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Abstract: The transversal fruit diameter (FD) was monitored continuously by automatic extensimeters
(fruit gauges) in order to monitor fruit growth dynamics under deficit irrigation treatments. The daily
diameter fluctuation (AD, mm), the daily growth (AG, mm), the cumulative fruit growth (CFG, mm),
and the fruit relative growth rate (RGR, mm mm ! h™1) of four olive cultivars (Ascolana dura,
Piantone di Falerone, Arbequina, and Lea) were studied during the third phase of fruit growth. Two
regulated deficit irrigation treatments DI-20 (20% of ET.) and DI-10 (10% of ET.) were applied. The
daily hysteretic pattern of FD versus the environmental variable of vapor pressure deficit (VPD)
was evaluated using the data of a local weather station. The assessment of fruit growth parameters
showed cultivar-specific response to water stress. For instance, after performing deficit irrigation,
minimum RGR in different cultivars downsized with various slopes which suggested a very different
response of the cultivars to dehydration. On the other hand, the daily hysteretic pattern of FD
versus VPD was detected in all the studied cultivars, and a quantitative index (height of hysteresis
curves) used for explanation of hysteresis magnitude’s changed according to the deficit irrigation
treatments. The results showed a significant reduction of height of hysteresis curves by irrigation
treatments which were not cultivar-specific. The quantitative index for hysteresis curve magnitude’s
change in the four olive cultivars of Ascolana dura, Piantone di Falerone, Arbequina and Lea can
efficiently estimate the plant water response to irrigation treatment in olive orchards. However,
further investigation needs to be done to implement precise irrigation systems.

Keywords: Olea europaea L.; fruit diameter; hysteresis; deficit irrigation; vapor pressure deficit (VPD);
water stress index; continuous fruit-based index; extensimeter (fruit gauge)

1. Introduction

The importance of olive (Olea europaea L.) as essential for human diet and landscape
management is undeniable in areas with Mediterranean climate. Olive production has
been affected by increasing global demand (table olive and olive o0il), which has imposed a
greater need for agricultural inputs as we address resource scarcity and climate change [1-3].
One of the key inputs of olive production is water. Around 70% of the world surface
of olive groves is irrigated [4], therefore, the development of appropriate methods and
strategies of sustainable water use in olive groves is fundamental [5]. The most common
technique for optimizing water efficiency is Regulated Deficit Irrigation (RDI), in which
water deficits are imposed during phenological periods when the tree is most insensitive
to water stress [6-8], and complementary irrigation [9,10]. Furthermore, the results of
Goldhamer [11] and Gémez-del Campo [12] showed that RDI strategies resulted in a
saving of about 20% of the total amount of water applied without reducing the yield,
fruit and oil content. Moreover, numerous studies show that deficit irrigation avoids or
minimizes the negative impact of irrigation on erosion, in particular by reducing surface
runoff and contributing less to the infiltration of pollutants (herbicides and pesticides)
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into groundwater [13]. In the classical method, the calculation of irrigation amount is
based on multiplying reference evapotranspiration (ET() by grass-reference-based crop-
specific coefficients (K¢). Nevertheless, the traditional method of estimation of K for olive
orchards could be inaccurate. K. is affected by some aspects such as canopy architecture,
ground cover, and the interactions of climatic conditions, soil type, cultivars, and irrigation
management practices [6].

To achieve precise irrigation results, some recent research suggested continuous as-
sessment of plant water status indices [14-17]. In fact, in Soil Plant Atmosphere Continuum
(SPAC), plant plays an interface role between soil and the environment, and its phys-
iological response is a combination of results [14,18,19]. Furthermore, the continuous
measurement of plant water status indices would provide a solid base for precision ir-
rigation management, by real time response to water stress. However, the olive species
(Olea europaea) has a very wide genetic pool, which can respond to drought using different
leaf and fruit physiological and morphological mechanisms [14,20]. It includes genotypes
that can respond to drought using different tolerances to leaf dehydration and morphologi-
cal and structural adaptations of the leaves [14]. Lo Bianco and Scalisi [20] found a different
leaf stomatal regulation among the olive cultivars. Due to this difficulty, the correct choice
of the water status index of the plant is essential. The most common suggested indices are
midday stem water potential (¥stem), trunk diameter variation (TDV), sap flow (SF), leaf
turgor pressure (LTP), as well as fruit diameter (FD), which can be used alone or in combina-
tion. A combination of indices (sensors) could provide robust data, however, increased the
complexity. Moreover, considering the difficulty of replicating continuous measurements
on a large number of trees, the need to obtain an accurate index has become more essential.
The midday stem water potential (¥siem) is accurate and reliable, however, not only it is
a destructive method, but also not suitable for continuous measurement [14,21,22]. The
stem/trunk diameter variation (by trunk dendrometer) is another useful index. However,
the trunk diameter fluctuations are affected by plant age and size, crop load, environ-
mental variables, and growth patterns [19]. The sap flow (SF) methods are particularly
demanding in terms of installation; most of the SF methods suitable for fruit trees are
invasive, such that sensors must be installed within the trunk of the trees [5]. Moreover,
the sap flow rate demonstrates transpiration dynamics that depend on stomatal activity
and environmental variables [22]. The leaf turgor pressure (LTP) measurement method is
carried out by probe which is a cheap and handy method but does not allow for continuous
measurement [23]. The advanced LTP measurement method employed leaf patch clamp
pressure (LPCP) probes is able to continuously monitor the pressure, but the different
initial condition of the leaf related to age (especially in evergreen species) and exposure
to light inside the canopy leads to obtaining partial information from LPCP [15,22]. In
addition, findings by Jones [24] suggested that LTP in the isohydric species is not very
useful in the early detection of plant water deficiency. The other innovative plant water
status index is fruit diameter (FD). The daily fruit growth dynamics can be expounded as
changes in flows of water into and out of the fruit, rather than carbon gains; thus, the daily
fruit diameter variation responds to water deficit [15,25-27]. Fruits represent the actual
goal of production but fruit growth is the result of several genetic, metabolic, hormonal,
and environmental interactions [28], therefore, optimal fruit growth can be determined
only by the efficient physiological manipulation of the condition tree [23]. In the olive tree,
the root response to localized application systems of organic residues, nutrients, and water
reveal an enormous plasticity of the root system [29-31] which can compensate for local
stress. Although olive tree root systems are highly capable and could supply a constant
water flow, fruit daily growth trend is described by periods of shrinkage and then after
expansion, which usually lead to increase in fruit size at the end of the day [23,27]. Due
to the research of Fernandes et al. [26] and Marino et al. [15], the daily variations in fruit
transversal diameters can be expounded as changes in flows of water into and out of the
fruit hence, these can be connected to vapor pressure deficit (VPD) and tree water status.
Furthermore, Scalisi et al. [14] explained that fruit growth (measured by FD) is strictly re-
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lated to soil water availability and plant water status, it is also influenced by environmental
variables, crop load, genetic factors, and phenology. Consequently, fruit growth monitoring
(by FD) could represent a sensitive indicator of plant water and physiological status of
the trees, especially during cell expansion phase, when fruit growth rate is constant and
truly decisive for productive performances [23,32]. FD monitoring has been investigated
in several studies by researchers to measure daily fluctuation in the volume of selected
fruits, including pears [33], sweet cherry [34-36], mango [37], apple [23], nectarine [22],
orange [38], and olive [14,15,26,27]. The continuous FD monitoring provides robust data
but water management protocols based on FD measurements need further study to develop
field applicable models [15,23,27]. A common challenge with tree-based sensors is to adjust
their output to physiologically meaningful parameters in a consistent manner [19,27,36].

In order to translate outputs of plant-based sensors, the phenomenon of hysteresis
should be further considered. Explaining the causes of hysteretic phenomenon appears
fraught with complex interactions between exogenous and endogenous factors to the plant
system [39]. The root of the word hysteresis is Greek and means to “lag behind” [27,40].
Hysteresis is non-linear loop-like behavior that has been known in plant systems for a long
time [40,41]. In hysteresis, when the time argument of an input function is stretched or
compressed, the corresponding output function is not stretched in the same way, so the
hysteresis does not show affine similarity with respect to time [40,42,43]. For example, a
diurnal hysteresis between evapotranspiration (ET) (or transpiration) and vapor pressure
deficit (VPD) has been studied [40]; hysteresis as a relationship between environmental
factor (e.g., meteorological factors) and sap flow [40,44,45]; hysteresis was found also in
the relationship between canopy conductance and temperature [46]; hysteresis between
fruit diameter and leaf pressure on two different olive cultivars [14]. Furthermore, in the
cherry fruit growth relationship with VPD, complete hysteresis was found only during the
maturation phase while during fruit extension phase the hysteresis was null or partial [36].
Recently Khosravi et al. [27] examined the “Frantoio” olive cultivar and explained the
different hysteresis curves of the diameter versus the VPD during the second, third, and
fourth phases of olive fruit development. According to this research, monitoring hysteretic
loops and detecting the magnitude change could be used as a method for detecting the
growth phases. In this research, the form, magnitude, and rotational pattern of hysteresis
curve (loop) of transversal diameter versus VPD were investigated. It has been shown that
VPD is especially important in woody plants, where it is the main variable affecting their
diurnal evolution of transpiration [47].

The aim of this work was to describe third phase of olive fruit development by continu-
ous monitoring with extensimeter under regulated deficit irrigation regimes. Furthermore,
we hypothesized the presence of hysteresis curves by examining the olive fruit diameter
(FD) compared to VPD. We intended to provide some indexes for smart irrigation in relation
to the regulated deficit irrigation in a key phenological stage of the fruit.

2. Materials and Methods
2.1. Site Description and Phenology

The experiment was carried out in 2021 at the experimental farm of the Polytech-
nic University of Marche, located in Agugliano (Marche, Italy) (latitude 43°54' N, lon-
gitude 13°36’ E, altitude 85 m), in a high-density olive orchard in four self-rooted olive
(Olea europaea L.) cultivars of Ascolana dura, Piantone di Falerone, Arbequina and Lea.
The trees were planted 4 x 2 m (1250 tree ha~!) in May 2012, about 9 years old at the
time of experiment. Each cultivar was displayed in a separate row. The olive trees were
initially trained as a central leader, the tree canopy was afterwards flattened according to a
hedgerow, removing long branches toward the interrow [48]. Integrated agricultural meth-
ods were adopted for the agricultural operations, pest control, and fertilization practices
according to regional guidelines [49]. The irrigation was localized and used to perform
different irrigation treatments during experiment (see Section 2.2. Irrigation). The soil was
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managed with permanent grass cover in the inter-row alley, with mowing 3—4 times during
the growing season and with tillage along the row [27].

2.2. Irrigation

The olive trees were irrigated by a drip irrigation system with a flow of 8 (L h~!) per
tree. Two deficit irrigation levels were performed and the higher dose (DI-20) was supplied
to big fruit varieties while the lower dose (DI-10) was supplied to medium-small fruit
varieties. DI-20 had 20% of the amount of ET. and was supplied to Ascolana dura and
Piantone di Falerone trees, while DI-10 had 10% of the amount of ET. and was supplied
to Lea and Arbequina trees. The crop evapotranspiration ET. was estimated according to
FAO56 equation which is:

(ETc =ETp x Ko) 1

where the evapotranspiration (ET() was calculated by the local weather station automati-
cally via FAO Penman-Monteith equation and K. was the crop coefficient [6]. Moreover,
effective rainfall (R) was calculated as:

R=(Pp —5) x 0.75 )

where Pp = rainfall obtained from the local weather station [6]. The irrigation treatment
was performed according to the randomized block with three replications, and each block
consisted of at least five adjacent trees on the same row. The irrigation was done three
times during the experiment period, 17th August (Day of the Year, DOY, 229), 19th August
(DOY 231), and 16th September (DOY 259). The DI-20 irrigated cultivars received 62 mm of
water during all fruit growth phases which 17.5 mm was during the third growth phase.
For the DI-10 irrigated cultivars the amount of received water during all fruit growth
phases and third growth phase were 31 and 8.75 mm, respectively. For big fruit varieties of
Ascolana dura and Piantone di Falerone, the no irrigated fruit (DI-0) was considered as a
reference point for detecting the effect of the deficit irrigation treatment on fruit growth.
The rationale behind using DI-0 against fully irrigated treatment comes from the idea of
analyzing the effect of deficit irrigation on fruit growth (daily and periodical growth) which
should be discovered in comparison with normal growth conditions (without irrigation).
The changes in the daily olive fruit growth pattern by irrigation has been explained by
some research previously [14,15].

2.3. Fruit Maturation Monitoring

From 19th September (DOY 262) to 26th October (DOY 299) the fruits, which were
placed inside the extensimeter, were photographed by Canon EOS 1100D Camera (Canon Inc.,
Tokyo, Japan) weekly. In the case of adverse weather conditions, taking images was post-
poned to the next possible day. The ripening status of each olive fruit was assessed
according to the first five (0—4) classes of Jaen index [50] (Table 1). Up to DOY 276, fruits
inside the extensimeter were in the third phase of fruit development, and maturity index
ranged from 0 to 2. Consequently, DOY 276 was considered the ending day of the third
phase of fruit development.
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Table 1. Data of ripening index for the fruits, which were mounted on the extensimeters. Data
were collected weekly from 262 to 299 days of the year (DOY). Maturation indexes were per-
formed according to the first five (0 to 4) categories of the Jaen index. Arb1(DI-10) and Arb2(DI-10)
represent fruit 1 and 2 of “Arbequina” at 10% deficit irrigation, respectively. Leal(DI-10) and
Lea2(DI-10) represent fruit 1 and 2 of “Lea” at 10% deficit irrigation, respectively. Asc1(DI-20) and
Asc2(DI-20) represent fruit 1 and 2 of “Ascolana dura” at 20% deficit irrigation, respectively. Asc3(DI-0)
represents fruit 3 of non-irrigated “Ascolana dura”. Fall(DI-20) and Fal2(DI-20) represent fruit 1
and 2 of “Piantone di Falerone” at 20% deficit irrigation, respectively. Fal4(DI-0) represents fruit 4 of
non-irrigated “Piantone di Falerone”.

DOY Arb1(DI- Arb2(DI- Leal(DI- Lea2(DI- Ascl(DI- Asc2(DI- Asc3(DI- Fall(DI- Fal2(DI- Fal4(DI-

10) 10) 10) 10) 20) 20) 0) 20) 20) 0)
262 0 0 0 0 0 0 0 0 0 0
269 0 0 0 1 0 0 0 0 0 2
276 0 0 0 2 0 0 0 2 1 2
284 0 0 1 3 1 1 1 3 2 2
291 1 1 1 3 1 1 1 3 3 3
299 1 1 2 4 3 2 2 4 3 3

2.4. Fruit Measurement and Experimental Design

The fruit transversal diameter (synonym to equatorial diameter) of ten fruits were mon-
itored by automatic extensimeters (synonym to fruit gauge) from 12th August (DOY 224) to
3rd October (DOY 276) in 2021. We used two kinds of extensimeters; one model was Winet
(Winet s.r.l. Cesena, Italy) and another model was DEX20 (Dynamax Inc., Houston, TX,
USA). The Winet experimental extensimeter consisted of a variable linear resistance trans-
ducer sensor (model MM(R)10-12) (Megatron Elektronik GmbH & Co., Munich, Germany)
supported by a stainless steel frame. The extensimeters were connected to the wireless
data-logger system (Winet s.rl. Cesena, Italy) which collected data at 10 min intervals.
Data has been sent through the wireless nodes to a central network node, which transmits
information via general packet radio service (GPRS) modem to the server. Second model of
extensimeter (DEX20) was a caliper style device with a full bridge strain gage attached to a
flexible arm; data were recorded by CR1000X data logger (Campbell scientific, Inc., Logan,
UT, USA) every hour and sent to our own cloud service based on Amazon Web Service
(AWS) twice per day. Both models of extensimeters were examined and showed accurate
functionality [27,51].

The full bloom day occurred for Arbequina and Ascolana dura on the 24th and 28th of
May, and for Piantone di Falerone and Lea on the 31st of May. So, the experiment started
almost 11 weeks after full bloom (WAFB). Moreover, the BBCH scale was employed to
obtain a phenological phase. In this scale, the end of the second phase of fruit development
(pit-hardening) was determined when it was no longer possible to cut the fruit [6]. For
each cultivar, 15 fruits were sampled randomly. Sampling was repeated every 10 days
and pit resistance to cutting were examined by blade. The ending day of the second phase
of fruit development was observed on the 13th of August (DOY 225). Consequently, our
experiment period started from the third phase (cell expansion) of fruit development.

Eight fruits were mounted on Wi-net extensimeter which consisted of three fruits of
Ascolana dura (two with DI-20 and one DI-0 (without irrigation) that from here called
Ascl (DI-20), Asc2 (DI-20) and Asc3 (DI-0), three fruits of Piantone di Falerone (two with
DI-20 and one DI-0 (without irrigation) that from here called Fall (DI-20), Fal2 (DI-20) and
Fal3 (DI-0) and two fruits of Lea with DI-10 irrigation level that from here called Leal
(DI-10) and Lea2 (DI-10). In the middle of the experiment the fruit of Fal3 (DI-0) felt down
and was substituted with Fal4 (DI-0). Two fruits of Arbequina with DI-10 irrigation level
were mounted on DEX20 extensimeter (Arb1 (DI-10) and Arb2 (DI-10)). The representative
trees according to irrigation level were selected in the center of the experimental block to
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avoid border effect. Moreover, all extensimeters of the same cultivar-irrigation level were
installed together on one representative tree.

According to the importance and physiological effect of daylight on fruit growth
and its role in photosynthesis, the graphic representation of daily fruit growth and its
fluctuations were reported from the time of sunrise [14,27]. In fact, the day started from
sunrise and continued for 24 h. Based on data from our weather station, sunrise time from
12th of August to 5th of September (DOY 224 to 248) was estimated at 6 AM, from 6th of
September to 3rd of October (DOY 249 to 276) was estimated at 7 AM.

2.5. Fruit Growth Parameters

In correspondence with the days in which irrigation treatment (DI-20 and DI-10)
were performed (DOYs 229, 231 and 259), 6 day intervals were selected for assessment of
deficit irrigation effect on fruit growth. The mentioned window (6 days) consisted of the
2 days before irrigation up to 3 days after irrigation day. The parameters calculated for
each intervals were: (1) daily diameter fluctuation (AD, mm) which was calculated as the
maximum diameter minus the minimum diameter of same day, (2) daily growth (AG, mm)
which was calculated as the diameter of ending point of day minus the diameter of starting
point of same day, (3) cumulative fruit growth (CFG, mm) as the maximum daily diameter
of the fruit subtracted from maximum diameter of the previous day [26], (4) fruit relative
growth rate (RGR, mm mm ™! h™!) was calculated using the following equation:

RGR =[(InD; —InDy)/(t2 — t1)] ®)

where D and D; are fruit diameters at times t; and t,, respectively [14,15]. And the daily
range of RGR (RGRyange, mm mm~! h’l) was calculated as the difference between the
minimum value and the maximum value of RGR in one day.

In addition, unitless (standardized) data have been used to allow comparisons among
fruits with different initial diameter when extensimeters were installed. The data of sensors
was standardized for each day by using:

x' =x/x0 4)

where X’ is the standardized value, x is the value of the existing data, and X is the initial
values of the data at starting point of same day.

2.6. Meteorological Data

According to Koppen—Geiger climate classification, Agugliano is classified in the
Cfa category and this is characterized by warm temperature, highly humid and warm
summer [52] but in recent years the classification is moving toward Csa (hot summer
Mediterranean). Meteorological data were recorded with a MeteoSense 4.0 weather station
(Netsense S.r.1 Florence, Italy) located in the olive orchard. For the calculation of vapor
pressure deficit (VPD), air temperature (T), and relative humidity (RH) data were collected
from our weather station. Vapor pressure deficit was calculated as:

VPD = (1 — (RH/100)) x SVP and SVP (Pascals) = 610.7 x 10731/@373+T)  (5)

The VPD formula was recommended by Monteith and Unsworth [53]; where RH is
the relative humidity, SVP is saturated vapor pressure, and T is temperature (°C). Our
instrument was set to legal Rome time.

2.7. Hysteresis Curves

To explore the circadian pattern of hysteresis curve (loop), hourly collected data
of transversal fruit diameter (FD) versus VPD were considered. For description of the
hysteresis rotational pattern, the terms of clockwise and anticlockwise curve were employed.
Furthermore, for characterization of hysteresis form, three concepts of partial, incomplete,
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and complete were used. When the hysteresis curve appeared in some part of the day and
was not representative of the whole day, it was called partial. When the ending point of
the hysteresis loop reached the same level of the starting point of the loop, it was defined
as complete. Lastly, when the ending point of the hysteresis loop did not reach the same
level of the starting point of the loop, so the loop was not completely closed, it was called
incomplete hysteresis curve. For detection of incomplete clockwise hysteresis, normalized
data of diameter were employed. Hysteresis loops were considered incomplete when the
loop “opening” was more than 0.05 units. In the case of loop opening, less than 0.05 is
considered as complete [27].

The measured daily data were normalized by Min-Max method through the equation:

X' =09 x (X = Xmin)/Xmax — Xmin) + 0.05 (6)

where x’ is the normalized value, x is the value of the existing data, and Xpin and Xmax are
the minimum and maximum values of the data, respectively [27,36].

2.8. Data Analysis and Presentation

One-way repeated measures analysis of variance (ANOVA) was performed for assess-
ing significant differences. The significant differences among the treatments were assessed
using Student-Newman-Keuls’s test (p < 0.05). All data analyses and graph design were
performed using Sigmaplot 14.5 (Systat Software, Inc., San Jose, CA, USA).

3. Results
3.1. Environmental Data Analysis and VPD Evolution

Figure 1 shows the data of VPD, temperature (T), ETy, and rainfall during the ex-
periment (DOY 224 to DOY 276). The highest measured hourly VPD was 5.4 (kPa) on
16th of August (DOY 228) and the lowest was 0.05 (kPa) on 23rd and 24th of August
(DOYs 235 and 236). The highest daily average of VPD was 3.0 (kPa) on the 16th of August
(DOY 228) and the lowest was 0.12 (kPa) on the 27th of September (DOY 270). The daily
mean of VPD during the experiment was 0.91 & 0.56 (kPa). The daily mean of temperature
during experiment was 21.30 + 3.43 (°C), with a minimum daily temperature of 15.76 (°C)
on the 1st of October (DOY 274) and maximum daily temperature of 32.26 (°C) reached
on 17th of August (DOY 229). The maximum and minimum hourly temperatures were
39.0 and 9.5 (°C) which reached on 16th of August (DOY 228) and 1st of October (DOY 274),
respectively. The total reference ETy was 173.9 (mm) for the experiment period. The max-
imum and minimum daily ETy was 6.3 (mm day‘l) on 16th of August (DOY 228) and
0.6 (mm day ') on 27th of September (DOY 270), respectively. The maximum hourly ETj
was 0.7 (mm hour 1) which reached on 14th, 15th, 16th of August (DOYs 226, 227, and 228).
During the experiment period, the accumulated rainfall was 96.1 (mm), with maximum
hourly and daily of 17.6 (mm hour~!) and 39.5 (mm day~!) reached on 23rd of August
(DOY 235).
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Figure 1. Trend of hourly and daily temperature (T), vapor pressure deficit (VPD), reference evap-
otranspiration (ETy) and rainfall, during the experiment period (from 224 to 276 days of the year

(DOY), obtained by MeteoSense 4.0 weather station.
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3.2. Fruit Growth

Figure 2 reports the hourly transversal diameter of fruits for the four different cultivars
from DOY 224 to DOY 276. The typical third phase of the fruit growth was observable in
all four cultivars (Lea, Figure 2A; Arbequina, Figure 2B; Piantone di Falerone, Figure 2C;
Ascolana dura Figure 2D); however, with dissimilar growth slope among different cultivars
and a final relentless toward maturation (4th phase). The fruit growth showed a diameter
increase with diurnal fluctuation. The diurnal fluctuation of olive fruit was detected as a
shrinkage of fruit diameter from mid-morning to early afternoon followed by expansion of
fruit diameter from late afternoon to early morning (Figure S1A). At the end of the day, the
fruits reached a size larger than the initial point of the same day. In fact, Arbequina (DI-10)
in 60.4% of cases (64 out of 106), Lea (DI-10) in 82.89% of cases (63 out of 76), Ascolana dura
(DI-0) in 77.5% of cases (38 out of 49), Ascolana dura (DI-20) in 72.4% of cases (55 out of
76), Piantone di Falerone (DI-0) in 82.5% of cases (32 out of 39) and Piantone di Falerone
(DI-20) in 87.7% of cases (86 out of 98) reached a size similar or larger than the initial point
of same day.
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Figure 2. Continuous measurements of diameter of olive fruits during the experiment period (from
224 to 276 days of the year (DOY): (A) fruit 1 and 2 of “Lea” at 10% deficit irrigation (Leal(DI-10)
and Lea2(DI-10), respectively); (B) fruit 1 and 2 of “Arbequina” at 10% deficit irrigation (Arb1(DI-10)
and Arb2(DI-10), respectively); (C) fruit 1 and 2 of “Piantone di Falerone” at 20% deficit irrigation
(Fal1(DI-20) and Fal2(DI-20), respectively) and fruit 3 and 4 of non-irrigated “Piantone di Falerone”
(Fal3(DI-0) and Fal4(DI-0), respectively); (D) fruit 1 and 2 of “Ascolana dura” at 20% deficit irrigation
(Asc1(DI-20) and Asc2(DI-20), respectively) and fruit 3 of non-irrigated “Ascolana dura” (Asc3(DI-0)).
Missing data From 224 to 249 day of the year (DOY) for Lea2 (DI-10) and Ascl (DI-20) and from 246
to 249 day of the year (DOY) for panel (A,C,D).

The duration, from beginning to finishing daily fruit shrinkage and expansion, did
not show similarity among cultivar-irrigation level (Table S1). In addition, there were
some exceptional days which showed different growth patterns (Figure S1B). There was no
unique pattern for explanation of diameter (fruit growth) fluctuation of these days.
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3.3. Irrigation Response

Monitoring the daily variation of fruit diameter at 6 days” window (from DOY 227 to
234) in correspondence with first and second irrigation days showed that diameter of Arb1l
(DI-10) downsized from 9.91 mm to 9.81 mm, whereas for Arb2 (DI-10) downsized from
8.76 mm to 8.65 mm, but for Leal (DI-10) started from 10.7 mm and increased to 11.1 mm.
At the same period, diameter of Asc2 (DI-20) started from 20.4 mm up to 20.9 mm, Fall
(DI-20) started from 13.7 mm up to 14.4 mm, and Fal2 (DI-20) started from 13.0 mm and
reached 13.8 mm, whereas transversal diameter of Asc3 (DI-0) and Fal3 (DI-0) started from
15.6 mm and 15.4 mm up to 15.7 mm and 15.4 mm, respectively (Figure S2A-D). It showed
diameter increase for both cultivar with and without irrigation treatment, nevertheless,
standardized diameter (Table 2) showed different ratio of diameter growth. For irrigated
Ascolana dura and Piantone di Falerone, the ratio of diameter growth was higher than
non-irrigated treatment.

Table 2. Standardized data of diameter for period of 227 to 234 day of the year (DOY) and 257 to
262 day of the year (DOY). Data of DOY 227 and 257 is related to the starting point of day and for
DOY 234 and 262 is related to the ending point of day. Arb1(DI-10) and Arb2(DI-10) represent fruit 1
and 2 of “Arbequina” at 10% deficit irrigation, respectively. Leal(DI-10) and Lea2(DI-10) represent
fruit 1 and 2 of “Lea” at 10% deficit irrigation, respectively. Asc1(DI-20) and Asc2(DI-20) represent
fruit 1 and 2 of “Ascolana dura” at 20% deficit irrigation, respectively. Asc3(DI-0) represents fruit 3 of
non-irrigated “Ascolana dura”. Fal1(DI-20) and Fal2(DI-20) represent fruit 1 and 2 of “Piantone di
Falerone” at 20% deficit irrigation, respectively. Fal3(DI-0) and Fal4(DI-0) represent fruit 3 and 4 of
non-irrigated “Piantone di Falerone”, respectively. Fal3 (DI-0) fell down and has been substituted
with Fal4 (DI-0) for 257 to 262 day of the year (DOY). Missing data from 227 to 234 day of the year
(DOY) for Lea2 (DI-10) and Asc1(DI-20).

DOY

Arb1(DI- Arb2(DI- Leal(DI- Lea2(DI- Ascl(DI- Asc2(DI- Asc3(DI- Fall(DI- Fal2(DI- Fal3(DI- Fal4(DI-

10) 10) 10) 20) 20) 0) 20) 20) 0) 0)
First and second irrigation treatment (DOYs 229
&231)
227 0.4 0.29 - - 0.41 0.62 0.34 0.32 0.72 -
234 0.13 0.79 - - 0.91 0.9 0.95 0.95 0.89 -
Third irrigation treatment (DOY 259) -
257 0.19 0.23 0.24 0.38 0.95 0.1 0.17 0.08 - 0.81
262 0.95 0.95 0.83 0.89 0.95 0.95 0.92 0.92 - 0.95

In correspondence with the third irrigation day (from DOY 257 to 262), diameter of
Arb1 (DI-10) started at 10.2 mm reached 10.8 mm, and for Arb2 (DI-10) started from 9.0 mm
up to 9.6 mm. Diameter of Leal (DI-10) started from 12.7 mm and reached to 13.3 mm,
and for Lea2 (DI-10) started from 11.3 mm up to 11.7 mm. About Ascl (DI-20) diameter
started from 20.3 mm and reached 20.7 mm and for Asc2 (DI-20) started from 21.3 mm and
remained the same size. About Fall (DI-20), diameter started from 15.7 mm and reached
16.3, and Fal2 (DI-20) started from 15.0 mm and reached 15.5 mm. In the non-irrigated
fruits, the diameter of Asc3 and Fal4 started from 18.77 mm and 11.4 mm up to 19.3 mm
and 11.6 mm, respectively (Figure S2E-H). Data showed diameter increase for all the four
cultivars with different irrigation levels and for two cultivars (Ascolana dura and Piantone
di Falerone) without irrigation treatment. Data of standardized diameter explained that
diameter growth ratio in irrigated Ascolana dura was lower than non-irrigated and for
irrigated Piantone di Falerone was higher than non-irrigated (Table 2).

The daily growth (AG) (Table 3) provided more information related to diameter change
in correspondence with irrigation days. On the first irrigation day (DOY 229), for both
cultivars with DI-20, not only AG was positive, but it was higher than AG of the previous
day. At the same time, AG for non-irrigated fruits did not show any growth in comparison
with the previous day. In fact, AG of Ascolana dura (DI-0) was positive and the same as the
previous day and for Piantone di Falerone (DI-0) was negative and lower than previous
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day. About cultivars with DI-10, AG was higher than the previous day but for Lea it was
positive and for Arbequina it was negative. In all four irrigated cultivars (with DI-10 or
DI-20), in the day after irrigation AG increased in comparison with the day before. The
trend of AG in the non-irrigated fruits at the day after Irrigation for Ascolana dura was
downward, and for Piantone di Falerone did not show any changes.

Table 3. Standardized data of daily fruit growth (AG) in correspondence with irrigation days. Data
was related to the 6 days window (2 days before and 3 days after irrigation day). Arb1(DI-10) and
Arb2(DI-10) represent fruit 1 and 2 of “Arbequina” at 10% deficit irrigation, respectively. Leal(DI-10)
and Lea2(DI-10) represent fruit 1 and 2 of “Lea” at 10% deficit irrigation, respectively. Asc1(DI-20)
and Asc2(DI-20) represent fruit 1 and 2 of “Ascolana dura” at 20% deficit irrigation, respectively.
Asc3(DI-0) represents fruit 3 of non-irrigated “Ascolana dura”. Fall(DI-20) and Fal2(DI-20) represent
fruit 1 and 2 of “Piantone di Falerone” at 20% deficit irrigation, respectively. Fal3(DI-0) and Fal4(DI-0)
represent fruit 3 and 4 of non-irrigated “Piantone di Falerone”, respectively. Fal3 (DI-0) fell down and
has been substituted with Fal4 (DI-0) for 257 to 262 day of the year (DOY). Missing data from 227 to
234 day of the year (DOY) for Lea2 (DI-10) and Asc1(DI-20).

DOY Arb1(DI- Arb2(DI- Leal(DI- Lea2(DI- Ascl(DI- Asc2(DI- Asc3(DI- Fall(DI- Fal2(DI- Fal3(DI- Fal4(DI-
10) 10) 10) 10) 20) 10) 0) 20) 20) 0) 0)
227 0.0004 0.0021 0.0019 - - —0.0029 —0.0006 —0.0029 —0.0031 0.0000 -
228 —0.0005  0.0021 0.0028 - - 0.0000 0.0013 —0.0044 —0.0054  0.0006 -
229 —0.0060 —0.0086  0.0102 - - 0.0054 0.0013 0.0102 0.0139 —0.0013 -
230 —0.0076 —0.0066  0.0119 - - 0.0063 —0.0013  0.0116 0.0144 —0.0013 -
231 —0.0034 —0.0029  0.0073 - - 0.0048 —0.0006  0.0086 0.0097 0.0000 -
232 0.0158 0.0177 0.0027 - - 0.0034 0.0006 0.0064 0.0074 0.0006 -
233 0.0134 0.0113 —0.0018 - - 0.0029 0.0006 0.0049 0.0044 0.0006 -
234 0.0029 0.0029 —0.0090 - - —0.0010  0.0000 0.0021 0.0022 0.0000 -
257 0.0043 0.0059 0.0000 —0.0044 —0.0089  0.0000 —0.0011 —0.0032  0.0000 - —0.0236
258 0.0030 0.0041 —0.0063  0.0018 —0.0045 —0.0042  0.0011 —0.0019  —0.0007 - —0.0170
259 0.0008 —0.0017  0.0174 0.0116 0.0145 —0.0005  0.0048 0.0089 0.0100 - —0.0009
260 —0.0395 —0.0408 0.0194 0.0159 0.0108 —0.0024  0.0058 0.0063 0.0072 - 0.0027
261 —0.0177 —0.0204  0.0076 0.0201 0.0015 0.0000 0.0074 0.0088 0.0098 - 0.0154
262 —0.0022  0.0020 0.0053 0.0009 0.0068 0.0071 0.0084 0.0137 0.0052 - 0.0294

On the second irrigation day (DOY 231), AG for both cultivars with DI-20 was positive,
however, it was lower than AG of the previous day. Concurrently, AG of non-irrigated fruits
was higher than the previous day. Although, AG of Ascolana dura (DI-0) was negative and
for Piantone di Falerone (DI-0) was zero. About cultivars with DI-10, for Arbequina AG
was greater than the previous day and with a negative amount and for Lea it was lower
than the previous day with a positive amount. In both irrigated cultivars with DI-20, in
the day after irrigation, AG decreased in comparison with the day before, whereas AG of
non-irrigated fruits for both cultivars increased. About cultivars with DI-10, in the day
after irrigation, for Arbequina AG increased and for Lea AG decreased in comparison with
the previous day.

On the third irrigation day (DOY 259), AG for both cultivars of Ascolana dura and
Piantone di Falerone (irrigated (DI-20) and non-irrigated (DI-0)) was higher than the
previous day. About cultivars with DI-10, AG of Arbequina was lower than the previous
day but for Lea was higher. On the day after irrigation, AG for both cultivars with DI-20
was lower than the irrigation day, whereas AG of non-irrigated (DI-0) cultivars was higher
than the irrigation day. About cultivars with DI-10, in the day after irrigation, for Arbequina
AG reduced and for Lea AG enlarged in comparison with the previous day (Table 3).

The daily diameter fluctuation (AD) in the first irrigation day was reduced in both
cultivars with DI-20 and reduction continued until the day after irrigation, whereas in both
cultivars with DI-10, AD increased and the day after decreased. In the second irrigation day,
AD in both cultivars with DI-20 was almost the same as the previous day, and in the day
after irrigation, followed by slight increase for cultivar Piantone di Falerone and stability
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for Ascolana dura. In the second irrigation day, AD for cultivar with DI-10 followed the
opposite trend, which was a reduction for Arbequina and an increase for Lea; however, in
the day after irrigation AD for both DI-10 cultivars increased. In the third irrigation day, AD
for Piantone di Falerone DI-20 increased and in the day after decreased. For the Ascolana
dura DI-20, one fruit showed decreasing of AD followed by increasing in the day after, and
other fruit showed increasing of AD followed by decreasing in the day after. About cultivar
with DI-10, AD showed a different trend. Indeed, for Arbequina AD decreased and in the
day after irrigation increased, but for Lea AD increased and in the day after irrigation one
fruit showed AD reduction and other one showed AD increase (Figure S3A-D).

The cumulative fruit growth (CFG), for all irrigated cultivars (DI-20 and DI-10), in
correspondence with the first irrigation day increased and the upward trend has continued
in the day after irrigation (Figure 3A,B). In non-irrigated cultivars, a small growth of CFG
was observed which was followed by a reduction in the day after irrigation (Figure 3B). In
the second irrigation day, CFG for all irrigated cultivars (DI-20 and DI-10) decreased, the
downward trend continued in the day after irrigation but with a slight slope (Figure 3A,B).
In the same time, CFG of DI-0 treatments decreased but in the day after irrigation it
increased (Figure 3B). On the third irrigation day, CFG for all irrigated(DI-20 and DI-10)
and non-irrigated cultivars increased (Figure 3C,D). The only exception was one fruit of
Ascolana dura (Asc2 (DI-20)) which CFG decreased (Figure 3D). On the day after irrigation,
CFG of both cultivars with DI-20 was the same as irrigation day and did not show any
change (Figure 3D), nevertheless CFG of both cultivars with DI-10 increased (Figure 3C).
CFG for Ascolana dura (DI-0) was the same as the previous day and did not change,
whereas, CFG of Piantone di Falerone (DI-0) increased (Figure 3D).

After the first and second irrigation day, daily fruit relative growth rate (RGR) changed
significantly (Figure 4B-F). After the first irrigation day the minimum amount of RGR
was near zero and then decreased continuously (dashed orange line). The minimum of
RGR downsized with dissimilar slopes in different irrigation levels. Moreover, the trend of
minimum RGR reduction in different cultivars with the same irrigation level was diverse
too. The maximum amount of RGR for both cultivars with DI-20 increased slightly (dashed
black line in Figure 4B,D), whereas cultivars with DI-10 did not show any consistent
decreasing or increasing of maximum RGR (Figure 4E,F). At the same time, minimum
RGR of Piantone di Falerone (DI-0) and Ascolana dura (DI-0) showed consistent decrease
(dashed orange line in Figure 4A,C). The maximum RGR for Piantone di Falerone (DI-0)
did not show any specific patterns, however, for Ascolana dura (DI-0) was stable (dashed
black line in Figure 4C).

After irrigation withholding, RGRrange amount of two cultivars (Ascolana dura and
Piantone di Falerone) with DI-20 irrigation treatment increased (Figure 5B). The RGRrange
enlargement has been reported by other research as a water stress signal in olive [14,15,26].
However, there is no defined threshold for RGRrange as a water stress index. The trend
of RGRyange in the cultivars with DI-10 irrigation treatment was not same as each other.
Indeed, the trend for cultivar Lea was more similar to DI-20 irrigation treated cultivars
(Figure 5A), whereas, the trend of Arbequina up to the day after first irrigation treatment
was close to Lea and then after followed dissimilar trend (Figure 5A). The trend of Asc3
(DI-0) was mismatched with Fal3 (DI-0), besides, both of them (DI-0s) showed diverse
pattern in comparison with related irrigated cultivar (Figure 5C).

After third irrigation treatment, fruit RGR dynamics did not show similarity to first
and second irrigation treatment (Figure 6A—F). Moreover, the pattern of the fruit with the
same cultivar-irrigation level was diverse too. For instance, minimum RGR of Piantone
di Falerone (DI-20) for one fruit (Fall) was stable and almost zero, but for other fruit
(Fal2) followed oscillation and was negative, whereas maximum RGR for both Piantone
di Falerone (DI-20) had same trend but without any progressive decrease or increase
(Figure 6B). Maximum RGR for Ascolana dura (DI-20) in one fruit (Ascl) showed consistent
reduction but for the other one was almost stable and near zero (Figure 6D).
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Figure 3. Standardized cumulative fruit growth (CFG). From 227 to 234 day of the year (DOY) (in
correspondence with first and second irrigation days) for the olive cultivar Arbequina and Lea (A)
and for the olive cultivars Ascolana dura and Piantone di Falerone (B). From 257 to 262 day of
the year (DOY) (in correspondence with third irrigation day) for the olive cultivar Arbequina and
Lea (C) and for the olive cultivars Ascolana dura and Piantone di Falerone (D). Arb1(DI-10) and
Arb2(DI-10) represent fruit 1 and 2 of “Arbequina” at 10% deficit irrigation, respectively. Leal(DI-10)
and Lea2(DI-10) represent fruit 1 and 2 of “Lea” at 10% deficit irrigation, respectively. Asc1(DI-20)
and Asc2(DI-20) represent fruit 1 and 2 of “Ascolana dura” at 20% deficit irrigation, respectively.
Asc3(DI-0) represents fruit 3 of non-irrigated “Ascolana dura”. Fall(DI-20) and Fal2(DI-20) represent
fruit 1 and 2 of “Piantone di Falerone” at 20% deficit irrigation, respectively. Fal3(DI-0) and Fal4(DI-0)
represent fruit 3 and 4 of non-irrigated “Piantone di Falerone”, respectively.

After irrigation withholding up to first rainy day (DOY 260), RGRrange amount of As-
colana dura with DI-20 irrigation treatment increased (Figure 7B), whereas, in the Piantone
di Falerone with DI-20 irrigation treatment, RGRrange amount in the one fruit increased
and in other one decreased (Figure 7B). In addition, on the day after first rain the RGRrange
amount of Ascolana dura with DI-20 irrigation treatment decreased and for Piantone di
Falerone increased (Figure 7B). Finally, the increase of RGRrange in Ascolana dura and
Piantone di Falerone (Figure 7B) in 2 rainy days (DOYs 260 and 262) was in contrast with
our expectation. Nevertheless, it resulted from the time of rainfall. Data showed that
rainfall in DOY 260 and 262 started at 16:00 and 15:00, respectively. Consequently, the fruit
experienced water stress before rain fall, and RGRyange increased. RGRrange of Asc3 (DI-0)
and Fal4 (DI-0) in correspondence with two rainy days showed the same results of DI-20
treated and confirmed the effect of time of rainfall happening (Figure 7C).

The RGRyange in the cultivars with DI-10 irrigation treatment did not show similarity
to each other (Figure 7A). On the irrigation day, the RGRyange of Arbequina increased but
for Lea in Leal increased and in Lea2 decreased (Figure 7A). From irrigation day up to the
end of 6 days window (DOY 262), the RGRrange trend of Arbequina (DI-10) was similar to
Ascolana dura (DI-20) (including pattern in 2 rainy days (DOYs 260 and 262)). Whereas,
Lea showed dissimilar trend in comparison with Arbequina. In addition, RGRrange trend of
Leal and Lea2 was diverse too (Figure 7A).
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Figure 4. Daily fruit relative growth rate (RGR) from 227 to 234 day of the year (DOY) (in correspon-
dence with first and second irrigation days. The olive cultivar Piantone di Falerone (A,B); the olive
cultivar Ascolana dura (C,D); the olive cultivar Arbequina (E); the olive cultivar Lea (F). Fal3(DI-0)
represents fruit 3 of non-irrigated “Piantone di Falerone”. Fal1(DI-20) and Fal2(DI-20) represent
fruit 1 and 2 of “Piantone di Falerone” at 20% deficit irrigation, respectively. Asc3(DI-0) represents
fruit 3 of non-irrigated “Ascolana dura”. Asc2(DI-20) represents fruit 2 of “Ascolana dura” at 20%
deficit irrigation. Arb1(DI-10) and Arb2(DI-10) represent fruit 1 and 2 of “Arbequina” at 10% deficit
irrigation, respectively. Leal(DI-10) represents fruit 1 of “Lea” at 10% deficit irrigation.
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Figure 5. Relative growth rate range (RGRrange) from 227 to 234 day of the year (DOY) (in corre-
spondence with first and second irrigation days: (A) fruit 1 and 2 of “Arbequina” at 10% deficit
irrigation (Arb1(DI-10) and Arb2(DI-10), respectively) and fruit 1 of “Lea” at 10% deficit irrigation
(Leal(DI-10)); (B) fruit 1 and 2 of “Piantone di Falerone” at 20% deficit irrigation (Fal1(DI-20) and
Fal2(DI-20), respectively) and fruit 2 of “Ascolana dura” at 20% deficit irrigation (Asc2(DI-20));
(C) fruit 3 of non-irrigated “Ascolana dura” (Asc3(DI-0)) and fruit 3 of non-irrigated “Piantone di
Falerone” (Fal3(DI-0)).
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Figure 6. Daily fruit relative growth rate (RGR) from 257 to 262 day of the year (DOY) (in correspon-
dence with the third irrigation day). The olive cultivar Piantone di Falerone (A,B); the olive cultivar
Ascolana dura (C,D); the olive cultivar Arbequina (E); the olive cultivar Lea (F). Fal4(DI-0) represents
fruit 4 of non-irrigated “Piantone di Falerone”. Fall(DI-20) and Fal2(DI-20) represent fruit 1 and
2 of “Piantone di Falerone” at 20% deficit irrigation, respectively. Asc3(DI-0) represents fruit 3 of
non-irrigated “Ascolana dura”. Asc1(DI-20) and Asc2(DI-20) represent fruit 1 and 2 of “Ascolana
dura” at 20% deficit irrigation, respectively. Arb1(DI-10) and Arb2(DI-10) represent fruit 1 and 2 of
“Arbequina” at 10% deficit irrigation, respectively. Leal(DI-10) and Lea2(DI-10) represent fruit 1 and
2 of “Lea” at 10% deficit irrigation, respectively.
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Figure 7. Relative growth rate range (RGRrange) from 257 to 262 day of the year (DOY) (in correspon-
dence third irrigation day): (A) fruit 1 and 2 of “Arbequina” at 10% deficit irrigation (Arb1(DI-10)
and Arb2(DI-10), respectively) and fruit 1 and 2 of “Lea” at 10% deficit irrigation (Leal(DI-10) and
Lea2(DI-10), respectively); (B) fruit 1 and 2 of “Ascolana dura” at 20% deficit irrigation (Asc1(DI-20)
and Asc2(DI-20), respectively) and fruit 1 and 2 of “Piantone di Falerone” at 20% deficit irrigation
(Fal1(DI-20) and Fal2(DI-20), respectively); (C) fruit 3 of non-irrigated “Ascolana dura” (Asc3(DI-0))

and fruit 4 of non-irrigated “Piantone di Falerone” (Fal4(DI-0)).

3.4. Hysteresis Curves of Fruit Growth versus VPD

The hysteresis phenomenon is an indirect response of vegetation to diurnal changes in
the external environment and the time lag is a major characteristic of hysteresis [54]. In our
case hysteresis is formed by the time lag between VPD and fruit growth. To better capture
the time lag between daily diameter and VPD, the normalized data of diameter and VPD
have been used. The blue box showed a time lag between some example fruits diameter
and VPD (Figure 8).



Horticulturae 2022, 8, 1221

18 of 26

1.0 0.0
—— Leal(DI-10)
—— Arb1(DI0)
2 Fal1(DI-20)
2l ™ —— Asc2(DI-20)
08 Asc3(DI-0) a
& —— Fal3(DI-0} o
kol - VPD >
g 3
5064 8
o
2 £
@ o
N c
E 0.4 E
2 =
z
0.2+
00 - . - .
6:00 12:00 18:00 0:00 500
Hour

Figure 8. Normalized diameter of example fruits versus normalized vapor pressure deficit (VPD) in
228 day of the year (DOY). The blue box shows daily time lag between VPD and fruit diameter. In
the blue box darkness of color shows increasing time lag. To better demonstrate time lag, a negative
normalized amount of VPD has been employed. Leal(DI-10) represents fruit 1 of “Lea” at 10%
deficit irrigation. Arb1(DI-10) represents fruit 1 of “Arbequina” at 10% deficit irrigation. Fal1(DI-20)
represents fruit 1 of “Piantone di Falerone” at 20% deficit irrigation. Fal3(DI-0) represents fruit 3 of
non-irrigated “Piantone di Falerone”. Asc2(DI-20) represents fruit 2 of “Ascolana dura” at 20% deficit
irrigation. Asc3(DI-0) represents fruit 3 of non-irrigated “Ascolana dura”.

In most periods of experiment, the daily growth of fruit transversal diameter versus
VPD formed clockwise curves. The mentioned curves, according to their shape, were
explainable as complete hysteresis (Figure 9A), incomplete hysteresis (Figure 9B), or partial
hysteresis (Figure 9C). Although, different kinds of hysteresis curves have appeared by
dissimilar frequency, shape, and magnitude in each cultivar-irrigation level (Table 4).

The trend of hysteresis curves in correspondence with irrigation days has been shown
in Table 5. In the first and second irrigation day, in all irrigated cultivars (with DI-10
and DI-20), a partial clockwise hysteresis curve has appeared. Nevertheless, on the third
irrigation day, it did not form any hysteresis pattern.

In the past decade, several researchers have developed indices to quantify the shape,
size, and direction of hysteresis curves [55]. In all indices or metrics, three main charac-
teristics of hysteresis relation which are shape, direction, and the extent of loop should be
considered [55]. About hysteresis direction, according to our results all hysteresis curves
were clockwise. In addition, all shapes of hysteresis were circular (i.e., eight-shaped or
linear form has not been formed). Therefore, for detecting extent change, the loop’s height
was employed (blue, red, and green dotted lines in Figure 10). Loop’s height was calculated
as the maximum normalized diameter minus the minimum normalized diameter inside
the loop. In addition, according to the employment of normalized diameter for calculation
of loop’s height, it is a normalized unitless parameter.

In the first and second irrigation days, for the cultivar of Ascolana dura deficit irri-
gation treatment reduced height of hysteresis curve (red dotted line in Figure 10A,B) in
comparison with non-irrigated treatment (blue dotted line in Figure 10A,B). In the same
time, Piantone di Falerone (deficit irrigated) experienced the same magnitude change as
Ascolana dura (Figure 10C,D).

The hysteresis height was tested by the repeated measures ANOVA test and the test
revealed significant differences (p = 0.005 for Piantone di Falerone and p = 0.019 for As-
colana dura) among irrigated cultivars with their non-irrigated (Table 6). Indeed, multiple
comparison tests of Student-Newman-Keuls showed significant differences between Fall
(DI-20) and Fal3 (DI-0), Fal2 (DI-20), and Fal3 (DI-0) as well as Asc2 (DI-20) and Asc3 (DI-0).



Horticulturae 2022, 8, 1221

19 of 26

Table 4. Data of percentage of appearance of different hysteresis curves. Invalid data were excluded
from the table. Arb1(DI-10) and Arb2(DI-10) represent fruit 1 and 2 of “Arbequina” at 10% deficit
irrigation, respectively. Leal(DI-10) and Lea2(DI-10) represent fruit 1 and 2 of “Lea” at 10% deficit
irrigation, respectively. Asc1(DI-20) and Asc2(DI-20) represent fruit 1 and 2 of “Ascolana dura” at 20%
deficit irrigation, respectively. Asc3(DI-0) represents fruit 3 of non-irrigated “Ascolana dura”. Fall(DI-20)
and Fal2(DI-20) represent fruit 1 and 2 of “Piantone di Falerone” at 20% deficit irrigation, respectively.
Fal3(DI-0) and Fal4(DI-0) represent fruit 3 and 4 of non-irrigated “Piantone di Falerone”, respectively.

Type Arb1(DI- Arb2(DI- Leal(DI- Lea2(DI- Ascl(DI- Asc2(DI- Asc3(DI- Fall(DI- Fal2(DI- Fal3(DI- Fal4(DI-
ofhysteresis 10) 10) 10) 10) 20) 20) 0) 20) 20) 0) 0)
Complete 27.45 15.69 19.05 12.50 15.00 12.82 27.66 6.67 10.26 35.29 0.00
Incomplete 41.18 50.98 23.81 62.50 50.00 25.64 19.15 42.22 15.38 17.65 33.33
Partial 23.53 25.49 42.86 16.67 15.00 30.77 34.04 26.67 48.72 23.53 50.00
No . 7.84 7.84 14.29 8.33 20.00 30.77 19.15 2444 25.64 23.53 16.67
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Figure 9. Hysteresis loops of diameter versus vapor pressure deficit (VPD) in one example day
(232 day of the year (DQOY)). (A) Complete clockwise hysteresis; (B) incomplete clockwise hysteresis;
(C) partial clockwise hysteresis. Dotted black line shows the rotational pattern and starting and
ending point of hysteresis loops. Arb1(DI-10) and Arb2(DI-10) represent fruit 1 and 2 of “Arbequina”
at 10% deficit irrigation, respectively. Leal(DI-10) represents fruit 1 of “Lea” at 10% deficit irrigation.
Asc2(DI-20) represents fruit 2 of “Ascolana dura” at 20% deficit irrigation. Asc3(DI-0) represents
fruit 3 of non-irrigated “Ascolana dura”. Fall(DI-20) and Fal2(DI-20) represent fruit 1 and 2 of
“Piantone di Falerone” at 20% deficit irrigation, respectively. Fal3(DI-0) represents fruit 3 of non-
irrigated “Piantone di Falerone”.
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Table 5. Data of hysteresis curve types in correspondence with irrigation days. Arb1(DI-10) and
Arb2(DI-10) represent fruit 1 and 2 of “Arbequina” at 10% deficit irrigation, respectively. Leal(DI-10)
and Lea2(DI-10) represent fruit 1 and 2 of “Lea” at 10% deficit irrigation, respectively. Asc1(DI-20)
and Asc2(DI-20) represent fruit 1 and 2 of “Ascolana dura” at 20% deficit irrigation, respectively.
Asc3(DI-0) represents fruit 3 of non-irrigated “Ascolana dura”. Fall(DI-20) and Fal2(DI-20) represent
fruit 1 and 2 of “Piantone di Falerone” at 20% deficit irrigation, respectively. Fal3(DI-0) and Fal4(DI-0)
represent fruit 3 and 4 of non-irrigated “Piantone di Falerone”, respectively. From 227 to 234 day of
the year (DOY), extensimeters of Lea2 (DI-10) and Ascl (DI-20) were missing (marked by ”-” in the
table). In the 257 day of the year (DOY), data of extensimeters of Leal (DI-10), Asc2 (DI-20), and Fal2
(DI-20), and in 261 day of the year (DOY) data for Asc2 (DI-20) were incorrect and excluded from the
table (marked by ” # “ in the table).

DOY Arb1(DI- Arb2(DI- Leal(DI- Lea2(DI- Ascl(DI- Asc2(DI- Asc3(DI- Fall(DI- Fal2(DI- Fal3(DI-  Fal4(DI-
10) 10) 10) 10) 20) 20) 0) 20) 20) 0) 0)
227 Complete Incomplete Complete - - Incomplete Complete Incomplete Incomplete Complete -
228 Complete Incomplete Complete - - Complete Complete Incomplete Incomplete Complete -
229 Partial Partial Partial - - Partial Partial Partial Partial Incomplete -
230 Partial Partial Partial - - Partial Incomplete Partial Partial Incomplete -
231 Partial Partial Partial - - Partial Complete  Partial Partial Complete -
232 Incomplete Incomplete Complete - - Partial Complete  Partial Partial Complete -
233 Incomplete Incomplete Incomplete - - Partial Incomplete Partial Partial Partial -
234 Incomplete Incomplete Incomplete - - Incomplete Complete Complete Complete Complete -
257 Incomplete Incomplete # Incomplete Incomplete # Incomplete Incomplete # - Incomplete
258 Incomplete Incomplete Incomplete Complete Incomplete Incomplete Complete Incomplete Incomplete - Incomplete
259 No No No No No No No No No - No
260 Partial Partial No Partial No No Partial No No - Complete
261 No No Partial Incomplete Partial # Partial Incomplete Partial - Partial
262 Partial Incomplete  Partial Chaos Partial Partial Partial Partial Partial - Partial
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Figure 10. Hysteresis loops of diameter versus vapor pressure deficit (VPD) in first (229 day of the
year (DOY)) and second (231 day of the year (DOY)) irrigation days. (A) 229 day of the year (DOY)
for Ascolana dura; (B) 231 day of the year (DOY) for Ascolana dura; (C) 229 day of the year (DOY) for
Piantone di Falerone; (D) 231 day of the year (DOY) for Piantone di Falerone. Asc2(DI-20) represents
fruit 2 of “Ascolana dura” at 20% deficit irrigation. Asc3(DI-0) represents fruit 3 of non-irrigated
“Ascolana dura”. Fall(DI-20) and Fal2(DI-20) represent fruit 1 and 2 of “Piantone di Falerone” at 20%
deficit irrigation, respectively. Fal3(DI-0) represents fruit3 of non-irrigated “Piantone di Falerone”.
Dotted lines show the height of hysteresis curves.
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Table 6. One way repeated measures ANOVA testing hysteresis height (mean) of different cultivar
irrigation treatment from 227 to 234 day of the year (DOY). Asc2(DI-20) represents fruit 2 of “Ascolana
dura” at 20% deficit irrigation. Asc3(DI-0) represents fruit 3 of non-irrigated “Ascolana dura”.
Fal1(DI-20) and Fal2(DI-20) represent fruit 1 and 2 of “Piantone di Falerone” at 20% deficit irrigation,
respectively. Fal3(DI-0) represents fruit 3 of non-irrigated “Piantone di Falerone”. Before performing
repeated measures ANOVA test, selected data were examined by normality test and equal variance
test (for the Fall (DI-20), Fal2 (DI-20), and Fal3 (DI-0) normality test (Shapiro-Wilk, passed p = 0.425)
and equal variance test (Brown-Forsythe, passed p = 0.185); for the Asc2 (DI-20) and Asc3 (DI-0)
normality test (Shapiro-Wilk, passed p = 0.325) and Equal variance test (Brown—Forsythe, passed
p = 1.000)).

Treatment Name N Mean Std Dev SEM Student-Newman-Keuls test
Fall (DI-20) 8 62.125 25.503 9.017 a
Fal2 (DI-20) 8 70 18.83 6.657 a
Fal3 (DI-0) 8 90 0 0 b
Asc2 (DI-20) 8 56.125 31.692 11.205 A
Asc3 (DI-0) 8 90 0 0 B

On the third irrigation day, the hysteresis curve did not appear (Table 5). As VPD
were the input of hysteresis curve, appearance and characteristic of the hysteresis curve
were affected by VPD, so disappearance of hysteresis curve can be related to different
circadian cycles (daily pattern) of VPD. In the normal circadian cycle, VPD tended to
peak in the early afternoon, but on the third irrigation day from 11 AM up to 1 PM
the VPD decreased. Mentioned reduction of VPD suppressed formation of hysteresis
curves. Fruit development is also a significant parameter which influences daily growth
patterns and therefore the formation and characteristic of the hysteresis curve [27]. Recent
research explained disappearance of hysteresis curve in “Frantoio” olive cultivar during
fruit maturation, and finding by Scalisi et al. [22] suggested hysteresis magnitude changes
or disappearance of it in nectarine during different stages of fruit development. However,
Table 1 did not show any fruit maturation during our experiment.

4. Discussion

The daily olive fruit growth patterns were detected through the continuous monitoring of FD.
The FD increased with diurnal variations as it was observed in peach (Prunus persica (L.) Batsch) [56],
sweet cherry (Prunus avium L.) [34,36], apple (Malus domestica cv. Imperial Gala) [23], kiwi
(Actinidia deliciosa cv. Summerkiwi 4605) [57], and olive (Olea europaea L.) [26,27]. Indeed,
during the hottest hours (mid-morning to early afternoon) due to low xylem flow (low
water potential) or/and xylem backflow and maximum transpiration rate, fruit faces with
size reduction and shrinks, while from the late afternoon to early morning, xylem water
potential restored and fruit gradually expands and usually reaches size larger than the
initial point of same day [37,38].

On the other hand, there are some exceptional days with different growth patterns
(Figure S1B). Khosravi et al. [27] already showed that for olive (Olea europaea (L.) cv “Fran-
toio” there were some days with different daily growth patterns related to the change in
the daily VPD pattern.

4.1. Response of Fruit Growth to Deficit Irrigation and Rain

During the third phase of olive fruit development, the growth would be mainly
driven by cell expansion with cell division processes becoming much less important [58].
Therefore, the third phase of olive fruit development (fruit expansion) requires an adequate
flow of water to the fruit and sufficient turgor to drive in cell enlargement [6]. Our results
in first and second irrigation days (DOYs 229 and 231) were in line with what we would
expect from increasing flow of water. Indeed, AG and CFG increased, but with dissimilar
slope and amount in diverse cultivars (Table 3 and Figure 3A,B). With first and second
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irrigation days (DOYs 229 and 231), Ascolana dura and Piantone di Falerone, which are
categorized as a table olive and treated with same irrigation regimes (DI-20), had the same
CFG trend (Figure 3B), while Arbequina and Lea, which are categorized as oil varieties
and treated with same irrigation regimes (DI-10), had the different CFG trend (Figure 3A).
Dissimilarity in CFG trend is resulted by different irrigation treatments (DI-10 and DI-20),
crop load, genetic factors, and phenology [14]. In the 6 days in correspondence with first
and second irrigation days, data of the standardized diameter (Table 2) showed that the
ratio of diameter increase for both cultivars with DI-20 irrigation treatment is higher than
non-irrigated, which confirmed the positive effect of irrigation.

On the other hand, the decreasing minimum of RGR after the first and second irrigation
event (orange dashed line in Figure 4B,D-F) confirmed the positive effect of water flow too.
Minimum RGR in different cultivars downsized with various slopes which suggested a very
different response of cultivars to dehydration. Similar results were previously explained
for two Sicilian olive cultivars of Nocellara del Belice and Olivo di Mandanici [15]. On the
contrary, minimum RGR for Ascolana dura (DI-0) and Piantone di Falerone (DI-0) increased
(orange dashed line in Figure 4A,C). It could be hypothesized that with positive changes in
the environmental condition (here was significant reduction of daily average of VPD from
3 (kPa) in DOY 228 to 1.14, 1.17, 1.34, 1.44 and 1.38 (kPa) in the days after, respectively), the
minimum RGR increased.

In the 6 days in correspondence with the third irrigation day (DOY 259), flow of water
to the fruit has been affected not only by irrigation, but also by rain. Therefore, diameter
of both DI-20 irrigated and non-irrigated treatments increased, but with dissimilar ratios
(Table 2), the only exception was Asc2 (DI-20) which did not show any changes in diameter.
In addition, the CFG amount in both DI-20 irrigated and non-irrigated treatments increased
too, the only exception was Asc2 (DI-20) which did not show any changes in irrigation day
(Figure 3C,D). However, the effect of rain on CFG was not the same in different cultivars.
For instance, in the first rainy day (DOY 260), CFG for Asc2 (DI-20), Asc3 (DI-0), and
Fal4 (DI-0) increased, for Fal2 (DI-20) decreased, and for Ascl (DI-20) and Fall (DI-20)
was constant. This dissimilarity of the CFG trend between cultivars and among different
fruits of the same cultivar was detectable also in the second rainy day (DOY 262). The
dissimilarity of CFG trend between cultivars could be resulted by crop load, genetic factors
and phenology [14], and different cultivar specific drought resistance mechanisms and
still unrevealed role that fruits have as water storage compartments in drought resistance
mechanisms of olive [15].

Although, in the same time, RGR graphs show some similarity between cultivars of
Ascolana dura and Piantone di Falerone, including pronounced maximum amount after
second rainy day for both irrigated and non-irrigated treatments (Figure 6A-D), or sudden
decreasing of minimum RGR for cultivars of Arbequina and Lea after the second rainy
day; but RGR pattern did not show any sameness to the trend of first and second irrigation
events (Figure 6A-F).

At the same time, RGRrange showed diverse patterns in different cultivars. Moreover,
in some cases the pattern was different among fruits of the same cultivar (Figure 7A-C).

Overall, due to different responses of diverse cultivars to deficit irrigation, the use of
common fruit development indices (i.e., RGRyange) as an indicator of water status should
be cultivar-specific. Indeed, cultivar-specific thresholds should be adopted. In addition,
fruit growth is affected by parameters such as fluctuation in environmental conditions,
phenological stage, and crop load [15,59], therefore, the effects should be considered in
threshold definition.

4.2. Hysteresis Curves Variations

VPD (input) and FD (output) time series (blue box in the Figure 8) formed FD-VPD
loops, which are examples of hysteresis curves (Figure 9). The magnitude and characteriza-
tion of hysteresis curves differed from day to day. Magnitude change of hysteresis curves
was reported by other researchers as well [22,27,40].
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Interestingly, in our research, magnitude change of hysteresis curves versus VPD
is not cultivar-specific (Figure 10), accordingly, acquired indices are not cultivar-specific.
Zhang et al. [40] suggested that the relation between the hysteresis magnitude and plant
water potential provides a possible way to detect plant water stress. However, other factors
are also involved since it has been shown that formation of hysteresis curves resulted
from complex interactions between exogenous and endogenous factors [40]. Moreover,
according to research by Zuecco et al. [55], hysteresis can be thought of as the dependence
of a response variable not only on the value of a driving variable but also on its past history.
Here, height reduction of hysteresis curves (magnitude change) by irrigation treatment
(reduction of water stress) (Figure 10), could be employed as an index for estimation of
water status of plants.

With normal circadian pattern of VPD, the hysteresis height’s change is influenced by
fruit diameter change (daily fruit growth dynamics). In the third stage of the fruit develop-
ment (cell expansion stage) the daily fruit growth dynamics can be explained as changes
in flows of water into and out of the fruit, rather than carbon gains; thus, fruit diameter
variation responds to water deficit [15,23,25-27,32]. Consequently, hysteresis magnitude
change is closely related to water status of fruit. Indeed, in the day with normal circadian
pattern of VPD, with increasing water flow into the fruit (by irrigation), the hysteresis height’s
decreases. Therefore, increasing hysteresis height’s is the sign of reduction of water flow into
fruit and could be used for water stress detection (Figure 10A-D and Figure 54).

Opverall, results highlight the magnitude change of hysteresis curves (height of loop) as
a non-cultivar-specific quantitative index in two cultivars of Ascolana dura and Piantone di
Falerone which can be taken in order to estimate the water status. However, development of
quantitative assessment of hysteresis curves using an index approach is vital in this regard.

5. Conclusions

The paper presents some physiological basis to better monitor deficit irrigation in
olive in different varieties. In the four olive cultivars (Ascolana dura, Piantone di Falerone,
Arbequina and Lea), fruit growth parameters including CFG and RGR showed different
response to irrigation treatment which resulted by cultivar specific drought response mech-
anisms and suggest cultivar-specific water stress detection strategy. Moreover, during the
third phase of olive fruit development, the hysteresis pattern between FD and VPD were
explained and for the first time the quantitative differences of hysteresis curves for two
deficit irrigated cultivars of Ascolana dura and Piantone di Falerone were demonstrated
and discussed. In addition, the height of the hysteresis curve was significantly affected by
irrigation. In general, height of hysteresis curves is reduced by deficit irrigation treatment
for all four olive cultivars. Hysteresis magnitude’s change resulted in a non-cultivar-specific
parameter that could enable it to monitor plant water status and perform better tuned
irrigation treatment in olive orchards. However, further studies should be performed
to develop this continuous fruit-based parameter. In particular, various percentage of
deficit irrigation treatments on different cultivars and in the diverse environmental condi-
tions should be examined to enhance non-cultivar-specific index derived from hysteresis
magnitude’s change. Moreover, fruit growth-related factors (i.e., crop load, previously
experienced stress, and phenological stage) should be considered to establish an efficient
index [15]. These results can be useful for setting up more robust and precise indicators to
detect water stress in olive orchards and improve precision irrigation methods.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/horticulturae8121221/s1, Table S1. Data for starting and finishing
time of shrinkage and expansion for different cultivar-irrigation levels in 3 consecutive example days
(from 228 to 230 day of the years (DOY)). The ending time of Expansion is on the next day. Arb(DI-10)
represents average data of two fruits of ‘Arbequina’ at 10% deficit irrigation. Lea(DI-10) represents
average data of two fruits of ‘Lea” at 10% deficit irrigation. Asc(DI-20) represents average data of
two fruits of ‘Ascolana dura” at 20% deficit irrigation. Asc(DI-0) represents data of one non-irrigated
fruit of “Ascolana dura’. Fal(DI-20) represents average data of two fruits of ‘Piantone di Falerone” at
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20% deficit irrigation. Fal(DI-0) represents data of one non-irrigated fruit of ‘Piantone di Falerone’;
Figure S1. Continuous measurements of diameter of olive fruit in two example days of the experiment:
(A) fruits with normal growth pattern in day of the year (DOY) 225; (B) fruit with exceptional growth
pattern during rainy day (rainfall at beginning hours of the day) in day of the year (DOY) 236, in
addition, it was the day after heavy rainfall. Arb1(DI-10) and Arb2(DI-10) represent fruit 1 and 2
of ‘Arbequina’ at 10% deficit irrigation, respectively. Leal(DI-10) represents fruit 1 of ‘Lea” at 10%
deficit irrigation. Asc2(DI-20) represents fruit 2 of “Ascolana dura’ at 20% deficit irrigation. Asc3(DI-0)
represents fruit 3 of non-irrigated ‘Ascolana dura’. Fall(DI-20) and Fal2(DI-20) represent fruit 1
and 2 of ‘Piantone di Falerone” at 20% deficit irrigation, respectively. Fal3(DI-0) represents fruit 3 of
non-irrigated ‘Piantone di Falerone’; Figure S2. Daily variation of fruit diameter from 227 to 234 day
of the year (DOY) and from 257 to 262 day of the year (DOY). (A) cultivar of Arbequina in the first and
the second irrigation days; (B) cultivar of Lea in the first and the second irrigation days; (C) cultivar
of Ascolana dura in the first and the second irrigation days; (D) cultivar of Piantone di Falerone in the
first and the second irrigation days; (E) cultivar of Arbequina in the third irrigation day; (F) cultivar
of Lea in the third irrigation day; (G) cultivar of Ascolana dura in the third irrigation day; (H) cultivar
of Piantone di Falerone in the third irrigation day. Arb1(DI-10) and Arb2(DI-10) represent fruit 1
and 2 of “Arbequina’ at 10% deficit irrigation, respectively. Leal(DI-10) and Lea2(DI-10) represent
fruit 1 and 2 of ‘Lea’ at 10% deficit irrigation, respectively. Asc1(DI-20) and Asc2(DI-20) represent
fruit 1 and 2 of “Ascolana dura” at 20% deficit irrigation, respectively. Asc3(DI-0) represents fruit 3
of non-irrigated ‘Ascolana dura’. Fall(DI-20) and Fal2(DI-20) represent fruit 1 and 2 of ‘Piantone
di Falerone” at 20% deficit irrigation, respectively. Fal3(DI-0) and Fal4(DI-0) represent fruit 3 and 4
of non-irrigated ‘Piantone di Falerone’, respectively; Figure S3. Standardized Fruit daily diameter
fluctuation (AD). From 227 to 234 day of the year (DOY) (in correspondence with first and second
irrigation days) for the olive cultivar Arbequina and Lea (A) and for the olive cultivars Ascolana dura
and Piantone di Falerone (B); From 257 to 262 day of the year (DOY) (in correspondence with third
irrigation day) for the olive cultivar Arbequina and Lea (C) and for the olive cultivars Ascolana dura
and Piantone di Falerone (D). Arb1(DI-10) and Arb2(DI-10) represent fruit 1 and 2 of ‘Arbequina’ at
10% deficit irrigation, respectively. Leal(DI-10) and Lea2(DI-10) represent fruit 1 and 2 of ‘Lea” at
10% deficit irrigation, respectively. Asc1(DI-20) and Asc2(DI-20) represent fruit 1 and 2 of “Ascolana
dura’ at 20% deficit irrigation, respectively. Asc3(DI-0) represents fruit 3 of non-irrigated ‘Ascolana
dura’. Fall(DI-20) and Fal2(DI-20) represent fruit 1 and 2 of ‘Piantone di Falerone” at 20% deficit
irrigation, respectively. Fal3(DI-0) and Fal4(DI-0) represent fruit 3 and 4 of non-irrigated ‘Piantone
di Falerone’, respectively; Figure S4. Height of hysteresis curves from 227 to 234 day of the year
(DOY) (in correspondence with first and second irrigation days). (A) fruit 1 and 2 of “Arbequina’ at
10% deficit irrigation (Arb1(DI-10) and Arb2(DI-10), respectively) and fruit 1 of ‘Lea” at 10% deficit
irrigation (Leal(DI-10)); (B) fruit 1 and 2 of ‘Piantone di Falerone” at 20% deficit irrigation (Fal1(DI-20)
and Fal2(DI-20), respectively) and fruit 2 of “Ascolana dura’ at 20% deficit irrigation (Asc2(DI-20));
(C) fruit 3 of non-irrigated ‘Ascolana dura’ (Asc3(DI-0)) and fruit 3 of non-irrigated ‘Piantone di
Falerone’ (Fal3(DI-0)).
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