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Abstract

:

Nitrogen (N) fertilization has been extensively studied all over the world, not only due to its impact on plant growth and yield, but also on product quality. Olive oil is a natural product highly valued by the markets, due to its role in the Mediterranean diet, but only when its quality is above legally established standards. Thus, it is important to continue to study how cropping practices can impact the quality of olive oil in order to fine-tune the guidelines issued to producers. The objective of the three-year study was to assess the effect of the application of 0, (N0), 40 (N40) and 120 (N120) kg ha−1 of N in a rainfed olive grove on variables associated with fruit biometry and the maturation index, polyphenols in olives and olive oil, the evolution of the quality of the oil over time and sensory analysis. The application of N prolonged the period of coloration, delaying the maturation of the fruits, particularly in the higher doses of N applied. N application changed the phenolic composition and the antioxidant capacity of the fruits and olive oil, but without a clear trend among years. In general, the high N rate negatively affected the quality of the oils, reducing the oxidative stability and bitterness of the oil when compared to N40 treatment; this is due to the lower content of phenolic compounds that have a radical scavenging capacity. Excessive N application (N120) increased the degradation of the oil quality, as it led to an increase in the K232 extinction coefficient. Moderate N rates (N40) seem to be a good compromise to guarantee the quality and stability of the oil, although there was some interference from other uncontrolled environmental variables; these were probably accentuated because the olives came from a rainfed olive grove. The sensory analysis panel detected a defect (winey-vinegary flavour) in the oil from N40 treatment that is difficult to justify and will need more attention in future studies.
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1. Introduction


Olive trees usually respond to N fertilization [1,2,3,4,5,6], but require less amounts of this nutrient than other crops, such as maize (Zea mays L.) or potatoes (Solanum tuberosum L.), as nutrient removal by olive trees is low, especially when grown under rainfed conditions [7,8,9,10].



N is an important building block in the chemical structures of proteins, nucleic acids, chlorophylls, phytohormones and secondary metabolites [11,12,13]. A condition of N deficiency can be easily detected by observing the visual symptomatology of the leaves, due to the role of N in the structure of important leaf macromolecules, such as chlorophylls, and the high mobility of the nutrient in the tissues. Under N deficiency, leaves become smaller and yellowish, starting from the oldest ones, shoot growth is reduced, and flowering and fruiting become irregular [14]. Thus, soil with low N availability reduces vegetative growth, flowering, fruit set, and yield [1,15,16]. The decrease in olive yield is primarily due to the reduction in the size of the photosynthetic apparatus and its efficiency, which affects flowering intensity, the number of perfect flowers and fruit set [2,15]. Conditions of excess of N may also negatively affect fruit yield [2,17,18]. Fernández-Escobar et al. [17] reported that N in excess has a similar negative effect on flowers as N deficiency does. They observed a reduction in the longevity of the ovule and in the effective pollination period. N in excess also affects the quality of the fruit and olive oil, due to a reduction in the content of polyphenols [1,2,13,19]. A low phenolic content in olive oil results in a negative impact in its stability, nutritional value, and sensory properties, such as bitterness [18,19,20]. The reduced polyphenol content under high nutrient availability has been explained by the preference of phenylalanine in protein synthesis rather than the synthesis of phenylpropanoids via phenylalanine ammonia-lyase (PAL) [19]. Another reported consequence of the excessive application of N to olive trees was an increase in α-tocopherol; this leads to a pro-oxidative effect in the oil [19]. N fertilization does not seem to affect pigment content and fatty acid composition [18,19]. However, Dag et al. [21] observed a decrease in the ratio of monounsaturated fatty acids (MUFA)/polyunsaturated fatty acids (PUFA) with N application, which suggests that olive oil composition was negatively influenced by the increasing availability of N in the soil.



N management in agro-systems is quite sensitive, both for its positive effects on vegetation and for its potentially negative effects on product quality and ecosystems. In olive trees, like in other crops, it is a nutrient whose dosage is necessarily adjusted to promote tree productivity, without compromising aspects of the quality of the olives and oil, and without causing relevant environmental damage. Thus, the purpose of this study was to assess the effect of significantly different N rates on the quality of olives and oil from a field trial carried out under rainfed conditions.




2. Materials and Methods


2.1. Site Characterization and Experimental Design


The field experiment was carried out from 2017 to 2019 in a rainfed olive orchard located at Macedo de Cavaleiros (northeast of Portugal). The region benefits from a Mediterranean-type climate. The average annual precipitation and temperature are 525 mm and 13.2 °C, respectively. The mean monthly temperature and precipitation, recorded during the experimental period, are presented in Figure 1.



The soil is a Leptosol derived from schist, the most representative soil type in the region. The texture is loamy sand (soil separates were 77.7% sand, 18.9% silt, and 3.4% clay). From soil samples (0–0.20 m) taken at the beginning of the experiment, the soil was shown to be acidic (pH = 5.9) and low in organic carbon (C) (4.6 g kg−1). Extractable phosphorus (P), potassium (K) and boron (B) were low (48.3 mg kg−1, P2O5), high (81.5 mg kg−1, K2O) and very high (1.89 mg kg−1, B), respectively. Exchangeable calcium (Ca), magnesium (Mg), K, sodium (Na) and acidity were 7.41, 1.01, 0.11, 0.31 and 0.25 cmol kg−1, respectively.



In 2016, when the trial started, the trees (cv. Cobrançosa) were 16 years old and were quite homogeneous in relation to their crown volumes. They were spaced at 7 m × 7 m (~204 trees ha−1), and were subjected every year to a light pruning regime. The farmer managed the weeds by applying glyphosate (N-(phosphonomethyl) glycine, 360 g L−1 of active ingredient), applied at a rate of 3 L ha−1 in early April. No other phytosanitary products were applied during the experimental period.



The experimental design included three treatments, corresponding to three N fertilizer rates, 0 (N0, control), 40 (N40) and 120 (N120) kg ha−1 of N. These fertilization regimes were applied to three groups (three replicates) of three equally sized trees. The fertilizer used was ammonium nitrate 20.5% N (50% NH4+, 50% NO3−). In addition to N fertilizer treatments of the experimental design, all trees received a basal fertilizer application plan with the equivalent of 17.5 kg ha−1 of P (40 kg ha−1, P2O5), 33.2 kg ha−1 of K (40 kg ha−1, K2O), and 2 kg ha−1 of B. The fertilizers used were superphosphate (18% P2O5), potassium chloride (60% K2O) and borax (11% B), respectively. Fertilizers were distributed evenly under the tree canopy every year in the last week of March, as the farmer usually does.




2.2. Fruit Sampling and Oil Extraction


The trees were harvested by December with a handheld knapsack shaker machine, which detaches the olive fruits, and sheets were laid on the floor to recover them. At the harvest, fifty olive fruits per replicate were collected for biometric and maturation index (MI) analyses. Other olives samples were pitted and stored at −80 °C for posterior biochemical analyses. For olive oil extraction, 5 kg of healthy fruits per experimental unit, without any kind of infection or physical damage, were used, as described by Brito et al. [22]. Then, the paste was slowly malaxed at approximately 25 °C for 40 min, centrifuged at 3500× g for 10 min, and the oil collected was placed in dark glass bottles and kept at 4 °C for later analysis.




2.3. Fruit Biometrics and Maturation Index


Fifty randomly selected fruits per replicate were used for the determination of biometric variables, such as pulp, pit fresh weight (FW) and dry weight (DW), and longitudinal and equatorial length. The pulp/pit ratio was estimated as pulp FW/pit FW.



The MI was determined according to El Yamani et al. [23] and varied between 0 and 7. The olives were classified into the following categories: 0, olives with intense green epidermis; 1, olives with yellowish-green epidermis; 2, olives with red spots or areas in less than half of the fruit; 3, olives with red or light violet epidermis over more than half of the fruit; 4, olives with black epidermis and white pulp; 5, olives with black epidermis and less than half purple pulp; 6, olives with black epidermis and more than half purple pulp; and 7, olives with black epidermis and purple pulp. MI was calculated as follows (a to h—number of fruits in each category):


MI = (a × 0 + b × 1+ c × 2 + d × 3 + e × 4+ f × 5 + g × 6 + h × 7)/n



(1)








2.4. Extraction and Quantification of Polyphenolic Compounds from Olive and Olive Oil


The process of extracting polyphenolic compounds from fruits and olive oil was adapted from a procedure described by Sousa et al. [24]. Lyophilized olive fruit flesh (300 mg) was dried and mixed with 5 mL MeOH/H2O (50:50, v/v) and incubated for 30 min at room temperature. After centrifugation at 10,000× g for 10 min, the supernatant was removed and reserved in a flask after filtration, and the procedure was repeated three times. The mixture was washed three times with 6 mL of hexane to remove the fat phase, and the organic phase was discarded. Extractions were performed in triplicate. Each extract was introduced into a 25 mL round bottom flask, which was filled up to the mark with MeOH/H2O (50:50, v/v).



For the oil extraction, 2 g of olive oil was mixed with 1 mL of MeOH/H2O (70:30, v/v) and centrifuged for 10 min at 2800× g. The lower phase was carefully removed and reserved in a flask. The procedure was repeated three times, and the extractions were performed in triplicate. Each extract was introduced into a 5 mL round bottom flask, which was filled up to the mark with MeOH/H2O (70:30, v/v).



The obtained extracts were used for the quantification of total phenols, ortho-diphenols, flavonoids and total antioxidant activity, which were performed as described by Brito et al. [22]. Total phenols and ortho-diphenols were expressed as mg of gallic acid equivalents (GAE), and flavonoids were expressed as mg of catechin equivalents (CE) per g of olive flesh DW or kg of olive oil. The total antioxidant activity was expressed as mmol of Trolox Equivalent (TE) per g of olive flesh DW or kg of oil. All measurements were performed in triplicate.




2.5. Free Acidity, Peroxide Value and UV Spectrophotometric Indices


The oil quality variables, free acidity (%), peroxide value (meqO2 kg−1 oil) and extinctions at specified wavelengths (K232, K270 and ΔK), were determined according to the European Community regulation EEC/2568/91 [25]. The first assessment was carried out after three months of storage, since this period is long enough to observe the beginning of the oxidative reactions. Thereafter, in order to evaluate the olive oil stability over time, the olive oil quality indices were re-assessed after 15 months of storage.



The UV-vis absorption spectra of the olive oil samples were performed by using a microplate (SPECTROstar Nano, BMG, Labtech, German) in the range between 300 and 700 nm at room temperature.




2.6. Sensorial Analysis


After six months of storage, a sensorial analysis of the olive oil was performed by a trained sensory panel with previous experience, according to the method for the organoleptic assessment of virgin olive oil [26]. Descriptors were evaluated on a 0—10 intensity scale, with positive attributes such as fruitiness (green or ripe) and negative attributes such as fusty and winey-vinegary.




2.7. Data Analysis


A statistical analysis was performed using the statistical software program SPSS for Windows (v. 20). All data sets satisfied the assumptions of ANOVA, based on the homogeneity of variances and normality. The comparison of the effect of the fertilizer treatments in each year was provided by one-way ANOVA. When significant differences were found (α < 0.05), the means were separated by the multiple range Tukey HSD test (α = 0.05).





3. Results and Discussion


3.1. Maturation Index and Fruit Biometric Variables


Olives from the N0 treatment showed higher MI in two of the three years of the study when compared with the fertilized treatments (Figure 2). The lower MI, in turn, was observed in the N120 treatment, particularly in 2019. In previous studies, it was also observed that N fertilization affected the MI of the olives by extending the coloration period and fruit maturation [1,15,16,27]. In our study, the lower MI observed in N120 plants could be related to the increased fruit yield observed in this treatment, as presented below. Dag et al. [28] also observed that crop load delayed fruit maturation, reducing MI.



Olives from the N120 treatment were smaller than those of the control treatment, showing lower fruit FW, pulp FW, equatorial and longitudinal length, pulp/pit ratio and higher pit FW, especially in 2018 and 2019 (Table 1). These results can be justified by the higher crop load obtained in this treatment, since higher yields generally result in smaller fruits. In fact, the accumulated olive yield (77.9 kg tree−1) of N120 trees during the experiment was 105% higher than in N0 plants, being the major difference (233%) obtained in the last harvest. Meanwhile, the biometric values from the N40 treatments tended to appear between those of the N0 and N120 treatments; this was also in association with crop load, as N40 trees presented a mean increment of 79% over N0, with a maximum of 228% in the 2019 harvest. The crop load could compromise the fruit growth through a limitation on photosynthate availability [29]. Martins et al. [30] also reported significant differences between years in fruit size and the maturation index, which they associated with differences in olive yields.




3.2. Metabolite Concentration in Olives and Oil


The content of total phenols, ortho-diphenols and flavonoids, and the total antioxidant capacity observed in olives and olive oil, are shown in Table 2. The results of the variables in olives varied, often significantly, between treatments over the years, but without a clear trend. In 2017, olives with the N40 treatment showed higher concentrations of total phenols and ortho-diphenols than N120, as well superior antioxidant capacity compared to the other treatments. Meanwhile, in 2018, the lowest total antioxidant capacity was found in N40 fruits, in close association with the inferior concentration of ortho-diphenols. Furthermore, in 2019, N-stressed trees presented fruits with the lowest concentration of total phenols, while N120 fruits showed inferior concentrations of ortho-diphenols and flavonoids, compared to the other treatments. Thus, although it is dependent on the year of study, in general, there tends to be a higher concentration of total phenols in N-fertilized trees, namely in 2019, and especially under N40 dose, as in 2017. The higher concentration of phenolic compounds, usually found in fruits from N-fertilized trees, has been related to the maturation rate of the fruits [31,32]. The application of N delayed the fruit maturation index, and was probably the cause of the higher content of phenolic compounds observed in the fertilized treatments, mainly in 2019. Meanwhile, a tendency for higher ortho-diphenols content was observed in N0 fruits. Several studies indicated that an accumulation of phenolic compounds in olive fruits is associated with stressful conditions [22,33,34,35,36], as well as an increase in antioxidant activity [24,36,37]; this clearly indicates that, in this study, the unfertilized trees were under nutritional stress. The concentration of phenolic compounds is also influenced by environmental conditions and by the olives’ ripening degree [38]. Hence, a decrease in the total phenols was associated with the more advanced stages of olive ripening [39].



As reported for olives, a tendency towards a decrease in phenolic compounds, such as total phenols, ortho-diphenols and flavonoids, was observed in olive oil extracted from the fruits of the N120 treatment; however, this drop was not consistent over the years (Table 2). Mineral nutrition can have a marked effect not only on olive tree performance, but also on oil quality [1]. A trend towards a decrease in antioxidant capacity was also observed in the N120 treatment, which can be explained by the content of phenolic compounds. Baiano et al. [40] reported a strong positive correlation between phenolic compounds and antioxidant activity. Phenolic compounds contribute to the colour, flavour, and shelf life, and also contribute to the stability of extra virgin olive oils due to radical scavenging [41]. Therefore, the higher concentration of phenols observed in the oil from the less fertilized treatments may have created greater protection against oxidation.



N40 treatment showed a tendency to increase the production of total phenols, ortho-diphenols and flavonoids, relative to the N120 treatment. The exception was observed in 2017, since N120 oil presented a higher concentration of flavonoids than N0 and, similarly, superior antioxidant activity. The lower phenolic content observed in the oil of the N120 treatment, as in the study of Fernández-Escobar et al. [19], with the application of high N rates, could be explained by the protein competition model [42]; this model postulates a more specific competition between primary and secondary metabolisms. Under high N availability, phenylalanine (a common precursor of proteins and phenols) preferentially flows into protein synthesis, rather than towards the synthesis of phenylpropanoids via phenylalanine ammonia lyase. Consequently, the decrease in polyphenols reduces the oxidative stability of the oil and its bitterness.



The oil from the N0 treatment revealed a tendency to lower the concentrations of secondary metabolites, with the exception of 2018, when the highest content of all the compounds analysed was observed. If the 2017 and 2019 responses may be justified by the protein competition model, as explained above, the results of 2018 are defended by the carbon–nutrient balance [43] hypothesis. Under conditions that present a limited availability of nutrients, as in N0 trees, the plant’s growth will be more reduced than photosynthesis; this results in a higher accumulation of non-structural carbohydrates that can be diverted into an enhanced production of defensive carbon-based metabolites. More likely, this behaviour was stimulated by additional stressful conditions in August and September 2018, resulting from low water availability and high temperatures (Figure 1).



The fact that a clear trend was not observed in the variables evaluated in the fruits and in the oil as a function of the treatments, as well as that there was an interaction recorded between the treatments and the year, clearly shows that variables, other than the N rate, influenced the results. The composition of olive fruits and oil is widely affected by many environmental and agronomic factors that influence yield, including climate, soil, tree density, row orientation, fertilization, pruning, harvesting timing and type, and phytosanitary treatments, among others. However, climate variables are the main suspects, given the impact that precipitation and temperature can have on the metabolism of trees, particularly when they are grown in rainfed conditions.




3.3. Quality of Olive Oil during Storage


The oil quality is usually estimated by the degree of primary oxidation (peroxide index and K232) and secondary oxidation (K270 and ∆K) [40]. The results of the free acidity and oil quality variables are shown in Table 3. Overall, the results tend to show important differences between years. In 2017, all the oils would be classified in the ‘extra virgin’ category, showing low mean values for free acidity (<0.8%), peroxide index (<20 meqO2 kg−1), K270 (<0.22), K232 (<2.5) and ΔK (<0.01) [25]. In 2018 and 2019, a poorer quality of olive oil was observed, mainly associated with the N120 treatment, since this presented a significant increase in K232, above the threshold imposed by the EU regulation. K232 is related to the primary oxidation of the oil [44], and high rates of N seem to have an important role in the degradation of this variable.



In general, N120 showed lower free acidity, which can be related to the lower MI observed in the fruits of this treatment. The acidity increases with the ripening stage, due to increased lipolytic enzyme activity [45]. Therefore, the lower values observed in the oil of the N120 treatment agreed with those previously reported. The high peroxide index observed in the oil of the N120 treatment in 2018 can also be related to the MI of the olives; this is because the peroxide index tends to decrease during the ripening process due to the decrease in the lipoxygenase activity [46]. Salvador et al. [45] also found lower peroxide indices in oils obtained from olives at higher stages of maturity.



Olive oil quality was re-assessed after 15 months of storage, since it is well known that storage time and conditions can induce changes in olive oil quality [47]. The results are presented in Table 4. The peroxide index of the oil samples decreased from 3 to 15 months of storage in N40 and N120 treatments, averaging 50.1% and 23.9%, respectively. Shendi et al. [48] observed a continuous increment in the peroxide index up to seven months of storage, exceeding the value of 20 meqO2 kg−1. After that time, a decrease was observed, which seems similar to the results found in our study. In contrast, Gambacorta et al. [49] and Baiano et al. [40] observed a constant increase in the peroxide index over 12 months of storage, but the values never exceeded the legal limits set in the EU legislation.



Regarding UV absorbance, significant differences between treatments were also observed. K232 and K270 increased significantly after 15 months, mainly in N120 and N0 treatments. Shendi et al. [48] observed an initial decrease in K232 up to 4 months, followed by an increase, reaching the maximum value (K232 = 3.40 ± 0.00) in the seventh month; this is above the threshold of the EU Regulation. Baiano et al. [40] also observed an increase with time in the UV indices, but the values remained within the respective legal limits (K232 ≤ 2.50, K270 ≤ 0.22, ΔK ≤ 0.01) up to 7 years of storage. The oil from the N40 treatment appeared to be more stable than that of the N120 treatment. The reason could be the higher content of total phenols, which increases the antioxidant capacity of the oil, resulting in a lower increase in K232 and K270. Gutiérrez et al. [50] reported that phenols are key components in the stability of the oil since they contribute to approximately 50% of the antioxidant capacity.



The time of storage also changed the absorption spectra of the olive oils from all the treatments (Figure 3). As can be observed from Figure 3, the absorption spectra of olive oils have characteristic features, as presented previously [51]: a complex band with ‘three-peaks’ in the range of 410–490 nm is related to an overlap among carotenoid and chlorophyll absorption signals, and a band around 660–675 nm is associated with chlorophylls and their derivatives. It is also clear that there is large variability among treatments, concerning the fractions of both carotenoid and chlorophyll derivatives fractions, as N40 and N120 oils are richer in pigments compared to N0 oils. The study of these pigments is interesting mainly because of their contribution to the colour and the quality of the oils; this is due to their relationship with fresh, nutritional and antioxidant properties of olive oils [52], thus influencing the oxidative stability of oils. In addition, some of the carotenoids present in olive oil are the precursors of vitamin A; their intake, through nutrition, promotes a reduction in diseases of the skin and eyes, as well as a reduction in cardiovascular problems, such as the oxidation of low-density cholesterol [53]. Another finding still deserves to be highlighted; this is the higher degradation of pigments in N120 oils, relative to N40 oils, being in a close relationship with a higher increase in K232 and K270 during the period of storage.




3.4. Sensory Profile of Olive Oil


The panel supporting this study classified the different olive oils in terms of fruitiness, and some negative attributes, such as fusty, winey-vinegary, and others, were detected (Figure 4). Several environmental, agronomical and technological factors could negatively affect the olive oil quality in sensorial terms [39]. Deficient storage conditions of the oil, the inadequate storage of the olives, or oil extracted from damaged or overripe fruits could lead to high acidity, low stability and disagreeable sensorial attributes [29,54]. The leading causes of the degradation of olive oil during storage are oxidation, the occurrence of hydrolysis reactions, and their products [55].



The panels detected defects only in the oil of the N40 treatment, mainly the winey-vinegary flavour. Usually, its flavour results from the aerobic fermentation of the olives during transportation or storage, before olive oil extraction [56,57]. Regarding fruitiness, N40 oil was the least fruity (0), followed by the N120 (1.98) and N0 (4.06). The MI of the olives can explain these results. Fruits from the N40 and N120 treatments showed a lower MI (3.90 and 3.80, respectively), producing a more greenly fruity olive oil. On the contrary, olives from the N0 treatment showed a higher MI (4.03), producing a more ripely fruity oil. The more ripely olive oil from N0 may also have resulted from the lower phenolic content associated with more mature olives, as reported by Briante et al. [32].





4. Conclusions


Nitrogen application reduced the fruit maturation index, particularly when applied at high rates (N120 treatment). N application also reduced the weight and size of the fruits as a result of photosynthate partitioning; this produced an increased number of sink points, since N also increased olive yield. Moderate N rates (N40) produced fruits of higher phenolic content and antioxidant capacity when compared to excessive N rates (N120); however, a significant interaction was found between fertilization treatments and years, showing that environmental variables, such as precipitation and temperature, and agronomic factors that influence crop yield, may also have had a great effect on the results.



High N rates negatively affected the quality of the oil by reducing the phenolic content, oxidative stability and bitterness. The result was attributed to N accumulation in the fruit and to the competition between primary and secondary metabolites. Similarly, the non-application of N (N0) also negatively influenced the olive oil oxidative stability, which probably suggests that other unknown factors, external to fertilization, may be associated. On the contrary, moderate N rates (N40) provided more protection for oil oxidation, due to a higher phenolic content that can act as radical scavenging. High N rates conferred little protection against olive oil degradation over time, as K232 was greatly increased in the N120 treatment. N40 gave a more stable oil than N120, since K232 and K270 increased less over time in the former treatment. However, the oil from the N40 treatment was poorly evaluated by the sensorial panel as it detected the negative attribute winey-vinegary flavour. However, it does not seem to make sense to attribute the result to the N treatment, but rather to some methodological failure associated with the poor transport or storage of the olives or oil.
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Figure 1. Average monthly temperature and precipitation during the experimental period (2017–2019). 
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Figure 2. Maturation index of olives from trees supplied with 0 (N0), 40 (N40) and 120 (N120) kg ha−1 of N in the harvests of 2017, 2018 and 2019. 
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Figure 3. Absorption spectra from olive oil after 3 and 15 months of storage from olives harvested in 2018 and olive trees supplied with 0 (N0), 40 (N40) and 120 (N120) kg ha−1 of N. 
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Figure 4. Sensory profiles of virgin olive oils obtained from olives harvested in 2018 and olive trees supplied with 0 (N0), 40 (N40) and 120 (N120) kg ha−1 of N. 
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Table 1. Fruit, pulp and pit fresh weight (FW), longitudinal length, equatorial length and pulp/pit ratio (FW) of olives from olive trees supplied with 0 (N0), 40 (N40) and 120 (N120) kg ha−1 of N in the harvests of 2017, 2018 and 2019.
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	Fruit FW (g)
	Pulp FW (g)
	Pit FW (g)
	Equat. Length (mm)
	Long. Length (mm)
	Pulp/Pit Ratio





	2017
	
	
	
	
	
	



	N0
	2.91 ± 0.09 a
	2.28 ± 0.08 a
	0.625 ± 0.017
	15.2 ± 0.2 a
	21.1 ± 0.2 a
	3.66 ± 0.10 a



	N40
	2.08 ± 0.06 c
	1.48 ± 0.05 c
	0.595 ± 0.018
	13.5 ± 0.1 c
	19.6 ± 0.3 b
	2.51 ± 0.06 c



	N120
	2.49 ± 0.07 b
	1.87 ± 0.05 b
	0.656 ± 0.022
	13.9 ± 0.1 b
	20.9 ± 0.2 a
	2.88 ± 0.05 b



	p-values
	<0.0001
	<0.0001
	0.0885
	<0.0001
	<0.0001
	<0.0001



	2018
	
	
	
	
	
	



	N0
	3.72 ± 0.06 a
	3.05 ± 0.05 a
	0.668 ± 0.016
	16.6 ± 0.1 a
	22.4 ± 0.2 a
	4.61 ± 0.10 a



	N40
	3.26 ± 0.08 b
	2.52 ± 0.07 b
	0.736 ± 0.021
	15.7 ± 0.2 b
	21.9 ± 0.2 a
	3.46 ± 0.10 b



	N120
	2.65 ± 0.07 c
	1.96 ± 0.27 c
	0.692 ± 0.021
	14.7 ± 0.2 c
	20.7 ± 0.3 b
	2.84 ± 0.05 c



	p-values
	<0.0001
	<0.0001
	0.0513
	<0.0001
	<0.0001
	<0.0001



	2019
	
	
	
	
	
	



	N0
	3.97 ± 0.08 a
	3.23 ± 0.07 a
	0.735 ± 0.019 b
	16.7 ± 0.1 a
	22.7 ± 0.2
	4.46 ± 0.14 a



	N40
	3.38 ± 0.12 b
	2.59 ± 0.10 b
	0.817 ± 0.030 a
	14.9 ± 0.2 b
	22.6 ± 0.3
	3.13 ± 0.07 b



	N120
	2.95 ± 0.06 c
	2.21 ± 0.05 c
	0.746 ± 0.017 ab
	14.5 ± 0.1 b
	22.3 ± 0.2
	2.98 ± 0.06 b



	p-values
	<0.0001
	<0.0001
	0.0253
	<0.0001
	0.4726
	<0.0001







Values are means ± SE. In columns, within each year, means followed by the same letter are not significantly different by Tukey’s HSD test (α = 0.05).
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Table 2. Total phenols, ortho-diphenols, flavonoids and total antioxidant capacity on olives and olive oil from olive trees supplied with 0 (N0), 40 (N40) and 120 (N120) kg ha−1 of N in the harvests of 2017, 2018 and 2019.
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Olive Fruits

	
Olive Oil




	

	
Total Phenols (mg g−1)

	
Ortho-Diphenols (mg g−1)

	
Flavonoids (mg g−1)

	
Total Antioxidant Capacity (mmol g−1)

	
Total Phenols (mg kg−1)

	
Ortho-Diphenols (mg kg−1)

	
Flavonoids (mg kg−1)

	
Total Antioxidant Capacity (mmol kg−1)






	
2017

	

	

	

	

	

	

	

	




	
N0

	
17.4 ± 0.4 ab

	
25.0 ± 0.9 a

	
19.9 ± 0.6 b

	
28.8 ± 0.8 b

	
169.0 ± 4.2 c

	
80.5 ± 1.7 b

	
101.4 ± 1.6 b

	
0.131 ± 0.004 b




	
N40

	
19.3 ± 0.7 a

	
25.4 ± 1.6 a

	
23.8 ± 1.5 a

	
42.1 ± 1.3 a

	
229.8 ± 7.0 a

	
91.1 ± 1.2 a

	
132.2 ± 5.6 a

	
0.156 ± 0.001 a




	
N120

	
15.8 ± 1.2 b

	
18.6 ± 1.4 b

	
20.2 ± 1.6 ab

	
29.8 ± 1.3 b

	
200.9 ± 5.4 b

	
84.7 ± 1.2 b

	
138.1 ± 4.3 a

	
0.151 ± 0.001 a




	
p-values

	
0.0221

	
0.0053

	
0.0395

	
<0.0001

	
<0.0001

	
<0.0001

	
<0.0001

	
<0.0001




	
2018

	

	

	

	

	

	

	

	




	
N0

	
18.0 ± 0.5

	
31.5 ± 0.4 a

	
17.9 ± 0.3

	
34.9 ± 0.4 a

	
255.5 ± 6.1 a

	
98.2 ± 2.6 a

	
145.2 ± 3.3 a

	
0.156 ± 0.001 a




	
N40

	
16.3 ± 0.6

	
25.1 ± 0.7 c

	
16.2 ± 0.3

	
24.9 ± 2.0 b

	
213.7 ± 3.5 b

	
88.2 ± 1.7 b

	
113.1 ± 2.4 b

	
0.149 ± 0.003 a




	
N120

	
17.9 ± 0.9

	
28.8 ± 1.0 b

	
16.6 ± 0.9

	
35.0 ± 1.4 a

	
184.0 ± 2.7 c

	
59.3 ± 1.4 c

	
86.1 ± 2.9 c

	
0.092 ± 0.004 b




	
p-values

	
0.1753

	
<0.0001

	
0.128

	
<0.0001

	
<0.0001

	
<0.0001

	
<0.0001

	
<0.0001




	
2019

	

	

	

	

	

	

	

	




	
N0

	
9.45 ± 0.21 b

	
19.6 ± 0.8 a

	
7.58 ± 0.3 a

	
19.5 ± 0.8 a

	
183.8 ± 6.8 b

	
52.6 ± 1.1 b

	
92.32.9 b

	
0.079 ± 0.003 b




	
N40

	
11.9 ± 0.3 a

	
19.6 ± 0.6 a

	
7.61 ± 0.5 a

	
17.4 ± 0.5 a

	
231.5 ± 2.3 a

	
106.0 ± 0.8 a

	
178.2 ± 5.7 a

	
0.150 ± 0.002 a




	
N120

	
11.6 ± 0.4 a

	
14.6 ± 0.3 b

	
5.77 ± 0.4 b

	
15.7 ± 0.8 b

	
187.4 ± 4.2 b

	
43.5 ± 0.9 c

	
81.5 ± 4.6 b

	
0.059 ± 0.003 c




	
p-values

	
<0.0001

	
<0.0001

	
0.0036

	
0.005

	
<0.0001

	
<0.0001

	
<0.0001

	
<0.0001








Values are means ± SE. In columns, within each year, means followed by the same letter are not significantly different by Tukey’s HSD test (α = 0.05).
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Table 3. Olive oil quality indices from olive of trees supplied with 0 (N0), 40 (N40) and 120 (N120) kg ha−1 of N in the harvests of 2017, 2018 and 2019.
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	Free Acidity (%)
	Peroxide Index (meqO2 kg−1)
	K232
	K270
	ΔK





	2017
	
	
	
	
	



	N0
	0.178 ± 0.023 a
	3.49 ± 0.35 b
	1.81 ± 0.21
	0.122 ± 0.007 ab
	0.005 ± 0.0003 b



	N40
	0.140 ± 0.022 ab
	6.93 ± 0.16 a
	1.74 ± 0.08
	0.124 ± 0.006 a
	0.008 ± 0.0004 a



	N120
	0.067 ± 0.017 b
	6.29 ± 0.08 a
	1.14 ± 0.21
	0.099 ± 0.003 b
	0.004 ± 0.0002 b



	p-values
	0.0248
	<0.0001
	0.067
	0.0408
	0.0005



	2018
	
	
	
	
	



	N0
	0.189 ± 0.007 b
	7.14 ± 0.78 b
	2.18 ± 0.07 b
	0.136 ± 0.005
	0.003 ± 0.0003 b



	N40
	0.259 ± 0.0002 a
	7.72 ± 0.82 b
	2.86 ± 0.23 ab
	0.143 ± 0.006
	0.003 ± 0.0001 ab



	N120
	0.120 ± 0.012 c
	12.6 ± 0.38 a
	3.36 ± 0.28 a
	0.158 ± 0.003
	0.004 ± 0.0002 a



	p-values
	<0.0001
	0.0027
	0.0218
	0.0602
	0.0136



	2019
	
	
	
	
	



	N0
	0.187 ± 0.014 a
	3.04 ± 0.96
	2.99 ± 0.08
	0.189 ± 0.004
	0.003 ± 0.00003 c



	N40
	0.121 ± 0.0001 b
	2.61 ± 0.54
	3.05 ± 0.03
	0.200 ± 0.002
	0.005 ± 0.0001 a



	N120
	0.120 ± 0.0003 b
	3.41 ± 0.51
	3.16 ± 0.37
	0.173 ± 0.012
	0.004 ± 0.0002 b



	p-values
	0.0014
	0.701
	0.8702
	0.0955
	0.0002







Values are means ± SE. In columns, within each year, means followed by the same letter are not significantly different by Tukey’s HSD test (α = 0.05).
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Table 4. Olive oil quality indices (samples from the harvest of 2018 after 3 and 15 months of storage) from olive trees supplied with 0 (N0), 40 (N40) and 120 (N120) kg ha−1 of N.
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	Month
	N0
	N40
	N120
	p-Values





	Peroxide index (meqO2 kg−1)
	3
	7.14 ± 0.78 b
	7.72 ± 0.82 b
	12.5 ± 0.4 a
	0.0027



	
	15
	7.12 ± 0.55 a
	3.85 ± 0.15 b
	9.51 ± 0.44 a
	0.0055



	K232
	3
	2.18 ± 0.07 b
	2.86 ± 0.23 ab
	3.36 ± 0.28 a
	0.0218



	
	15
	6.07 ± 0.75 a
	3.61 ± 0.34 b
	7.93 ± 0.49 a
	0.0042



	K270
	3
	0.136 ± 0.005
	0.143 ± 0.006
	0.158 ± 0.003
	0.0602



	
	15
	0.237 ± 0.004 b
	0.207 ± 0.003 c
	0.369 ± 0.002 a
	<0.0001



	ΔK
	3
	0.003 ± 0.0003 b
	0.003 ± 0.0001 b
	0.004 ± 0.0002 a
	0.0136



	
	15
	0.002 ± 0.00005 b
	0.002 ± 0.00001 b
	0.007 ± 0.00003 a
	<0.0001







Values are means ± SE. In lines, means followed by the same letter are not significantly different by Tukey’s HSD test (α = 0.05).



















	
	
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
Maturation index

4.8
4.6
4.4
4.2
4.0
3.8
3.6
3.4
3.2
3.0

2017

2018

2019





nav.xhtml


  horticulturae-09-00110


  
    		
      horticulturae-09-00110
    


  




  





media/file2.png
Temperature (°C)

o
-

[
th

kD
-

—
LA

ek
-]

L

o

mmmw Precipitation —e— Temperature

1A|||MIM‘I

JIFIMJAIM|T|TIA|S|IONIDITIFIMAMI|TIAIS|ONID|JTIFMAMI|TIA|S|ON|D
2017 2018 2019

250

200

150

100

50

Precipitation (mm)





media/file5.jpg
3 months of storage

w 30 w0 a0 500 550 0 o 70

15 months of storage





media/file3.jpg
-l
)

4.8
46
44
42
4.0
38
36
34
32
30

2017

2018

2019





media/file1.jpg
Temperature (°C)

G 8B B8

s Precipitation —— Temperature

250

200

150

100

Precipitation (mm)





media/file7.jpg
Fusty

% —no
=== N
=+ -N120

Ripely-fruity Winey-vinegar

Greenly-fruity Others

Fruitness





media/file0.png





media/file8.png
Fusty
10

- e e N4O
e o oN120

Ripely-fruity Winey-vinegar

N PR Y 0

Greenly-fruity Others

Fruitness





media/file6.png
3 months of storage

450 500 550

15 months of storage






