

  agriculture-13-00194




agriculture-13-00194







Agriculture 2023, 13(1), 194; doi:10.3390/agriculture13010194




Article



Use of Portable Devices and an Innovative and Non-Destructive Index for In-Field Monitoring of Olive Fruit Ripeness



Nicola Cinosi 1, Silvia Portarena 2,3,*[image: Orcid], Leen Almadi 1, Annalisa Berrettini 1, Mariela Torres 4[image: Orcid], Pierluigi Pierantozzi 4[image: Orcid], Fabiola Villa 5, Andrea Galletti 6, Franco Famiani 1[image: Orcid] and Daniela Farinelli 1,*[image: Orcid]





1



Department of Agricultural, Food and Environmental Sciences (DSA3), University of Perugia, Via Borgo XX Giugno 74, 06121 Perugia, Italy






2



Institute of Research on Terrestrial Ecosystems (IRET), National Research Council (CNR), Via Marconi 2, 05010 Porano, Italy






3



National Biodiversity Future Center, 90133 Palermo, Italy






4



Instituto Nacional de Tecnología Agropecuaria (INTA), Ing. Marcos Zalazar (Calle 11) y Vidart. Villa Aberastain, Pocito, San Juan 5427, Argentina






5



Centro de Ciências Agrárias, Universidade Estadual do Oeste do Paraná (UNIOESTE), Marechal Cândido Rondon, Rua Pernambuco 1777, Paraná State, Brazil






6



Sinteleia srl, Via di Corticella, 35, 40128 Bologna, Italy









*



Correspondence: silvia.portarena@cnr.it (S.P.); daniela.farinelli@unipg.it (D.F.)







Academic Editor: Hongbin Pu



Received: 1 November 2022 / Revised: 4 January 2023 / Accepted: 6 January 2023 / Published: 12 January 2023



Abstract

:

A new non-destructive index of absorbance difference (IAD), calculated with different wavelengths as references, near the chlorophyll absorbance peak or that for anthocyanin, has been used to determine the fruit ripening of several fruit species using portable devices such as Standard DA-Meter® and Kiwi-Meter®. In this study, for the first time, the application of the IAD was evaluated on single, intact olives of the Leccino cultivar, as a single non-destructive maturity index to follow ripening in the field, directly on the tree. The IAD determined by both devices was found to be useful for monitoring the olive ripening, however, better performance was achieved with the Kiwi-Meter®. In fact, the IAD determined by this device was more effective at measuring all the studied olive ripening parameters in the calibration and validation datasets with acceptable accuracy. Specifically, better performance of the IDA by Kiwi-Meter® was observed in estimation of the color index (R2 = 0.817, DRMSEC = 0.404 and RPIQ = 3.863 for calibration and R2 = 0.752, DRMSECV = 0.574 and RPIQ = 3.244 for validation), confirming its potential for evaluating the degree of olive ripeness. This novel index has significant applicative possibilities, since it would allow rapid, on-site screening of the best harvesting time to improve the olive production in terms of both yield and quality.
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1. Introduction


The quality of extra virgin olive oil mainly depends on its composition in terms of fatty acids and antioxidative and volatile compounds. Such composition is generally the result of a complex combination of cultivar, environment, fruit ripening, harvesting system, extraction system and storage conditions [1,2,3]. Among these factors fruit ripening is one of the most important, since harvesting time affects the physical, chemical and organoleptic characteristics of the oil, as well as the yield [3,4]. Indeed, monitoring olive ripening in order to determine the best harvesting period is a critical step in the extra virgin olive oil production chain. After fruit set, olives grow according to a double sigmoidal curve [4]. After 12–16 weeks of fruit growth, olive ripening begins [5,6,7,8]. During ripening, the fruit continues to grow, and the chlorophyll content declines and is replaced by anthocyanins, which contribute to olive color and oxidative stability [9,10]. Moreover, changes in the cell wall structure and composition lead to modification of the fruit texture. Specifically, a progressive loss of firmness due to enzymatic activities involved in the degradation of cell wall polysaccharides has been observed [11]. Water and oil contents, which are the major components of the mesocarp (pulp) and exocarp (skin), also vary during the fruit ripening process [12,13]. Oil increases in the olive pulp from the end of stone hardening and accumulates during ripening. In the Northern Hemisphere, at the end of summer–beginning of autumn (September and October), oil accumulates rapidly [5,14,15]. Thereafter, the rate of accumulation in most cultivars gradually decreases and then ceases between mid-November and mid-December. At the same time, fruit drop occurs. Almost all of the oil accumulates in the pulp and only a small amount in the seed (2–4%) [4,5,16,17,18]. During ripening, the amount of oil that can be obtained varies as a result of a combination of fruit growth, oil accumulation in the pulp and fruit drop. Usually, when the drop exceeds 10% of the total fruits, there is a decrease in the quantity of oil obtainable from each tree [4,19]. As olives ripen, the quality of the oil extracted also changes. As ripening proceeds, chlorophylls and carotenoids decrease, oleic acid increases and palmitic acid decreases [19]. At the beginning of ripening, volatile compounds, such as aldehydes, especially trans-2-hexenal (responsible for the “herbaceous” scent), saturated and unsaturated alcohols at C5 and C6 and esters, and phenolic substances, with nutraceutical value and responsible for the bitter and pungent sensations of the oil, are at the highest levels and then decline, more or less rapidly depending on the cultivar and seasonal pattern [14,19].



Therefore, the decision of harvesting time is very important because it can significantly affect both the quantity and quality of oil produced in the olive orchard. For this reason, ripening indices have been developed to indicate harvesting time. The most common is the color assessment method, known as the Jaén index or maturity index (MI), which indicates the degree of fruit ripening on a scale of fruit pigmentation ranging from zero (green) to seven (pigmentation of the whole epicarp and mesocarp) [4,19,20,21,22,23,24,25,26]. However, fruit color-based MI does not always evolve linearly over time, and is affected by the cultivar and environmental factors [13,27,28,29]. Nevertheless, this index is the most used worldwide because it has proved to be a useful reference for both the quantitative and qualitative purposes of harvesting. In fact, expressing the oil content as a percentage of dry weight, the maximum values are reached in most cultivars when the MI approaches four and the quality of the oil tends to reduce from this value upward [4,5,19,22]. This is why harvesting is generally executed when the MI is lower than four. Other indices have also been tested and, according to some authors, in the early ripening stages, pulp firmness gives a better indication of the degree of maturation than color assessment [30,31,32]. Indices based on the determination of oil and sugar content have also been developed, but they require laboratory analyses [33].



All of the indices mentioned are destructive, require lab equipment and chemicals and are time consuming. Therefore, research is focusing on developing indices that consider several variables and are rapidly measurable with non-destructive techniques.



Vis/NIR (visible and near-infrared) spectroscopy is a proven measurement technology that has been implemented for the non-invasive analysis and identification of important structures and functional groups of organic substances [34].



Advances in Vis/NIR technology have resulted in the development of portable field instruments that enable spectral information to be obtained directly on the fruit on the tree [35], allowing more rapid and efficient analysis to determine the stage of fruit ripening [36,37,38,39,40].



Recently, at the University of Bologna, fast and non-destructive devices have been developed that are able to measure a new parameter, the Index of Absorbance Difference (IAD), which is helpful in determining the fruit ripening of several pome and stone fruits and kiwifruit [41]. This IAD can be determined by using the following devices: Standard DA-Meter® (patent number MO 2005000211) and Kiwi-Meter® (patent number PD 2009A00081). These devices can be used to assess harvest time, since they allow the ripening stage evolution of fruit to be followed “on the tree” [41]. Costa et al. [41] found that the IAD correlated with the traditional fruit quality traits, such as soluble solid content, flesh firmness and titratable acidity, as well as with important parameters which modify with fruit ripening, such ethylene production, climacteric stage and flesh firmness, which are difficult to determine with non-destructive devices.



In particular, the Standard DA-Meter® is based on IAD calculated as the difference between absorbance values at 670 nm and 720 nm, near the chlorophyll absorbance peak [41,42], and between 670 nm and 970 nm for determining the water content [43]. The two wavelengths (670 and 720 nm) were chosen since they are close to the absorbance peak of chlorophyll-a [44,45]. Several authors found that the index of the absorption difference between 670 and 720 nm was strongly related to the chlorophyll content of apple fruit when it is close to its state of ripeness [46]. Other authors tested the use of the DA-Meter to define the different ripening stages of peaches while they were still attached to the tree [44,47,48].



The Kiwi-Meter® was developed specifically for kiwifruit, and it differs from the Standard DA-Meter® by the wavelengths used. The Kiwi-Meter® uses 545 to 640 nm, wavelengths for anthocyanin, with 750 nm as the reference point [41].



In this study, olive fruits of Leccino, which is an Italian cultivar known worldwide, were used. The olives were collected at different ripening stages and were characterized in terms of color index, pulp firmness and oil and water content. In addition, spectrometric measurements were performed on intact olives using both the Standard DA-Meter® and the Kiwi-Meter® in order to determine the IAD at each olive ripening stage.



The objective of this study was to evaluate, for the first time, the possible use of the IAD as a single non-destructive maturity index of olive directly in the field, using Standard DA-Meter® and Kiwi-Meter® devices, instead of using several ripening indices, such as Jaén index, pulp firmness, or fruit oil content, which are destructive, require lab equipment and chemicals, and are time consuming. This innovative index could emerge as a rapid tool to assess olive ripening directly in the field and, thus, be useful in determining the best harvesting time as well as the best olive milling and olive oil extraction technique, in order to replace traditional ripening indexes with a view of future fully automated applications [8,48].




2. Materials and Methods


2.1. Sampling


During olive ripening, periodically, eight hundred intact and healthy olives were randomly hand-picked from four trees (two hundred olives from each tree) of the cultivar Leccino that had a similar olive load. The olive trees have grown in an intensive 10-year-old orchard located near Perugia, Region of Umbria, central Italy (43°05′31.2″N, 12°19′47.6″E). The Leccino cultivar was chosen because it is widespread in Italy and it is also known worldwide [21,49]. The samples were collected from September to November 2020, every 7–10 days (4000 olives collected). The sampling days of year (DOY) are reported in Table 1. After the collection, fifty fruits from each tree on each sampling date (1000 olives in total) were used to perform the spectrometric measurements. The fruits were individually placed in an alveolus box before the analysis (Photo 1a). The samples of 50 fruits each were divided into two subsamples (25 fruits each) to estimate the mean value in terms of IAD and fruit ripeness characteristics, obtaining eight averaged values (repetitions) from each sampling DOY (40 in total).




2.2. Fruit Characteristics


For each of the 50 olives placed in the alveolus box, fresh weight was determined by using a digital balance with precision up to the fourth decimal place (OHAUS Corporation, Parsippany, New Jersey, USA). The pigmentation and the pulp firmness have been determined on each individual olive. Pigmentation was determined using the MI, ranging from 0 to 7, with 0 for green olives and 7 for olives with pigmentation up to 100% of the epicarp and 100% of the mesocarp [20]. Pulp (epicarp + mesocarp) firmness was measured using a hand-held dynamometer with a 1 mm plunger made of steel (Effegi, Ravenna, Italy). Firmness was expressed in Newton (N); the reading was detected as soon as the plunger penetrated the fruit. Oil and water contents on fresh weight (percent) were determined using an Infra Analyzer apparatus (Spectra Analyzer Zeutec, Rendsburg, Germany) on the whole olive harvest sample per tree and per each sampling DOY (200 fruits). Oil and water content are expressed as g olive−1, for each single fruit. Ten fruits of each sample and per sampling date were de–pulped to determine the pulp/stone ratio, the pulp percentage of each fruit and the oil content of the pulp of each olive (expressed as g pulp−1).




2.3. Spectrometric Measurements


Spectrometric measurements were performed using both the Standard DA-Meter® and the Kiwi-Meter® portable devices. Spectrometric measurements were performed on 50 fruits from each tree and sampling date with each device.



The Standard DA-Meter® is a portable instrument which allows measuring the content of chlorophyll present inside a fruit. It uses the IAD calculated as the difference between absorbance values at 670 nm, near the maximum chlorophyll absorbance peak [41,42], and 720 nm reference point and 970 nm for determining the water content [43].



The Kiwi-Meter® has the same operating principle as the Standard DA-Meter® and it measures the ripening stage of fruits belonging to the Actinidia species in both the yellow and green varieties [48]. The substances detected are anthocyanins, responsible for the color of the fruit. It differs from the DA-Meter® for the wavelengths used 540, 640 and 750 [48]. Each device is equipped with six LED diodes positioned around the detector. A set of two dyads emit the wavelengths indicated above. The fruit is illuminated alternatively with two monochromatic sources and for each the quantity of light re-emitted is measured. Light is measured by a centrally positioned photodiode and is converted into a digital signal. Successively, the data is displayed on a digital display, identified by the initials that were placed in the setting phase of the tool. The reading takes place by means of a LED placed in the upper part of the instrument, which has an oval-shaped recess, where the fruit is placed and irradiated by the ray.



Each devise took double spectrometric measurements, taken on opposite sides of each numbered olive, in order to assess, for each fruit, a representative IAD (Scheme 1A,B).



Twenty-five olive spectra, representing each experimental sample, were averaged to obtain the single mean spectrum of each repetition, in accordance with Giovenzana et al. [32].




2.4. Statistical Analysis


The fruit characteristics (color index, pulp firmness, fruit/pulp oil content and fruit water content) are presented as minimum, maximum, mean and standard deviation (SD) at different olive ripening degrees.



The analysis of variance (ANOVA) and post hoc Duncan’s test, at a 0.05 significance level, was used to test the influence of DOY on fruit ripeness indexes. The Pearson coefficient (r) was computed to check for correlation between the olive ripeness indexes. The linear regression between each fruit ripeness index, as color index, fruit and pulp oil content, pulp firmness and fruit water content, and IAD was evaluated by linear regression analysis.



To assess the quality of the linear regression models, cross-validation was applied using standard approaches. The dataset, described at Section 2.1, was divided into a calibration set (28 samples) and a cross validation set (12 samples) five times, selecting each time different sets of samples, with all the samples acting as the test items in turn [32]. Then, the calibration and validation results were averaged over the rounds to estimate the final model.



The resulting models were scrutinized by R2 and by the dimensionless root mean square error of calibration (DRMSEC) and cross validation (DRMSECV) calculated on standardized variables. They permit comparison of the performance of models, being better as DRMSE approaches zero [49,50]. Finally, the performance across the regression models was also compared using the “ratio of performance to interquartile range” (RPIQ) as suggested by Hernández-Sánchez and Gómez-Del-Campo [51].



All the statistical analyses were performed at the 95% confidence level (p < 0.05).



The data were statistically evaluated using Statistica 8 (StatSoft Italia s.r.l, Padova, Italy) and R statistical environment (MetStaT, v1.0, 2013, R Development Core Team, Vienna, Austria).





3. Results


3.1. Physical and Chemical Parameter Variations of Olive Fruits


A significant variation was observed in the mean, maximum and minimum values of each parameter at different stages of olive ripening (Table 1). The analysis of variance (ANOVA) was carried out to test the influence of DOY on the studied parameters. With the progress of olive ripening, the color index of the fruit, the accumulation of oil and the weight of the fruit increase, while the firmness of the pulp gradually decreases.



The weight of the olives varied from 1.72 g, at the end of September (273 DOY), to 2.14 g at the end of the trial (301 DOY) (Figure S1 and Table 1). The pulp weight increased from 1.21 g at 273 DOY to 1.65 g at 301 DOY (Figure S1).



The color index of the olives varied from 1.0, yellowish color, to 2.76, with fruits largely pigmented externally (Figures S2 and S3 and Table 1).



The pulp oil content increased from 0.10 g olive-1 to 0.21 g olive-1 (Figure S2 and Table 1). The total olive oil content increased from 0.13 g per fruit to 0.27 g per fruit (Figure S3 and Table 1). Pulp firmness decreased during olive ripening from 3.92 N to 2.96 N (Figures S2 and S3 and Table 1). Fruit water content increased from 1.1 g olive−1 to 1.38 g olive−1 (Figures S2 and S3 and Table 1).



The IDA measured with the Kiwi-Meter® device varied from 1.89 to 3.00 during olive ripening and its trend for each parameter is reported in the Supplementary Material (Figure S2).



The IDA measured with the Standard DA-Meter® device varied from 0.10 to 2.70 during olive ripening and its trend for each parameter is reported in the Supplementary Material (Figure S3).




3.2. Correlations among Variables


Correlation analysis was performed to examine the relationships among olive ripening indexes. The results are shown in Table 2. All studied parameters were highly significantly correlated to each other, except the water content of the fruit with the firmness of the pulp, which showed a lower but significant correlation (r = 0.61) (Table 2).




3.3. Relationships between IAD by Kiwi-Meter® Device and the Olive Ripeness Indexes


The results of regression analysis between IAD measured by Kiwi-Meter® and the olive ripening parameters are reported in Figure 1, with the prediction intervals, represented by the upper and lower lines, and the regression line reported in black.



A highly significant correlation (r = 0.88) was found between IAD and color index of olives. IAD ranged from about 1.6 to 3.0 and increased linearly with the pigmentation of the epicarp tissue of the drupes (Figure 1A).



Pulp firmness declined progressively with olive ripening and was negatively correlated to IAD, which varied from 1.72 to 2.90 (r = 0.77) (Figure 1B).



A good and significant relationship (r = 0.81) was also found between fruit water content and IAD that ranged from about 1.7 to 2.9 (Figure 1C).



A highly significant positive correlation (r = 0.85) was also found between pulp oil content and IAD. In fact, IAD increased linearly with increasing oil accumulation in the pulp (Figure 1D).



The relationship between fruit oil content and IAD was lower but significant (r = 0.80) (data not shown).




3.4. Relationships between IAD by Standard DA-Meter® and Olive Ripeness Indices


The results of regression analysis between IAD measured by Standard DA-Meter® and the olive ripening parameters are reported in Figure 2, with the prediction intervals represented by the upper and lower lines and the regression line in black.



With this device, a highly significant relationship (r = 0.85) between fruit Color Index and IAD was also found. The IAD ranged from 1.7 to 2.8 (Figure 2A).



A highly significant negative relationship (r = 0.80) was observed between pulp firmness and IAD. Pulp firmness declined progressively with olive ripening. The pulp firmness decreased, while IAD increased from 0.04 to 0.25 (Figure 2B).



A lower but significant relationship (r = 0.71) was found between fruit water content and IAD that ranged from about 1.7 to 2.8 (Figure 2C).



IAD, which ranged from 0.05 to 0.32, was significantly (r = 0.75) related to fruit oil content (Figure 2D).



The relationship between pulp oil content and IAD was lower but still significant (r = 0.70) (data not shown).




3.5. Linear Regression Models and Statistical Evaluation


The obtained models have been cross-validated. The dataset was divided into a calibration set (28 samples) and a cross validation set (12 samples) five times, selecting each time different sets of samples, with all the samples acting as the test items in turn. The validation procedure was undertaken with the whole dataset used for the calibration, from which one-third of the samples have been removed five times, selecting each time different sets of samples, with all the samples acting as the test items in turn. Then, the calibration and validation results were averaged over the rounds to estimate the final model. The results achieved for the found models in terms of R2, DRMSEC, DRMSECV, RPIQ are presented in Table 3.



Models with higher accuracy were obtained with the Kiwi-Meter® device. In fact, the respective predictive power of the obtained regression models was characterized by higher values of R2 and lower values of DRMSEC and DRMSECV, and higher values of RPIQ, both for calibration and validation datasets. Specifically, the better performance of the Kiwi-Meter® was observed in the estimation of the color index (R2 = 0.817, DRMSEC = 0.404 and RPIQ = 3.863 for calibration and R2 = 0.752, DRMSECV = 0.574 and RPIQ = 3.244 for validation) confirming its potential for evaluating the degree of olive ripeness.





4. Discussion


The progression of olive ripening from the cultivar Leccino was evaluated in terms of fruit pigmentation, oil and water accumulation, and pulp firmness with respect to the single IAD. The significant relationships found between IAD and these main olive characteristics confirmed the reliability of the IAD as a new, single and non-destructive index for monitoring olive ripening, instead of using conventional indexes, that are destructive, require lab equipment and are time consuming.



The new proposed methodology has great importance at the industrial level since these spectrophotometric measurements can be performed on the same olives several times during the harvesting season, allowing the evolution of the ripening to be followed directly in the orchard so the best harvesting time can be chosen to obtain both the best extra virgin olive oils (EVOOs) and the highest yield [3]. In comparison, the traditional olive ripening indexes require that the fruits be collected and later destroyed in the lab to determine color index, pulp firmness and fruit oil content.



The relationship between IAD and the olive color index was particularly high. The fruit of the cultivar Leccino is characterized by early and intense coloration due the accumulation of anthocyanins, which are responsible for their purple color [11,52]. Therefore, it can be assumed that IAD measurements can be used even more easily in olive varieties with less rapid and dark pigmentation.



Both devices were used to evaluate pigmentation of the epicarp but not the mesocarp, because the best combination between quantity and quality of the oil is usually obtained with values of MI between zero and four (that is, pigmentation regards only the epicarp) [4].



The Kiwi-Meter® was more effective than the Standard DA-Meter® in monitoring the degree of olive ripeness. The correlation coefficient between IAD and color index (determined with Kiwi-Meter® ), was similar to that obtained in Actinidia chinensis, where the coefficient of correlation between IAD and flesh color was equal to 0.82 [53]. In particular, the Kiwi-Meter® showed a better performance than the Standard DA-Meter® in the estimation of the color index, in terms of DMRSEC, DRMSECV and RPIQ. The goodness of the new index results about the estimation of the color index was similar to that reported by other authors [51], whereas it was slightly lower than those obtained for oil and water content in another investigation [50].



The significant relationships between IAD from both devices and olive firmness during ripening are in agreement with results from Infante [54] and Kavdir et al. [55]. They were higher than values for peach reported by Almeida et al. [56] and slightly lower than those found by Infante [54] in stone fruits. Moreover, the results agree with Giovenzana et al. [31], who used similar wavelengths in evaluating olives of the cultivars Moraiolo and Frantoio.



Olive and pulp oil content were predicted quite well by IAD, with wavelengths from 545 to 640 nm, with 750 nm as the reference point, using the Kiwi-Meter®. Other authors achieved good results at 1710 nm and 2307 nm, but not for intact olive fruits [55,57,58,59]. The IAD was robust in predicting oil content with respect to olive fresh weight. This is in contrast to the results of Cayuela et al. (2010) [36], who suggested that prediction of olive oil content with respect to dry matter provided better results as compared to the oil content with respect to fresh weight.



The variability of the water content as the fruit matures is not uncommon considering that water content varies greatly throughout ripening. In fact, olives tend to absorb more moisture when it is abundant, and release water when it is drier [37]. As also observed by Salguero-Chaparro et al. (2013) [43], this behavior can explain the lower correlation coefficients found between the IAD and olive water content, which could have been influenced by rainy and dry periods, which occurred during sampling. The simultaneous increase in fruit oil accumulation and pigmentation in Leccino could affect the robustness of IAD in predicting fruit water content, as observed by Giovenzana et al. [32]. In fact, the progressive accumulation of anthocyanins leads to a decrease in reflectance in the visible band associated with the anthocyanin absorption peak. Conversely, the spectra of the olives with higher water content showed slightly higher values of reflectance, that affects the IAD [32]. Moreover, other authors have pointed out that the use of NIR spectrometry has a greater ability to predict fat content than water content, and this is in agreement with our results [37].



Additionally, relative to other methods based on vis/NIR spectroscopy, IAD is easier to use, since it requires only establishing the cultivar-specific relationships between IAD and ripening-related changes [44].



As far as the application and perspective of IAD are concerned, its use will enable farmers to monitor the progress of olive ripening directly in the field, determining a single index and using a portable device, and then to plan the harvest of each olive cultivar according to its ripening stage. Likewise, the olive miller will be able to know the amount of oil and water in the olives and their stage of maturation, aiding in regulating the olive oil extraction process.



Each olive cultivar and fruit have specific IAD values according to the different phases of maturation. Hence, a full set of reference indices will need to be developed for each cultivar to make this application useful.



The increase in the combination of data sets in different years and in olive cultivars could provide a useful tool for the characterization of olive ripening. Both portable devices will open interesting perspectives for their future application in the olive milling industry, since they are rapid, economical, non-destructive, user-friendly, and require no sample preparation and a small sample size.



In perspective, the two devices could be merged into a more powerful one to increase the reliability of the IAD.




5. Conclusions


In this work, a new single index (IAD) was used to assess the best harvest time, since it allows monitoring of the olive ripening stage. Two fast and non-destructive portable devices based on NIR technology and on IAD were tested, for the first time, to monitor the ripening process of olive fruit. Both devices provided reliable results for assessing olive ripening, however the Kiwi-Meter® showed better performance than the Standard DA-Meter®.



With respect to the traditional methods used for evaluating fruit ripeness, the IAD may find useful applications in the olive production chain and may be used as a decision support tool to determine the best olive harvesting time.



This experiment was carried out on olives of a single variety, characterized by rapid pigmentation of the epicarp, so further studies are necessary to validate the use of IAD in other olive varieties, with different ripening patterns, and in different seasonal patterns. Moreover, these instruments could be used to directly estimate some fruit components that may significantly affect the oil quality, such as phenolic compounds.
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Scheme 1. (A) Sample box with olive samples and numbered alveolus. (B) Kiwi-Meter® devise during measurement. 






Scheme 1. (A) Sample box with olive samples and numbered alveolus. (B) Kiwi-Meter® devise during measurement.



[image: Agriculture 13 00194 sch001]







[image: Agriculture 13 00194 g001 550] 





Figure 1. (A) Relationship between IAD and color index. (B) Relationship between IAD and pulp firmness. (C) Relationship between IAD and fruit water content. (D) Relationship between IAD and pulp oil content by Kiwi-Meter® device. The solid black line represents the regression line and the upper and the lower lines represent the prediction intervals. Regression equation is reported on the top of each graph. 






Figure 1. (A) Relationship between IAD and color index. (B) Relationship between IAD and pulp firmness. (C) Relationship between IAD and fruit water content. (D) Relationship between IAD and pulp oil content by Kiwi-Meter® device. The solid black line represents the regression line and the upper and the lower lines represent the prediction intervals. Regression equation is reported on the top of each graph.



[image: Agriculture 13 00194 g001]







[image: Agriculture 13 00194 g002 550] 





Figure 2. (A) Relationship between color index and IAD. (B) Relationship between pulp oil content and IAD. (C) Relationship of fruit water content and IAD. (D) Relationship between pulp firmness and IAD by Standard DA-Meter® device. The solid black line represents the regression line and the upper and the lower lines represent the prediction intervals. Regression equation is reported on the top of each graph. 
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Table 1. Minimum, maximum, mean and standard deviation (SD) of the different measured parameters of olive samples at different degrees of ripeness.
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Sampling

Date (DOY)

	
Statistic

	
Fruit

Weight

	
Color

Index

	
Fruit Oil

Content

	
Pulp Oil

Content

	
Pulp

Firmness

	
Water

Content






	
272

	
Mean

	
1.72 d

	
1.04 e

	
0.14 e

	
0.10 e

	
3.82 b

	
1.08 e




	
Maximum

	
2.75

	
3.0

	
0.24

	
0.16

	
4.61

	
1.71




	
Minimum

	
1.05

	
0.0

	
0.08

	
0.06

	
3.14

	
0.68




	
SD

	
0.30

	
0.63

	
0.03

	
0.02

	
0.29

	
0.19




	
279

	
Mean

	
1.73 d

	
1.63 d

	
0.15 d

	
0.11 d

	
3.95 a

	
1.15 d




	
Maximum

	
2.86

	
3.0

	
0.25

	
0.19

	
5.2

	
1.88




	
Minimum

	
0.83

	
0.0

	
0.07

	
0.05

	
2.94

	
0.55




	
SD

	
0.30

	
0.72

	
0.03

	
0.02

	
0.41

	
0.21




	
286

	
Mean

	
1.79 c

	
1.92 c

	
0.17 c

	
0.12 c

	
3.54 c

	
1.21 c




	
Maximum

	
3.12

	
3.0

	
0.29

	
0.21

	
4.12

	
2.09




	
Minimum

	
0.80

	
1.0

	
0.07

	
0.05

	
2.65

	
0.54




	
SD

	
0.33

	
0.52

	
0.03

	
0.02

	
0.28

	
0.22




	
292

	
Mean

	
1.94 b

	
2.58 b

	
0.22 b

	
0.17 b

	
2.82 e

	
1.28 b




	
Maximum

	
2.94

	
3.0

	
0.33

	
0.26

	
3.82

	
1.91




	
Minimum

	
1.31

	
1.0

	
0.15

	
0.11

	
1.67

	
0.85




	
SD

	
0.28

	
0.51

	
0.03

	
0.02

	
0.38

	
0.19




	
301

	
Mean

	
2.14 a

	
2.76 a

	
0.27 a

	
0.21 a

	
2.97 d

	
1.38 a




	
Maximum

	
3.35

	
3.0

	
0.41

	
0.34

	
3.82

	
2.13




	
Minimum

	
1.32

	
2.0

	
0.16

	
0.12

	
2.06

	
0.88




	
SD

	
0.39

	
0.43

	
0.05

	
0.04

	
0.36

	
0.25








According to Duncan’s test at a 0.05 significance level, the mean value for each parameter that has the same letter is not statistically different at various sampling data.
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Table 2. Correlation matrix (r, Pearson coefficient; p, significance) among the fruit ripening variables.
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	Color

Index
	Fruit Oil

Content
	Pulp

Firmness
	Fruit Water

Content
	Pulp Oil

Content





	Color index
	r = 1
	
	
	
	



	
	p < 0.001
	
	
	
	



	Fruit oil content
	r = 0.91
	r = 1
	
	
	



	
	p < 0.001
	p < 0.001
	
	
	



	Pulp firmness
	r = −0.86
	r = −0.79
	r = 1
	
	



	
	p < 0.001
	p < 0.001
	p < 0.001
	
	



	Fruit water content
	r = 0.83
	r = 0.92
	r = −0.61
	r = 1
	



	
	p < 0.001
	p < 0.001
	p = 0.005
	p < 0.001
	



	Pulp oil content
	r = 0.92
	r = 0.99
	r = −0.80
	r = 0.92
	r = 1



	
	p < 0.001
	p < 0.001
	p < 0.001
	p < 0.001
	p < 0.001
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Table 3. Calibration and validation indexes of the linear regression model.
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Calibration

	

	

	
Validation

	

	




	
I AD

	
Variables

	
R2

	
DRMSEC

	
RPIQ

	
R2

	
DRMSECV

	
RPIQ






	
Kiwi-Meter® device

	
color index

	
0.817

	
0.404

	
3.863

	
0.752

	
0.574

	
3.244




	

	
pulp oil content

	
0.691

	
0.556

	
2.882

	
0.519

	
0.810

	
2.254




	

	
fruit oil content

	
0.666

	
0.557

	
2.854

	
0.513

	
0.804

	
2.051




	

	
pulp firmness

	
0.597

	
0.607

	
2.283

	
0.497

	
0.804

	
2.018




	

	
fruit water content

	
0.639

	
0.571

	
2.406

	
0.500

	
0.807

	
2.023




	
Standard DA-Meter® device

	
color index

	
0.743

	
0.515

	
2.930

	
0.661

	
0.622

	
2.827




	

	
pulp oil content

	
0.387

	
0.884

	
1.387

	
0.384

	
0.780

	
1.216




	

	
fruit oil content

	
0.482

	
0.709

	
1.731

	
0.311

	
0.861

	
1.068




	

	
pulp firmness

	
0.515

	
0.726

	
2.221

	
0.514

	
0.732

	
2.127




	

	
fruit water content

	
0.541

	
0.691

	
2.274

	
0.400

	
0.793

	
1.728

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
55

(N) ssauwiy dind

Aﬁ dind 6) usiuo9 j10 ding

o

- 0.15

1
o
1

- 0.05

0.00

1.04 x + 5.92

y:_

0.18x-0.35

y:

1.756x-2.23

y:

0.30x +0.50

y:

Xapul JojoD

1 1 1
~ « N AR
~ ~ ~

1.5

r- 9All0 B) 1ua1uU09d J8)em inl4

1.0

0.9

e
)

1.6 1.8 2.0 22 2.4 26 2.8 3.0 3.2 1.4 1.6

1.4

AD






nav.xhtml


  agriculture-13-00194


  
    		
      agriculture-13-00194
    


  




  





media/file0.png





media/file2.png





media/file5.jpg





media/file6.png
Color index

Water content (g olive -")

y=165x-2.14 — y=-369x+4.13

0 1 1 A 1 1 1 1 1 1 1 1 1 Il 1 1 1 1 1 1 1 1 1 20

y=0.39 x + 0.11

- 0.25

- 0.20

- 0.15

- 0.10

- 0.05

9 1 1 1 1 1 1 1 1 1 000
16 17 18 19 20 21 22 23 24 25 26 27 28 29 000 005 010 015 020 025 030 035 040 045 050

AD I AD

Pulp firmness (N)

Fruit oil content (g olive -')






media/file3.jpg





media/file1.jpg





