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Abstract: Trees of the olive (Olea europaea L.) cultivar Carolea grown in Calabria (Italy) in three sites
with different main climate traits (temperatures, rainfall, Growth Degree Days seasonal variations)
were studied for three years to see the ripening time course and quality of the oils. The optimal
harvesting time for obtaining the best-quality olive oils was defined for each site. The effect on
quality indexes of three harvesting periods was also considered, linking this to the observed various
thermal regimes. The different climates largely affected the growth and the development of fruits
and the quality of obtained oils. Lower temperatures and higher rainfall slow down fruit growth
and development and delay ripening. Olive oils of good quality (free acidity, fatty acid composition,
antioxidant components and oxidative stability were obtained in the site with lower temperatures
and higher rainfall when fruits were still yellow-green ripe and had a detachment index between
1.9 and 1.5. Climate change, evidenced by rising temperatures, led to the movement of olive groves
from the high-temperature coastal plain to the intern foothills.

Keywords: climate; quality; olive oil; Carolea

1. Introduction

The olive oil is the principal fat of the Mediterranean Diet, recognized by UNESCO
as a protected asset and added to humankind’s intangible heritage. The consumption of
this fat as an ingredient in various gastronomic preparations is strongly recommended due
to its healthy properties, particularly the reduction in cardiovascular and inflammatory
diseases. Qualitative parameters in olive oils are affected by different variables. During
olive maturation, many metabolic reactions take place, with subsequent variations in the
physical characteristics and the concentration of some chemical compounds. In particular,
advanced maturation involves a decline in positive sensorial attributes owing to the
decrease in aromatic compounds, pigments and phenolic compounds, which directly
affects the qualitative properties of olives (e.g., average weight, flesh/pit ratio, oil yield)
and olive oil [1,2]. The fruit growth and oil accumulation into the drupes are also dependent
on agronomical and edaphoclimatic conditions [3,4]. Olive oils obtained from the same
cultivar grown in different areas vary in terms of chemical characteristics, due to the
different environmental conditions [5]. Olive oils from Tunisian and Turkish cultivars
grown in a cool environment showed a greater amount of oleic acid and total phenols,
compared to oils produced in warm climate areas [6,7]. Mousa et al. [8] confirmed the trend
for unsaturated fatty acids, and instead observed a decrease in phenolic substances in Greek
oils obtained at higher altitude. The water availability in fact was negatively correlated
with the polyphenol concentration and stability in a research on oils from Arbequina,
Cobrançosa, Koroneiki and Leccino cvs. [9–12]. Ismail et al. [13] instead observed a higher
phenolic content in oils from drupes of regularly irrigated trees than in oils obtained
without tree irrigation.

In the Calabria region (Southern Italy), olive growing expands from coastal areas
to mountain areas with a typical “Mediterranean” climate with a mild winter and hot
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and dry summer. In more inland areas and at higher altitudes, there is a mountain-
Mediterranean climate with colder and wetter winters and warm and sometimes rainy
summers. This climatic diversity, together with the numerous autochthonous varieties
found in Calabria [14,15], can produce very different oils. Although numerous studies have
been conducted over the years to characterize and evaluate Calabrian olive production [16–19],
there are no previous studies on the climate of the growing environment on olive ripening
and the quality of olive oils.

The aim of this study is to evaluate the effects of climate on the dynamics of olive
ripening and qualitative characteristics of the olive oils of the Carolea cultivar, the most
important olive variety cultivated in Calabria.

2. Materials and Methods
2.1. Experimental Sites and Plant Materials

The study was carried out in a central area of Calabria (Southern Italy) during the
years 2013, 2014 and 2015. The location, altitudes and geographical positions of the olive
(Carolea cv.) grove sites are reported in Figure 1.

Figure 1. Location, altitude, longitude and latitude of the three study sites in Catanzaro province
(Southern Italy).

The three olive orchards were similar in terms of age, planting system and agronomic
management: about 60 years old, trained according to the open-center training system and
spaced 10 × 10 m2 and grown under rain-fed conditions. The agronomic management
essentially involved a fertilization and superficial tillage at the end of winter and a light
annual pruning after harvest. The fertilization was carried out with the controlled-release
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fertilizer (N: P: K 21:5:9 with microelements) at five kilograms per tree. Olive orchards
received continuous monitoring for the main olive parasites, using pest control treatments
when necessary and according to the principles of integrated pest management. At the start
of the study, six trees with similar growth and fruit load were selected within each olive
orchard, among which three were used for destructive analysis (which included periodic
removal of fruit samples) and the remaining three for non-destructive assessments (based
only on visual observations or measurements, without removing the fruits).

2.2. Climate Parameters

In each site, the air temperature and rainfall were measured through a WatchDog
2425 weather station (SPECTRUM Technologies Inc., Thayer Court, Aurora, IL, USA)
located inside the olive orchards. The air temperature data were used to calculate the Grow-
ing Degree Days (GDD) by the following formula: GDD = Σ (T daily mean temperature—T
threshold). T threshold is the minimum temperature for olive biothermic accumulation
and it is assumed to be 7.5 ◦C [20].

2.3. Phenological Parameters

Starting from mid-April and throughout the growing season, the main phenological
phases were observed on the three trees selected for non-destructive evaluations. The phe-
nological observations, carried out on four fruiting branches (one for each cardinal point)
for each tree, were made using the BBCH scale system [21,22]. In particular, the following
phenological phases have been defined: first open flowers (code 60); complete flowering
(code 65); first falling petals (code 67); complete stone hardening (code 75); beginning of
fruit coloring (colour break) (code 81).

2.4. Sampling and Olive Measurements

From three trees selected for destructive evaluations starting from the complete stone
hardening (which occurred in all three years in the second decade of July for site A, in the
third decade of July for site B and in the first ten days of August for site C), samples of
40 fruits (10 for each cardinal point of the canopy) were harvested at bi-weekly intervals
for each location. The samples were placed in a refrigerated bag until reaching the labora-
tory for processing. Fruit fresh weight was calculated and then each fruit was manually
separated into flesh and stone. Fresh and dry weight was determined in flesh and stone
after 48 h in a forced air oven at 80 ◦C. Water concentration was calculated in terms of
percentage by difference from fresh and dry weight. Starting from the beginning of Septem-
ber, at bi-weekly intervals, and in the same samples of 40 fruits used to determine the
fresh and dry weight of the flesh and the stone (measurements started from the complete
stone hardening), the detachment force, ripening index and firmness flesh of the fruits
was determined. The detachment force of olive samples was measured by a “TR” hand
dynamometer (TR Turoni s.r.l., Forlì, Italy). Ripening index was determined according to
the method developed at the Estacion de Olivicultura of Jaen in Spain [23].

The detachment index (DI) was also calculated as

DI =
DF
FW

where DF is the detachment force and FW is the fresh weight of fruit.
The flesh firmness was measured by PCE-FB 20 dynamometer (PCE Holding GmbH

& Co, Hamburg, Germany) with a 1.5 mm diameter tip. At the same time, from each tree
300 g of fruits were sampled for the evaluation of the percentage of oil, sugar content and
total polyphenols. In other three trees (those used for non-destructive analysis), fruit drop
percentage was estimated by the isolation of fruiting branches with net bags and counting
the number of fruit dropped at the end of the season.
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2.5. Olive oil Extraction and Chemical Analyses of Olive Oils

About 5 kg of drupes from each selected olive tree were sampled at three harvesting
times (90, 120 and 150 days after stone hardening) in the three experimental years for
olive oil extraction. Olive oils were extracted by a “Mini 30” pressure system (Agrimec
Valpesana, Firenze, Italy), centrifuged, filtered through paper and then stored in dark glass
bottles at room temperature. The chemical analyses performed on olive oils were: free
acidity (FA), peroxide value (PV), UV light absorption (K232 and K270), sterols content,
waxes, free fatty acids, fatty acids methyl esters (FAME), ethyl esters (FAEE), and according
to the analytical methods described in EC Regulations [24–26]. Total phenol content (TPC)
of olive oils was quantified according to Baiano et al. [27]. Total Tocopherol (TT) analysis
followed the IUPAC method 2432 [28]. Total chlorophylls (TCL) and total carotenoids
(TCA) were determined according to the methods reported by Minguez-Mosquera et al. [29].
Antioxidant assays (DPPH and ABTS) were performed according to Baiano et al. [27] and
Miller et al. [30].

2.6. Statistical Analysis

Olive data were elaborated as mean ± standard error (n = 9) of the three experimental
years. Olive oil data were elaborated as mean (n = 2) of the three experimental years.
The potential relationship between the main measured parameters was examined. One-
way analysis of variance (ANOVA) was applied to the data to determine the presence
of significant differences in the chemical parameters of monovarietal olive oils among
two variables: growing environment and harvesting times (significant level for p < 0.05).
Multivariate analysis was used to discriminate the effect of the studied variables on each
qualitative parameter in the oils. SPSS Software (Version 15.0, SPSS Inc., Chicago, IL, USA)
was used for data processing.

3. Results

The thermo-pluviometric data showed only slight oscillations among the three years
for each site (Figure 2).

The data, considered as a mean of the period 2013–2015, showed that site A has an
average annual temperature of 17.7 ◦C, an average temperature of the coldest month of
10.3 ◦C, four months with thermal averages above 20 ◦C, and an annual temperature
range equal to 16.5 ◦C. In site B, the average annual temperature was 16.8 ◦C and that of
the coldest month was 9.3 ◦C. In this case, four months showed thermal averages above
20 ◦C. The annual temperature range (16.4 ◦C) was also similar to that of site A. Site C,
conversely, was characterized by an average annual temperature (14.4 ◦C) and that of the
coldest month (7.2 ◦C) significantly lower compared to the other two locations. The annual
temperature range was 15.9 ◦C and there were only two months with thermal averages
above 20 ◦C. Substantial differences between the three sites were also found with regard to
rainfall. In location A, the average annual rainfall was significantly lower (827.9 mm) than
that of sites B and C, where it was 1203.0 and 1264.1 mm, respectively. In all three sites,
the wettest period coincided with the autumn and winter months, with about 70% of the
average annual rainfall. The rainfall was also good in the spring months: 200 mm in site A
and 300 mm in sites B and C. Rainfall was significantly lower during the summer months.
I was around 20 mm in site A, 60 mm in site B and 110 mm in site C.

The accumulation of heat, quantified by GDD, decreased from site A to site C, with
an increase in altitude and a decrease in thermal characters, and an increase of rainfall
(Figure 2).
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Figure 2. Mean monthly temperatures and changes in rainfall (left figures) and Total Growing Degree Days (right figures)
from January to December in the three years (2013, 2014 and 2015) and in the three olive grove sites (site A, site B and site C).

This value fluctuated between a minimum value of 2621.5 (site C) and a maximum
value of 3760.1 (site A). Inevitably, the different climatic conditions of the three environ-
ments conditioned the phenology of the olive trees. Analyzing the data relating to the
main phenological phases taken into consideration in this study, it is evident that the
phenological phases were postponed with increasing altitude (Figure S1). Even with slight
fluctuations depending on year, in site A, flowering essentially occurred in the first ten
days of May. It occurred about ten days later in site B. In the site C, however, it occurred
considerably later, in the second decade of June. The analysis of accumulation of heat data
showed that, for all three environments and years, about 600 GDD was required for the
start of flowering. The complete stone hardening occurred in all three years in the second
decade of July for site A, in the third decade of July for the site B and in the first ten days of
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August for site C. The interval of time between the end of flowering and complete stone
hardening was almost similar between sites A and B (63 days), while it was shorter in
site C (54 days). The interval of time between stone hardening and start of changes of
skin colour of fruit increased progressively with the altitude, resulting in an average of 90,
98 and 119 days in sites A, B and C, respectively. Accordingly, the interval of time between
the end of flowering and beginning of changes in the skin colour of fruit was, on average,
22 weeks in site A, 23 weeks in site B and 24 weeks in site C. Substantial differences among
three cultivation environments were observed in fruit development and ripening. The fruit
fresh weight decreased with increasing altitude (Figure 3A).

Figure 3. Seasonal changes in fruit fresh weight (A), fruit absolute growth rate (B), flesh/stone ratio (C) and flesh moisture
(D) during development and ripening process of Carolea olive cultivar grown at three different sites. Data are mean ±
standard error (years 2013, 2014 and 2015).

These differences were already evident at the end of the first period of fruit growth.
At complete stone hardening, in site A the fruit fresh weight already exceeded 2 g and was
significantly greater than that of site B (+27%) and C (+64%). These differences remained
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almost constant up to 84 days after stone hardening. It corresponded to the first ten days of
October in site A, the second ten days of October in site B and end of October/beginning of
November in site C, when the fruit growth rates were almost similar in the three sites, with
values around 13.3 mg day −1 (Figure 3B). After this period, the differences among three
sites gradually decreased because the fruit growth rates in sites B (9.13 mg day−1) and C
(11.3 mg day−1) were significantly higher than in site A (6.05 mg day −1). Nevertheless,
at the end of the observation period (168 days after stone hardening), the fruit fresh weight
of site A continued to have a higher value than that of sites B (+10%) and C (+16%).
Significant differences among the environments were also found on the flesh stone ratio
(Figure 3C). In site A, this parameter was significantly higher than in the other two sites,
which instead showed similar values. The differences were evident at the beginning of the
observations; at complete stone hardening in site A, the flesh stone ratio was 25% greater
than in site B and about 50% greater than in site C. These differences gradually increased up
to 140 days after stone hardening. This corresponded to the end of November/beginning of
December in site A, the end of the first decade of December in site B and to the third decade
of December in site C. At this stage, the flesh stone ratio in the site A exceeded the value
of 4, while it was around 3.3 in those of the other two sites. In the subsequent samplings,
the differences gradually diminished. The flesh moisture progressively decreased with the
fruit development and ripening (Figure 3D), going from values of around 72–76% at the
beginning to values ranging between 50 and 56% at the end of the observations. While
having a similar dynamic model, the flesh moisture value in site C was constantly higher
than that of the other two sites. In these sites, the differences were minimal in the initial
and final observations period and more evident in the central period, with higher values
recorded by the fruits of site B.

Substantial differences among three cultivation environments were found on fruit drop
(Figure 4A): a postponement of the phenomenon was observed with increasing altitude.

In site A, 84 days after stone hardening, the fruit drop was greater than 6.5%. Two weeks
later it was already around 10%, while in sites B and C it still did not exceed 5% and 2.5%,
respectively. In site C, alarming fruit drop values reached between 126 and 140 after stone
hardening. At this stage, the fruit drop values in sites A and B were significantly higher,
with values close to 30% and 20%, respectively. Significant differences between sites were
also recorded for the detachment index (Figure 4B). In fact, although showing a similar
decreasing trend model, the values were significantly different in absolute terms: site A
showed, at the first sampling (42 days after stone hardening), values close to 2 N*g−1.
In sites B and C, this critical threshold was reached two and four weeks later, respectively.
Similar differences were also found regarding the ripening index: in site A, the olive pig-
mentation was significantly earlier than in the other two sites (Figure 4C). After 98 days
from the stone hardening, the ripening index was higher than 2 (changing skin colour with
reddish spots), with an advance of about 10 days with respect to site B and almost a month
with respect to site C. At the end of the observations (168 days after stone hardening),
the ripening index was higher than 4.5 in site A, slightly higher than 4 in B and around
3.3 in C. The postponement of the ripening process with lower temperatures and higher
rainfall is also confirmed by the firmness flesh data: a decreasing trend was recorded
with the progression of ripening, with higher values in sites C and B than those in site A
(Figure 4D). The oil content data of the flesh showed an increasing trend with progress
of ripening without clear differences among sampling sites (Figure 4E). The total phenol
content of sampled drupes did not show clear trends; the phenols contained in drupes
sampled at the hottest and driest site (during summer) were higher with respect to others
at the last sampling (Figure 4F).

All the Carolea oils produced during October and November in the three sites pos-
sessed a free acidity level inside the legal limit for extra virgin olive oil (max 0.8%) (Table 1)
and some differences among the samples produced at October: in site C, oils possessed the
lowest FA.
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Figure 4. Seasonal changes in fruit drop (A), detachment index (B), ripening index (C). flesh firmness (D), flesh oil content
(E) and flesh total polyphenols content (F) in drupes of “Carolea” trees grown at three different sites. Data are mean ±
standard error (years 2013, 2014 and 2015).
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Table 1. Qualitative traits of olive oil extracted from drupes produced from trees grown in three sites (A, B, and C).

Site
Harvesting Month

Parameters Site
Harvesting Month Time

October November December October November December

FA
(oleic acid

%)

A 0.39 Ab 0.50 ab 1.21 a
TPC (mg/kg)

A 449.36 Aa 308.07 b 340.82 Bb
B 0.33 AB 0.42 0.46 B 457.90 Aa 318.63 b 398.27 Aab
C 0.15 Bb 0.59 ab 1.05 a C 392.62 Ba 180.83 b 226.23 Cb

PV (mEq
O2/kg)

A 3.43 3.95 7.29 TT
(mg/kg)

A 269.55 Aa 209.04 Ab 185.45 b
B 5.43 5.33 3.51 B 195.27 Ba 158.82 ABb 170.81 ab
C 2.65 b 7.20 a 6.46 a C 202.87 Ba 129.04 Bb 157.00 ab

K232
A 1.72 Ba 1.60 b 1.78 Aa

TCL (mg/kg)
A 8.40 7.23 3.72

B 2.06 Aa 1.86 b 1.66 Bc B 8.71 4.99 6.44
C 1.63 B 1.86 1.70 B C 14.12 5.84 5.42

K270
A 0.11 Bb 0.09 b 0.14 a

TCA (mg/kg)
A 5.18 5.08 2.75

B 0.14 A 0.17 0.13 B 5.85 3.38 4.29
C 0.10 Cb 0.16 a 0.14 ab C 6.51 4.00 4.91

Wax
esters

(mg/kg)

A 28.21 33.80 45.31
ABTS assay (%

inhibition)

A 32.12 B 27.30 32.44
B 25.28 22.32 30.21 B 56.09 A 26.36 44.46
C 19.18 b 23.64 ab 40.46 a C 41.42 AB 35.31 34.15

∑FAEE
(mg/kg)

A 2.56 16.92 13.27
DPPH assay (%

inhibition)

A 26.04 16.99 35.69
B 2.30 12.55 4.68 B 49.36 38.50 57.01
C 1.85 24.06 11.73 C 48.53 37.05 33.26

Oxidative
stability (h)

A 13.89 10.45 B 10.46
B 15.30 b 16.90 Aab 21.04 a
C 18.60 a 6.18 Cb 7.74 b

Data are mean (years 2013, 2014 and 2015). Capital and small letters indicate significant differences on the row and in the line for Tukey
post-hoc test.

Data are means (years 2013, 2014 and 2015). Capital and small letters indicate sig-
nificant differences in the row and in the line for Tukey post-hoc test. An increase in
total free acidity was generally observed during the harvest season progress, whereas PV
varied only in site C with an increase from 2.6 to 6.46 mEq O2/kg. PV, together with the
spectrophotometric indexes and total waxes of all samples, were inside the limit of the extra
virgin olive oil class. Oils produced with olives collected in site C showed a significant
increase in total waxes from October to December productions (19–40 mg/kg). The FAEE
content quantified in studied oils denoted amounts inside the legal limit for extra virgin
olive oil (35 mg/kg). The phenolic concentration in the olive oil samples varied from 180 to
458 mg/kg and total tocopherol content varied from 129 to 269 mg/kg. Among samples,
the highest amounts were quantified in oil from olives of site A, obtained at a warmer
growing environment, in the three harvesting periods, with the same trend observed
for polyphenol content. Pigments in olive oil are directly related to oxidative stability:
in this study, no significant differences (p > 0.05) were observed among samples for both
chlorophylls (3.72–14.12 mg/kg) and carotenoids (2.75–6.51 mg/kg) contents. Moreover,
regarding the antioxidant activity of oils by ABTS assay, only the sampling of October
denoted differences among sites with the highest radical scavenging activity in B samples;
oils produced at a medium altitude possessed then the highest mean TPC. The results of
DPPH assays did not show evident variation among all samples. Oxidative stability is an
important parameter for the quality maintenance of olive oil: the determinations varied
from 6.18 to 21 h in the oil samples and opposite trends were observed in oils produced
at a medium and higher altitude during the harvesting periods. In particular, this study
evidenced a bigger stability for site B samples.

Oleic (C18:1), palmitic (C16:0), linoleic (C18:2) and stearic acid (C18:0) were found
as the major fatty acids (Table 2), and, in general, all olive oils possessed amounts that
conformed to the extra virgin category. The oleic acid ranged from 73% to 77%: the highest
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amounts were possessed by C oils without differences among production dates. The palmitic
acid ranged from 13% to 15%, with the highest amounts observed in A oils; the linoleic
acid ranged from 5% to 7%, and the stearic acid content was attested to be 2%, without
significant variations among all the samples. Finally, all the results of the sterol content of
studied olive oils conform to the extra virgin olive oil category: significant differences were
observed in campesterol, β-sitosterol and D7-Stigmastenol percentage only among olive
oils produced in the three growing environments in December (Table 3).

Table 2. Fatty acid composition of olive oils extracted from drupes produced from trees grown in three sites (A, B, and C).

Samples Harvesting Month Harvesting Month

October November December October November December

C16:0 (%)
A 14.77 AB 14.41 14.21 A

C18:2 (%)
A 5.42 5.90 6.23 A

B 14.91 Aa 13.10 b 12.94 Bb B 6.15 b 7.61 a 5.79 ABb
C 13.18 B 12.47 11.87 C C 5.43 5.99 5.58 B

C16:1 (%)
A 1.35 1.45 1.57 A

C18:3 (%)
A 0.49 0.48 0.48

B 1.70 1.34 1.34 B B 0.46 0.46 0.41
C 1.42 1.45 1.36 AB C 0.43 0.42 0.45

C17:0 (%)
A 0.19 A 0.19 0.19 A

SFA
A 18.37 A 17.93 17.69 A

B 0.16 B 0.17 0.19 A B 18.19 Aa 16.28 b 16.18 Bb
C 0.13 C 0.12 0.14 B C 16.11 B 15.50 14.87 C

C17:1 (%)
A 0.35 A 0.36 0.37

MUFA
A 75.70 75.68 75.60 C

B 0.35 A 0.35 0.38 B 75.19 c 75.64 b 77.61 Ba
C 0.28 B 0.30 0.31 C 78.03 78.04 79.09 A

C18:0 (%)
A 2.73 2.66 2.66

PUFA
A 5.91 6.38 6.70

B 2.46 2.41 2.46 B 6.62 B 8.07 A 6.20 B
C 2.21 2.28 2.25 C 5.86 6.45 6.03

C18:1 (%)
A 73.71 73.60 73.40 C

C18:1/C18:2
A 13.72 12.49 11.78 B

B 72.84 c 73.67 b 75.62 Ba B 11.84 a 9.79 b 13.06 ABa

C 76.03 75.99 77.11 A C 14.41 ±
3.28 13.04 13.88 A

Data are mean (years 2013, 2014 and 2015). Capital and small letters indicate significant differences in the row and in the line for Tukey
post-hoc test.

Table 3. Sterol composition of olive oils produced in the three locations (A, B, and C) at October (O), November (N) and
December (D).

(%) Samples O N D Samples O N D

Cholesterol
(%)

A 0.08 0.07 0.08
Sitostanol (%)

A 0.86 1.05 1.06
B 0.07 0.11 0.08 B 1.06 1.13 1.05
C 0.08 0.09 0.09 C 1.03 1.06 0.94

24-Methylene
cholesterol

(%)

A 0.10 0.10 0.10
D5-Avenastenol (%)

A 7.04 5.99 6.01
B 0.10 0.12 0.10 B 9.28 8.17 5.98
C 0.10 0.10 0.12 C 5.85 6.72 7.72

Campesterol
(%)

A 1.77 2.22 1.87 B
D5-24-Stigmastadienol (%)

A 0.77 0.85 0.86
B 1.77 2.34 2.64 A B 0.89 0.77 0.85
C 2.51 2.14 2.45 A C 0.83 0.86 0.78

Campestanol
(%)

A 0.13 0.15 0.15
D7-Stigmastenol (%)

A 0.18 0.16 0.15 AB
B 0.18 0.18 0.15 B 0.15 0.20 0.17 A
C 0.15 0.15 0.15 C 0.16 0.09 0.09 B
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Table 3. Cont.

(%) Samples O N D Samples O N D

Stigmasterol
(%)

A 0.66 0.90 1.00 A 0.55 0.50 0.41
B 0.53 0.53 0.74 D7-Avenasterol (%) B 0.58 0.66 0.53
C 0.71 0.95 0.92 C 0.57 0.49 0.50

Campesterol/
Stigmasterol

A 3.07 2.48 1.87
Total β-Sitosterol (%)

A 96.53 95.90 96.23
B 3.31 4.76 3.58 B 96.62 95.86 95.57
C 3.55 0.95 2.73 C 95.72 95.99 95.70

Clerosterol
(%)

A 0.93 0.90 0.90
Total sterols (mg/kg)

A 1527 1738 1582
B 0.84 0.91 0.90 B 1348 1320 1679
C 0.88 0.96 0.91 C 1776 1553 1630

β-sitosterol
(%)

A 86.94 87.11 87.40 A

B 84.55 84.88 86.79
AB

C 87.14 86.39 85.35 B

Data are mean (years 2013, 2014 and 2015). Capital and small letters indicate significant differences in the row and in the line for Tukey
post-hoc test.

4. Discussion

The sites located at different altitudes were characterized by very different thermal
and rainfall regimes. The analysis of the climatic data of the three sites showed that the air
temperature gradually decreased with increasing altitude. The effect of the temperature
decrease with altitude was lower during the winter and autumn months, while the gap
was higher in the spring and summer months. Instead, the reverse behavior occurred for
rainfall. During the three-year period, there were no limiting temperatures (minimum
and maximum) to compromise the functionality of the olive trees. The rainfall allowed a
regular course of the fruiting cycle of the olive trees. This also occurred in site A, where
rainfall was minor (about 800 mm/year). In fact, the rainfall in the spring period and the
type of soil (fresh and deep) in this site allowed the olive trees to not suffer excessively
from the summer drought. This was confirmed by the regular fruit growth dynamics.
The climatic differences among the three sites inevitably influenced the phenology and
productive behavior of olive trees. The climate of the growing environment significantly
affected the flowering period, with marked temporal differences among the three sites.
Results revealed a strong relationship between thermal regime due to altitude and the
flowering-period start-date, which was delayed as altitude increased. Similar results have
been reported in a number of other studies [31–33]. The altitude gradient, associated
with a thermal gradient [34,35], significantly affected this process. In order to complete
the differentiation process of flowering buds [36–38] and other phenological events [39],
the olive tree must satisfy a certain heat requirement. The analysis of accumulation of heat
data showed that, for all three environments and years, about 600 GDD was required for
the start of flowering. These results are in agreement with what was found in a previous
study conducted in the same area on the Carolea cultivar [20]. These results also confirm
that the phenological phases of the olive tree are mainly influenced by temperature and
not by the photoperiod [40,41].

The time differences among the three sites found in the flowering period also remain
in broad outline for the period of stone hardening. The slight shortening of the time interval
between the end of flowering and the complete stone hardening recorded in site C was
probably attributable to the different thermal regime in which the stone hardening process
took place. Similarly, the different thermal regime also influenced the time interval between
the stone hardening and start of changes in the skin colour of fruit, with a progressive
increase in this time interval with increasing altitude. Therefore, the results showed not
only a postponement of the phenological phases, but also an extension of the interval of
time between the end of flowering and start of changes in skin colour of fruit with the
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increase in altitude. In addition to the effects on phenology, altitude greatly influenced the
olive fruit growth. The obtained results agree with other previous studies that showed
a greater increase in the weight of fruits grown at a lower altitude compared with fruits
grown at a higher altitude [5,8]. By analyzing the fruit growth dynamics, it is clear that
these differences are essentially attributable to the different growth rates registered in
the first phase. As in other drupes, olive fruit development is characterized by a double
sigmoid growth curve for fruit size and weight [42]. In drupes, the majority of mesocarp
cells are produced by the end of endocarp sclerification, and the bulk of cell expansion
occurs after that time [43]. For a long time, the general perception was that cell division
was the main process during the early stages of fruit growth and cell expansion instead
dominated after pit hardening. However, recent studies indicated that cell division and
expansion processes are already highly active 8–10 weeks after full bloom and contribute to
the initial growth in the mesocarp [44,45]. From that time, until fruit maturity, considerable
cell expansion takes place, and an additional 10% to 40% of mesocarp cells may still be
produced [46,47]. Other recent studies indicated that the final fruit size is directly related
to the cell number produced by the cytokinesis process, which occurs mainly in the first
six weeks after full bloom [48]. The different initial fruit growth among the three sites was
presumably attributable to their different thermal regimes. It is well known that the cell
division process in fruits is strongly influenced by temperature. Studies conducted on other
stone fruit species showed that the thermal regime of the weeks following flowering is able
to influence the development and ripening of the fruits [49–51]. The positive correlation
(R2 = 0.82) between the average air temperature from the date of end of flowering until
the date of stone hardening and fruit fresh weight at stone hardening supported this
hypothesis. The higher growth rates recorded by the fruits of sites B and C, compared
to those of site A, in the last fruit growth periods were presumably attributable to an
extension of the cellular expansion phase favored by the postponement of the ripening
process. The flesh/stone ratio, constantly higher for most of the growth period of the fruits
of site A, was probably attributable to a greater number of cells in the mesocarp. Hammani
et al. [48] found that when there are no limiting factors, the size of mesocarp and endocarp
increased linearly with the fruit size, with larger dimensions that favor an ever-greater
mesocarp/endocarp ratio. The fruit size was directly related to the number of mesocarp
cells, which was established immediately after flowering based on the cell division rate.
The cell size, after the expansion phase, was rather similar. The flesh moisture progressively
decreased with the development of the fruit and the olives grown in site C always had
substantially higher moisture than that of the other two sites. These results agreed with
what was found by Moussa et al. [8] on the Greek olive cultivar “Mastoides”: the noted
variations could be due to the different conditions of relative humidity and amount of
rainfall in cultivation environments. In addition, differences in flesh moisture could also
be due to the postponement of the ripening period that characterizes the fruit growth at
thermal and rainfall conditions of high altitudes. The climate of the growing environment
also greatly affected the ripening process.

The fruit drop was strongly correlated with the fruit detachment force (R2 = 0.90).
Generally, the fruit drop started after the detachment force values were lower than

5 N. However, the fruit drop began to have significant entities (with values greater than
10%) only when the detachment force was lower than 4 N. The positive relationship
(R2 = 0.76) between the detachment force values after 42 days from the stone hardening
and the average air temperature of the previous six weeks indicated that the thermal regime
of the period following the stone hardening was able to condition the fruit detachment
force. In fact, the higher temperatures that characterized the sites with a lower altitude
inevitably influenced the ripening process, presumably also influencing the processes
that determine the abscission of the ripe fruits [52–55]. With regard to the detachment
index, which represents a very important parameter to establish when the mechanical
harvest is possible [56], the differences between the three sites became even more amplified.
Indeed, the previously mentioned differences in detachment force were also added to those
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relating to the fruit fresh weight. The different thermal regimes of the three sites certainly
influenced the fruit color changes and flesh firmness. However, the relationships, which
not particularly close, between the ripening index and the flesh firmness values at the
end of the measurements (168 days after the stone hardening) (R2 = 0.61), and between
the ripening index and the sum of the degree days of 24 weeks after the stone hardening
(R2 = 0.55), indicated that these processes were likely to be influenced by other factors in
addition to temperature. The climatic conditions affected olive oil production: in particular,
a high thermal amplitude negatively affected the oil content in drupes [57]; a lower acidity
was quantified in those produced in cooler growing environments, according to [58]
that evidenced larger amounts of free fatty acids in oil from lower elevation. Moreover,
the FA increase in olive oils obtained in progressive harvesting periods was also noted
for other cultivars grown in the same region of our experimentation, as in Ottobratica
and Roggianella [59,60], for Barnea in Israel [61], and Arbequina and Picual in Spain [62].
The trend reported in the literature was confirmed by the oil productions of December
at lower and higher altitudes (A and C), which evidenced mean values typical of the
merceological class of “virgin oil”, whereas it was only in medium-altitude-produced oils
(B) that this qualitative parameter did not vary, maintaining the original good quality.
The results of multivariate data analysis evidenced a significant effect of harvesting time
on FA, as illustrated in Table S1.

The climate of the growing environment seemed not affect the PV and Total wax
content of olive oils: this last was, in fact, significantly affected (p < 0.05) by harvesting time,
as a result of data elaboration via multivariate analysis of variance. The FAEE content
did not show significant differences due to the climate of the growing environment or
harvesting time, so this parameter appears to be linked more to processing conditions,
as previously observed by Piscopo et al. [63] in a similar area of Southern Italy. The antiox-
idant content in olive oils is affected by agroclimatic conditions, varietal characteristics,
drupe ripening stage, olive growing techniques and extraction system [64]. The climatic
and geographic factors of the production zones, in fact, greatly affect the content of minor
constituents, whereas a negative correlation with rainfall is reported in the literature [65].
The harvesting time affected the TPC of olive oils, denoting the highest amounts in the Octo-
ber productions, without significant differences between A and B oil samples. These results,
according to Osman et al. [57] (1994), showed a higher phenol content in Greek olive oils
obtained from plants grown at lower altitudes (100 vs. 400 m a.s.l.). During the harvesting
time, from October to December, an overall decline in TPC was observed in all oil samples,
attesting to −24% in A, −13% in B and −42% in C, according to previous studies [66] and
revealing the best retention in medium-altitude-produced oils. Multivariate data analysis
showed that both altitude and harvesting time significantly (p < 0.01) influenced TPC
(Table S1); the overall data elaboration by Pearson correlation coefficient revealed that
the TPC of oils was particularly correlated with oxidative stability (R2 = 0.78) and not
with the two antioxidant assays. Total tocopherols also tended to decrease during the
harvesting time progress, as confirmed by the literature for the same cultivar [18], and they
were affected by altitude with a significance of p < 0.01. Pigments were not influenced by
altitude, as confirmed by [67]. The literature reports differences in fatty acid composition
according to cultivar [68] and geographical origin [69]. Concerning the effect of harvesting
time, only in oils produced in site B, at medium altitude, was significance observed in
terms of palmitic, oleic and linoleic acid amounts: the same sample showed good quality
with an unvaried oleic to linoleic acid ratio for both productions of October and December.
This trend is also dependent on varietal characters, as a response to environmental factors,
as evidenced by [70]. No great differences were observed in the other samples, with trends
similar to those observed by Nergiz and Engez [71]. The effect of the growing environment
on fatty acid composition was particularly marked in saturated acid amounts (C16:0 and
C17:0) of previously cited productions (October and December): at site A, a higher amount
was observed. In all oils, and in particular in those produced in December, a bigger content
of oleic acid was observed at site C, according to the literature, which reported an increase



Agriculture 2021, 11, 147 14 of 17

in unsaturated fatty acid percentage in oils from olives grown at a higher altitude, where
the temperature decreases [72,73]. The exclusive effect on SFA % by the climate of the
growing environment and on C18:1/C18:2 by harvesting time was evidenced after an
overall data elaboration by multivariate analysis (Table S1). The sterol composition is
investigated for the evaluation of the nutritional value, as well for the identification of
the olive oil: the statistical data elaboration did not evidence strong differences due to
climate of the growing environment and harvesting time. In the literature, it was shown
that β-sitosterol concentration in olive oil increased in the colder region [73], considering
the different latitudes: our study instead focused the study of more concentrated regions at
three growing environments, so these differences were not noted. The joint analysis of the
fruit drop (less than 10%), detachment index (less than 2) and oil content (higher than 40%)
made it possible to define the optimal harvesting time for each location. This period was
found to be around the middle of October (between 91 and 98 days after stone hardening)
in site A. Instead, in site B, the olive harvest should take place in the period between
the end of October and the beginning of November (91–105 days after stone hardening).
The optimal harvesting period in site C was considerably later, occurring over a period of
about a month, extending from the second half of November to the first half of December
(98–128 days after stone hardening). In site A, the optimal harvesting time occurs when the
first reddish spots appear on the yellow-green surface (with a ripening index of around 2).
In the other two sites, however, the harvest can begin before the start of veraison, when the
olives are still yellow-green. In all sites, in the optimal harvesting time, the oil content in
the mesocarp is around 45%.

5. Conclusions

The study deepened the knowledge on the genotype–environment relationships in
the Carolea olive cultivar. The climatic differences, due to altitude, have significantly
changed the growth and ripening of fruits and the quality of the obtained oils. In particular,
the decrease in temperature with the increase in altitude has led to a postponement of some
of the main phases of the fruiting cycle, with an extension of the period of the growth and
ripening of fruits. The veraison started in the second ten days of October in site A, between
the end of October and the beginning of November in site B and in the first ten days of
December in site C.

This behavior inevitably influenced the time position of the optimal harvesting time.
The results showed a postponement and an extension of the optimal harvesting period with
the increase in altitude, and a corresponding decrease in temperature indexes and increase
in rainfall. Moreover, this study evidenced a good quality of olive oil produced at cooler
growing environments. This knowledge can be very useful for improving and rationalizing
the agronomic management of olive orchards and enhancing the qualitative characteristics
of the oil. These results are interesting for olive growers to also valorize other areas
located at a higher level, even if they are earmarked for other crops. The obtained results
also confirm the high edaphic plasticity of the Carolea olive cultivar, which is capable of
guarantee a high productive performance in very different soil and climatic contexts.

Supplementary Materials: The following are available online at https://www.mdpi.com/2077-047
2/11/2/147/s1, Figure S1: Flowering periods in the three years (2013, 2014 and 2015) in the three
olive groves sites (site A, site B and site C), Figure S2: Relationship between detachment force and
fruit drop, Table S1: Multivariate analysis of qualitative characteristics of oil olive extracted from
drupes produced from olive trees grown in three different sites.
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