatal conductance (gs,max) and net photo-

synthesis (AN,max) also revealed a clear impact of the irrigation treatments on leaf gas

exchange (Fig. 5.4). On periods 2 and 3, no differences between treatments were found,
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Figure 5.2: Time courses of the irrigation amounts (IA) for each treatment, precipitation collected in the

orchard (A), and averaged soil volumetric water content (θ) during the 2017 irrigation season (B). For

graph B, each point is the average of three plots, with the vertical bars representing the standard error of

the mean. Different letters show significant differences (p <0.05). The horizontal dashed lines in graph B

represent θ at field capacity and at the wilting point (0.282 and 0.049 m3 m−3) respectively. Dashed vertical

lines represent periods 2 and 3.

Figure 5.3: Time courses of midday leaf water potential (Ψl,md) for each treatment. Dashed vertical lines

represent periods 2 and 3. Asterisks indicate significant difference between treatments (p <0.05). Each

point is the average of two measurements in three experimental plots. Vertical bars represent the standard

error of the mean between the plots.
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either for gs,max or AN,max. On the periods of deficit irrigation, however, both variables

were lower in the 45RDI-1L trees than in the 100C-1L trees. On the first half of the season,

values of both variables recorded in the control 100C-1L trees were typical of olive plants

growing under non-limiting conditions. From mid-August (ca. DOY 220) to the end of

the season, however, lower values of both variables were recorded. This agrees with the

increase in water stress recorded in the 100C-1L trees at the end of the season (Fig. 5.3).

In the 45RDI-1L trees, the lowest values of both gs,max and AN,max were recorded on the

previous days to period 3 (Fig. 5.4B), i.e. at the end of the mid-summer period with

high atmospheric demand and low irrigation supplies. Once again, this agrees with the

dynamics of both soil water content (Fig. 5.2B) and leaf water potential (Fig. 5.3).

Figure 5.4: Time courses of maximum of daily maximum leaf stomatal conductance (gs,max, A) and net

photosynthesis (AN,max, B) along the irrigation season. Dashed vertical lines represent periods 2 and 3.

Asterisks indicate significant difference between treatments (p <0.05). Each point is the average of three

experimental plots. Vertical bars represent the standard error of the mean between the plots.

5.3.3 Fruit dendrometer derived indexes

The DGfruit values recorded in the 45RDI-1L trees present great variations from posi-

tive to negative values during the deficit irrigated periods, in agreement to the frequency

of irrigation on those weeks (Fig. 5.5A). More negative DGfruit values were as θ progres-

sively decreased (Fig. 5.2B). Changes in water supplies also affected the fruit maximum
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daily shrinkage (MDSfruit) values of the 45RDI-1L fruits (Fig. 5.5B). Concerning those

recorded in the 100C-1L, a clear effect of both weather conditions (Fig. 5.1) was also ob-

served. This is not surprising, since both ETo and Rs are main driving variables for olive

transpiration (Fernández, 2014b). For both treatments, the time courses of the daily max-

imum fruit diameter (MXFD) presented a double-sigmoidal curve (Fig. 5.5C), with two

periods in which the slope decreased (100C -1L trees) or even became negative (45RDI-

1L trees), both in between periods 2 and 3 and after period 3. Records from the 45RDI-1L

trees (Fig. 5.5C) show that his MXFD variable also responded to the intermittent irriga-

tion supplies in between periods 2 and 3 and after period 3. The MXFD values for the

45RDI-1L trees show a greater increase in fruit diameter during period 2, in comparison

to the 100C-1L fruits. We have not an explanation for that, since the rest of recorded

variables on soil water content, plant water status and leaf gas exchange show similar

conditions of water stress for the two irrigation treatments. Data in Fig. 5.5 shows a full

recovery of fruit diameter on period 3. This illustrates the outstanding capacity of the

olive tree to recover, at that time of the year, from the stress suffered in between periods

2 and 3 (Lavee et al., 1990; Moriana et al., 2007). At the end of the irrigation period, the

MXFD values were similar for both irrigation treatments.

5.3.4 Water stress indexes from the other plant-based sensors

Contrary to what we expected, the trunk of the 100C-1L trees did not increase much

in diameter during the experimental period. In fact, the diameter of the 45RDI-1L trees

increased more than that of the fully irrigated 100C-1L trees (Fig. 5.6), with the exception

of the periods of severe water stress registered in between periods 2 and 3 and after

period 3 (Fig. 5.3). The MXFD values have been included in Fig. 5.6 for comparison.

Concerning the maximum output pressure (Pp,max) recorded with the ZIM probes,

values recorded in the 100C-1L trees showed, in general, decreasing values in June (ca.

DOY 150-180), in agreement with the increasing soil water content (θ) values (Fig. 5.2).

Also, in between period 2 and 3 the Pp,max increased, as corresponded to the decreasing

θ values. At the end of the season Pp,max values were quite low, in agreement with the

high θ values. The expected inversed correlation between Pp,max and θ was even more

clear in the 45RDI-1L trees, likely because of the greater levels of water stress reached in

those trees (Fig. 5.3). As for the other tested water stress indicators, the irrigation events

in between period 2 and 3 markedly affected the Pp readings.

5.3.5 Impact of low frequency irrigation on MXFD, MXTD and Pp,max

To better analyze the impact of the irrigation events in the value of the tested wa-

ter stress indexes, in Figure 5.7 we represent the values of MXTD, MXFD and Pp,max
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Figure 5.5: Time courses of the three water stress indexes derived from the records of the fruit dendrome-

ters installed in trees of each treatment: daily growth (DGfruit, A); maximum daily shrinkage (MDSfruit, B)

and maximum fruit diameter (MXFD, C). The discontinuous lines refer to the period when less than three

fruit dendrometers were recording data simultaneously. Dashed vertical lines represent periods 2 and 3.

recorded in the 45RDI-1L trees in between periods 2 and 3, when irrigation was applied

twice per week only. For clarity, Fig. 5.7 shows the average value only, without the error

bars. All three variables behaved accordingly to the day when irrigation was applied,

with an increase in MXFD and Pp,max in these days and a decrease as water availability

decreases. However, it should be noted from DOY (191) that the MXTD values increased

one day after the irrigation was applied, showing a different behavior from the MXFD

and Pp,max values. It should also be noted that the fruit is the last one to accuse water

stress and the first one in recovering. The trunk and leaf seem to come in and out of

stress practically at the same time (from DOYs 188 y 238 respectively).
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Figure 5.6: Time courses of daily maximum trunk diameter (MXTD), daily maximum fruit diameter

(MXFD) and daily maximum output pressure sensed by the ZIM probe (Pp,max) for 100C-1L (A, C and

E) and 45RDI-1L (B, D and F) treatments. Dashed vertical lines represent periods 2 and 3. The MXFD data

(A) is presented with dashed lines when the number of functional sensors was lower than three.

5.3.6 Relations between the tested water stress indexes and main phys-

iological parameters

In Figure 5.8 we isolated the MXFD index (derived from fruits dendrometers), and

the Ψl,md and gs,max physiological variables, both for the 100C-1L and the 45RDI-1L ir-

rigation treatments. This allows us to evaluate the agreement between the time courses

of MXFD and those of the two main physiological variables highly correlated to water

stress in olive. As already commented, both Ψl,md and gs,max values suggest low levels of

water stress in the 100C trees. Accordingly, the MXFD values showed constant increase

of fruit diameter, all along the irrigation season (Figs. 5.8A and C). At mid-summer, in

between period 2 and 3, the slope of MXFD decreased, likely as a consequence of the

harsh atmospheric conditions (high radiation and ETo values). For the 45RDI-1L trees,
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Figure 5.7: Time courses of fruit and trunk maximum diameter (MXFD and MXTD, respectively) and

Pp,max measured in 45RDI-1L trees during the deficit irrigation period in between period 2 and 3. Pp,max

- the daily maximum output pressure sensed by the ZIM probe, which is inversely proportional to the

minimum leaf turgor pressure. The arrows indicate the days when irrigation was applied. Before DOY

185 and after DOY 238 irrigation was applied daily (arrows not shown).

changes in the slope of both Ψl,md and gs,max echoed with those of MXFD. Thus during

periods 2 and 3, in which the 45RDI-1L trees received enough water to avoid significant

water stress, MXFD values showed a constant and marked increase in fruit diameter. In

between periods 2 and 3, and after period 3, i.e. on the periods of deficit irrigation, fruit

diameter was clearly affected by water stress (Figs. 5.8B and D) with negative slopes in

MXFD, typical of fruit shrinking. With a great accordance between the increase in MXFD

at the beginning of period 3 and the increase of Ψl,md (Fig. 5.8B). Also, after period 3

MXFD values showed a slight decrease followed by an increase in its values, agreeing

with both Ψl,md and gs,max values. The relatively steady values of Ψl,md and gs,max for the

100C-1L treatment allowed the fruits to grow continuously, with a small decrease in the

slope shortly after period 2, as mentioned before (Fig. 5.8A and C).

Figures 5.5, 5.7 and 5.8 shows that, from the three water stress indexes derived from

the fruit dendrometers, MXFD seems to be the most useful for the assessment of the

tree water stress. The daily growth, both for the fruit and the trunk, is derived from the

daily maximum diameter values so, despite of the apparent lack of response of DGfruit

deduced from Fig. 5.5A, we decide to plot both both DGfruit and DGtrunk versus Ψl,md,

maximum stomatal conductance (gs,max), and net photosynthesis (AN,max), to better eval-

uate any possible relationship (Fig. 5.9) among those water stress indicators. Values of

DGfruit showed significant correlation with Ψl,md for the 45RDI-1L treatment (Fig. 5.9A),

with a Pearson’s correlation coefficient equal to 0.69 (p = 0.003). For the 100C-1L treat-

ment the correlation between DGfruit and Ψl,md was not significant. Similarly, the DGtrunk

data from the 45RDI-1L treatment had significant correlation with Ψl,md (Fig. 5.9B), re-
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Figure 5.8: Time course of the maximum fruit diameter (MXFD) against the time courses of midday leaf

water potential (Ψl,md, graphs A and B) and daily maximum leaf stomatal conductance (gs,max, graphs C

and D), for the 100C-1L treatment (graphs A and C) and for the 45RDI-1L treatment (graphs B and D).

Vertical bars represent the standard error of the mean between the experimental plots. Dashed vertical

lines represent periods 2 and 3.

sulting a Pearson’s correlation coefficient of 0.59 (p = 0.017). The DGtrunk records from

the 100C-1L treatment did not show significant correlation with those of Ψl,md.

For the 45RDI-1L treatment, DGfruit showed significant correlation with gs,max, with

a Pearson’s correlation coefficient (r) equal to 0.81 (p = 0.005), and with AN,max (r = 0.58,

p < 0.01) but for the 100C-1L treatment the correlation was not significant (Fig. 5.9C,

E). Additionally, the DGtrunk data was not significantly correlated either with gs,max or

AN,max, for any of the two irrigation treatments (Fig. 5.9D, F).

To further explore any possible relationship between the studied water stress in-

dicators, we compared the fruit and trunk maximum daily shrinkage (MDSfruit and

MDStrunk, respectively) with the daily maximum value obtained from the ZIM probes

(Pp,max) (Fig. 5.10). For the 100C-1L treatment, the MDS values, both for the trunk and

the fruits, showed significant correlation with Pp,max (Fig. 5.10A and 5.10B, respectively),

being necessary to use logarithm to test the correlation (i.e. Y vs. log(X)), obtaining

Pearson’s correlation coefficients equal to 0.82 and 0.65 for MDSfruit and MDStrunk, re-

spectively (p < 0.001).

On the other hand, the data from the 45RDI-1L treatment only presented significant

correlation for MDSfruit (Fig. 5.10C), but not for MDStrunk (Fig. 5.10D). The correlation

was also tested by comparing the Pp,max with the logarithm of fruit shrinking, resulting

a Pearson’s correlation coefficient equal to 0.44 (p < 0.001).
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Figure 5.9: Relationships between DGfruit and Ψl,md (A), gs,max (C) and AN,max (E); and between DGtrunk

and Ψl,md (B), gs,max (D) and AN,max (F). DGfruit = daily fruit growth; DGtrunk = daily trunk growth; Ψl,md

= midday leaf water potential; gs,max = maximum stomatal conductance; AN,max = maximum net photo-

synthetic.

5.4 Discussion

5.4.1 Relations between indexes derived from plant-based sensors and

plant physiological parameters

The correlation lines for the 45RDI-1L treatment presented in Fig. 5.88A and 5.8B

show that the correlation between DGfruit and Ψl,md is closer to the 1:1 line, in comparison
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Figure 5.10: Correlation graphs between MDSfruit and Pp,max (A and C), and between MDStrunk and Pp,max

(B and D), for the 100C-1L (A and B) and the 45RDI-1L (C and D) treatments. Pp,max – daily maximum

output pressure sensed by the ZIM probe, which is inversely proportional to the leaf turgor pressure;

MDSfruit – fruit maximum daily shrinkage; MDStrunk – trunk maximum daily shrinkage.

to the correlation between DGtrunk and Ψl,md. This fact leads us to hypothesize that there

is a greater hydraulic connection between fruits and leaves than between the trunk and

the leaves. For the 100C-1L treatment these variables (Ψl,md, DGfruit and DGtrunk) did not

present significant correlation. This may be explained by the fact that the well-watered

trees presented data distributed irregularly in a small range of DGfruit, DGtrunk and Ψl,md,

most likely being the atmospheric variables (ETo, Tair, etc.) the main cause of variations

in DGfruit and DGtrunk for the 100C-1L trees.

The significant correlation found between DGGfruit and gs,max for the 45RDI-1L treat-

ment (Fig. 5.8C and 5.8D) and the absence of significant correlation between DGtrunk

and gs,max for both treatments are additional arguments for us to believe in a greater

hydraulic connection between fruits and leaves. A possible explanation for the absence

of significant correlation between DGtrunk and gs,max, for the 45RDI-1L treatment is that
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both variables show different recovery behaviors under water stress. Thus, it may take a

few days for gs,max to recover after rewatering stressed trees, the number depending on

both the severity of the suffered water stress and the length of the previous water stress

period. Thus, Perez-Martin et al. (2011) reported that Ψl,md values in young ‘Manzanilla’

recovered from -6.0 MPa to -1.2 MPa in 36 hours. Fereres et al. (1996) reported that Ψl,md

recovered in about four days in mature ‘Picual’ trees previously stressed to Ψl,md = -8.0

MPa.

The capacity of the trunk to recover from water stress was slower than that of the fruit

and the leaf (Fig 5.7). The fruits, in fact, were affected later by the increasing water stress,

and recovered faster under decreasing water stress conditions. This indicates that the

water stored in the trunk may be consumed first on transpiration than the water stored

in leaves and fruits. The fact that the MXTD responded one day after the application

of the irrigation dose has already been observed previously in olive trees subjected to a

RDI treatment (Cuevas et al., 2013; Fernández et al., 2011b).

Concerning the measurements related to leaf turgor, the comparisons shown in Fig.

5.9 between fruit and trunk maximum daily shrinkage (MDSfruit and MDStrunk, respec-

tively), and the correlations tests, were performed with the hypothesis that the contrac-

tion of fruits and trunks occur approximately at the same time when the Pp values reach

its daily maximum (Pp,max), i.e. at the daily minimum leaf turgor pressure. Our data on

the Pearson’s correlation coefficients obtained for the MDSfruit, MDStrunk and Pp,max for

the 100C-1L trees (Figs. 5.9A and 5.9B) confirms that hypothesis.

For the 45RDI-1L trees, however, data in Fig. 5.9C suggest that the fruit stop its

contraction at a certain time, but Pp,max values continue to increase (ca. Pp,max > 120 kPa).

This effect was observed for lower Pp,max values in the case of MDStrunk (ca. Pp,max > 100

kPa). When testing correlation between MDStrunk and Pp,max, for Pp,max < 100 kPa, we

obtained a significant Pearson’s correlation index (r=0.46, p=0.019). These observations

support our findings, reported above, on (a) the trunk being the first water storing organ

to be emptied under increasing water stress, and (b) under recovering conditions, fruits

and leaves recover first than the trunk.

The fact that the same values of MXFD may occur at different moments of the irriga-

tion season, i.e. when water deficit occurs the fruit decreased in diameter (Figs. 5.5C and

5.6D), impede the direct comparison of its values with values of physiological variables

(Ψl,md and gs,max). That is why we presented the graphs shown in Figure 5.8, aiming

at a merely visual comparison between MXFD values, Ψl,md (Figs. 5.8A and 5.8B) and

gs,max (Figs. 5.8C and 5.8D). From the visual comparison between Ψl,md and gs,max we

may infer that the relatively steady values for the 100C-1L trees (Figs. 5.8A and 5.8C,

respectively) did not affect the fruit growth trend. On the other hand, the graphs from

the 45RDI-1L trees (Figs. 5.8B and 5.8D) allow us to confirm that the fruit apparent nega-
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tive growth occurred concomitantly with lower values of Ψl,md and gs,max, both between

periods 2 and 3 and after period 3.

We hypothesize that the 100C-1L trees did not present a growing trend as the 45RDI-

1L trees due to crop load, which includes fruit size but also number of fruits. Olive trees

with a low crop load because of water stress may have very few fruits of big size, i.e. the

size of the fruit should not necessarily reflect the accumulated water stress (Connor and

Fereres, 2005; Lavee and Wodner, 2004). On the contrary, we observed that the trunks

of the 45RDI-1L treatment trees did grow, despite being an RDI treatment (Fig. 5.6B).

The fruit load was lower in 45RDI-1L than in 100C-1L trees (100C-1L: 12633 ± 3447 kg

fruit ha−1; 45RDI-1L: 7399 ± 276 kg fruit ha−1), which could explain the striking results

on MXTD. The greater fruit load could have responsible that negligible trunk growth in

100C-1L trees, which could have been penalized to satisfy the greater demand of water

from the fruits.

To the best of our knowledge, the present study is the first to present the compari-

son between the correlations of physiological variables (Ψl,md, gs,max, and AN,max) and

water stress indexes derived from the use of fruit dendrometers. Taking into account

the complexity of the processes responsible for fruit growing, further studies are needed

to collect enough knowledge required for a reliable interpretation of the water stress

indexes derived from the use of fruit dendrometers.

5.4.2 Suitability of fruit dendrometers to schedule irrigation in a hedgerow

olive orchard

Several works have been published in which trunk dendrometers have been used to

assess tree water stress published in different types of olive groves (Corell et al., 2014;

Cuevas et al., 2010; Cuevas et al., 2013; Fernández et al., 2011b; Girón et al., 2015b;

Girón et al., 2015c). Basically, all these publications showed that trunk dendrometers

are useful to assess water stress of woody plants in commercial orchards, with a few

exceptions such as that reported by Intrigliolo and Castel (2007b) for grapevine after

veraison. Studies with fruit dendrometers are scarcer (Fernández, 2017; Fernández et

al., 2018a) and, as we have previously mentioned, we are not aware of any publication

on the use of fruit dendrometers in olive, apart from the study by Fernandes et al. (2018),

which corresponds to Chapter 4 of the present PhD. Thesis. Therefore, the comparative

analysis among the water stress indexes tested in this work is new.

Our data shows that, fruit dendrometers can be useful indicators of water stress in

olive, and that, from the three water stress indicators derived from the data collected

by the fruit dendrometers (Fig. 5.5, 5.6 and 5.8), MXFD seems to be the best. First,

deriving MXFD values requires less data processing than deriving DGfruit and MDSfruit

values. Second, and most importantly, the user can assess the time course of plant water
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stress in the orchard just by visualizing the MXFD curve. This does not apply either

to DGfruit or MDSfruit, and it is important because any indicator of water stress suitable

for being used in commercial orchards must be easy to use (Fernández, 2014a). Our

conclusion on MXFD being a better indicator for water stress than DGfruit and MDSfruit,

agree with findings reported from studies with trunk dendrometers by (Cuevas et al.,

2013; Fernández et al., 2011b). The great recovery of fruit diameters from the 45RDI-1L

treatment during period 3 illustrates the outstanding capacity of the olive tree to recover,

at that time of the year, from the stress suffered in between periods 2 and 3 (Lavee et al.,

1990; Moriana et al., 2007). At the end of the irrigation period, the MXFD values were

similar for both irrigation treatments.

The use of MXFD as an indicator of water stress, coincides with that suggested by

(Fernández et al., 2018b) on the use of MXTD as an indicator of trunk water stress. It

was suggested as an alternative to DMXTD (an indicator derived from subtracting MXTD

values from concomitant measurements in reference trees), which was used by Cuevas

et al. (2013) in this same plot, in a study carried out in 2010 with trees under differ-

ent water treatments and in which DMXTD, MXTD and MDStrunk were compared. The

information provided by MXTD is reliable and it does not require the use of reference

trees. Basically, our findings suggest that the grower could just visualize the time course

of the MXFD values to detect the onset and severity of the tree water stress. The on-

set will be indicated by the slope of the MXFD curve becoming similar to zero. If the

slope becomes negative, the level of water stress could be considered as severe. This is

a coarse approach that must be validated for each orchard conditions, but it is validated

by the close agreement we found between MXFD and both Ψl,md and gs,max, two main

physiological variables closely related to water stress. The approach has also the advan-

tages of being both sensitive and user-friendly, two useful features required for effective

irrigation scheduling (Fernández, 2014a; Fernández et al., 2018b).

Still, our findings also show that the usefulness of MXFD as an indicator of water

stress is curtailed by the fact that the fruit water status seems to a priority for the olive

tree as compared to that of the trunk. In other words, if the user relies on MXFD as the

only indicator to assess water stress, he/she can miss events where vegetative growth is

penalized by water stress with no impact on fruit growth. However, this can be useful

in super-high density orchards where it is highly necessary to control vegetative growth

(Connor et al., 2014) and in areas where local conditions induce uncontrolled tree vigor

(Correa-Tedesco et al., 2010) due to difficulties in mechanical harvesting (León et al.,

2007) and a reduction of the long-term orchard productive life. Thus, fruit dendrometers

may constitute a tool to manage excessive vegetative biomass and optimize fruit growth,

but more information is needed.
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5.5 Conclusions

Considering the results obtained in the present work, the knowledge of previous

studies of trunk and fruit dendrometers, and the comparisons presented in this work,

it is possible to conclude that MXFD (maximum fruit diameter) is most probably the

best option among the three indexes derived from the fruit dendrometers, as it presents

good visual correspondence with the increases and decreases of Ψl,md and gs,max along

the irrigation season. MXFD is also useful as it provides the fruit growing trend. It is

also possible to conclude that, for physiological studies, the fruit daily growth (DGfruit)

may be of interest, as it possibly presents good correlation to physiological variables,

depending on the plant water status. Additionally, we can also conclude that leaf turgor

and fruit diameter respond faster to the irrigation events than the trunk diameter when

irrigation is performed in a low frequency (2 to 3 times per week). We also conclude that

fruit dendrometers are able to detect water stress in fruits, although fruits are less af-

fected by water stress than vegetative growth. Thus, the use of the fruit dendrometers to

schedule irrigation in olive trees may cause a decrease in the vegetative growth, which

could be unwanted or an advantage if there is a need to control undesired excessive veg-

etative growth in SHD olive orchards. Further studies on the use of fruit dendrometers

to schedule irrigation are needed to validate the performance of the indexes mentioned

in the present study and schedule deficit irrigation based on their results.
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Figure 6.1: Processes and relationships studied in the different chapters of the present Thesis. The numbers

shown referred to the different chapters

Fruit and olive oil yield are highly dependent on olive fruit size, among other vari-

ables. Although different studies (Gómez-del-Campo, 2013; Gucci et al., 2009; Ham-

mami et al., 2013; Rapoport, 2004; Rapoport et al., 2013) have assessed the anatomy of

fruits during their development, to the best of our knowledge, before this PhD there

were no studies focusing on the physiological mechanisms explaining olive fruit growth

under water stress. According to current knowledge on plant growth control (Körner,

2015; Tardieu et al., 2011) and specifically, on fruit growth (Fishman and Génard, 1998;

Martre et al., 2011), growth is controlled both by the water relationships and the amount

of assimilated carbon that is available for growth. Indeed, carbohydrates provide the

building blocks for plant structure as well as to influence on osmotic potential while wa-

ter is key to maintain plant water potential and cell turgor, required for cell expansion.

Despite their critical role on growth, our understanding of the specific mechanisms and

importance on controlling plant growth is still limited (Körner, 2015).

The only attempts found in olive on studying the relevance of potential gradients

between the plant and fruit on fruit growth were more focused in studying the effect of

water stress on the water relations in phase II of pit hardening (Dell’Amico et al., 2012;

Girón et al., 2015a). However, these authors did not explain the effect of water stress on

daily dynamics of fruit growth and the mechanisms controlling them. Regarding the role

of carbohydrates on growth, to the best of our knowledge there is only one work, but it

dealt mainly with the role of carbohydrate reserves in yield in olive trees (Bustan et al.,

2011). Thus, in the present Ph.D. thesis the main focus was on evaluating fruit growth

and the limiting factors under water stress such as leaf gas exchange, water potential

gradient between leaves and fruits and the competition for assimilates between fruits
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and vegetative growth.

We studied the water relations between leaves and fruits, to comprehend the influ-

ence of leaf to fruit water potential gradient (∆Ψleaf-fruit = Ψleaf – Ψfruit) on the fruit diam-

eter variations and growth. We observed that fruits from water stressed trees (45RDI-

1L) presented an apparent negative growth (i.e. fruit daily shrinkage greater than fruit

diameter recovery) while ∆Ψleaf-fruit values were positive, presenting theoretical water

flow into the fruits (Chapter 4The data on ∆Ψleaf-fruit indicate that the fruit would be a

stronger water sink, therefore, the decrease in fruit diameter very likely indicates that

fruit transpiration was greater than the flow into the fruits, occasioning a reduction of

water reserves in the fruits. The ∆Ψleaf-fruit positive values observed probably allows

olive fruits to recover growth quickly when water is again available to the tree, in com-

parison to other fruit species, in which fruits have less negative water potential than

leaves and less capacity of water stress recovery (Greenspan et al., 1996). As far as we

know, the experiment described in Chapter 4 is the first to study the effect of water re-

lations between fruits and leaves on the fruit growth, with the continuous measurement

of olive fruit diameter variations under water stress.

In addition, to study the dynamics of fruit growth, we investigated it in relation to

vegetative growth (Chapters 2 and 3). We observed, in accordance to other works (Dag

et al., 2010; Intrigliolo and Castel, 2007a; Hernandez-Santana et al., 2017), that the in-

fluence of water deficit was more significant on the vegetative growth (i.e. number of

internodes of current-year shoots’ and leaf area) than on the fruit growth (Chapters 2

and 3), likely reflecting the major sink strength of fruits compared to other organs for

water and photoassimilates found in Chapters 4 and 3, respectively. The relationships

between accumulated photosynthesis (AN) and fruit dry weight and oil content were

strong and highly significant for all treatments, while the relationship between accumu-

lated AN and leaf area was not significant for the water-stressed treatments (Chapter 3),

indicating the priority of fruit over vegetative growth. Additionally, vegetative growth

in terms of current-year shoots’ and leaf area were influenced by the increase of wetted

soil volume, including some days when data from the 45RDI-2L presented significantly

similar values to those from the 100C-1L (Chapter 2). This fact could be explained by

the theoretical greater water availability to the root system and a better distribution of

the applied water in the soil in the two drip lines deficit irrigated treatment (45RDI-2L).

However, no effect of the new drip line was observed on fruit dry weight, for both ir-

rigation doses, calling the attention for the fact that fruits are the highest priority for

the trees, in terms of water and photoassimilates. The experiment described in Chapter

2 was the first study to analyze the effect of a change in the wetted soil volume to the

vegetative and fruit growth of olive trees. Most probably, the increment from one to two

drip lines per tree row is not cost effective, as it mainly affected the vegetative growth,
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but it did not affect the fruit growth (fruit dry weight) and yield (fruit and oil yield).

In fact, our results confirm that deficit irrigation strategies could be used to control ex-

cessive vegetative growth, as fruit growth and development is a priority for the olive

tree.

To conduct the mentioned experiments we developed and applied two different meth-

ods to track fruit growth. Indeed, in Chapter 3 we explained how we calibrated and vali-

dated a model to simulate AN and relate it to fruit growth and in Chapter 4, we describe

the use of fruit dendrometers. Leaf stomatal conductance (gs) was estimated continu-

ously throughout the irrigation season of 2016, from sap flux density measurements and

data of atmospheric vapor pressure deficit. Using the Farquhar photosynthesis model

(Farquhar et al., 1980) and the estimated gs we could simulate AN continuously. The ac-

cumulated AN was compared to the data on vegetative (current year shoot’s number of

internode and leaf area) and fruit growth (fruit dry weight and oil content). Our results

showed strong and highly significant relationships between AN and fruit dry weight and

oil accumulation (Chapter 3), proving the usfulness of continuously simulated AN as a

tool to study fruig growth, oil accumulation and vegetative growth in general. Although

the relationships between AN and fruit growth and yield are very complex, the results of

this approach open could help to predict yield in the future. This was the first time when

irrigation strategies were studied through the relationships between simulated AN and

the vegetative and fruit growth and oil content (Chapter 3).

Parallel to this approach, we also used fruit dendrometers to monitor automatically

and continuously the fruit diameter variations and growth throughout the irrigation

season. We used a linear potentiometer with internal spring coupled to a sensor holder

and, in smaller number, a commercial sensor. The mentioned linear potentiometers were

similar to those used by (Morandi et al., 2007a) in apple fruits. These sensors were capa-

ble to monitor continuously the variations in fruit diameter, with the great advantage of

recording data every five minutes, with low power consumption. Another advantage is

that the data obtained with the fruit dendrometers is easily handled and normalized, dif-

ferent from the trunk dendrometers. Fruit dendrometers are easily installed but require

frequent adjustment of the offset due to its limited range of measurement.

Furthermore, the results obtained from the fruit dendrometers give us valuable infor-

mation on the influence of water availability on the fruit diameter variations and growth

(Chapters 4 and 5). Well-irrigated olive fruits (100C-1L treatment) presented a double

sigmoidal growth curve for fruit diameter during the 2017 irrigation season (Chapters

4 and 5), accordingly to the growth pattern measured in variables such as fruit volume,

fruit fresh and dry weight (Hartmann, 1949; Lavee, 1986), mesocarp width and cell size

(Rallo and Rapoport, 2001). Fruits from the water-stressed treatment (45RDI-1L ) pre-

sented great influence from the irrigation strategy, with great fruit shrinkage during the
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days when the irrigation was not applied, and great expansion (recovery) at the days

when irrigation was applied (Chapter 4). Furthermore, the results obtained through the

measurements of pressure-volume curves reported in Chapter 4 reveal that osmotic ad-

justment actually occurs in olive fruits, being the first time in literature when this kind

of measurement was performed in olive fruits. The occurrence of osmotic adjustment in

olive fruits under water stress is, most probably, a strategy of the olive trees not to lose

the turgor pressure in the fruits and it is a probable explanation to the fast recovery that

olive fruits present when irrigation is applied.

Finally, taking into account the findings reported in Chapters 3 and 4, regarding the

influence of AN and ∆Ψleaf-fruit on fruit growth and development, and considering the

noteworthy results obtained from the fruit dendrometers, there is great interest on the

findings of Chapter 5 regarding the use of fruit dendrometers to assess tree water stress

and schedule irrigation. We analyzed the representativeness and usefulness of the same

dendrometer derived indexes standardized by (Fernández and Cuevas, 2010) for trunk,

used in this PhD. thesis for the daily fruit diameter variations. The findings reported in

Chapter 5 are highly relevant as the fruit dendrometer is a useful tool to automatically

and continuously monitor changes in fruit diameter and fruit growth, being correlated

to the final yield, and it was the first time that fruit dendrometers and its derived indexes

were studied aiming at scheduling irrigation. From fruit dendrometers, the maximum

fruit diameter (MXFD) was more relevant and representative compared to the other in-

dexes, as it reflects both the accumulated growth trend and the variations of fruit di-

ameter due to irrigation events. When compared to maximum trunk diameter (MXTD)

and to LPCP probes maximum output pressure (Pp,max), the MXFD index revealed that

fruits were earlier affected by the beginning of the deficit irrigated period at the 45RDI-

1L trees. Also, results from Chapters 4 and 5 together call the attention to the fact that

monitoring fruit diameter variations supply much more valuable information than the

measurement of ∆Ψleaf-fruit alone.

Additionally, this thesis presents an appendix (Appendix A), which comprehends the

first attempt to obtain classification models for the automatic identification of the water

state based on the daily curves obtained from the output pressure of the LPCP probes in

olive trees.

However, much is yet to be researched, future studies may focus on the flows into

and out of olive fruits, and the hydraulic connections between fruits, stem and leaves.

It would be interesting to perform studies about the contributions of xylem, phloem

and transpiration to olive fruit diameter variations. Future studies may also focus on

the direct application of the fruit dendrometer to schedule irrigation, and possibly the

study of integrating the losses of water by fruits and leaves, aiming at an alternative

way to estimate the whole plant transpiration. The olive fruit osmotic adjustment may
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also be of interest, mainly testing other olive cultivars and at different moments along

the irrigation season. A lot is still to be studied also about the relative importance of

carbon and water flows in growth in general, and specifically on fruit growth. It is in-

teresting to highlight the importance that would have the performance of an experiment

with measurements of ∆Ψstem-fruit (∆Ψstem-fruit = Ψstem - Ψfruit) at different times during

the day, not only at predawn and midday, but every two hours from predawn to sun-

set, and at different phenological stages, for different irrigation doses. A daily cycle of

∆Ψleaf-fruit would be interesting to be able to understand what happens between leaves

and fruits during the daily expansion and shrinkage processes that olive fruits present

(Chapter 4). Additionally, future studies could focus on the information provided by the

fruit dendrometers, from the perspective that it could be integrated in increasingly used

mechanistic models to schedule irrigation and predict yield for different environmental

conditions, management approaches and cultivars. The use of continuously simulated

gas exchange with the proposed method of this PhD should be further tested in different

species and under a range of management and environmental conditions. However, it

seems that the estimation of gas exchange and its use in mechanistic models could help

to improve new methods and tools to schedule irrigation and predict yield in the future.
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• The increment of an extra drip line per tree row influenced positively the root

growth closer to the new wetted soil volume, on both root length density (Lv) and

root surface area per unit volume (Sv), mainly in the deficit irrigated treatments.

• The greater Lv and Sv values, together with the greater fraction of the soil wetted

by irrigation, contributed to a slightly lower water stress levels in the two drip line

treatments as compared to the one drip line treatments, especially under the deficit

irrigation approaches tested.

• The addition of the second drip line increased the vegetative growth, but no benefit

was observed in fruit growth.

• The simulation of the diurnal and seasonal dynamics of stomatal conductance

through sap flow related measurements allows the estimation of accumulated pho-

tosynthesis, which in turn can be used as a tool to study fruit and vegetative

growth in response to water stress.

• The study of water sink relationships between fruits and leaves would benefit

greatly from the continuous monitoring of fruit growth, in addition to water poten-

tial measurements. As a progressive decoupling of fruit water status from leaves

can arise as water stress progresses, the measurement of the water potential gradi-

ent alone may not be enough to understand the water relations between fruits and

leaves.

• The imbalance in water discharge-refilling processes may lead to a depletion of

water reserves in fruit exposed to water stress and accordingly to a net reduction

in fruit diameter.

• Fruit osmotic adjustment was confirmed by the data obtained from the pressure-

volume curves. Fruits from the deficit irrigated treatment presented greater resis-

tance to lose turgor pressure, in comparison to the full irrigated treatment.

• Fruit growth is the first priority to olive trees under water stress, regarding com-

petition with the vegetative growth for photoassimilates and for water.

• Our results confirmed that olive fruit growth is sensitive to water stress but has a

remarkable capacity to recover following a regulated deficit irrigation strategy, as

the one employed in this research. With this, and the former conclusion, we con-

firmed the usefulness of a regulated deficit irrigation strategy to control unwanted

vegetative growth without penalizing severely fruit growth.
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• Maximum fruit diameter (MXFD) is most probably the best option among the three

indexes derived from the fruit dendrometers, as it presents good visual correspon-

dence with the increases and decreases of Ψl,md and gs,max along the irrigation sea-

son. MXFD is also useful as it provides the fruit growing trend.

• For physiological studies, the fruit daily growth (DGfruit) may be of interest, as

it possibly presents good correlation to physiological variables, depending on the

plant water status.

• Leaf turgor and fruit diameter respond faster to the irrigation events than the trunk

diameter when irrigation is performed in a low frequency (2 to 3 times per week).
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Abstract

The leaf patch clamp pressure (LPCP) probe is being used to remotely assess leaf

turgor pressure. Recently, different shapes of the LPCP daily curves have been suggested

as potential water stress indicators for irrigation scheduling. These curves shapes, called

states, have been studied and related to different water stress levels for olives. To our

knowledge, the only way to differentiate these curves shapes or states is through the

visual observation of the dynamics of the LPCP records during the day, which is highly

time-consuming and reduces its potential to automatically schedule irrigation. The aims

of this study were: (i) to obtain a random forest model to automatically identify the

states from daily LPCP curves recorded in olive trees, by using visually identified states

to train the model; (ii) to improve the identification of state II through a second random

forest model, relating this state to the midday stem water potential, and; (iii) to obtain

a random forest model to identify the states based on ranges of stem water potential.

We used LPCP daily curves collected in a commercial olive orchard from 2011 to 2015.

The states were visually identified for the days on which concomitant measurements of

stem water potential and leaf stomatal conductance were made. We had a data set of 307

LPCP daily curves, being 157 curves in state I, 78 in state II and 71 in state III. The two

biggest inflection points of the LPCP curves were used to adjust the models through the

use of the R package "randomForest", using the Leave-p-Out Cross-Validation method.

With the first model, which was obtained from the whole dataset, its data regarding

the inflection points and the visually identified states, we obtained an overall accuracy

of 94.37%. With the second model, obtained with the use of the data regarding curves

visually identified as state II only, the overall accuracy was of 88.64%. This model was

adjusted to be used after the first model, to narrow the stem water potential range of state

II curves. Finally, the third model was obtained using the whole dataset and the states

established from ranges of stem water potential. This last model did not consider the

visual identification, and yielded an overall accuracy of 88.08%. Our results facilitate the

use of LPCP probes, since it allows for the automatic identification of the states related

to leaf turgor pressure, a key information to schedule irrigation.

A.1 Introduction

Deficit irrigation (DI) is applied in fruit tree orchards to ensure production in areas

with low irrigation water availability. A reliable monitoring of the tree water status has

been suggested as an appropriate option to sustainable manage DI strategies. This is

definitely necessary in regulated deficit irrigation (RDI), one of the most effective strate-

gies for fruit orchards, in which severe water stress is avoided with enough irrigation
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during phases of the growing period sensitive to water stress (Fernández, 2014b), while

water supplies are reduced on periods when the crop is less sensitive to drought.

A variety of methods based on plant measurements have been successfully used to

monitor water status in olive trees (Cuevas et al., 2013; Fernández et al., 2013; Girón

et al., 2015a; Padilla-Díaz et al., 2016), apple and pear trees (Fernandez2008), and vine-

yards (Rüger et al., 2011), among other woody crops. However, the use of these methods

is still very limited in commercial orchards, mainly because they are expensive and both

their installation and data interpretation require training (Fernández, 2014a). One of

these methods relies on the use of the leaf patch clamp pressure (LPCP) probe (Zim-

mermann et al., 2008). This is a userfriendly method suitable to monitor water stress

and to schedule irrigation in commercial orchards (Fernández et al., 2011a; Padilla-Díaz

et al., 2016). The LPCP probe contains a miniaturized pressure sensor integrated into a

small metal piece. After being clamped in a leaf, the LPCP probe measures the attenu-

ated pressure (Pp) response of the leaf patch upon the application of a constant clamped

pressure (Pclamp). Values of Pp are inversely proportional to the leaf turgor pressure, Pc

(Ehrenberger et al., 2012). A commercial version of the probe, called ZIM probe (YARA

ZIM Plant Technology, Hennigsdorf, Germany) uses a magnet, instead of a clamp, to

apply Pclamp on the leaf.

From the shape of the daily Pp curves recorded with LPCP probes in olive trees under

different water status, Fernández et al. (2011a) and Ehrenberger et al. (2012) described

three different states, related to the water stress level of the monitored trees: state I ac-

counted for low water stress, state II for moderate water stress, and state III for severe

water stress. They both reported that state I corresponded, for olive, to Ψstem > 1.2 MPa

(being Ψstem the midday stem water potential), state II to 1.2 > Ψstem > 1.7 MPa and

state III to Ψstem < 1.7 MPa. These Ψstem ranges for States I to III may be different in

orchards with different cultivars and locations (Marino et al., 2016). Findings by Fernán-

dez et al. (2011a) and Ehrenberger et al. (2012), and a recent work by Padilla-Díaz et al.

(2016), confirm that the ranges reported above are valid for ‘Arbequina’ trees and for our

orchard conditions.

Both Fernández et al. (2011a) and Ehrenberger et al. (2012), and also Padilla-Díaz et

al. (2016), analyzed the correlation between the state determined from a visual analysis

of the daily Pp curves and the stem water potential (Ψstem) measured with a Scholander-

type pressure chamber. Padilla-Díaz et al. (2016) used the biggest data set and found that

68.3% of the trees in state I showed Ψstem > 1.2 MPa and that 81.8% of those days in state

III presented Ψstem < 1.7 MPa. However, only 32.8% of the trees in state II days showed

values of Ψstem between 1.2 and 1.7 MPa. Their results agree with findings already stated

by Fernández et al. (2011a), in the sense that states I and III are easily defined from a

visual analysis of the curves, and that both states are reasonably well correlated to Ψstem.
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The correlation of state II with Ψstem, however, is low, which could be partly explained by

this state being more difficult to be visually identified by the user. A proper identification

of state II, however, is important when using the LPCP probes for scheduling irrigation,

as it represents a moderate stress level between state I and III. Thus, the appearance of

state II may advice for modifying the irrigation dose or irrigation frequency (Fernández

et al., 2011a; Padilla-Díaz et al., 2016).

An option to improve the identification of states is to use classification methods usu-

ally applied for automatic sensed data. Among them, decision tree classification tech-

niques have substantial advantages for automatically sensed data classification prob-

lems because of their flexibility, intuitive simplicity and computational efficiency (Fayyad

and Irani, 1992; Hampson and Volper, 1986). Moreover, decision trees are strictly non-

parametric and do not require assumptions regarding the distribution of the input data.

In addition, decision trees handle nonlinear relations between features and classes, allow

missing data and are capable of handling both numeric and categorical inputs in a natu-

ral fashion (Fayyad and Irani, 1992; Hampson and Volper, 1986). To improve the predic-

tion accuracy, random forests have been used as a classification method because they are

based on a specific algorithm that uses hundreds of decision trees to achieve a better pre-

diction. Thus, we hypothesize that the identification of states from daily Pp curves can

be substantially improved using the random forest classification method. Other classifi-

cation methods imply some assumptions, such as data normality, and some even require

that independent variables are identically distributed. The linear discriminant analysis

(LDA), support vector machine (SVM) and artificial neural networks (ANNs) could also

be used but they imply relevant assumptions and this curtails their applicability.

This work had three main objectives: (i) to adjust a random forest model to auto-

matically identify the daily states from Pp daily curves recorded in a commercial olive

orchard; (ii) to improve the identification of state II curves through a second random for-

est model; and (iii) to adjust a random forest model to identify the states based on Ψstem

ranges only, without any visual identification. We used a large data set of Pp daily curves

collected along five years from the olive orchard in which Fernández et al. (2011a) and

Padilla-Díaz et al. (2016) worked, and identified characteristic points and tendencies of

the Pp variations during the day as predictors to train the model, together with the states

visually identified.

A.2 Material and Methods

A.2.1 Experimental orchard and irrigation treatments

Measurements were made by Fernández et al. (2011a) and Padilla-Díaz et al. (2016) in

a super-high-density olive orchard (Olea europaea L., cv. Arbequina), located at 25 km
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to the southeast of Seville (37◦ 15’ N, 5◦ 48’ W). It had trees planted at 4m x 1.5 m (1667

trees ha−1), at the top of 0.4 m high ridges oriented N–NE to S–SW. The annual average

precipitation (P) and potential evapotranspiration (ETo) in the area are 501.2 mm and

1498.1 mm, respectively (period 2002–2016). The olive trees were five years old in 2011,

when the experiments started.

In 2011 and 2012 the olive trees were submitted to three irrigation treatments: (i) full

irrigation (FI), in which trees were irrigated for the whole irrigation season to replace

100% of the irrigation needs (IN); (ii) 60% regulated deficit irrigation (60RDI), in which

the trees were irrigated with 60% of the total IN, varying depending on the phenological

phase water requirements, and; (iii) 30% regulated deficit irrigation (30RDI), in which

the trees were irrigated with 30% of the total IN, varying depending on the phenological

phase water requirements.

From the results of 2011 and 2012, Fernández (2014a) concluded that the best irriga-

tion strategy should be between 30 and 60% of the IN. Therefore, from 2013 there were

two treatments: (i) full irrigation (FI), in which trees were daily irrigated for the whole

irrigation season to replace 100% of the irrigation needs (IN), and; (ii) a regulated deficit

irrigation treatment (45RDICC), in which the total water supplied along the season was

aimed to replace 45% of IN. Both treatments were scheduled with the crop coefficient ap-

proach (Allen et al., 1998). See Fernández (2014a) for details. In 2014 and 2015, the olives

were also submitted to FI and to 45RDICC, but in addition we had a 45RDITP treatment,

for which we also used the 45RDI strategy but scheduled from leaf turgor pressure re-

lated measurements, i.e. from the outputs of LPCP probes. See Padilla-Díaz et al. (2016)

for details.

The treatments were distributed in a randomized block design with four 12 m x 16

m plots per treatment. Each plot contained eight central trees surrounded by 24 border

trees. All measurements were taken in the central trees of each plot. The irrigation

seasons lasted from May until the end of October or mid-November (see next section for

details).

A.2.2 Plant water status assessment

During the five experimental irrigation seasons, one leaf per tree from two represen-

tative trees in three plots per irrigation treatment (n = 8) were sampled for measure-

ments of midday stem water potential (Ψstem). The leaves, close to a main branch of tree,

were covered with aluminum foil ca. 2h before measurement with the Scholander-type

pressure chamber (PMS Instrument Company, Albany, Oregon, USA) at 12.00–13.00 h

(GMT). These measurements were taken all along the irrigation seasons (May to Octo-

ber): from DOY 165 to 293 in 2011; from DOY 130 to 292 in 2012; from DOY 133 to 301 in

2013; from DOY 116 to 324 in 2014, and; from DOY 98 to 298 in 2015.
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Maximum leaf stomatal conductance (gs,max) was measured in one leaf per tree from

two representative trees in four plots per irrigation treatment (n = 8). The leaves sampled

were the 4th or 5th leaf from the apex of current-year shoots, from the outer part of the

canopy, facing S–E at ca. 1.5 m above ground. We used an open flow single pass gas

exchange system with a standard 2 x 3 cm chamber (Li-6400, Li-Cor Inc., Lincoln, NE,

USA), at 8.00–9.00 h (GMT) which, according to Fernández et al. (1997) is the hour of

gs,max. The measurements were made in the same days than those of Ψstem.

The measurements of both Ψstem and gs,max were performed in trees considered rep-

resentative of those in each plot in terms of canopy size, leaf area, water status and gas

exchange. For both variables (Ψstem and gs,max) the average value of the two leaves was

considered.

One tree in three plots per irrigation treatment was monitored with LPCP probes to

monitor the state. As mentioned before, the output of these probes was used to schedule

irrigation during the 2014 and 2015 irrigation periods. To monitor water status with the

LPCP probes, one central tree was chosen, being representative to the plot, regarding

size, leaf area, water status and gas exchange. In the chosen trees, a fully expanded leaf

was chosen from a current-year branch at an approximate height of 1.5 m above ground

at the east side of the canopy. The LPCP probes were installed at DOY 153, 103, 115, 97

and 126 for the years of 2011, 2012, 2013, 2014 and 2015, respectively. In total, there were

nine LPCP probes in 2011, 2014 and 2015; eight probes in 2012 and six probes in 2013.

From the irrigation periods of the five experimental years, we obtained 307 Pp daily

curves corresponding to the days of concomitant measurements of LPCP probes (Pp),

Ψstem and gs,max. The 307 Pp daily curves collected along the five irrigation seasons were

observed to identify the state, according to Fernández et al. (2011a) and Ehrenberger et

al. (2012). Typical Pp curves for each state are shown in Fig. A.1. As stated by Fernán-

dez et al. (2011a) and Ehrenberger et al. (2012), state I corresponds to a Pp curve with

maximum values at then central hours of the day and minimum values during the night

(Fig. A.1a). State II is characterized by a Pp curve (Fig. A.1b) with a decrease in Pp val-

ues by early afternoon and an increase in late afternoon, i.e. with two peaks during the

day. This curve is also known as half-inverted curve. And state III is characterized by a

fully inverted curve, with higher values during the night and minimum values during

the day (Fig. A.1c). To obtain the random forest models we have provided the known

state for each day, i.e. the state identified by visual observation of the Pp daily curves.

This was necessary because random forest models are obtained through a type of anal-

ysis known as supervised classification or supervised machine learning, which requires

teaching the model the pattern to be predicted or imitated.
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Figure A.1: Typical daily Pp curves for each state: (a) state I (low water stress); (b) state II (moderate water

stress) and; (c) state III (severe water stress). The gray areas represent the night. Pp - the output pressure

sensed by the LPCP probe, which is inversely proportional to the leaf turgor pressure

A.2.3 Pp daily curves analysis

Through the observance of daily Pp curves for each state, we identified different in-

dicators that could be used to characterize and differentiate the state. These indicators

allowed us to derive numbers from the Pp curves, which could be used as predictors of

the random forest models. The indicators, represented in Fig. A.2, were: (i) the slope

of the linear regression of the values between the maximum and minimum Pp (slope1);

(ii) the slope of the linear regression of the Pp values between 16.15 GMT and the end of

the day (slope2) which comprehends the afternoon hours when vapor pressure deficit

(Da) decreases and the leaves recover its turgor pressure. This time was established

by observing the overall behavior of the curves, in most cases, the change in the slope

of the curve corresponding to the last part of the day occurred around that time, and

16.15 GMT was the closest to the actual average value; (iii) the moment of the day when

started the biggest fall of Pp value (max1); (iv) the duration of the fall starting at max1

(pmax1); (v) the ratio between the beginning and the end of the fall of Pp values starting

at max1 and lasting pmax1 (rat1); (vi) the moment of the day when started the second

biggest fall of Pp value (max2); (vii) the duration of the fall starting at max2 (pmax2),

and; (viii) ratio between the beginning and the end of the fall on Pp values starting at

max2 and lasting pmax2 (rat2).

A.2.4 Statistical analysis

For each day, the data from the LPCP probes were filtered using the moving average

method (Wei, 2006), with the use of 20 data points, ten before and ten after, for the

calculation of each moving average. For all data mining and statistical procedures the

R 3.2.2 (R Core Team, 2015) was used. The R package randomForest (Liaw and Wiener,
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Figure A.2: Graphical representation of predictors for the use in random forest models, as usually seen in

state I (a), state II (b) and state III (c) Pp daily curves. The tangents of the dashed and dotted lines represent

slope1 and slope2, respectively; points A and C represent the beginning of the inflection (‘max’); pmax is

the horizontal distance between points A and B and between C and D, and; the ratio between Pp values

in A and B and between C and D is ‘rat’, i.e. the ratio between the Pp value at the beginning and at the

end of the inflection. Pp – the output pressure sensed by the LPCP probe, which is inversely proportional

to the leaf turgor pressure.

2002) was used to adjust the random forest models, using 1000 trees for each Random

Forest model obtained.

To fulfill the three objectives of this study and obtain the best model, the Leave-p-

Out Cross Validation method (LpO CV, Arlot and Celisse (2010) and Shao (1993)) was

used. This method consists on randomly dividing the data set into three sets (1, 2 and 3),

using two of them to obtain a model and the third one to validate it. This procedure was

repeated for three times, each with a different pair of sets of data (1 and 2; 2 and 3, and 1

and 3). From the resulting three models we chose the one with the best overall accuracy

and tested it against the whole dataset.

The LpO CV was used with all the 307 Pp daily curves, its predictors (Fig. A.2) and

the state visually identified, in order to obtain a random forest model capable of iden-

tifying the states in an automatic way, as similar to the visual identification as possible.

The chosen model in this part will be named as "rf1", to facilitate future explanation of

results.

Secondly, the LpO CV was used to adjust a random forest model specifically for the

Pp daily curves that were visually identified as state II. Some of these curves presented

physiological characteristics (Ψstem and gs,max) typical of state I or III. We wanted to ob-

tain a random forest model able to clearly differentiate state II curves with Ψstem and

gs,max values typical of that state, from the rest of state II curves with Ψstem and gs,max

values normally found in curves of states I or III. For this, the data of state II days was

separated into three groups: (i) group II.1 with Ψstem > 1.5 MPa and gs,max > 0.2 mol

m−2 s−1, which physiologically should correspond to state I but were visually identi-
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fied as state II; (ii) group II.2 with Ψstem between 1 and 2 MPa and gs,max between 0.1

and 0.2 mol m−2 s−1, which physiologically should correspond to state II and were in-

deed visually identified as state II, and; (iii) group II.3 with Ψstem < 3 MPa and gs,max <

0.1 mol m−2 s−1, which physiologically should correspond to state III but were visually

identified as state II. The total data obtained in these three groups were 44 curves, 17

from group II.1, 18 from group II.2 and nine from group II.3. The Ψstem and gs,max ranges

used to split state II were used as a trial to narrow the variety of curves in each group,

this is why they are different from the ranges mentioned by Ehrenberger et al. (2012)

and Fernández et al. (2011a). The same predictors that were used for rf1 (Fig. A.2) were

also used to obtain this random forest model. The model with higher overall accuracy

was chosen, being named "rf2". Both rf1 and rf2 were then used together, first rf1 was

applied to all the data and following rf2 was applied for the curves predicted as state II

by rf1.

Finally, we applied the LpO CV method to the whole dataset, not using the states

visually identified but with the states being established as ranges of Ψstem. The Ψstem

ranges to establish the states were: (i) State I Ψstem > 1.2; (ii) State II Ψstem between 1.2

and 1.7 MPa, and; (iii) State III Ψstem < 1.7 MPa. For this we used the whole data set

of 307 curves, the same used for rf1, using the same predictors as for rf1 and rf2 (Fig.

A.2). We obtained 121 curves with Ψstem in the range characteristic of state I, 67 in the

range of state II and 118 in the range of state III. These Ψstem ranges were used to follow

the results and conclusions obtained by Ehrenberger et al. (2012) and Fernández et al.

(2011a) as mentioned before. The obtained model was used to predict states for the

same data set, and then plotted its Ψstem and gs,max with different colors for each state.

The chosen model will be named "rfp". In Fig. A.3 there is a graphical representation of

the rf1, rf2 and rfp models as a workflow of these three random forest models.

From the dataset of physiological variables we have plotted Ψstem versus gs,max in

different symbols according to the state visually identified and predicted both by rf1

and rf2 used together and by rfp. These plots helped us to calculate what we called as

percentage of agreement for each model, i.e. how each random forest model was able to

match the states and its characteristic Ψstem ranges (Ehrenberger et al., 2012; Fernández

et al., 2011a).

A.3 Results

A.3.1 States and physiological variables

The Ψstem vs. gs,max values, measured on days with different states visually identified,

are shown in Fig. A.4.

From the analysis of the Ψstem ranges for each state (Fig. A.4) we obtained that 57.3%
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Figure A.3: Representation of the rf1, rf2 and rfp models as workflows. The input data are the data

supplied to obtain the model, the output data is the data (states or groups) predicted by each model. Ψstem

– stem water potential; gs,max – maximum leaf stomatal conductance (mol m−2 s−1); slope1 – the slope of

a linear regression line between the maximum and minimum Pp value of each day; slope2 – the slope of

a linear regression line between the Pp values from 16.15 GMT and the end of the day; max1 and max2

– the points where the two biggest inflection points in each day begin; pmax1 and pmax2 – the duration

of the inflections which started at max1 and max2 (respectively); rat1 and rat2 – the ratio between the

Pp values between the beginning and the end of the inflections starting at max1 and max2 (respectively).

Group II.1 constituted by Pp daily curves identified as state II but with physiological values characteristic

of state I. Group II.2 is constituted by Pp daily curves identified as state II and with physiological values

characteristic of state II curves. And group II.3 is constituted by Pp daily curves identified as state II but

with physiological values characteristic of state III curves. Pp – the output pressure sensed by the LPCP

probe, which is inversely proportional to the leaf turgor pressure.

of the state I curves correspond to Ψstem > 1.2 MPa, 24.4% of the state II curves corre-

spond to Ψstem in the range from 1.2 to 1.7 MPa, and 87.3% of the state III curves corre-

spond to Ψstem < 1.7 MPa. The average of these percentages weighted by the number of
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Figure A.4: Scatter plot between stem water potential and maximum leaf stomatal conductance according

to the states visually identified through the Pp daily curves. State I curves as black dots, state II as gray

squares and state III as white triangles. Pp – the output pressure sensed by the LPCP probe, which is

inversely proportional to the leaf turgor pressure.

curves of each state was 55.9%. This number could be considered as an indicator of the

accuracy of the states’ visual identification.

A.3.2 Random forest model based on visual identification of the states

We used the predictors of the 307 curves and the visual identification of the states to

obtain a random forest model (rf1 model) through the LpO CV method. The rf1 model,

when used with the whole dataset resulted in the confusion matrix shown in Table A.1.

The rf1 model presented an overall accuracy of 94.4% (Table A.2), with accuracies of

97.4, 92.2, and 89.9% for states I, II and III, respectively (Table A.1). For the three states

the rf1 model presented a high accuracy level, approximately 90%.

A.3.3 Random forest model for the state II curves

The confusion matrix of the rf2 model obtained with the data from state II splitted

into II.1, II.2 and II.3 groups when tested with the data of the three groups is shown in

Table A.3.

The rf2 model presents an overall accuracy of 88.6% (Table A.2), and accuracies of

100, 77.8 and 88.9% for the groups II.1, II.2 and II.3, respectively (Table A.3). It is evident

that the model presented better accuracy for the groups II.1 and II.3 than for group II.2.
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Table A.1: Confusion matrix and accuracies, for each state, for the rf1 model when tested against the whole

data set of the 307 Pp daily curves from the experimental trees. Data in the table show the number of curves

in which the state determined through visual analysis (Reference) agreed with the state predicted by the

model (Prediction) as well as the number of curves in disagreement between Reference and Prediction.

Reference

Prediction I II III

I 152 3 0

II 3 71 7

III 1 3 62

Accuracies 97.4% 92.2% 89.9%

Table A.2: Random forest models’ datasets, overall accuracies, error rates and percentages of agreement.

In the case of the percentage of agreement shown for model rf2, it was obtained with the joint use of

models rf1 and rf2 together.

Model Dataset overall accuracy (%) Error rate (%) % of agreement

rf1 307 Pp daily curves 94.4 5.6 55.9

rf2 44 Pp daily curves 88.6 11.4 61.9

rfp 307 Pp daily curves 88.1 11.9 84.4

Actually it showed no error for the group II.1 (Table A.3).

The states predicted by rf2 and its corresponding Ψstem and gs,max values were plotted

in Fig. A.5a. We have also applied the rf2 model to all the state II data, regardless of the

range of Ψstem and gs,max (Fig. A.5b).

The data predicted by the rf2 model agreed with the expected results: points from

group II.1 corresponds the highest Ψstem and gs,max values; points from group II.2 were

in the central area of the plot and points from group II.3 corresponded to the lowest Ψstem

and gs,max values.

The rf2 model was then applied for the curves identified as state II by the rf1 model

(Fig. A.6). Fig. A.6b shows the same data than Fig. A.6a, but after grouping the results

from the rf1 and rf2 models, i.e. after considering the points from group II.1 as state I

and those from group II.3 as state III. The points from group II.2 are represented as state

II.

The use of both rf1 and rf2 (Fig. A.6) enabled a better Ψstem and gs,max range definition

for the three turgor states than the visual identification (Fig. A.3) or the use of rf1 alone.

Data from group II.1 and II.3 (predicted by the rf2 model) were close to the ranges of

state I and state III, respectively (Fig. A.5a). Most of the data identified as state II by the

use of both rf1 and rf2 are in a range of Ψstem from 1 to 3 MPa, and correspond to gs,max

values below 0.2 mol m−2 s−1 (Fig. A.5b). It is a considerable improvement of the range
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Table A.3: Confusion matrix and overall accuracy for the rf2 model. The II.1 to II.3 groups are the groups

in which the state II curves were split to obtain the model. A total of 44 curves were considered in the

analysis. Data in the table show the number of curves in which the group determined according to the

Ψstem and gs,max values (Reference) agreed with the group predicted by the model (Prediction), as well as

the number of curves in disagreement between Reference and Prediction.

Reference

Prediction II.1 II.2 II.3

II.1 17 2 0

II.2 0 14 1

II.3 0 2 8

Accuracies 100% 77.8% 89.9%

of the physiological variables of state II when compared to the visual identification (Fig.

A.4).

Through comparison between results from Fig. A.6 (predicted by the rf2 model) and

the Ψstem measurements, we obtained that 56.0% of the state I curves corresponded to

Ψstem > 1.2 MPa, 31.4% of the state II curves corresponded to Ψstem in the range from

1.2 to 1.7 MPa, and 80.9% of the state III curves had Ψstem < 1.7 MPa. Calculating the

average of these percentages weighted by the number of curves of each state we obtained

an overall percentage of agreement of 61.9%, from the joint use of rf1 and rf2.

It is important to remember that the rf1 model was trained based on the visual iden-

tification of the states. The groups used to train rf2 were split according to the Ψstem of

the curves that were visually identified as state II.

A.3.4 Random forest model based on states as Ψstem ranges

The model obtained by the use the states defined by ranges of Ψstem (rfp) resulted in

the confusion matrix shown in Table A.4. The rfp model presented a better performance

for states I and III (90.8 and 95.7%, respectively), than for state II (69.2%).

Fig. A.7 shows the scatter plot between Ψstem and gs,max with different icons to the

states as predicted by the rfp model. As shown in Tables A.2 and A.4, the overall ac-

curacy was 88.1%, with accuracies of 90.8, 69.2 and 95.7% for the states I, II and III,

respectively.

The analysis of Fig. A.7 showed that 81.1% of the state I curves correspond to Ψstem >

1.2 MPa, 85.5% of the state II curves correspond to Ψstem in the range from 1.2 to 1.7

MPa, and 87.4% of the state III curves have Ψstem < 1.7 MPa. Calculating the average

of these percentages weighted by the number of curves of each state we obtained 84.4%

as an overall percentage of agreement of the rfp model. These percentages of agreement

were greater than those obtained by the rf1 model alone (Fig. A.4, Table A.2), and than
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Figure A.5: Scatter plot between stem water potential and maximum leaf stomatal conductance obtained

with data predicted by the random forest model trained with the state II data. (a) Regarding the data

about the groups II.1, II.2 and II.3; (b) regarding all state II data. Being group II.1 constituted by Pp daily

curves identified as state II but with physiological values characteristic of state I (black dots). Group II.2

is constituted by Pp daily curves identified as state II and with physiological values characteristic of state

II curves (gray squares). And group II.3 is constituted by Pp daily curves identified as state II but with

physiological values characteristic of state III curves (white triangles). Pp – the output pressure sensed by

the LPCP probe, which is inversely proportional to the leaf turgor pressure.

Table A.4: Confusion matrix and accuracies for the rfp model. Data in the table show the number of

curves in which the state determined according to the Ψstem values (Reference) agreed with the group

predicted by the model (Prediction), as well as the number of curves in disagreement between Reference

and Prediction. A total of 307 curves were considered in the analysis.

Reference

Prediction I II III

I 109 15 4

II 5 45 1

III 6 5 112

Accuracy 90.8% 69.2% 95.7%

those obtained with the joint use of the rf1 and rf2 models (Fig. A.5b, Table A.2). The

percentages of agreement were also better than the ones from the visual analysis of the

daily Pp curves (Fig. A.3).

The results obtained by the rfp model helped us to understand how well this model

is capable of restricting the range of Ψstem for each state.
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Figure A.6: Stem water potential and maximum leaf stomatal conductance according to the states pre-

dicted by the two random forest models (rf1 and rf2): (a) splitting state II into three groups, state I as black

dots, group II.1 represented as diamonds, group II.2 as gray squares, group II.3 as gray inverted triangles

and state III represented as white triangles; (b) representing group II.1 as state I (black dots), group II.3

as state III (white triangles), and group II.2 as state II (gray squares). Being group II.1 constituted by Pp

daily curves identified as state II but with physiological values characteristic of state I curves. Group II.2 is

constituted by Pp daily curves identified as state II and with physiological values characteristic of state II

curves. And group II.3 is constituted by Pp daily curves identified as state II but with physiological values

characteristic of state III curves. Pp – the output pressure sensed by the LPCP probe, which is inversely

proportional to the leaf turgor pressure.

A.4 Discussion

The LPCP probes and related system may be useful for both assessing plant water

status and scheduling irrigation in an automatic, continuous and remote way. This is

based on the close relation between the states and the level of water stress suffered by the

instrumented plant. As already mentioned, however, identifying the state of the curve

from visual analysis is subjected to uncertainties. In the present study we have obtained

random forest models that allow the automatic identification of the state related to the

leaf turgor pressure. Our approach therefore, avoid the visual analysis of the daily Pp

curves, which reduces time, effort and uncertainties and, consequently, increases the po-

tential for the LPCP probes and related system to be used with the purposes mentioned

above.

The results on the visual identification of the states (Fig. A.3) are slightly different

from those reported by Padilla-Díaz et al. (2016) regarding the amount of data in the

ranges of Ψstem suggested by Fernández et al. (2011a) and Ehrenberger et al. (2012) for

each state (Fig. A.4 and Section 5.3.1). Padilla-Díaz et al. (2016) reported that 68.3, 32.8

and 81.8% of the daily Pp curves identified as states I, II and III (respectively) were in
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Figure A.7: Stem water potential and maximum leaf stomatal conductance of the states as predicted by

rfp model. State I is represented as black dots, state II as gray squares and state III as white triangles.

the corresponding Ψstem ranges. However, we have obtained 57.3, 24.4 and 87.3% for the

states I, II and III (respectively), i.e. lower percentages for states I and II and a higher

percentage for state III. These differences found between the present study and the re-

sults reported by Padilla-Díaz et al. (2016) are likely due to the period analyzed in each

study. We have analyzed data from 2011 through 2015 (including both years), while

Padilla-Díaz et al. (2016) considered the 2010–2014 period. The relation found between

gs,max and Ψstem (Fig. A.4) has also been reported by Erel et al. (2014) in olive trees,

with a greater range of gs,max when Ψstem is above 1.5 MPa (approximately) and with a

significant decrease when Ψstem is lower than 1.5 MPa.

The rf1 model, obtained based in the states visually identification, was able to imitate

the data from the visual identification, being an automatic and fast way to predict the

states, predicting similar results than those obtained by visual identification, with an

overall accuracy of 94,4% (Table A.2). Therefore, there was a high correlation between

the shape of the Pp curves and the states predicted by the model since it was taught to

imitate the visual patterns of the states. It also means that the percentages of data inside

the respective Ψstem ranges would also be predicted by the model, i.e., the low correlation

between each state and its Ψstem range will be reproduced by the model. However, the

rf1 model is still an alternative for automatic identification of the states, being faster and

more user-friendly than the visual identification.

Differently from rf1, the rf2 model was obtained with the use of only state II Pp daily

curves splitted by ranges of Ψstem and gs,max values. The joint use of rf1 and rf2 increased
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in 6% the data from the states in its respective Ψstem ranges in comparison to the isolated

use of rf1 model and also to the visual identification. Therefore, the joint use of both

rf1 and rf2 is recommended as a way to obtain an identification of the states with an

increased correspondence with the ranges of Ψstem. It is important to consider that the

states predicted by the joint use of the rf1 and rf2 models may not be so correlated to the

shape of curves as the use of the rf1 model, as splitting the data into three groups was

performed regardless of the shapes of the curves.

The rfp model, as mentioned, was obtained with the states defined by Ψstem ranges, as

suggested by Fernández et al. (2011a) and Ehrenberger et al. (2012). In other words, the

rfp model was obtained by trying to get the best relation between the Pp daily curves’

predictors and Ψstem ranges. In contrast to the rf1 model, the rfp model predicts the

states differently from the visual identification. The percentage of agreement for the rfp

model was 27.1 and 22.5% higher (Table A.2) than the isolated use of rf1 and the joint

use of rf1 and rf2 (respectively). It was able to find characteristics of the Pp daily curves’

predictors that are related to the ranges of Wstem values correspondent to each state.

Thereby, the data predicted by the rfp model does not necessarily correspond to the vi-

sual aspects that would be considered in the visual identification; however, it presented

the highest percentage of agreement (84.4% – Table A.2) among the states identification

models obtained in the present study. Caution must be taken when assessing States I

to III from the measured Ψstem values before using the rf2 and rfp models, since there

are evidence on the Ψstem ranges corresponding to States I to III since being cultivar and

location dependent (Fernández et al., 2011a; Marino et al., 2016).

As mentioned, the isolated use of rf1 and rfp models and the joint use of rf1 and rf2

are different approaches to the issue of identifying the states from Pp daily curves. The

isolated use of rf1 is recommended when aiming at predicting the states as similar to the

visual identification as possible, with a high correspondence between the shapes of Pp

daily curves and the predicted states. It is important to consider that the same mistakes

or errors that a user would commit will occur in the states predicted by rf1. The joint

use of rf1 and rf2 models and the use of the rfp model is recommended when higher

importance is given to the relation between the states and Ψstem ranges. The difference

between the joint use of rf1 and rf2 and the use of rfp is that the former identifies state

I and III similarly to the visual identification, using the Ψstem ranges just for the state

II identification, however the rfp model uses the Ψstem ranges for all the states. As a

general consideration, all three models (rf1, rf1 + rf2 and rfp) are unbiased mathematical

methods to predict the states from Pp daily curves, which are much faster than the visual

identification, being able to process big datasets in a matter of seconds.

The random forest methodology was suitable to handle both nonparametric data

and data from different ranges of scales. Their capacity to consider a big number of
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input variables, as that used in the present study, and the lack of requirements for any

assumption on the data distribution, probed to be useful features to shorten and facilitate

the data analysis.

A.5 Conclusions

The adjusted rf1 random forest model proved to be reliable for the analysis and au-

tomatic identification of the state of daily Pp curves in leaves of olive trees from a super

high density orchard A total of 307 curves were considered in the analysis. Moreover,

the obtained rf2 model was successful on relating the shape of state II Pp curves and

the corresponding Ψstem and gs,max ranges. Finally, the rfp model trained for the Ψstem

ranges was capable of a robust identification of the state of daily Pp curves. The good

performance of the three models was due, to a high extent, to their ability to handle

non-parametric and non-normalized data. Despite of being rarely use in plant physio-

logical studies, our findings suggest a great potential of the use of random forest models

to better assess plant water stress. The results obtained in this study are relevant for the

use of LPCP probes for irrigation scheduling of commercial farms and orchards, since

it allows the automatic identification of the state of daily Pp curves. This eliminates the

uncertainty derived from the visual analysis of the Pp curves by the user, with automatic

data processing a matter of seconds.
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