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Abstract: Recently, several studies on olive fruit growth have focused on circadian monitoring as an
important orchard management tool. The olive fruit growth trend is described by double sigmoid
model with four growth phases, where the third phase spans from the end of pit hardening to initial
fruit maturation, and the last phase includes olive maturation up to fruit drop. Environmental
factors play an important role in fruit growth, with vapor pressure deficit (VPD) being a keystone
factor. Our experiment was designed to hourly monitor olive (Olea europaea L. cv. ‘Frantoio’) fruit
transversal diameter from approximately initial pit hardening (II Phase), extension (III Phase) until
harvest time (IV Phase) in the attempt to determine whether fruit growth dynamically responds
to environmental variables such as diurnal VPD change in different stages of fruit development.
Automatic extensimeters were applied in open field and VPD was calculated from data of our weather
station. Throughout the experiment period, the circadian model of fruit growth showed two steps:
shrinkage and expansion. Almost in all days of the third phase of fruit growth, daily response of
transversal diameter to VPD formed complete clockwise hysteresis loops. During the fourth phase of
fruit growth, with increasing fruit maturation, the complete clockwise hysteresis loop experienced
some abnormality. At the fourth stage of fruit growth there were incomplete and partial clockwise
hysteresis loops. We conclude that hysteresis can be employed to detect the shift between the end
of the third phase (cell expansion) and the beginning of the fourth phase (fruit maturation) of fruit
growth. The disappearance of the complete clockwise hysteresis loop and the substitution with
incomplete, or partial clockwise hysteresis loops was observable only in the fourth stage of fruit
growth. These results can be valuable for any smart fruit management of olive fruit production.

Keywords: olive; fruit growth; hysteresis; transversal diameter; fruit maturation; vapor pressure
deficit (VPD)

1. Introduction

Olive (Olea europaea L.) is an evergreen tree or shrub which was originally domesticated
in the Fertile crescent region, from where it spread later on, to many parts of the world
with Mediterranean climate. Maintaining constant and high olive yields requires an
application of specific knowledge and techniques. Olive fruit growth and maturation is
a combination of physiological and biochemical changes influenced by environmental
and agronomic conditions [1-3]. Olive fruit growth can be described by a double-sigmoid
growth curve [4,5], which is divided in four growth phases. The first phase (I Phase) is
characterized by rapid cell division, which induces an exponential expansion of the volume;
in the second phase (Il Phase) the speed of cell division diminishes, while pit is hardening
and fruit size increases slowly; in the third phase (III Phase) the fruit dimension increases
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with rapid and linear growth continues and leads to a beginning of fruit maturation; the
fourth phase (IV Phase) finishes with full ripening and eventually fruit drop.

In addition to this, the growth of the fruit is the result of complex genetic, metabolic,
hormonal and environmental interactions that determine the size, shape and oil composi-
tion [5]. It is influenced and regulated by endogenous factors such as genetic differences
and fruit load, and exogenous factors such as water availability and ambient tempera-
ture [6,7]. One of the most significant environmental variables is vapor pressure deficit
(VPD). According to research of Amitrano et al. [8], VPD is a driver for transpiration in
plants and it is critical for plants’ growth and productivity. Such degree of complexity in
olive fruit growth demands a more accurate management in cultivating this crop.

Precision farming system is a management approach that has been implemented
in agriculture in recent years. The ‘precision farming’ concept is based upon observing,
measuring and responding to inter and intra-field variability in crops or in various aspects
of animal husbandry [9]. One of its main research foci in pomology consist in monitoring
of fruit transversal diameter by an application of sensors, to represent fruit growth. Ob-
servation of circadian cycles applied to fruit growth contributes to gathering information
regarding this phenological stage and to yield more data for developing precision farming
technologies [10,11].

Monitoring of fruit growth by following diurnal fluctuation of transversal diameter
has been investigated in several species. For instance, Fishman and Génard [12] simulated
a model for seasonal and diurnal growth of peach (Prunus persica (L.) Batsch), whereas
Bruggenwirth et al. [13] showed the diurnal growth of sweet cherry (Prunus avium (L.)
Sam). Monitoring fruit growth provided good estimations of fruit size and harvest date
and granted better satisfaction of the target market in apple production [14]. Olive fruits
have been studied in this regard by Fernandes et al. [15], that showed fruit growth and
diurnal changes in olive (Olea europaea (L.) cv Arbequina), grown under different water
regimes.

Production of highly precise instruments for accurate measurement of fruit growth has
been developed and there are various experimental as well as commercial instruments [16].
Nevertheless, Morandi et al. [16] described that, in most cases, the instrument consists of a
sensor, supported by a frame, placed in contact with the epidermis of the growing fruit.
One aspect that bears considerably on the choice of sensor and of the materials used in
constructing field probes is their ruggedness and accuracy under varying environmental
conditions, including large temperature, precipitation, and air moisture changes [16].

Monitoring of fruit growth can help the Regulated Deficit Irrigation (RDI) index to
optimize water consumption without diminishing yields or fruit quality. According to
research of Goldhamer [17], Tavor et al. [18] and Tognetti et al. [19], pit hardening is the
best phenological phase for employing RDIs in olive trees but in many cases, differences
among growth stages are not evident, neither easy to access [20]. Thus, in a smart farming
approach, it is hence important to find physiological parameters that can be continuously
measured by the sensors. A common challenge with tree-based sensors is to adjust their
output to physiologically meaningful parameters in a consistent manner [10,21,22].

The phenomenon of hysteresis in plant systems has been known for a long time,
attracting the attention of many investigators for years [23]. The root of the word hysteresis
is Greek and means to “lag behind”. Hysteresis is non-linear loop like behavior that does
not show affine similarity with respect to time [24,25]. In other words, when the time argu-
ment of an input function is stretched or compressed, the corresponding output function
is not stretched in the same way [25,26]. For instance, hysteresis as a relation between
environmental factor (e.g., meteorological factors) and sap flow has been investigated
in various eco systems in different geographical regions [26-33]; hysteresis was found
also in the relationship between canopy conductance and temperature [34]. Furthermore,
Scalisi et al. [35], examined two different olive cultivars under different irrigation regimes
and explained hysteresis between fruit diameter and leaf pressure on two different olive
cultivars. According to this research, there was a completely different mechanism of leaf
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and fruit water exchange in response to increasing water deficit in the two cultivars, which
might be driven by different osmotic adjustments, cell-wall elasticity and tissue water
content [35]. Recently, in the cherry fruit growth relationship with VPD, full hysteresis was
found only during the maturation phase while during fruit extension phase the hysteresis
was null or partial [11].

This work examined olive fruit transversal diameter versus VPD and evaluated the
presence of hysteresis curves. The specific objective is to continuously describe the ‘Frantoio’
olive growth by automatic extensimeter. Besides, the fruit color ‘veraison’ was used to
detect the transition between fruit growth phases. It was automatically recorded the by
time-lapse video. To our knowledge, no other studies have yet evaluated the hysteresis
curve of diurnal variation of olive fruit dimensions vs. VPD.

2. Materials and Methods
2.1. Site Description and Phenology

The study was conducted in 2019 in the olive grove (Olea europaea L., cv. ‘Frantoio’) of
the experimental research station and botanical garden of Polytechnic University of Marche
at Gallignano of Ancona (AN), Italy (43°34'06.2" N 13°25'24.2" E). Trees were planted
6 x 6 m and trained as free open vase. These were about 40 years old at the time of
experiment. The agricultural operations, pest control and fertilization practices were
accomplished following organic agricultural methods. Olive trees were grown in rainfed
condition and with permanent grass cover, with mowing 3—4 times during the growing
season. According to Koppen-Geiger climate classification, Gallignano is classified in the
Cfb category and this is characterized by warm temperature, highly humid and warm
summer [36].

2.2. Fruit Growth

In 2019, the transversal diameter (synonym of equatorial diameter) of two olive fruits
(fruit A and fruit B) was measured from August 6th to October 24th (DOY (Day Of the
Year) 118 to DOY 297), from the phase of pit hardening, about 55 days after blooming
(DAB), until harvest. The two different fruits were selected on one representative tree. Fruit
diameter was measured with highly precise DEX20 extensimeters (Dynamax Inc., Houston,
TX, USA). DEX20 extensimeters measure the size of small fruits (0-25 mm). This is a caliper
style device with a full bridge strain gage attached to a flexible arm. The accuracy of the
extensimeter was 0.05 mm at 20 °C and the output signal expressed in millivolt varied
with a range of 5 mV. The sensor output showed both diurnal and long-term growth of
fruit. Data were recorded by CR1000X data logger (Campbell scientific, Inc., Logan, UT,
USA) every hour and sent to our own cloud service base on Amazon Web Service (AWS)
twice per day (Figure 1). The measured daily data were normalized by Min-Max method
through the equation:

x'=09 x ((x = Xmin)/Xmax — Xmin) + 0.05 1)

where ¥’ is the normalized value, x is the value of the existing data, and Xmin and xmax are
the minimum and maximum values of the data, respectively [11].
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Figure 1. Olive orchard with camera and extensimeter in the olive tree powered by solar panel.
Camera equipped with solar panel and AWS S3 storage(Amazon Web Services, Inc., Seattle, WA,
USA) (left-top); highly precise DEX20 extensimeters (right-top); Campbell scientific data logger
CR1000X inside the metal box of data logger (left-down).

2.3. Time-Lapse Video

The camera acquisition system was based on a custom 5Mpix RGB camera (Raspberry
Pi Foundation, Cambridge, UK) with S-mount camera lens option. The device was attached
to the mini-CSI port of a Raspberry Pi Zero W module (Raspberry Pi Foundation, Cam-
bridge, UK). An IP65 enclosure ensured protection from water. Vision system was powered
by a 10 W solar panel. A dedicated scheduler ensured the acquisition of images at the de-
sired time. The acquired data were then synchronized to AWS S3 storage. Data connection
was ensured by a Wi-Fi 3.5/4G powered by the solar panel. The camera was set on the
orchard near to the tree to take pictures hourly (Figure 1). The images from the camera were
labeled by olive maturation experts using Labelbox platform (Labelbox Inc., San Francisco,
CA, USA); for each olive, the experts assigned a ripening stage according to 0—4 of Jaen
index [37]. Labelbox is fully configurable platform which enables us to create and manage
machine learning training data. It is able to label data accurately with automated labeling
workflows. Moreover, all data and processes are connected through a single platform
with a central system of record. It accelerates model training and increases performance
with faster iterations (https:/ /labelbox.com/product/platform, accessed on 15 September
2021). The ripening index yielded by the camera images illustrated the maturity phase of
the population of olive fruits. On the contrary, the extensimeter did not represent data of
population of olive fruits; it represented single olive fruit data. Meanwhile, the single olive
fruit data was inside the data of the population of olive fruits. Therefore, the parameter
of 50% ripening of population of olive fruits was employed to approve maturation phase;
monitoring of population of olive fruits was performed until countable full black fruits
reached 50% of all countable fruit on the picture.

2.4. Meteorological Data

Meteorological data were recorded by a Vantage pro2 precision weather station (Davis
Instruments Corporation, Hayward, CA, USA) located in the olive orchard. Vantage


https://labelbox.com/product/platform

Horticulturae 2021, 7, 349

50f19

pro2 consists of weather-link software and data logger, which transfer weather data to
a computer. For the calculation of vapor pressure deficit (VPD), air temperature (T) and
relative humidity (RH) data were collected from our weather station. Vapor pressure deficit
was calculated as:

VPD = (1 — (RH/100)) x SVP and SVP (Pascals) = 610.7 x 107->T/(37:3+T) )

The VPD formula was recommended by Monteith and Unsworth [38]; where RH
is relative humidity, SVP is saturated vapor pressure and T is temperature (°C). Our
instrument was set to legal Rome time. In some part of analysis for better comparison
between VPD and diameter, normalized VPD was considered. Data were normalized by
Min-Max method and the equation was like Equation (1). Moreover, the other parameter
used was VPD daily variation, expressed as the percentage of changing VPD in comparison
with the same measured the day before. The VPD daily variation was employed to describe
the possible daily different growth trend of fruit.

2.5. Hysteresis Curves

In this research, we studied the hysteresis curve of transversal diameter versus VPD.
The latter has been shown to be especially important in woody plants, where it is the
main variable affecting their diurnal evolution of transpiration [39]. For description of the
hysteresis curve, the terms of clockwise and anticlockwise loops (or curves) were used. To
obtain the whole-day picture of the hysteresis curve, the best starting point for drawing
each circadian graph was sunrise, due to the physiological effect of solar energy and its
role in the photosynthesis and fruit growth. Consequently, our day started from sunrise
and continued for 24 h. According to the data of our weather station, sunrise time from 6th
of August to 5th of September (DOY 218 to 248) was set to 6 AM, from 6th of September to
24th of October (DOY 249 to 297) was set to 7 AM. Furthermore, the graphic representation
of daily fruit growth and its fluctuations were reported from the time of sunrise. To obtain
the seasonal model of hysteresis, the data should be categorized dividing the growing
season into different stages [34]. Therefore, with consideration of fruit growth trend in
24 h and its response to VPD, the experiment data were divided in two periods. The first
period was from August 6th to October 3th (DOY 218-276) and the second period was
from October 4th until end of experiment, on October 24th (DOY 277-297).

2.6. Data Analysis and Presentation

Data were analyzed using correlation and regression analysis. Pearson correlation test
was used in order to determine the association between fruit diameter and VPD. From DOY
253 to 276, linear regression analyses between sensor output and time were performed to
separate different slopes of fruit diameter in the third step of fruit growth. All data analyses
and graph design were carried out by Sigmaplot 14.5 (Systat Software, Inc., San Jose, CA,
USA).

3. Results
3.1. Fruit Growth

The transversal diameters of the two different fruits (fruit A and fruit B) are reported
(Figure 2). Transversal diameter of fruit A started at 10.71 mm and reached 11.55 mm at
harvest time, whereas for fruit B started from 8.64 mm up to 9.66 mm. Fruit transversal
diameter growth was described as continuous increase with diurnal fluctuation.
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Figure 2. Continuous measurements of transversal diameter of fruit A (blue) and B (red). The first period of the study was
from DOY 218 to 276 in 2019 and the second period of the study was from DOY 277 to 298 in 2019. Green dashed lines were
drawn to separate fruit growth phases. An interval period of one week separated the end of the II phase from the following

one. For this reason, there are two green dashed lines for ending the II phase of fruit growth.

The fruit’s growth phase was divided in two periods. The first period (DOY 218-276)
included II phase and the whole III phase of fruit growth. In this period, there was a
sequence of fruit diameter stability, followed by a decrease and finally by a fruit diameter
increase (Figure 3). Fruit transversal diameter daily trend can be described with a three
steps model: stability, decreasing and increasing. Fruit transversal diameter at the end of
each day was bigger than at the starting point of the same day. Nevertheless, there were
3 days (DOY 246, 263, 274) for fruit A and 1 day (DOY 263) for fruit B in which transversal
diameter at the end of the day was smaller than at the starting point of same day and
categorized as a day with significant transversal diameter reduction. When normalized
transversal diameter of fruit at the ending point of the day had at least 0.05 units reduction
in comparison with the starting point of the same day, then it was considered as a significant
transversal diameter reduction. The first step of fruit growth started at sunrise, but it was
different throughout the days. At the second step, the diameter downsized with dissimilar
duration and slope in different days. The last step was continuous growth of diameter
and continued till the end of the 24th hour of one experimental day. During this step, the
diameter increased with two different slopes from DOY 218 to 252, with a steep slope
followed by flatter slope. However, from DOY 253 to 276 just the steep slope was observed
(Figure 3). As starting point of each experimental day was set by sunrise, there is time
lag aspect which should be considered. In other words, the real time argument of sunrise
should be considered with a delay. According to the findings of Novick et al. [40], it could
be hypothesized that the first step of fruit growth was the sequence of fruit growth step
from the day before, consequently the daily fruit growth could be explainable with two real
steps (decreasing and increasing diameter), in the transversal diameter. In this first period,
there were only 3 days (DOY 249, 262, 276) which did not show similar daily growth trends
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(Figure 4). There was no unique pattern for description of the three exception days (DOY
249, 262, 276).
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Figure 3. Continuous measurements of transversal diameter of fruit A and fruit B at selected days

during the first period of the experiment.

In the second period of the experiment (DOY 277-297) which corresponded to the
IV phase of fruit growth, daily trends of fruit growth for both fruits A and B were similar.
It can be described in three steps: increasing diameter followed by decreasing diameter
and again increasing diameter. Here, it also could be hypothesized that the first step of
fruit growth represents a sequence of fruit growth steps from the day before, and daily
fruit growth could be explainable with two real steps (decreasing and increasing growth).
Moreover, data of transversal diameter at the beginning point of the day and ending point
of the same day showed that there were 11 days for fruit A and 9 days for fruit B in which
transversal diameter at the end of the day was smaller than the starting point of the same
day. All days of the second period showed a similar pattern, two example days are shown
in Figure 5.
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Figure 4. Continuous measurements of transversal diameter of fruit A and fruit B in exceptional

days of the first period of the experiment.

3.2. Analysis of Diameter Growth versus VPD and Hysteresis Curves

In the first period of experiment (DOY 218-276), daily growth of fruit transversal
diameter versus VPD formed a model which was the same for both fruit A and fruit B. The
model was explainable with three steps. After sunrise, the value of transversal diameter
decreased nonlinearly, and VPD had the opposite trend and increased. Then, there was
a period of stability of the transversal diameter, during which VPD decreased. The final
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step consisted of a rapid increase of transversal diameter with decreasing VPD. In 84.75%
of cases (50 out of 59), the mentioned three steps model formed a loop, which appeared
as a complete clockwise hysteresis curve throughout the day (Figure 6a). The magnitude
of hysteresis loops differed from day to day, but a complete clockwise hysteresis was
observed, all the time. There were nine exceptional days of a total of 59 days in which it did
not appear complete clockwise hysteresis. In 10.17% of cases (6 out of 59), the clockwise
hysteresis curve appeared in some part of the day and was not representative of the whole
day, so it is called partial clockwise hysteresis (Figure 6¢). In 1.69% of cases (1 out of 59),
the ending point of the hysteresis loop did not reach the same level of the starting point
of the loop, so the loop was not completely closed, and it was hence called incomplete
clockwise hysteresis curve. Hysteresis loops were considered incomplete when the loop
“opening” was less than 0.05 points (Figure 6d). Only in 3.39% of cases (2 out of 59),
the pattern of daily transversal diameter versus VPD was not related to any noticeable
model (Figure 6b). Figure 7 shows all 59 (from DOY 218 to 276) circadian measure series
of transversal diameter versus VPD, providing an overall view of the first period of the
experiment. The magnitude and shape of graphs for fruits A and B were similar.

DOY 278
1.0 1.2
1 VvPD
—— Fru!‘lA e
8 gsd = —O— FruitB R
[}
E -
8
° R m 0.8
B os - _ =
[ M o
2 i LA 08 5
B of a
z 0.4 - Or >
N 0.4
8
S 02 ﬁ/
F4 Lo.2
s
e
0.0 r 0.0
7 1 16 21 2 6
DOY 296
1.0 1.0
i — W\m ] 1 vFD
% 08 ol —e— FruitA 0.8
£ —0— FruitB
R * ]
: Riln.
3 06 o Lo =
] m [ m [}
7 E - . <
g g
= 04 o4 =
N d d
©
E o-orC] 8
S 021 A q Fo.2
g e
Ll
q
0.0 T T T T 0.0
7 1 16 21 2 6

Figure 5. Continuous measurements of transversal diameter of fruit A and fruit B at example days of
the second period of the experiment.

In the second period of the experiment (DOY 277-297), trends of daily fruit transversal
diameter versus VPD formed partial clockwise hysteresis and incomplete clockwise hys-
teresis (Figure 8a—c). There were 7 days where the hysteresis pattern of fruits A and B was
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not the same. In fact, fruit A, in 71.43% of cases (15 out of 21), showed incomplete clockwise
hysteresis and in 28.57% of cases (6 out of 21) showed partial clockwise hysteresis. The
percentage of incomplete clockwise hysteresis and partial clockwise hysteresis in fruit B
was 47.62 (10 out of 21) for each one. The only exception from these two models was in fruit
B which showed complete clockwise hysteresis in 4.76% of cases (1 out of 21) (Figure 8d).
The average of VPD at the second period of experiment was 0.85 & 0.37 (kPa). It showed
58.2% reduction in comparison with first period of the experiment. There were 9 days with
daily average of VPD lower than periodic average (average of second period of experiment)
of VPD. Meanwhile, just 3 days (DOY 285, 296 and 297) for fruit A and 2 days (DOY 285
and 297) for fruit B were days with reduction of transversal diameter at the end of day.
Moreover, there were 2 days (DOY 286 and 287) with normalized diameter smaller than
0.1. Finally, changing VPD in comparison with the previous day did not demonstrate
any specific results (Table 1). Consequently, the VPD alone was not able to explain the
changing pattern of fruit growth in this second period in comparison with the first period,
because in some situations decreasing VPD scores caused an increase of fruit transversal
diameter. The whole pattern of transversal diameter versus VPD for the second period of
the experiment is shown in Figure 9, where 21 circadian measure series (DOY 277-297) of
transversal diameter versus VPD are displayed. The shape of the graph was dissimilar
from the one obtained from the first period of the experiment; besides, fruit A and fruit B
showed diverse growth patterns.
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Figure 8. Correlation between transversal diameter and VPD for fruit A and B in four example days
of the second period of the experiment: (a) incomplete clockwise hysteresis loop; (b) hysteresis loop
which is near partial clockwise hysteresis loop; (c) partial clockwise hysteresis loop; (d) incomplete
clockwise hysteresis loop for fruit A and complete clockwise hysteresis for fruit B.

The correlation coefficients of fruit A diameter versus VPD at the first and second
period of the experiment were —0.527 and —0.286 and for fruit B were —0.453 and —0.232.
The data showed moderate negative relationships between VPD and fruit diameter at the
first period of the experiment and very weak negative relationships at the second period
of the experiment. Furthermore, correlation data for the first part (DOY 218-252) and the
second part (DOY 253-276) of the first period of the experiment were —0.608 and —0.377 for
fruit A and —0.541 and —0.256 for fruit B, showing that correlations between fruit diameter
and VPD decreased during the experiment, as fruits completed their development.
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Table 1. VPD raw data. DOY 218 was beginning of experiment. So, the percentage of changing VPD in comparison with the

same measured the day before (VPD daily variation) was exclude from table.

VPD VPD VPD
VPD Daily Normalized VPD Daily Normalized VPD Daily Normalized
DOY (kPa) Variation VPD Doy (kPa) Variation VPD DOY (kPa) Variation VPD
(%) (%) (%)
218 2.48 - 0.78 245 0.98 —33.33 0.25 272 1.58 —13.19 0.46
219 1.96 —21.00 0.59 246 0.90 —8.16 0.22 273 1.85 17.09 0.56
220 1.53 —21.91 0.44 247 1.47 63.33 0.42 274 1.28 —30.81 0.36
221 1.54 0.75 0.45 248 1.64 11.56 0.48 275 0.80 —37.50 0.19
222 2.57 66.99 0.81 249 0.41 —75.00 0.05 276 0.47 —41.25 0.07
223 297 15.56 0.95 250 0.66 60.98 0.14 277 0.93 97.87 0.37
224 2.72 —8.42 0.86 251 2.02 206.06 0.62 278 0.48 —48.39 0.10
225 1.65 —39.34 0.49 252 1.45 —28.22 0.42 279 1.15 139.58 0.50
226 141 —14.55 0.40 253 1.19 —17.93 0.32 280 0.94 —18.26 0.37
227 1.88 33.33 0.57 254 1.10 —7.56 0.29 281 0.97 3.19 0.39
228 1.65 —12.23 0.49 255 1.18 7.27 0.32 282 1.92 97.94 0.95
229 1.99 20.61 0.61 256 1.10 —6.78 0.29 283 1.08 —43.75 0.46
230 2.66 33.67 0.84 257 1.27 15.45 0.35 284 0.53 —-50.93 0.13
231 2.83 6.39 0.90 258 0.99 —22.05 0.25 285 0.66 24.53 0.21
232 2.79 —1.41 0.89 259 1.52 53.54 0.44 286 0.46 —30.30 0.09
233 1.76 —36.92 0.52 260 2.18 43.42 0.67 287 0.39 —15.22 0.05
234 1.39 —21.02 0.39 261 1.58 —27.52 0.46 288 0.95 143.59 0.38
235 0.96 —30.94 0.24 262 0.51 —67.72 0.09 289 1.34 41.05 0.61
236 1.25 30.21 0.35 263 1.30 154.90 0.36 290 0.98 —26.87 0.40
237 1.03 —17.60 0.27 264 1.19 —8.46 0.32 291 1.02 4.08 0.42
238 1.25 21.36 0.35 265 0.69 —42.02 0.15 292 0.88 —13.73 0.34
239 1.58 26.40 0.46 266 0.51 —26.09 0.09 293 0.93 5.68 0.37
240 1.64 3.80 0.48 267 0.72 41.18 0.16 294 0.83 —10.75 0.31
241 1.43 —12.80 0.41 268 0.86 19.44 0.21 295 0.40 —51.81 0.06
242 1.70 18.88 0.50 269 0.62 —27.91 0.12 296 0.51 27.50 0.12
243 1.42 —16.47 0.41 270 0.88 41.94 0.22 297 0.51 0.00 0.12
244 1.47 3.52 0.42 271 1.82 106.82 0.55
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Figure 9. Transversal diameter versus VPD in all days of the second period of the experiment.

Additionally, the magnitude of hysteresis loops changed and became more com-
pact during the experiment, flattening along the VPD axes, due to a reduction of VPD
(Figure 10). Normalized graphs (Figure 10) show that the trend of transversal diameter ver-
sus VPD in the first period of the experiment was different from the second period. In both
time intervals in the first period (i.e., 219-252 and 253-276 DOYs), maximum transversal
diameter almost occurred at the minimum range of VPD, however, in the second period
this trend was not observable.
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3.3. Fruit Monitoring by Time-Lapse Camera

Figure 11 shows the fruit information such as countable fruits and ripening stage at
random days of the first period of the experiment. According to camera images, fruits
ripening started at DOY 259 (Figure 12), when the percentage of black olive fruits in the
picture reached 5%. At the end of the first period, the ripening (population of countable
black olive fruits) was 50% (Figure 11).

Ripening status

| I I I I I
0 I
259 260 261 263 266 268 276

DOY

B D [o]
o o o

Counted fruit(n)

N
o

W Green fruit W Half-black fruit  m Black fruit

Figure 11. Fruit ripening data extracted from images of time-lapse video.

Figure 12. Pictures taken by automatic camera at three random days of the experiment. Septem-
ber 3rd (DOY 246) (left-top); 17th of September (DOY 259) (right-top); October 4th (DOY 277)
(left-down). The image covering area was designed to represent the same fruit situation as fruits
that were installed in the extensimeters. The collected images represented the canopy situation at the
selected area.
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4. Discussion

Dendrometers have been recently used in other research works for continuous moni-
toring of olive fruit, in correlation with water stress and scheduling the irrigation method
such as regular deficit irrigation (RDI). For instance, Fernandes et al. [15] explored the effect
of water relations between leaves and fruits on fruit growth in a high-density olive orchard
(cv. Arbequina) in southern Spain. Recent research [10] demonstrated that fruits acted as
sinks of water during the night and as water sources during the day, leading to a strong
daily shrinkage and swelling pattern in response to plant stress. This discovery highlights
the important and still unrevealed role that fruits have as water storage compartments in
drought resistance mechanisms of olives. Fruit daily diameter variation according to this
research followed the same trend as our experiment, as reported in Figure 2. Additionally,
Scalisi et al. [35] performed continuous monitoring of two Sicilian olive cultivars (Nocellara
del Belice and Olivo di Mandanici), in phases two and three of fruit development. They
aimed at detecting whether fruit and leaf water dynamics of two different olive cultivars
were differently affected by water deficit and their response to changes of midday stem
water potential. This showed anti-clockwise hysteretic relationships between relative rates
of fruit diameter change and relative rates of leaf pressure change. Besides, the results
highlighted the advantages of the integration of fruit and leaf water dynamics to estimate
plant water status and the need for genotype-specific models in olive.

To the best of our knowledge, our work presents the first study on continuous measure-
ment of transversal diameter of olive fruit with the description of fruit hysteresis according
to daily variation of VPD. This study represents the results obtained only in ‘Frantoio” culti-
var in a specific range of environmental conditions, and it provides innovative information
about detecting the fourth phase of fruit growth by hysteresis phenomenon.

4.1. Diurnal Transversal Diameter Change and Its Influencing Factor

In the first period of the experiment, daily fruit growth followed a two steps cycle
(decrease and increase). Due to the research of Fernandes et al. [15] and Marino et al. [10],
the daily variations in fruit transversal diameters can be expounded as changes in flows of
water into and out of the fruit hence, these can be connected to VPD and tree water status.
Furthermore, Morandi et al. [41] explained that water and assimilates were translocated
to the fruit via phloem and xylem streams, while fruit epidermis transpiration and fruit
respiration were the main outgoing fluxes. This study described that fruit diameter varia-
tion in a finite time interval can be viewed as the net contribution of phloem import, which
is always positive, whereas xylem flow, may be positive or negative and transpiration
through the cuticle, which is always negative. However, the olive species (Olea europaea L.)
has a very wide genetic pool, which can respond to drought using different leaf and
fruit physiological and morphological mechanisms [35,42]. It includes genotypes that can
respond to drought using different mechanisms of leaf dehydration tolerance and leaf
morphological and structural adaptations [35]. Lo Bianco and Scalisi [42] found different
leaf stomatal regulation among olive cultivars.

We could monitor three exception days that did not show the daily trend of diameter
decrease and increase (Figure 4). The ripening assessment data showed that the fruits in
these 3 days where in different phenological phases. DOY 249 in the III phase and DOYs
262 and 276 in the IV phase of the fruit growth curve. The mean VPD in these 3 days was
lower than periodic average of VPD (Table 1). Nevertheless, there were other days with
average VPD lower than periodical average that did not show a different daily growth
curve. Data of normalized VPD showed that all of these days had normalized VPD lower
than 0.1. There was one day (DOY 266) which had normalized VPD lower than 0.1 but did
not show a diverse daily growth curve. For the days with the exception daily pattern of
diameter variation, the VPD daily variation was more than —41.2%; all the other days had
much lower decrease percentage. Consequently, low daily average of VPD plus sudden
decrease of VPD daily variation may have caused a different growth pattern during these
3 days.
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In the first period of the experiment, the transversal diameter increased at the end
of each day in comparison with starting point of same day. Only 5.1% of days for fruit
A and 1.7% for fruit B showed an opposite pattern (lower diameter than the start of the
day). The decreasing of the fruit transversal diameter can be caused by depletion of water
reserves in fruit exposed to water stress. Considering meteorological data during all these
days, the daily average of VPD was lower than periodic average of VPD (Table 1), however,
there were other days with same weather condition which did not show daily reduction of
transversal diameter.

In the second period of the experiment, daily growth pattern was described as a de-
crease followed by an increase of fruit transversal diameter. Besides, increasing transversal
diameter at the end of each day in comparison with starting point of same day was not
observable in all days. Indeed, percentage of days in which transversal diameter reduced
at the end of the day with comparison of starting point of the same day was 52.38% for fruit
A and 42.85% for fruit B. According to Kong et al. [43], decreasing transversal diameter for
Olea europaea L. cv. ‘Frantoio’ could happen in the ripening stage. Data of Figure 10 shows
that all days of the second period of the experiment had ripening percentage more than
50%, when fruits were in the IV phase of fruit growth. Consequently, fruit ripening caused
increasing percentage of the days with reduction of transversal diameter at the ending
point of each day. It could be hypothesized that variation of fruit growth trend between
the first and second period of the experiment (the deformity on graph pattern) resulted
from biotic parameters of fruit maturation, together with a high fluctuation of VPD and
low periodic average of VPD at the second period of the experiment (Figure 2).

4.2. Hysteresis Loop, Challenges and Variations

Hysteresis is an indirect response of vegetation to diurnal changes in the external
environment, because changes in such environmental controls often lead to complex physi-
ological responses [44]. Under these environmental circumstances, VPD has been shown
to be the major factor affecting the diurnal hysteresis loops [27-30,32,33]. Additionally,
hysteresis can be seen as a way of self-protection for plants to avoid the overlapping of
peak transpiration and peak VPD, thus preventing excessive extraction of water from the
stem [45]. Indeed, as a self-protective mechanism to avoid extremely high transpiration
rates and adapt to tough weather [45]. Therefore, the reaction time of plants is earlier than
declines of meteorological variables which directly cause a hysteresis curve of fruit growth
(transversal diameter) versus VPD.

In the first period of experiment (DOY 218-276) and from DOY 218 to 259, the per-
centage of complete clockwise hysteresis was 92.86 which declined to 35.3 in the period of
DOY 260-276. This showed that with increasing fruit ripening, the percentage of complete
clockwise hysteresis declined. Furthermore, in the same period data showed that the
percentage of partial clockwise hysteresis and incomplete clockwise hysteresis increased
from 2.38 to 29.4. The percentage for both kinds of hysteresis was the same. Therefore, with
enhancing ripening percentage the partial clockwise hysteresis and incomplete clockwise
hysteresis showed a reverse trend in comparison with complete clockwise hysteresis.

In the second period of the experiment (DOY 277-297) the percentage for complete
clockwise hysteresis was 2.4, for incomplete hysteresis 64.3 and for partial hysteresis
was 33.3. From Figure 10 it is observable that the percentage of ripening in the second
period of experiment is 50%, so the fruit was at IV phase. Limitations to fruit growth
and different fruit growth patterns at the ripening stage could be linked to changing in
daily growth trends. In fact, with increasing fruit maturation the complete hysteresis loop
started to show abnormality which appeared with incomplete or partial daily hysteresis
loop, or with no daily hysteresis loop. When the percentage of black fruits is near 50%,
the presence of a complete clockwise hysteresis loop diminished sensibly. Detecting the
moment of disappearance of the complete clockwise hysteresis curve could be useful
to evaluate more precisely the IV phase of the double sigmoid growth curve of olives.
Several studies [30,46,47] showed that the magnitude of hysteresis loops is affected by
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biotic factors and abiotic factors. Additionally, findings by Scalisi et al. [35] suggested that
an overall decrease of the hysteretic loop area occurred from the II phase to the III phase
of fruit growth. This is probably driven by the different fruit growth pattern at Il and III
phases [35].

Moreover, changing of graph form from almond shape to oval shape (Figure 10)
was the outcome of diverse growth patterns in the third and fourth stages of fruit growth.
Monitoring hysteretic loops and detecting the magnitude change could be used as a method
for detecting the growth stages. Further investigations need to be done to promote models
that evaluate hysteretic loops of olive daily growth versus VPD in different cultivars and
range of environmental conditions. Nevertheless, our research produced viable data for an
identification of different growth phases in the ‘Frantoio’ cultivar.

5. Conclusions

This study investigated the continuous transversal diameter growth of the olive
fruit from pit hardening to harvest. The results demonstrated that almost in all days of
the II phase of fruit growth the response of fruit transversal diameter to VPD formed a
complete clockwise hysteresis curve. With the beginning of the IV phase of fruit growth,
the complete clockwise hysteresis curve showed significant abnormality and became rare.
The disappearance of complete clockwise hysteresis loop could be a good indicator of fruit
maturation stage. A visualization of hysteresis curve, in normalized diameter vs. VPD, can
be a tool to translate measured data to precise phenological phases of fruit growth and can
be used for orchard management. These results will be useful for creating more robust and
precise models for olive fruit growth and to gather useful outputs for precision agriculture
methods.
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