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Abstract
Olive oil quality has received much attention during the last 2 decades. However, in some countries e.g. Morocco data 
reported so far are still deficient and incomplete since only a few researchers have so far addressed the impact of pedocli-
matic factors on its quality. For this purpose, thirty-eight Moroccan extra virgin olive oils from the “Picholine Marocaine” 
variety were collected over two successive crop years (2018 and 2019) and nineteen soil samples were sampled during the 
first agricultural campaign considering the appropriate sampling equipment recommended. Twenty-three polar phenolic 
compounds and five Vitamin E isomers (α, β, γ, δ tocopherol and α-tocotrienol) were detected, using HPLC–PDA-ESI–MS 
and NP-HPLC-FLD, respectively. The most abundant phenolic class was represented by secoiridoids and derivates with an 
average amount of 1112.3 mg  kg−1, whereas among Vitamin E homologs, α-tocopherol was the most abundant, accounting 
for 91% of total vitamin E. The correlation test and the Principal Components Analysis revealed the significant influence of 
the pedoclimatic factors on some classes of phenolic compounds (phenolic acids, flavonoids, and secoiridoids); nevertheless, 
no correlation was detected between phenolic alcohols and other variables under study. Furthermore, the dendrogram cluster 
allowed to classify the studied areas into five zones, indicating the discrimination of olive oil quality in terms of geographical 
origin. Besides, phenolic compounds and tocopherols showed significant dependence on the crop year of production. Further, 
the harvest time turned out to be another factor that can influence the antioxidant fraction quantitatively.
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Introduction

Agriculture is one of the chief sectors of growth and allows 
to fight poverty and enhance food security. In this contest, 
the olive tree (Olea europaea L.) has considerable socio-
economic importance in the Mediterranean countries [1]; 
it is known as a perennial, long-lived, and evergreen tree 
which is probably among the oldest domesticated trees in the 
basin [2], and its growth in the region is positively related 
to the sustainability of soil resource management practices 
[3]. Morocco is an agricultural country where edaphic and 
climatic conditions are diverse. The agricultural sector plays 
a role as a real driver of economic increase [4] and it is 
well known for the abundance cultivation of the olive tree 
in almost the entire national territory, except for the Atlantic 
coastal strip. With up to 96% of the “Picholine Marocaine” 
as the main variety produced, olives sector contributes up 
to 5% to the national agricultural Gross Domestic Product 
(GDP) [5]. Throughout the Country's history, its growth 
began in the first millennium BC. Since then it underwent a 
significant expansion, with an olive crop area of 84.000 ha 
in 2011[6, 7], withal one million ha in 2016 thanks to the 
efforts under-taken in the framework of the Green Morocco 
Plan (GMP) [8]. At present, considering its importance in 
the GMP, it represents the highest cultivated fruit in the 
country representing 65% of the tree-growing area [7], and 
interestingly, almost 75% of the harvest fruits go for olive 
oil production [6].

Extra-virgin olive oil (EVOO) is increasingly recognized 
as the most prestigious edible oil because of its considerable 
benefits in the human diet, prevention, and disease treatment 
[9]. Due to the rising demand for this food product, olive 
tree cultivation is enlarging worldwide [1]. Statistically, the 
Mediterranean countries are the dominant producer and con-
sumer with about 97% and 91% of world olive oil production 
and consumption, respectively [10]. Additionally, Morocco 
is among the largest producing countries where the produc-
tion tripled in the last 60 years, reaching 33,79,000 tons in 
the 2017/18 crop year [11].

The composition of EVOO consists of about 98%-99% 
of glycerols [12, 13] and ≈2% of minor compounds [14], 
including more than 230 chemical compounds, such as ali-
phatic and triterpenic alcohols, sterols, hydrocarbons, etc. 
Moreover, carotenoids, tocopherols, and hydrophilic phenols 
[15–19] represent the fraction of bioactive compounds, key 
components of EVOO. They have received much attention 
over the last 2 decades due to their responsibility for free 
radical-scavenging activities, the antioxidant properties [20], 
and the anti-cancer activity [21].

Being EVOO quality an essential factor in competitive-
ness [22], all over the world research works showed an 

increased interest in its composition and the impact of some 
factors on this quality [23] e.g. the type of crushers for olive 
oil extraction [24], storage conditions [25], maturity stage of 
the fruit [26], geographic origin [27] such as altitude [28]. 
Besides, other authors substantiated the effect of climate 
(rainfall and temperature) [29, 30], and soil [31]. Neverthe-
less, to the best of our knowledge, most Moroccan studies 
were only carried out in a small number of areas. While 
some research works were carried out on the impact of the 
geographical origin, so far too little attention was paid to the 
soil of olive trees. Accordingly, this research project aimed 
to obtain some findings useful to address these research 
gaps.

This study had two primary aims: first, to widen the cur-
rent knowledge about the EVOO bioactive fraction in the 
well-known EVOO production areas by identifying and 
quantifying phenolic compounds and tocopherols (Vitamin 
E); second, to investigate the impact of pedoclimatic fac-
tors and the crop year on these phytochemical compounds 
and emphasize possible distinction among the geographical 
origins. For this purpose, the current work was carried out 
throughout nineteen central producing sites of EVOO for 
two crop seasons, 2018/19 and 2019/20. Taking into account 
that the distribution of olive trees in Morocco highlights 
four or five large growing areas where the edaphic and cli-
matic factors vary, the sampling sites choice was based on 
in-depth research that considered several parameters such as 
the regional distribution and the abundance of olive trees, 
the climate, and the EVOO production.

Materials and methods

Samples collection

The present work was carried out on thirty-eight Moroccan 
EVOO samples obtained by milling olives from Picholine 
Marocaine cultivar. Sampling was carried out during two 
consecutive productive seasons 2018/19 and 2019/20, in 
nineteen Moroccan mills sited in the regions of EVOO pro-
duction, as reported in Fig. 1. During the 2018/2019 pro-
ductive season, nineteen samples were collected in nineteen 
mills of North-Center-West Moroccan area: two samples 
from Tangier-Tetouan-Al Hoceima (Sp1, Sp2), one from 
Rabat-Sale-Kenitra (Sp3), seven from Fes-Meknes (Sp4-
Sp10), four from Beni Mellal-Khenifra (Sp11–Sp14) and 
five from Marrakech-Safi region (Sp15-Sp19). Sampling 
collection in the second study year (2019/2020) was per-
formed in the same Moroccan mills where samples were col-
lected in the first year (2018/2019). The EVOO mills of sam-
pling were equipped with similar technology and procedure. 
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To protect the oil from oxygen and light, the samples were 
stored in dark-colored glass bottles that were closed her-
metically and kept away from light. Soil sampling was con-
ducted in November 2018 while considering the appropriate 
sampling equipment (an Edelman's Auger), the earth depth 
(0–60 cm), and the samples conditioning. For more details 
about the study areas, Table S1 (in supplementary materials) 
provides the geolocation (latitude, longitude and altitude) of 
the sampling sites.

Chemicals and reagents

Tyrosol (p-HPEA), purity ≥ 95%, hydroxytyrosol (3,4-
DHPEA), purity ≥ 90%, oleuropein aglycone (3,4-DHPEA-
EA), purity ≥ 98, gallic acid, purity ≥ 97.5%, caffeic acid, 
purity ≥ 98%, luteolin, purity ≥ 97%, apigenin, purity ≥ 99%, 
ethyl gallate, purity ≥ 96% reference materials, and the 
LC–MS grade: acetonitrile, n-hexane, methanol, formic 
acid, and water were obtained from Merck Life Science 
(Merck KGaA, Darmstadt, Germany). Tocopherols (α, β, γ, 
δ) and tocotrienol (α) standards were purchased from Extra-
synthase (Genay Cedex, France).

Phenolic compounds analysis

Phenols extraction

Extraction was carried out according to Ricciutelli and co-
workers [32]. Briefly, 1 mL of each EVOO was diluted in 
1 mL of n-hexane. The sample was extracted with 1 mL of 
methanol/water (3:2, v/v), shaken for 5 min and extracted for 
2 min in an ultrasonic bath (temperature, 37 °C; Hz, 60 W). 
Then was centrifuged for 10 min at 3000 rpm. The aque-
ous phase (1 mL) was recovered and washed with 1 mL of 
n-hexane. Before HPLC injection, 20 µL of internal standard 
(I.S.) ethyl gallate (1000 ppm) were added to each extract. 
Each sample was analyzed in triplicate.

Phenols determination by HPLC–PDA/MS

HPLC analysis was performed using a Shimadzu (Kyoto, 
Japan) instrument, composed of binary solvent pumps LC-
20AD, a SPD-M20A photodiode array detector (PDA) and a 
LCMS-2020 mass spectrometer detector (MS). MS detector 
was equipped with an electrospray ionization (ESI) source 

Fig. 1  The study area map with respect to the location (longitude and latitude) of the nineteen sampling sites that are depicted with green circles 
and numbered in order from the north to the south, Sp1 to Sp19. Each polygon represents the province of origin
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operating in negative ionization (NI) mode and single quad-
rupole MS. Data acquisition was performed by Shimadzu 
LabSolution software (Ver. 5.65, Shimadzu, Kyoto, Japan).

Separations were performed on an Ascentis Express 
C18 (150 × 4.6 mm, 2.7 μm) analytical column (Merck Life 
Science, Merck KGaA, Darmstadt, Germany). The mobile 
phase for HPLC–PDA/ESI–MS analyses was water with 
0.1% formic acid (A) and acetonitrile with 0.1% formic acid 
(B) working in the gradient mode 0 min, 10%; 4 min, 35% 
B; 12 min, 47% B; 12.5 min, 60%; 16 min, 75%; 21 min, 
100% B with a flow rate 1.0 mL  min−1. All analyses were 
performed at room temperature of the column and the injec-
tion volume was 5 μL. PDA was monitored at a wavelength 
of 280 nm. The ESI ion source conditions were as follows: 
DL (desolvation line) temperature, 280 °C; nebulizing gas 
(nitrogen) flow, 1.5 L  min−1; drying gas (nitrogen) flow rate, 
5 L  min−1; heat block temperature, 300 °C. The mass scan 
range was set in the range of m/z 100–800; event time was 
0.5 s. SIM (single ion monitoring) mode was used for phenol 
quantification: gallic acid (170 m/z), 3,4-DHPEA (154 m/z), 
p-HPEA (138 m/z), 3,4-DHPEA-EA (378 m/z), ligstroside 
aglycone (p-HPEA-EA, 362 m/z), oleocanthal (p-HPEA-
EDA, 304 m/z), oleacein (3,4-DHPEA-EDA, 320 m/z), api-
genin (270 m/z), luteolin (286 m/z).

Tocopherols and tocotrienols determination 
by NP‑HPLC‑FLD

EVOO samples were analyzed without any pre-treatment. 
In order to quantify α, β, γ-tocopherol and α-tocotrienol in 
a single analysis, each sample was diluted with n-hexane 
(1:10, 1:15 or 1:30, v/v) before NP-HPLC analysis. Each 
EVOO was analyzed in triplicate.

HPLC analyses were carried out using a Shimadzu Nex-
era-X2 system (Shimadzu, Milan, Italy), including a CBM-
20A controller, two LC-30AD dual-plunger parallel-flow 
pumps, a DGU-20ASR on-line degasser, an autosampler 
SIL-30AC, a CTO-20AC column oven and a RF-20AXS 
fluorescence detector with cell capacity of 12 μL, xenon 
lamp and wavelength range 200–750 nm. Data acquisition 
was performed by the LCMSsolution Ver. 5.85 software 
(Shimadzu, Milan, Italy).

Analyses were carried out on an Ascentis Si, 
250 × 4.6 mm I.D. with a particle size of 5 µm (Merck 
KGaA, Darmstadt, Germany) column. The injection vol-
ume was 5 µL. Analyses were carried out in isocratic 
mode: n-hexane and isopropanol (99:1, v/v). Flow-rate was 
1.7 mL  min−1. Column oven was set at 25 °C. Data were 
acquired using a Fluorimetric detector at 290 nm for the 
excitation wavelength of and 330 for emission.

RP‑ and NP‑HPLC methods validation

To quantify the vitamin E and phenols content in the EVOOs 
samples calibration curves were constructed by using every 
single available standard, according to the method previ-
ously developed and validated by Dugo et al. [15]. Briefly, 
for tocopherols and tocotrienols quantification five different 
concentrations of each component, in the range between 0.1 
and 200  mg  L−1, were analyzed five consecutive times by 
NP-HPLC. On the other hand, for hydrophilic phenols quan-
tification, five different concentrations of each component, in 
the range between 0.1 and 1000  mg  L−1, were analysed five 
consecutive times by RP-HPLC. Before injection, 20 μL of 
internal standard (I.S.) ethyl gallate (1000 ppm) was added 
to 1 mL of each standard solution.

Soil physicochemical characterization

Upon receipt, the soil samples were dried in the open air 
to limit microbial activity. They were then ground to sepa-
rate the soil from the gravel and pebbles prior to be turned 
into a homogeneous powder. Afterwards they were manu-
ally sieved using 0.2 and 2 mm mesh screens, respectively 
and the suspension density according to the Stokes law [33] 
was evaluated. The active acidity  (pHwater) was measured 
using a pH-meter according to a ratio of soil: water (1:2.5), 
and the conductivity by employing a conductivity meter. 
Total limestone  (CaCO3) was executed using Bernard's Cal-
cimeter Method, total organic carbon and organic matter by 
the Walkley and Black method, and total nitrogen using 
the Kjeldahl method. Moreover, the available potassium 
has been extracted using standard ammonium acetate then 
quantified by Flame Photometer. Each sample was analyzed 
in duplicate.

Statistical analysis

The R software version 4.1.0 was used for the Principal 
Components Analysis (PCA), the Hierarchical Clustering 
on Principal Components (HCPC) (after data standardiza-
tion) and the correlation test (Supplementary material) by 
Pearson's correlation coefficient (Table S2). The two-ways 
ANOVA was conducted using XLSTAT 2018, and the analy-
sis of the differences between the categories via Tukey test 
(HSD) with a confidence interval of 95%.  ArcGIS® software 
version 10.6.1 was used to visualize the location of sampling 
sites in Fig. 1.
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Results and discussion

Phenolic compounds

Phenolic compounds are part of polar fractions usually 
obtained by methanol–water extraction. In the present study, 
23 hydrophilic phenols classified into four major classes 
were detected: phenolic acids, phenolic alcohols, secoiri-
doids and derivates, and flavonoids.

As can be seen from Table 1 that the total phenol content 
ranges from 110,1 mg  kg−1 (Sp6) to 4105.7 mg  kg−1 (Sp2) 
and from 52.8 mg  kg−1 (Sp10) to 1420.8 mg  kg−1 (Sp5) for 
2018/2019 and 2019/2020 crop season respectively, indicat-
ing a certain gap of antioxidants in EVOO from the nineteen 
sampling sites in Morocco. Interestingly, the amount of phe-
nolic compounds in almost all the tested EVOO falls within 
the average (250 mg  kg−1) recommended by European Com-
mission Regulation [34] and it is slightly consistent with 
what is mentioned in the book of Boskou [35] where wide 
ranges (50–1000 mg  kg−1) for the levels of total polar phe-
nols in EVOO were reported.

Diamantakos et al. [36] analyzed the phenolic content by 
qNMR in 5764 olive oil samples from Greece and more than 
30 varieties for 11 years. They found a maximum concen-
tration of 4003 mg  kg−1 of total phenols in oils produced in 
September 2017 from Kalamon variety. They also observed 
a significant correlation between the phenols and the har-
vest period. In another research work, some authors con-
ducted a 3-year study to investigate 44 varieties of olive 
oils. According to the results, total phenolic compounds 
varied from 260 to 4497 mg  kg−1 during the 2017–2018 
crop season [37]. In addition, a study conducted on 25 and 
80 cultivars for 2014/15 and 2015/16 crop seasons, respec-
tively, showed high amounts in various phenolic compounds 
like p-HPEA-EDA (up to 2931.1 mg  kg−1 for the first crop 
season), 3,4-DHPEA-EA (up to 3501.3 mg  kg−1 in 2015/16 
season), p-HPEA-EA and 3,4-DHPEA-EDA [38]. Strikingly, 
as far as we know, these are the first and the only highest 
values reported in the literature.

Regarding the classes of phenolic compounds, with an 
average of 1112.3 (for 2018) and of 705.85 mg  kg−1 (for 
2019), secoiridoids and derivates represented the primary 
class, followed by phenolic alcohols with a total average of 
86.69 and 20.45 mg  kg−1 for 2018 and 2019, respectively, 
and phenolic acids in the range from 6.00 (Sp3) to 48.10 
(Sp1) mg  kg−1 for 2018, and from 3.54 (Sp18) to 34.33 
(Sp3) for 2019. The smallest class was one of the flavo-
noids with an average of 10.25 and 9.54 mg  kg−1 for 2018 
and 2019, respectively. While studying the phenolic profile 
of “Picholine Marocaine” for three consecutive crop sea-
sons in Meknes, Bajoub and his co-authors [39] found phe-
nolic alcohols and secoiridoids in the highest amount, with 

flavonoids in higher content than phenolic acids. Our results 
agree with the ones reported by Bouymajane et al. [40], 
who found the same abundance order of phenolic classes 
in Moroccan EVOOs. Furthermore, according to Boskou 
[35], the aglycons derived from secoiridoids were the most 
abundant phenolic compounds in the EVOOs investigated.

Among minor constituents of EVOO, the dialdehydic 
form of elenolic acid linked to 3,4-DHPEA (3,4-DHPEA-
EDA), decarboxymethyl 3,4-DHPEA-EA, and 3,4-DHPEA 
are principally responsible for the exceptional resistance of 
EVOO to oxidation. Nonetheless, p-HPEA, lignans, and 
p-HPEA-EA are weaker antioxidants [35]. In accordance 
with Tuck and Hayball [20], glycoside oleuropein (a het-
eroside of elenolic acid), 3,4-DHPEA and p-HPEA present 
the highest amount (around 90%) of EVOO phenolic com-
pounds. Comparatively, in the present work, 3,4-DHPEA-
EA appeared in good amount with a total average of 615.83 
and 367.01 mg  kg−1, followed by elenolic acid 166.66 and 
184.49 mg  kg−1 and p-HPEA-EA with a total average of 
136.92 and 89.90 mg  kg−1 for olive oil in 2018 and 2019, 
respectively. Such data are higher with respect to the ones 
recently reported for five Algerian cultivars [41].

In accordance with some Moroccan findings [39, 40], our 
investigation on the two crop years revealed that p-HPEA 
amount was higher than 3,4-DHPEA within to phenolic 
alcohols class. Such an aspect is linked to the age of the 
studied e.g. Di Stefano and Melilli [42] proved that during 
olive oil aging, secoiridoids are transformed into hydrophilic 
substances.

With regards to flavonoids, luteolin was the highest 
compound (7.06 and 9.32 mg   kg−1 for 2018 and 2019, 
respectively), followed by luteolin glucoside (4.32 and 
1.12 mg  kg−1, respectively for the two crop years). Like-
wise, Boskou [35] reported some research work that found 
around 0.2–7 mg  kg−1 of luteolin in Greek VOO, while oth-
ers reported a value of 10 mg  kg−1 in selected Spanish VOO.

Tocopherols (Vitamin E)

Tocopherols are fat-soluble compounds consisting of a 
single benzene ring with a hydrocarbon tail attached [43]. 
They are recognized for their dual beneficial action: the 
advantage of being the vitamin E occurring in human blood 
and tissues, as well as the possession of vigorous anti-oxy-
gen activity [35]. From the eight E-vitamers (tocopherols 
(α, β, γ, δ) and tocotrienols (α, β, γ, δ)), α-tocopherol is 
found in the free form [13] and alone accounts for 90% 
of all tocopherols. In the EVOO samples investigated in 
this work, five vitamin E isomers (α, β, γ, δ tocopherol 
and α-tocotrienol) were detected. Total vitamin E ranged 
between 38.4 (Sp10)-213.0 mg kg-1 (Sp14) for 2018 and 
between 48.4 (Sp2)-147.3 (Sp7) for 2019, with an average 
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of 139.8 ± 36.46 and 92.60 ± 30.00 mg  kg−1, respectively. 
α-tocopherol was the most abundant isoform (91.5% and 
87% of total vitamin E, respectively for 2018 and 2019) with 
an average of 122.7 ± 36.84 and 80.39 ± 27.68 mg  kg−1, a 
range of 32.9 ± 0.4 (Sp10)-201.1 ± 0.08 (Sp14) and of 
33.9 ± 0.4 (Sp10)-129.2 ± 0.4 (Sp7). It was followed by 
γ-tocopherol (7 and 6.5%) with a total average of 6.6 ± 1.46 
and 6.06 ± 2.48  mg   kg−1, for 2018 and 2019, respec-
tively. However, the abundance order of β-tocopherol and 
α-tocotrienol is dissimilar between the 2 years; for 2018 
season: β-tocopherol was more abundant than α-tocotrienol 
(1%), and an inverted trend can be appreciated for 2019 olive 
oils. δ-tocopherol was found in trace, with an average of 
0.66 ± 0.15 and of 0.47 ± 0.34 mg  kg−1 for 2018 and 2019, 
respectively.

In general the results attained match those observed 
in earlier studies and, specifically, the average amount of 
α-tocopherol fits with that fixed by USDA [44]. In addition, 
wide ranges of α-tocopherol have been reported in Italian, 
Spanish, and Greek oils, and the typical values are from 100 
to 250 mg  kg−1 oil [35]. Such results agree with the ones 
found by Różańska et al. [45] who investigated bioactive 
compounds in Italian EVOO and revealed a total vitamin E 
ranging between 70.2 and 232.2 mg  kg−1, with an average of 
169.0 ± 37.7 mg  kg−1, as well, α-tocopherol was the major 
tocopherol isomer. Moreover, the finding of δ-tocopherol 
seems to be consistent with that of the “Picholine Maro-
caine” shown in ref. [46], in which the δ-tocopherol was 
reported as 0.5 mg  kg−1. Also, Bedbabis et al. [47] found 
amounts of δ-tocopherol of 0.42 and 0.35 mg  kg−1 in oils 
from the olives irrigated with well water and treated waste-
water, respectively. Further, in the case of Greek VOO, Pso-
miadou et al. [48] reported a mean value for δ-tocopherol 
of 4 mg  kg−1.

Pedoclimatic conditions

Table 2 provides the climatic and edaphic conditions in the 
study sites. As can be seen Sp10 was collected from a heavy 
rainfall site (639 mm); in contrast, Sp18 had the lowest value 
of precipitation (145 mm). The yearly temperature average 
was between 14.04 and 18.22 °C and the wind speed was 
within 1.7–4.34 m/s.

The particle size is a pivotal variable in the agriculture 
field. The percentage of sand in our samples ranged between 
1.64% (Sp2) and 57.19% (Sp11), which is within the values 
(≤ 75%) established by the IOC [49], whereas silt and clay 
fractions were above the standard values. Exhaustively, 53% 
of the samples were Silt Loam, 21% are Silty Clay Loam, 
16% Clay Loam, and about 5% Sandy Loam, and Silty Clay 
textures. Such balanced proportions seem to be favorable 
for olive growing.

The most prominent finding to emerge is that soil phys-
icochemical parameters, particularly pH (except for Sp1), 
electrical conductivity (EC) and limestone were within the 
optimal values for olive growing areas [49]: pH varied in 
a range between 5.43 (Sp1) and 8.84 (Sp16) and EC val-
ues did not exceed 2dS/m. Furthermore, the organic mat-
ter ranged from 0.57 to 3.29% with 84% of samples > 1% 
(the optimal). Potassium amounts were within the range 
of 40.68–393.32 ppm, and the C/N ratio between 5.35 and 
32.38 indicating the wide disparity between the sampling 
sites.

The influence of geographical origin

Geographical origin regroups three main parameters; loca-
tion (latitude, longitude, and altitude), soil composition, and 
climate that encompasses temperature, rainfall, humidity, 
and wind speed. By nature, the environment differs from one 
site geographically to another, though weather conditions are 
changing speedily due to global warming. Soil is a surface 
rich in organic and mineral constituents, where plants and 
microorganisms nourish and find their needs in essential 
elements. As this latter is prominent in feeding plants, its 
texture is vital for the tree roots and the necessary water 
infiltration. Therefore, soil composition variability could 
influence olive tree, fruit, and thus EVOO quality. Consid-
ering the variability of all these parameters, we attempted 
to investigate their impact on VOO bioactive profile through 
the correlation test and the PCA.

In fact, to study the impact of pedo-climatic factors, 
EVOOs were collected during the same period (November 
2018) and from the same cultivar “Picholine Marocaine", 
but different geographical origins characterized by the dis-
tinct location and climate. The latters have a direct rela-
tionship with the fruit ripeness thus the maturation factor 
was considered as similar to that of the geographic origin’s 
climate. This is in agreement with Bajoub and his co-authors 
[50, 51] who dismissed the ripening index while examin-
ing the geographic origin discrimination in EVOOs from 
“Picholine Maroccaine” in a large Northern Moroccan area.

Principal component analysis (PCA)

Based on the results of the correlation test (Table S2), the 
PCA was plotted. Figure 2 presents the distribution of vari-
ables and observations (19 × 25 matrix). Five principal com-
ponents were extracted because their cumulative variance 
was 54.4% PC1 × PC2 and PC1 × PC3 were plotted since 
they were sufficient for the interpretability of the major cor-
relative links between the studied variables. The two first 
eigenvectors carry 43.8% of dataset information, dimensions 
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Fig. 2  Variables score plots. 
Top (PC1 x PC2) and bottom 
(PC1 x PC3) of VOO phenolic 
fraction, pedo-climate, and 
geographical origin parameters 
of the study zone. G.Ac: gallic 
acid, HY-Decarboxymethyl-E.
Ac: hydroxydecarboxymethyl 
elenolic acid, Lut: luteolin, 
Api: apigenin, HY-Decar-
boxymethyl-Ol.Ag: hydroxy 
decarboxymethyl 3,4-DHPEA-
EA, Dehydro. Ol.Ag: Dehydro 
3,4-DHPEA-EA, DEDA: decar-
boxymethyl elenolic acid dial-
dehyde, Methyl-Ol.Ag: Methyl 
3,4-DHPEA-EA, A-tocopherol: 
α-tocopherol, B-tocopherol: 
β-tocopherol, G-tocopherol: 
ϒ-tocopherol, D-tocopherol: 
δ-tocopherol. Cond: conductiv-
ity,  CaCO3: limestone, K: avail-
able potassium, WS.2 M: wind 
speed at 2 m, RH.2 M: Relative 
humidity at 2 m
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1 and 2 had, respectively, 26.2 and 17.6% of affinity between 
VOO phytochemical compounds, soil, climate, and geo-
graphical origin parameters. Together, Dim 1 (26.2%) and 
Dim 3 (10.6%) carried 36.8% of information. The relatively 
low variations in the data described by PC1 and PC2 could 
be caused by the low variability of the parameters.

As shown in Fig. 2A, the group of variables chosen for 
the PCA analysis was well scattered along with the two 
first components, and the most striking result to emerge is 
that latitude, rainfall, and longitude contribute negatively 
to Dim 1 revealing a negative effect on α-tocotrienol and 
flavonoids (luteolin, apigenin, and luteolin glucoside). In 
contrast, these latter compounds were influenced positively 
by conductivity. Investigating the effect of location on VOO 
of two main Tunisian olive cultivars, “Chemlali” and “Ché-
toui” in three different sites, Guerfel et al. [29] concluded 
that EVOOs obtained from the two varieties showed differ-
ent characteristics in the three locations studied. Similarly, 
Romero et al. came to an end that latitude enlarges the effect 
of the geographical origin [52]. Some studies carried out on 
other matrices confirmed the association between salinity 
(conductivity) and phenolic compounds, mostly flavonoids, 
e.g. Neocleous et al. [53] observed that in some instances 
the use of saline waters enhances health-beneficial phenolic 
compounds in baby leaves of lettuce. Besides, Talhaoui 
et al. [54] reported that salinity stress associated with high 
sunlight reveal an enhancement of the biosynthesis of other 
phenolic compounds, particularly flavonoids.

On the other side, the second component provided other 
correlative links: relative humidity, wind speed, and C/N ratio 
showed a positive correction to flavoniods and alpha-tocot-
rienol. Consequently, they correlated positively to methyl 
3,4-DHPEA-EA and impact in a negative way hydroxy 
decarboxymethyl 3,4-DHPEA-EA, α, β, and γ-tocopherol. 
Via PC1 × PC3 variables plot (B), negative relationships 
were observed: the percentage of soil limestone  (CaCO3) 
influenced δ-tocopherol amount. Likewise, soil parameters 
 (pHwater, and available potassium) and two bioactive com-
pounds (gallic acid and hydro decarboxymethyl elenolic acid) 
were linked negatively. Crucially, soil pH is the most substan-
tial property, considering its effects on all other soil variables 
[55]. Investigating the influence of pH on plant phenolic com-
pounds stability, Friedman and Jürgens [56] demonstrated 
that gallic acid was not stable to high pH, and this explains 
the high amount of gallic acid correctly in VOO from Sp1 
characterized by slightly acidic soil (5.43 ± 0.13).

Regarding climatic parameters, the present findings seem 
to be consistent with other research papers, which found 
that the cumulative rainfall appears to significantly influence 
phenolic and o-diphenol content [57]. Moreover, between 
the tree cultivation zones studied in Guerfel’s paper [29], 
different phenolic profiles were observed, and the authors 
supposed the provenance of this result from the climate and 

particularly the rainfall. In contrast to earlier findings, Proi-
etti and Regni [58] reported that the influence of summer 
and autumn temperatures on the EVOO phenols was higher 
in the ones produced in cold environments, while Romero 
et al. [57] reported the effect of the minimum temperatures 
during the harvest period in the case of α-tocopherol. How-
ever, no correlation was found between bioactive compounds 
and temperature in our results.

Additionally to PCA, the correlation matrix (Table S2) 
highlighted the positive influence (r = 0.51, p < 0.05) and 
(r = 0.53, p < 0.05) of silt percentage on α and β-tocopherol, 
respectively. However, it had a negative impact (r = −0.58, 
p < 0.01) on decarboxymethyl elenolic acid dialdehyde 
(DEDA). The findings observed mirror those of the prec-
edent studies that examined the effect of soil on EVOO 
quality: Rouas et  al. [28] suggested that the limestone 
percentage of soil was the cause of the quantitative differ-
ences in all analyzed EVOO parameters, Rached et al. [31] 
claimed that different soil types affected total phenols, and, 
finally, Ranalli et al. [59] evaluated the skeleton percent-
age of soil and its positive correlation with EVOO phenols 
content. Moreover, the test exhibited a significant positive 
correlation (r = 0.61, p < 0.01) between altitude and dehy-
dro 3,4-DHPEA-EA. Somehow, our results support previ-
ous findings in the literature considering how phenols and 
stability correlate positively with the zone elevation of the 
olive tree [27]. Nonetheless, working on “Mastoides” olive, 
Mousa et al. [60] showed a negative correlation between 
phenol compounds and altitude.

To summarize, the correlation test and PCA revealed 
several exciting relationships: all the vitamin E isomers, 
two phenolic acids (gallic acid and hydroxy decarboxym-
ethyl elenolic acid), flavonoids (luteolin, apigenin, luteolin 
glucoside), and four secoiridoids and derivate (dehydro 
3,4-DHPEA-EA, methyl 3,4-DHPEA-EA, hydroxy decar-
boxymethyl 3,4-DHPEA-EA, decarboxymethyl elenolic 
acid dialdehyde (DEDA) were linked to location (latitude, 
longitude, and altitude), climate (except for temperature), 
and some soil parameters: texture (the percentage of silt), 
 pHwater, conductivity, available soil potassium, limestone 
 (CaCO3), and C/N ratio. Nevertheless, no correlation was 
detected between phenolic alcohols and other variables 
under study.

Hierarchical cluster analysis of principal 
components (HCPC)

A cluster dendrogram was conducted to classify the sam-
pling sites which share common characteristics regarding 
EVOO bioactive compounds and the geographical condi-
tions. The dendrogram (Fig. 3) suggested a 5-group solu-
tion. The first cluster included one sampling site (Sp10), 
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distinguished by the highest values of C/N ratio, methyl 
3,4-DHPEA-EA, and limestone  (CaCO3), also the lowest 
amounts of α, β and γ-tocopherol. The variables hydroxy 
decarboxymethyl elenolic acid, dehydro 3,4-DHPEA-EA, 
gallic acid, and available potassium were most significantly 
associated with cluster 2 (Sp1, Sp9, and Sp11). Comparing 
the averages of these variables to the overall average in all 
clusters, it can be concluded that cluster 2 was characterized 
by high amounts of bioactive compounds mentioned previ-
ously and low rates of available potassium. Additionally, a 
high similarity was observed between Sp9 and Sp11.

Cluster 3 regrouped seven sampling sites (from Sp2 to 
Sp8) mainly differentiated by heavy rainfall and low eleva-
tions. Further, it was divided into two significant sub-clus-
ters. For instance, Sp2 and Sp8 contained a high percent-
age of  CaCO3 and showed zero value in decarboxymethyl 
elenolic acid dialdehyde. Moreover, Sp3, Sp5, and Sp7 
provided high similarity in sand percentage. Cluster 4 con-
tained two significant sub-clusters and six sampling sites 
(from Sp13 to Sp17), Sp13 and Sp14 revealed the high-
est amount of hydroxy decarboxymethyl 3,4-DHPEA-EA 
among all the studied sites. Besides, Sp12 and Sp16 had the 
lowest percentage of  CaCO3 among all the zones studied 
and the lowest β-tocopherol among the sampling sites of 
the same cluster. Generally, this cluster is distinguished by 
high amounts of β -tocopherol, hydroxy decarboxymethyl 
3,4-DHPEA-EA, and α-tocotrienol. On the contrary,  CaCO3, 
rainfall and relative humidity are in low value. Comparing 
the average of the fifth cluster variables to the overall aver-
ages, a high rate of wind speed, apigenin, luteolin glucoside, 
methyl 3,4-DHPEA-EA, conductivity, and a low quantity of 
γ-tocopherol and rainfall was observed.

On the whole, most of the classified groups showed very 
close geographical neighbourhoods; except only the zones 
of clusters one and two, all the other fifteen sampling sites 
were clustered geographically very well. Briefly, the signifi-
cant discrimination observed between the sampling areas in 
terms of phytochemical compounds composition and loca-
tion conditions indicate the strong impact of the production 
zone on the Moroccan EVOO quality. Interestingly, our find-
ings could enable the geographical traceability of EVOO 
quality in the country.

Crop season impact

As mentioned in several studies, the crop year could have a 
significant influence on the quality of the EVOO produced. 
In our turn, we sought to assess the impact of the production 
year on the bioactive fraction in Moroccan EVOO of “Picho-
line Marocaine”. The histograms in Fig. 4 show compara-
tive analysis, and the repeated-measures ANOVAs in Fig. 5 
provide the summary statistics.

As shown in the graph above (Fig. 4), the two crop sea-
sons revealed an evident diversity concerning the total aver-
age of the phenol groups and Vitamin E. Except for flavo-
noids, all the other classes showed significant variability. 
The post hoc analysis confirmed these observations; the 
effects of crop seasons, sampling sites and their interac-
tion on vitamin E and phenolic compounds were significant 
(p < 0.0001).

Besides, these tremendous distinctions can be seen clearly 
in Fig. 5. For instance, polyphenol amounts in Ouazzane 
(Sp2) are highly different between 2018 and 2019 crops 

Fig. 3  Dendrogram of the 
hierarchical cluster analysis of 
principal components (HCPC) 
using Ward’s criterion on the 
first and the second principal 
components. The grey dashed 
rectangles points out the cut 
in the tree, resulting in five 
clusters: (1, Red), (2, Yellow), 
(3, Green), (4, Blue), and (5, 
Purple)
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years. Equally, oils from Azilal (Sp14) showed significant 
differences with regard to tocopherols. EVOOs from differ-
ent sites shared quantitative resemblance in the same crop 
year. In terms of phenolic compounds values from: Fes and 
Azilal, Essaouira and Khenifra, and Chefchaouen, Mar-
rakceh, and Sefrou were similar in 2018 crop year, whereas, 
values from: Chefchaouen, Taza and Taounate were simi-
lar for 2019 season. In terms of tocopherols, Beni Mellal, 
Sefrou, Essaouira and Fes contained a similar quantity in 
2018, whereas El Kelaa des Sraghna, Khenifra, and Sefrou 
were similar for the 2019 crop season.

However, considering the different harvest time dur-
ing the two successive years conducted in November and 
December, respectively, the dissimilarity observed can be 
explained in part by the different harvest periods of the olive 
fruits.

Consistent with the present results, previous studies dem-
onstrated a significant dependence between bioactive com-
pounds and production season; evaluating the variations in 
the quality of EVOO for two crop seasons and from three 
different varieties (Arbequina, Arbosana, and Koroneiki) 
grown in Morocco, Mansouri et al. [61] came to an end that 
phenols and oxidative stability were linked to the crop sea-
son of production, Romero et al. [57] found a considerable 
variability with a significant effect of the year (p < 0.001), as 
well as, Bajoub et al. [39]. On the other side, some authors 
observed minor incidence of the crop season. Nonetheless, 
they suggested that rather than the year weather, the fruits 
harvest period in each season impacted the antioxidant 
conditions decreasing as a consequence of the olive fruits 

ripeness [62]. Notably, tocopherol amounts were reported to 
decrease in ripe fruits [63]. Similarly, according to Dag et al. 
[64], the late harvest was associated with a rapid decline in 
phenolic content.

Conclusion

This study set out to determine the various impact of 
edaphic, climatic conditions and the crop year on the anti-
oxidant fraction of olive oil produced in nineteen Moroccan 
production areas over two successive years, 2018/19 and 
2019/20.

The Moroccan olive oil samples disclosed 23 hydrophilic 
and five lipophilic phenolic compounds. Expectedly, our 
findings support the relevance of the geographical origin 
impact, executed in previous studies [2, 27]. Significantly, 
the correlation test and the PCA revealed new relationships 
between some bioactive compounds and the geographical 
zone parameters, especially climatic conditions and pedo-
logic variables that unfold remarkable influence. Further-
more, the second notable finding was the quantitative impact 
of the crop year on the classes of phenolic compounds and 
tocopherols: the two-way ANOVA results showed signifi-
cant variations in phytochemical compound amounts over 
the 2 years of study. In addition to that, the harvest time 
significantly influenced the EVOO phenolic fraction.

All in all, the results attained in this work confirm pre-
ceding findings providing additional evidence on the tre-
mendous impact of edaphic conditions on Moroccan EVOO 

Fig. 4  Classes of bioactive 
fractions (tocopherols, phe-
nolic alcohol, phenolic acid, 
flavonoids and secoiridoids and 
derivates) amount expressed 
in (mg  kg−1) of the Moroccan 
EVOO from two successive 
crop seasons 2018/19 and 
2019/20
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Fig. 5  Phenolic compounds and tocopherol content expressed in 
mg   kg−1 in two successive crop years 2018/2019 from 19 Moroc-
can areas. Values represent average ± standard deviation (n = 3). 
Similar letters indicate no significant (p ≥ 0.05) difference between 
treatments, whereas all paramters have shown a significance with 
(p ≤ 0.0001). Two-way ANOVA was performed to evaluate crop 

year, site, and their interaction effects. sampling [Chefchaouen (Sp1), 
Ouazzane (Sp2), Sidi Kacem (Sp3), Meknes (Sp44, Sp5), Taou-
nate (Sp6), Taza (Sp7), Fes (Sp8), Sefrou (Sp9), Boulmane (Sp10), 
Khenifra (Sp11), Beni Mellal (Sp12, Sp13), Azilal (Sp14), Kella di 
Sraghena (Sp15, Sp16), Marrakech (Sp17), Chichaoua (Sp18) and 
Essaouira (Sp19)]
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quality. The findings achieved are encouraging and may be 
extended to a larger sample size.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00217- 021- 03842-7.
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