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Olive fruit ripening involves the accumulation of fat content through lipogenesis. The completion of this complex
process is considered a reliable indicator of the optimal time for harvesting. While chemical and magnetic
resonance analyses, among other, can accurately determine fat content, these methods are costly and require
specialized personnel, making them impractical for large-scale testing. Alternatively, visual grading methods are
widely used, although recent studies have shown that the external appearance of fruits may not always reliably
indicate ripeness. This paper investigates the influence of olive fruit maturation on their electrical behaviour,
specifically on their ability to store electrical charge. To this end, a low-cost and portable field meter capable of
measuring the electrical capacitance of olive fruits was designed and developed. Subsequently, 110 olive samples
were measured weekly from September to harvest time in November. These samples were also subjected to
chemical analysis for reference. The analysis of this data revealed high intra-sample variability, consistent with
recent studies. Notably, strong correlations of up to 0,9741 emerged between capacitance measurements and
gold-standard fat content on dry matter values after accounting for intra-sample variability. In this case, a Root-
Mean-Square-Error value of 2,66% was calculated when using the regression line to estimate fat content on dry
matter from capacitance values. Furthermore, no significant differences were observed between the distributions
of the reference values and the estimated values. These findings pave the way for the development of an
affordable tool to accurately assess the ripening stage directly in the field, and to expand our understanding
about the ripening process.

1. Introduction rain-fed conditions. However, the search for increasing profitability of

olive farms has conducted to new cultivation paradigms, being the main

The olive crop (Olea europaea L.) and its associated market consti-
tute an exceptional economic engine for the countries in the Mediter-
ranean basin. The EU accounts for approximately 70% of global olive oil
production, with Spain and Italy contributing around 80% of that total
[1]. Besides its economic value, olive oil, the primary by-product of the
olive sector, is increasingly regarded by consumers as a vital ingredient
for a healthy diet due to its richness in valuable nutrients and bioactive
compounds with therapeutic benefits [2]. These features place olive oil
as the cornerstone of the Mediterranean diet, declared Intangible Cul-
tural Heritage of Humanity by UNESCO in 2010 [3].

Traditionally, the olive sector has been characterised by a limited
penetration of technological support. The traditional olive orchard is
defined by wide cultivation patterns (8x8 m between trees (100-300
trees/ha)). Under these conditions, the crop can maintain production in
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current trend the super hight density (SHD) olive orchard. The main
feature of this cultivation system is its compact cultivation pattern,
which consists of rectangular layouts with spacing of 1-1,5 m within
rows and 3-3,5 m between rows. Under these conditions, plant density
exceeds 1500 trees/ha, which maximises the productivity per land
surface [4]. Furthermore, the trees are trained to build continuous
hedgerows, thus resulting in a regular two-dimensional tree shape that
eases mechanisation of management labours such as pruning, harvest-
ing, or phytosanitary control [5]. These features expand the profitability
of SHD olive orchards when comparing to previous cultivation systems,
which suggests their probable preponderance in the future. SHD olive
orchards are nowadays supported by standard cultivation protocols
which facilitate their management, although there are still pending
aspect susceptible of outstanding improvement. In this sense, precision
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farming strategies are gaining interest among the research community
and industry.

Precision farming is a management approach designed to assess
spatial and temporal variability within an agroecosystem, and to apply
location-specific treatments using a variety of technologies and methods
[6]. Crop variability is influenced by spatial and temporal diversity in
factors such as soil quality, incidence of plant diseases, exposure to solar
radiation or water sources, climate conditions, etc. Precision farming
customises crop management to crop variability by applying agronomic
inputs and by implementing management practices at variable rates to
meet the specific needs of different zones within the field. This translates
into cost savings and minimised environmental impact. One key area of
focus for precision farming in the context of oliviculture is the moni-
toring of the olive fruit ripening process.

Olive ripening involves the chemical and physical changes that make
olive fruits edible. This is the result of a complex combination of phys-
iological and biochemical pathways, with a high genetic component,
which are also influenced by climatic and culture conditions. One of the
most relevant chemical changes used as ripening indicator is the accu-
mulation of fat content, process known as lipogenesis. Lipogenesis pre-
sents a variation that conforms to a sigmoid-type curve established
because of three different stages. The first phase (slow biosynthesis)
occurs in newly formed fruits and culminates with the stone hardens.
The second phase (accelerated biosynthesis) takes place after stone
hardening and lasts until the change of pigmentation of the fruit from
green to yellowish-green. The third (stationary) phase consists of a
progressive decrease in the rate of oil formation, which eventually
ceases, thus signifying the end of lipogenesis [4]. The characteristics that
are intended to be attributed to the oil determine the optimum point of
maturation, however the completion of lipogenesis is considered as an
indicator of the optimum time for harvesting [7].

Traditionally, the fat content of olives has been determined using
chemical methods such as Soxhlet extraction [8] or nuclear magnetic
resonance [9]. These techniques are costly and require specialised lab-
oratory equipment and skilled personnel. Consequently, their applica-
tion for monitoring olive ripening with high spatio-temporal resolution
is limited. As a result, olive growers typically rely on subjective methods,
such as visual assessment of fruit colour, to determine ripeness. How-
ever, recent studies suggest that internal quality parameters may vary
independently of the fruit’s external appearance, indicating that colour
may not be the most reliable indicator of ripeness [10]. On the other
hand, lipogenesis is influenced by climatic and culture conditions,
resulting in variable ripening rates across the olive grove. Since man-
agement practices can partially offset this variability, precise monitoring
of fat content would enable site-specific interventions to address het-
erogeneity during ripening. Furthermore, this data-driven approach
would empower growers to make informed harvest decisions based on
objective criteria, thus facilitating the development of diversified pro-
duction strategies aligned with precision agriculture principles.
Furthermore, instrumental research in fruit quality assessment can
benefit other stakeholders in the olive sector, such as processors, dis-
tributors and handlers.

Implementing a precision farming approach to ripening control re-
quires developing new tools capable of accurately monitoring ripening
parameters in both space and time. In recent decades, the research
community has proposed various alternatives to traditional chemical
methods for fruit quality assessment. These include several technologies,
such as image processing based on visual features [11], multispectral
imaging [12], hyperspectral imaging [13], electronic nose devices [14],
ultrasonic-based methods [15], and electrical properties-based methods
[16].

This work falls into the category of methods based on electrical
properties, as it presents a methodology to assess the fat content of olive
fruits based on their electrical behaviour. The relationship between
electrical variables and quality parameters of fruits is a relatively mature
topic [17-19]. Techniques based on the electrical properties of fruits and
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vegetables have attracted widespread attention due to the simplicity and
speed of the method, as well as its high sensitivity to fruit and vegetable
quality parameters. Changes in electrical characteristics can infer inte-
rior quality changes indirectly. In this regard, electrical properties have
been demonstrated to have a relationship with quality indicators of
multiple crops (nectarines [20], persimmon [21], tomato [22], garlic
[23], mango [24], pitahaya [25], mangosteen [26], pears [27], date
palm [28], etc). However, research focused on olive fruits is scarcer.
Recent studies have observed that the conductivity of olive fruits in-
creases according to the stage of ripeness, at different rates depending on
the olive variety [29]. This highlights electrical conductivity as a po-
tential indicator of the optimal harvesting time. Nevertheless, a
non-negligible capacitance component can be inferred from this study,
which is yet to be addressed. Furthermore, the interaction between
conductivity and moisture was not explored by the authors, even though
it is a priori plausible to consider this interaction strong.

The present study aims to advance the state of the art regarding the
influence of olive maturation on its electrical behaviour. Specifically,
this work assesses the correlation between olive capacitance and a
widely accepted ripening indicator, such as fat content. Capacitance
measures a capacitor’s ability to store electric charge, and the presence
of a dielectric material between capacitor plates enhances this ability,
thus increasing capacitance [16]. The initial hypothesis is that the fat
accumulated by olives during maturation acts as a dielectric, affecting
their ability to store electric charge and thereby affecting capacitance.
To test this hypothesis, a custom-built LCR meter was developed,
specially designed to operate under field conditions. This prototype was
used to periodically characterize the capacitance of olive fruit samples
throughout a full ripening campaign. The relationship between capaci-
tance and gold-standard fat content values was then analysed to eval-
uate the potential of capacitance as a reliable indicator of fat content.

2. Materials and methods
2.1. Study site description

The study site was a commercial olive orchard (Olea europaea L., cv.
Picual) managed by Nuestra Senora de la Oliva, S.C.A., located in the
province of Huelva, Andalusia, Spain (37°20'28,96" N and 7°01'54,98"
0). This orchard follows a traditional planting layout with a spacing
pattern of 7x7 m. Although the farm spans over 200 ha, a one-hectare
plot was delineated for this experiment to ensure uniform ripening
conditions within the study area. The climate at the experimental site is
classified as Csa (hot-summer Mediterranean) according to the Koppen-
Geiger classification [30], with an average annual rainfall of approxi-
mately 600 mm concentrated between October and May. This seasonal
pattern leads to a pronounced drought period during spring and sum-
mer, which coincides with demanding phenological processes for the
plants (inflorescences/flowering/fruit set, fruit growth and fat accu-
mulation). To mitigate water stress during this period, the experimental
plot is equipped with a drip irrigation system.

2.2. Experimental field protocol design

To test the initial hypothesis presented in this research, it was
essential to gather a comprehensive dataset of capacitance measure-
ments from olives across a broad spectrum of maturation stages, along
with their corresponding reference values for fat content obtained
through standard chemical methods. To obtain this dataset, periodic
sample collections were conducted that spanned the entire ripening
process of olive fruits. The initial sample collection occurred after the
post-summer fruit growth phase in September and was repeated weekly
until harvest in November, resulting in a total of 110 olive samples
collected in six sampling events. Each sample unit consisted of approx-
imately 200 g of olives collected from a randomly selected tree. The
olives belonging to each sample were selected to have the same external
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appearance as an indicator of maturity, thus following the classic
approach [31]; the location of fruits within the tree, or any other factor,
was not taken into account.

2.3. Olive fruit capacitance measurement protocol

Immediately after picking, the olive samples were packaged,
labelled, and refrigerated for transport to the laboratory. Once at the
laboratory, capacitance measurements were performed according to the
following protocol. Samples were kept refrigerated to maintain a
consistent temperature and were removed from the refrigerator just
before measurement. From each 200 g sample, 15 olives were randomly
selected for subsampling. Capacitance of each olive was individually
measured using the device described in Section 2.5. The process
involved inserting the device’s metallic probe through the olive epicarp
at a predetermined position (centred along the fruit’s minor axis) until it
reached the mesocarp. The capacitance measure was then saved on the
device’s SD card, and the olive was removed. Between measurements,
the metallic probe was cleaned with paper, and the device was recali-
brated. After measuring the 15 olives for each sample, they were
repackaged with the rest of the sample and refrigerated. All samples
collected in a single sampling event were measured the same morning
they were picked, followed by standard chemical analysis to obtain
reference fat content values.

2.4. Gold-standard fat content determination

The reference analysis of fat content was conducted in the laboratory
following official methodologies. Fat content was determined in two
forms: fat content per dry matter (FCDM) and fat content per fresh
weight (FCFW).

First, the sample moisture (M) was determined using the oven-drying
method at 105 °C [32]. According to this procedure, a 25 g portion of the
sample is placed in a porcelain capsule and dried at 105 °C for 6 hours.
After drying, the sample is cooled in a desiccator, weighed, and returned
to the oven, repeating these steps until the difference in weight between
two consecutive measurements is less than 0,02 g. At this point, the
difference between the initial and final weight is taken as the sample’s
moisture content, M.

The reference analysis of FCFW was performed using the Soxhlet
method [8]. This method involves placing the dried sample (used for
moisture determination) in a Soxhlet extractor, where fat is extracted by
exposing the sample to n-hexane for 4 hours. The sample is then
returned to the oven at 105 °C to remove any solvent residues. The
amount of fat extracted is used to determine FCFW, and from this value,
FCDM is calculated using the following equation:

FCFW

FCDM = 100-M

@

2.5. Design and implementation of a field meter prototype for measuring
olive fruit capacitance

2.5.1. Field meter design and implementation

To measure the capacitance of olive samples, a portable, low-power
meter was designed using the Arduino Capacitor library [33]. The
components used in the developed meter are commercially available
and easily replaceable, ensuring straightforward maintenance in case of
eventual degradation and supporting long-term usability. Given that
device size is a key factor for ease of handling, the meter was built
around an Arduino MKR Zero board [34], which incorporates a
low-power SAMD21 Cortex MO+ 32-bit microcontroller. This micro-
controller board was chosen for its efficient and versatile features, which
make it ideal for this application. It provides strong processing capa-
bilities while maintaining a low power profile, crucial for prolonged use
in the field. Additionally, it supports lithium battery power, ensuring
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portability and convenience, and includes an onboard regulated charger
for straightforward recharging without the need for external circuitry.
The board also integrates a microSD card interface, enabling it to store
data efficiently, which is essential for applications requiring continuous
data logging or large data storage capacity. The mentioned Arduino
Capacitor library [33] was modified to work with this specific micro-
controller, as its architecture is not directly compatible.
The meter was designed with the following key features:

e Efficient field measurement, enabling ease of use in on-site
conditions.

e Storage of measurement data in CSV format, allowing for stream-
lined processing on a computer.

e Organized data storage, with files clearly labelled by measurement
area within the plantation to facilitate easy identification.

e Visual feedback via a low-power OLED display, showing essential
information such as the name of the active data file, the count of
measurements taken, the current reading, battery status, and
microSD card availability.

All of these features were integrated into the custom software
developed specifically for this meter. Fig. 1 provides an overview of the
meter’s general block diagram. The interface design includes three push
buttons (DATA, FILE, and RESET), which enable the execution of each
function, ensuring ease and efficiency in use. As illustrated in Fig. 1, the
meter is powered by a 3,7 V lithium-ion battery, providing sufficient
field autonomy for prolonged operation. Additionally, the battery can be
conveniently recharged on-site with a portable power bank, enhancing
its usability in remote conditions.

The developed meter, shown in Fig. 2, features a data acquisition
button (DATA), a file selection button (FILE), and a sample measure-
ment reset button, which does not affect previous measurements. It is
equipped with two fixed conductive plates, spaced 2,54 mm apart,
located at the top (see Fig. 2). When the olive is pierced by these plates,
the olive itself acts as the dielectric for the capacitor. The insertion depth
of the conductive plates into the olive is naturally limited by both the
size of the olive and a stop provided by the meter’s support. This ensures
that the mesocarp between the plates remains as consistent as possible
when piercing the olive.

2.5.2. Field meter calibration

The meter was calibrated by comparing its experimental results with
those obtained from a precision capacitance meter (ESR Multi PKT-
2155), which served as the reference. Identical conductive plates were
used in both meters to ensure consistency during the calibration process.

The Capacitor library measures capacitance between two of its
analogue pins, with a simplified circuit diagram for the measurement
shown in Fig. 3. The diagram illustrates the capacitance to be measured
(Cm), along with pin A2, which provides a 3,3-volt voltage, and pin A3,
which is used for the measurement. Additionally, an intrinsic capaci-
tance (Csc), representing stray capacitance specific to each board, can be
modelled. The value of this capacitance must be determined and entered
as a parameter in the library to ensure proper calibration of the meter.

To calibrate the developed meter, a reference non-electrolytic 1 pF
capacitor was first measured using the precision capacitance meter,
yielding a value of 1.021 pF. The same capacitor was then measured
with the developed meter, which provided a reading of 1,03 uF. By
initially setting the stray capacitance in the meter’s control software to
20 pF and using these measurements, the necessary stray capacitance
value necessary for accurate calibration can be calculated as:

Cm(Vref — Vm) _ 102,1(1.023 — 895)

Cse = vm 895

=14,6 pF @)

where 1.023 is the maximum ADC converter value on the board.
To verify the meter’s accuracy, several capacitors were measured
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Fig. 1. Field meter’s block diagram.

Fig. 2. Field meter designed to measure the electrical capacitance of intact olive fruits: (a) external view of the developed field meter; (b) demonstration of the
capacitance field meter in use for measuring the electrical capacitance of an olive fruit.
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Fig. 3. Electrical model of the microcontroller’s analogue pins used for
capacitance measurement.

Table 1

Experimental results assessing the accuracy of the developed meter in compar-
ison to a precision capacimeter for measuring capacitors with known capaci-
tance values.

Nominal Measured Value Measured Value Relative
Value (pF) (Precision capacimeter) (Developed meter) Error (%)
(pF) (pF)

100 101,2 102,0 0,8

220 218,5 224,2 2,6

470 472,8 459,1 2,9
1.000 1.003,5 1.030,0 2,6
2.200 2.197,8 2.140,6 2,6
4.700 4.692,4 4.606,3 1,8
10.000 10.025,5 9.790,0 2,3
22.000 21.956,8 21.356,0 2,7
47.000 47.078,1 45.590,0 3,2
100.000 99.921,3 97.990,0 1,9

once the correct stray capacitance was set. The measurements obtained
with the developed meter were compared to those recorded using a
precision capacimeter (ESR Multi PKT-2155). Table 1 presents the
relative error for various measurements taken with the field meter in
comparison to the precision capacimeter, considered as providing the
true values of the capacitors used as test elements. The results show that
relative errors ranged from 0,8% to 3,2%, demonstrating the device’s
accuracy and reliability within these limits. This level of performance
makes the device well-suited for the requirements of this study.

2.6. Methodology for evaluating the formulated hypothesis

This section describes the methodology followed to evaluate the
hypothesis formulated in this study, which posits that olive ripening
influences the fruit’s ability to store electrical charge.

As it was previously described, 110 groups of 200 g of olive fruits
were gathered for this study. Then, the following numerical set was
assigned to every group:

FS; = {F; ,FCFW;, FCDM; | i =1---110} 3)

where, for the i-th set, F; is the set of 15 capacitance values in farad units
(F) measured from 15 olive fruits randomly selected, FCFW; and FCDM;
are the fat content per fresh weight and per dry matter, respectively,
both expressed as percentage (%) and determined by chemically ana-
lysing the corresponding whole i-th group of 200 g of olive past. Thus,
FCFW;(FCFW, 6rcrw,) and FCDM;(FCDM;, 6rcpy;) can be seen as two i-th
statistical populations of fat content values with known average and
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unknown individuals and standard deviation, and F;(F;, 6¢,) is a random
sample of an unknown population of electrical capacitance measures;
Fi(F;, 0c,) represents the population with 15 individuals, their average
and standard deviation. For each sample F;, measurements falling
outside the range F; + 20, were identified and removed as outliers. To
assess whether the electrical capacitance mathematically explains the
fat content of olive fruits, F; values were contrasted against those of

FCFW; and FCDM; employing linear regression analysis, and the Pear-
son’s coefficient of determination, R%, was calculated for both cases. The
obtained regression lines, rrcrw(F;) and recpm(F;), were then used to
derive the sets of estimated fat content values {FCFW,} and {FCDM,},
respectively. Next, the Root-Mean-Square-Error (RMSE) relative to the
mean and given as percentage, RMSELEW and RMSEFCPM, was calculated
for both cases as follows:

\/ %EL (FCFW, — FCFW,)*

RMSEFCEW — — 100
mean St FCFW, ’
n
©)]

1 Y )

HZi:l (FCDM, — FCDM;)
RMSECPM — e 100

St [FCDM;

n

Finally, the distributions of fat content references FCFW; and FCDM;
were compared to their corresponding derived distributions of WWI
and FCTVIl values, to assess their similarity. To this end, a T-test for
comparing the means of the distributions [35], incorporating Levene’s

test for equality of variances [36], was conducted at a significance level
of p < 0,05 with a 95% confidence interval.

3. Results and discussion

Fig. 4 — (a-1) and (b-1) shows the correlation obtained by facing the
average electrical capacitance values for the 110 sets, F;, with the cor-
responding fat content reference values FCFW; and FCDM,;. As it can be
observed, a certain linear trend can be observed from the clouds of

points, although yielding modest R? values, or even poor in the case of
FCFW. In this context, the first inclination might be to refuse the hy-
pothesis formulated in this paper, but further analysis revealed rich and
interesting results, which advocates for the contrary conclusion.

First, despite the previous findings, let’s explore the hypothesis that
electrical capacitance closely correlates with the fat content in olive
fruits. If this holds, the modest correlation values observed could be due
to the random sampling of 15 capacitance values per fruit set, F;, gives as
result average values, F;, poorly representing the whole unknown pop-
ulations of electrical capacitance values. This poor representativity
would be attributed to a non-negligible intra-population variability,
which the maturity index formulated by Ferreira et al. [31] is not
capable to discern. Due to the lack of methods to evaluate the fat content
on single olive fruits, the bibliography is sparse in the characterisation of
the fat content variability for olives having the same maturity index,
although a recent study supports the inaccuracy of this indicator.
Indeed, Grilo et al. [10] conducted an experiment to evaluate the in-
fluence of the position of olive fruits (in the upper and lower layers)
within the tree on several features. In light of the analysed results, they
concluded that the environmental conditions determined by fruit posi-
tion in the canopy (e.g. temperature, light, etc.) were the major factors
influencing oil accumulation. Furthermore, they also found that differ-
ences in fat content between fruits from different zones of the tree were
independent of their external appearance, suggesting that the maturity
index may not be a reliable indicator of ripeness in the end.

To evaluate the validity of this hypothesis, further analysis was
conducted with the aim of virtually increasing the number of fruits
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Fig. 4. Correlation study between the different sets of fat content per fresh weight (FCFW) and per dry matter (FCDM) values, and the average capacitance measures
in farad units (F) of olive samples: (a-1) and (b-1) correlation study between the fat content reference values FCFW; and FCDM;, chemically determined from the 110
original sets, F;, and the average capacitance values measured from the 15 olive fruits randomly selected for every set; (a-2) and (b-2) correlation study between the
average fat content reference values FCFW; 5 and FCDM,; 22, calculated from the 22 clustered fruit sets, F‘i722, and the average capacitance values measured from the

75 olive fruits samples belonging to every clustered set; (a-3) and (b-3) correlation study between the average fat content reference values FCFW; 1o and FCDM; 10,
calculated from the 10 fruit sets clustered based on fat content percentiles, F; 10, and the average capacitance values measured from the olive fruits samples belonging

to every clustered set.

sampled per statistical population. To do so, the 110 fruit sets, FS;, were
grouped into 22 clusters, resulting the clusters from joining those sets
having the closest FCFW; values; the same operation was performed
taking FCDM; values as clustering criterium. Mathematically, the cluster
build for FCFW is defined as:

Circrw = {Fp FCFW; ‘ i=1, -, 22, je {1, -, 110}, |Ci.FCFW} = 5}

)
fulfilling
Circwr N Crrcrw = @ A B FCFW, € Cyrerw | FCFW, < m (6)

Analogously, the clusters for FCDM are defined as:

Circom = {F;,FCDM; | i =1, -+, 22, j € {1, -+,110}, |Cipcom| = 5}

@)
such as
Circom N Crreom = @ A 3 FCDM, € Cypepm | FCDM, < FCDM; (8)

Finally, for both the FCFW and FCDM cases, a new fruit set of 22
instances was derived from the clusters by taking, for every cluster, the
union of the five F; sets of 15 capacitance measures each, and the
average of the corresponding five fat content values:

FS{SV = {Fiz, FCFWig, | i = 1---22},

FCDM;,, | i )
FS{S3™ = {F;2,, FCDMj2; | i=1--22}
where
FCFW FCFW; FCDW;
Fiz = U{Fj}, FCFWi22 = Z L, FCDM; 5, = Z 5 . (10)
fulfilling
Fj;, FCFW; € Circrw N Fj, FCDM; € Cireom an

Note that, in practice, the derived fruit sets, FS5:" and FS[SPY, are
effectively equivalent to what would have resulted from forming 22
groups of 1.000 g of olive fruits each, measuring the electrical capaci-
tance of 75 randomly selected olives per group, and performing chem-
ical analyses of FCFW and FCDM on the entire 1.000 g of olive past
within each group. Analogously, two additional derived fruit sets were
created, FS'TY and FSISPM, by clustering according to the percentiles of
FCFW and FCDM values, respectively. Relevant information about the
derived fruit sets can be found in Tables 2 and 3.

Fig. 4 - (a-2) and (b-2) graphically illustrates the correlation between
the average electrical capacitance values for the derived 22 fruit sets,
F, 2>, and the corresponding fat content reference values FCFW; , and
FCDM; 5,, respectively. Both results support validation of the formulated
hypothesis, as correlation values increase to 0,7377 for the case of FCFW
and to 0,9108 for FCDM, what indicates that electrical capacitance ac-
counts for over 73% and 91% of the statistical variance in the respective
variables. As in the initial case, a lower correlation was found with
FCFW, which is to be expected. Indeed, contrary to FCDM, this metric
provides the percentage of fat content present in the intact fruit past,
thus including water content. It is well established that fruit water
content can fluctuate significantly throughout the ripening process,

Table 2

Statistical characterisation of fruit sets FS[55" and FSfS2M, derived by clustering
the original set of 110 olive fruit groups of 200 g into 22 clusters. Each cluster
consists of the five closest values for fat content per fresh weight, FCFW, and per
dry matter, FCDM. The ranges of FCFW and FCDM values, along with the
average used to represent each cluster, are provided.

FSFSEW (n = 22)

122 FSFSPM(n = 22)

1,22

Interval (% of Average (% of Interval (% of Average (% of

FCFW) FCFW) FCDM) FCDM)

1 [10,59-11,58] 11,11 [29,36-30,89] 30,39
2 [11,64-11,86] 11,73 [31,22-31,46] 31,38
3 [11,88-12,04] 11,92 [31,70-32,26] 32,0

4 [12,10-12,35] 12,24 [32,31-32,60] 32,48
5 [12,38-12,76] 12,48 [32,60-33,25] 32,92
6 [12,79-13,20] 12,95 [33,29-33,67] 33,46
7 [13,23-13,82] 13,45 [33,75-35,13] 34,15
8 [13,99-14,48] 14,19 [35,28-36,02] 35,65
9 [14,57-15,05] 14,86 [36,09-37,24] 36,92
10 [15,12-15,29] 15,21 [37,61-38,90] 38,44
11 [15,37-15,57] 15,49 [40,07-40,41] 40,27
12 [15,57-15,88] 15,72 [40,49-41,97] 41,24
13 [16,21-16,59] 16,37 [42,07-42,40] 42,22
14 [16,61-16,94] 16,74 [42,49-42,85] 42,74
15 [17,10-17,57] 17,33 [43,22-43,82] 43,42
16 [17,66-17,94] 17,82 [43,87-45,45] 44,76
17 [18,03-18,17] 18,08 [45,55-45,56] 46,14
18 [18,19-18,62] 18,41 [46,75-47,20] 46,97
19 [18,65-19,0] 18,83 [47,27-47,84] 47,52
20 [19,34-19,69] 19,50 [47,87-48,80] 48,53
21 [19,81-20,63] 20,26 [48,85-50,53] 49,82
22 [20,64-24,85] 21,91 [50,59-53,52] 51,90

Table 3

Statistical characterisation of fruit sets FSI¢" and FSI5g™, derived by clustering
the original set of 110 olive fruit groups of 200 g according to the percentiles of
fat content per fresh weight and per dry matter, FCFW and FCDM, respectively.
The intervals of FCFW and FCDM values, and the average taken to represent
each cluster, are given.

FSISEV (n = 10) FSF¢M(n = 10)

Interval (% of Average (% of Interval (% of Average (% of

FCFW) FCFW) FCDM) FCDM)
1 [10,59-11,93] 11,56 [29,36-31,76] 31,02
2 [12,04-13,44] 12,69 [32,06-34,06] 33,02
3 [13,82-14,71] 14,26 [35,13-36,09] 35,64
4 [14,92-16,22] 15,48 [37,02-38,9] 37,85
5 [16,41-17,66] 16,96 [40,07-41,14] 40,49
6 [17,77-19,0] 18,32 [41,65-43,82] 42,67
7 [19,34-20,29] 19,70 [43,87-46,24] 45,33
8 [20,58-21,24] 20,76 [45,56-48,52] 47,33
9 22,13 22,13 [48,71-51,08] 49,70
10 24,85 24,85 [51,89-53,52] 52,60

which makes this reference less reliable. Variations in water concen-
tration can lead to disparate values for samples with the same fat con-
tent, complicating comparisons between them [4]. In fact, the chemical
analyses carried out in the context of this study revealed the existence of

these cases, as Fig. 5 illustrates by facing FCFW; values against those of
FCDM,;, for the 110 samples chemically analysed; certainly, FCDM only
explains 72% of variance in FCFW. Considering this, the higher
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Fat Content per Fresh Weight Vs Fat
Content per Dry Matter (n = 110 samples)
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Fig. 5. Correlation study between fat content per fresh weight (FCFW) and fat
content per dry matter (FCDM) values, for the 110 original fruit sets, F;, as
determined by reference chemical analysis.

correlation observed with FCDM further strengthens confidence in
capacitance measurement as an indicator of olive fat content, regardless
of moisture variation. Conversely, it is reasonable to assume that water
content plays a significant role in conductivity, a factor not addressed in
the study by Justicia et al. [29], as previously mentioned.

The correlation analysis shown in Fig. 4 — (a-3) and (b-3), corrobo-
rates the previous findings and discussion. Notably, when clustering by
percentiles, the correlation between the average electrical capacitance
values for the 10 fruit sets, F; 19, and the corresponding FCDM reference
values, FCDM; 1o, even increases to 0,9741. In addition, the slope and
intercept values of the resulting regression line are comparable to those
previously obtained by grouping FCDM into 22 clusters. This result
strengthens the hypothesis that considerable intra-sample variability
existed in the original fruit sets, and supports the proposed methodology
as a promising preliminary approach for assessing fat content in indi-
vidual olive fruit samples.

Table 4 presents the Root-Mean-Square-Error values relative to the
mean calculated from the actual fat content values and those estimated
using the regression lines shown in Fig. 4. The metric was applied to the
original FCFW and FCDM sets, and for those derived from clustering.
Regarding FCFW, percentual error shows in general modest estimation
performance for all the cases. For FCFW, the percentage error indicates
modest estimation accuracy across all scenarios. Additionally, the error
does not decrease with successive clustering, suggesting that water
content variability inherent to FCFW significantly hinders the modelling
of fat content based on capacitance measures. Conversely, average error
values for FCDM, exhibit a clear downward trend, starting at 12,39% for
the original dataset and reducing to an outstanding 2,66% for the decile-
clustered subset. This pattern aligns with previous discussions,

Table 4
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Table 5

Results of T-test for comparing the means of the pairs of equivalent reference and
predicted distributions of FCFW and FCDM. Predicted distributions were ob-
tained by applying the regression lines shown in Fig. 4. The results of Levene’s
test for equality of variances are also given.

Levene’s test (p < O, T-test (p < 0,05)

05
) t p CI (95%)
{FCFW;} vs {FCFW,} p =0,0" 0,011 0,992  [-0,65,
0.,5]
{FCFW, 22} vs p =055 0,004 0,997 [1,73,
{Ferw,.. | 172
FCFWi10} vs p =0,388 0,002 0,998 [-3,63,
i,10
{Frw,) 369
{FCDM;} vs {FCDM, } p=00 -0,004 0,997 [-1,49,
1,48]
FCDM; 22} vs p=0,733 -0,001 0,999  [-3,99,
.22
{Fopn, ,} 3,991
FCDMi 10} vs p =0,920 0011 0992 [671,
.10
6,781

{Feov )

" Welch’s T-test [35] is used as significant differences in the variances of the
samples are found.

reinforcing the hypothesis that the intra-sample variability present in
the original fruit set is effectively captured and accounted for in the
clustered datasets.

Table 5 presents the results of the T-test (p < 0,05) [35] conducted
on the pairs of equivalent reference and predicted distributions of FCFW
and FCDM. Notably, no significant differences were observed in the
means of the reference and predicted sets in any case. However, the
p-values from Levene’s test [36] for equality of variances reveal trends
consistent with those previously discussed and found with the other
considered analyses. In the case of the original FCFW set, significant
differences in variance were identified, whereas no significant differ-
ences were found in the clustered sets. Modest and non-systematic im-
provements in variance equality were observed as clustering progressed.
For FCDM, significant differences in variance were also evident in the
original dataset. Nevertheless, the p-value systematically and remark-
ably increased with clustering, reaching as high as 0,920 for the
decile-clustered set. This trend highlights how the clustered sets were
able to progressively represent intra-sample variability, revealing
capacitance as a reliable indicator of FCDM.

4. Conclusion

This paper presents a study examining how olive fruit maturation
influences its capacity to store electrical charge. To this end, a custom-
designed device was employed to measure the electrical capacitance
of olive samples over the course of a full ripening season. These capac-
itance measurements were statistically compared with reference fat
content values obtained through chemical analysis to evaluate their
correlation. The results revealed strong correlation values with fat
content per dry matter, particularly after accounting for and validating
significant intra-sample variability. This finding aligns with recent
studies suggesting that traditional ripeness assessments based on

Values of Root-Mean-Square-Error (RMSE) relative to the mean calculated from the actual fat content values and those estimated using the regression lines shown
in Fig. 4. Calculations were performed for the original FCFW and FCDM sets, and for those derived from clustering.

({FCFW;},{FCFW,})

({FCFW,z},{FCFW, .} ) ({FCFWi10},{FCFW, 10 })

RMSELCEW

‘mean

15,69%

9,67% 13,86%

({FCDM;},{FCDM})

({FCDM22}, { FCDM | ) ({FCDMi 10}, {FCDM, o} )

RMSEFCM

‘mean

12,39%

4,88% 2,66%
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external fruit appearance may not reliably indicate maturation stages. In
contrast, the correlation with fat content per fresh weight was notably
weaker, reinforcing the potential of capacitance as an indicator of olive
fat content, irrespective of moisture variation. This behaviour was
corroborated by applying the obtained regression lines to capacitance
measurements to yield fat content estimates, and by analysing the pre-
cision and statistical coherence of the distributions of the estimated
values.

From a scientific perspective, the presented device and methodology
may serve as a valuable tool for studying olive fruit ripening variability
with higher resolution. From a practical side, this approach could help
olive growers sample their orchards easily, efficiently, and cost-
effectively, allowing them to monitor fruit maturation throughout the
season. Future research will focus on assessing the applicability of this
methodology across different olive varieties, exploring ripening vari-
ability, and further refining and optimising the device’s usability. In this
regard, the potential impact of environmental condition variations on
the accuracy of the developed meter is a significant concern, as it could
constrain its applicability for directly characterising olive fat content
under field conditions. Future research will focus on addressing this
potential limitation.
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