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ABSTRACT

Assessment of the dynamics of rosemary (Rosmarinus officinalis L) is essential in the production of essential oils
(EOs) in Morocco, considering the country is one of the main producers of rosemary EO. In this study, the authors
aimed to examine the influence of harvesting period and environmental factors on the dynamics of rosemary EO,
mainly its composition. Samples were collected from four sites in northeastern Morocco on a monthly basis between
July 2021 and June 2022. Subsequently, quantitative and qualitative analyses by hydrodistillation and gas chromatog-
raphy were performed to determine the yield and composition of EOs. On average, EO yields ranged from 2.3 to 3%
across the four sites; they were highest in summer and lowest in autumn. A moderate negative correlation (r = -0.59,
p <0.05) was observed between precipitation and EO yield, while temperature had a moderately positive influence. A
total of 17 chemical compounds, representing 88.9-99.1% of the EO extracts, were identified and consisted mainly of
1,8-cineole (44.2-46.6%), camphor (14.8-16.8%), borneol (7.5-9.1%), and a-pinene (5.2-5.9%). Harvesting period
strongly influenced EO composition, with the highest concentrations of 1,8-cineole and a-pinene were recorded dur-
ing the summer period (July and August), while the concentrations of borneol, camphor, and terpineol were highest
in winter (December and January) and late spring. The findings of the study highlight the importance of monitoring
the factors that influence the chemical composition of rosemary EO, thus providing a knowledge base that would help
improve the quality and economic value of rosemary EO production in the region.
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INTRODUCTION

MAPs include a wide variety of plants, ranging
from common culinary herbs like thyme, rose-

Medicinal and aromatic plants (MAP) are
plants widely appreciated for their aroma, taste,
and medicinal properties. They have been used for
millennia on account of their healing properties,
especially for the treatment of common diseases
and illnesses (Houghton, 1995; Calixto, 2005;
Kunle et al., 2012; El-Seedi et al., 2013; Mar-
oyi, 2017). They are also used in the cosmetics
and food industry for their flavor and fragrance.

mary, and mint, to more exotic medicinal plants
like ginseng and turmeric. Today, MAPs are be-
coming increasingly popular due to the growing
interest in alternative and natural medicines, as
well as herbal cosmetics and personal care prod-
ucts. Depending on the region, between 50-80%
of the global population relies on medicinal plants
to treat diseases, thus maintaining and improving
their generational living conditions (Okoye et al.,
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2014; Wanjohi et al., 2020; Ssenku et al., 2022).
In particular, rural populations in developing
countries rely on traditional herbal remedies due
to their easy access, cultural acceptability, and
unfavorable economic conditions.

In Morocco, the varied climate and heteroge-
neous ecological conditions characterized by a full
range of Mediterranean bioclimates have favored
a rich and varied flora with a highly marked en-
demism resulting in more than 4 200 plant spe-
cies, of which more than 400 are categorized as
MAPs (Fennane and Ibn Tattou, 1998; Benabid,
2000; El-Hilaly et al., 2003; Alnamer et al., 2011),
which play an important role in the socioeconomic
development of the country. Indeed, Morocco is
a traditional supplier to the world market, whose
exports include dried plants, essential oils, and aro-
matic extracts, which contribute to the agricultural
export balance (Zrira, 2003; Hakkou et al., 2023).
However, MAPs face significant exploitation, pos-
ing a genuine threat to their diversity, in part due
to the anarchic and abusive practices of the users
(Ghanmi et al., 2011). Nevertheless, the national
potential of MAPs remains strong and constitutes
a particular asset for the socio-economic develop-
ment of the country’s rural areas. The contributions
of scientific research, both basic and applied, to the
knowledge of these MAPs are essential to devel-
oping, exploiting, and preserving them in the best
conditions, especially for the well-being of the cur-
rent and future generations (Fennane et al., 2016).

Rosemary (Rosmarinus officinalis L.), a spe-
cies belonging to the Lamiaceae family, is among
the most important MAPs in Morocco. It is a pe-
rennial shrub, native to the Mediterranean region
that typically reaches a height of 1 to 2 meters
and is characterized by needle-like leaves of 2
to 4 cm in length, dark green color, as well as a
strong and distinct aroma. The components of this
species can be used as a spice in cooking, as a
natural preservative in the food industry, and as
an ornamental and medicinal plant (Pérez-Fons et
al., 2010; Raskovi¢ et al., 2014; de Oliveira et al.,
2019). In Morocco, rosemary is used in tradition-
al cooking to flavor dishes, especially meats and
vegetables. It is also used in traditional medicine
to treat a variety of ailments, including joint pain,
headaches and digestive disorders (Btissam et al.,
2015; Masure, 2018). Rosemary is predominantly
found naturally in sub-humid and semi-arid envi-
ronments, particularly in the Middle Atlas, High
Atlas, and Oriental regions. Although it is often
seen in degraded Barbary thuja, juniper, and holm

oak forests in these regions, it can be found cul-
tivated, especially for the production of essential
oils (EOs) for local and commercial purposes
(HCEFLCD, 2014; Karimi, 2014).

Several factors, such as geographic location,
plant growth stage, environmental conditions, and
extraction method, affect both the yield and chemi-
cal composition of EOs as well as the derived ex-
tracts (Jordan et al., 2013; Ben Jemia et al., 2014).
For instance, the plants grown in limestone-rich
soils in the Mediterranean region have been ob-
served to contain higher amounts of camphor, while
those grown in more acidic soils are associated with
higher amounts of 1,8-cineole (Hendawy et al.,
2017). The variations in chemical composition point
to rosemary EOs chemotypes depending on the
dominant chemical constituent, which are the result
of'the confluence of the aforementioned factors (Na-
poli et al., 2010; Jordan et al., 2013). Nevertheless,
among the various studies in the literature, rosemary
EOs are generally characterized by a predominance
of camphor, 1,8-cineole (eucalyptol), verbenone,
a-pinene, or borneol (Elamrani et al., 2000; Hus-
sain et al., 2010; Raskovi¢ et al., 2014; Varna et al.,
2020; Elyemni et al., 2022), the concentrations of
which vary considerably depending on the region.
Another important factor is the harvesting period
of the plants, the influence of which on yield and
composition can have an impact on the properties
and uses of the extracted oils. Therefore, research
on the seasonal variations in rosemary EOs and
the role of harvest time on compositional variabil-
ity is essential to optimize the production of EOs.
Specifically, identifying the best time for extrac-
tion of specific compounds would ensure consis-
tent quality of EOs, thus meeting the regulatory
requirements of various industries, both locally in
Morocco and for exports of derived products.

In this context, the objective of this study
was to investigate the variability in the chemical
composition of rosemary EOs based on differ-
ent harvesting periods and environmental factors
within three forests in Morocco. Specifically, the
study involved: (i) collecting rosemary samples
at four sites within the three forests at the begin-
ning of each month for a period of one year be-
tween July 2021 and June 2022; (ii) extracting
EOs from the collected samples using hydrodis-
tillation, with gas chromatography used to ana-
lyze the chemical constituents of the extracted
EOs; and (iii) conducting data analyses to deter-
mine the influence of site characteristics as well
as harvest period on EOs yield and composition.
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MATERIALS AND METHODS

Study area

The study area (Figure 1) is located in the
province of Taourirt, in the Oriental region of
Morocco. It comprises three forests, namely:
Nergouchoum, Debdou, and El Atteuf. The
characteristic climate is semi-continental and in-
cludes an arid to semi-arid bioclimatic zone with
a temperate to cool variant. Mean annual precip-
itation is erratic and ranges between 200 and 300
mm, on average, while the mean temperature
ranges from 15.1 to 16.6 °C, with minima and
maxima of 1.4 and 34.1 °C, respectively. From
a geological point of view, the study area forms
part of the Horsts range, dominated by lime-
stone, shale, clay, and silt, while the predomi-
nant soil types include weakly developed soils,
calcimagnesic soils and raw mineral soils. It is
characterized by a partially uneven relief, with a
substantial portion featuring medium slopes and
flat terrain, especially in its southern part. The
vegetation cover is mainly composed of cedar
(Cedrus atlantica), holm oak (Quercus rotundi-
folia), juniper (Juniperus sp.) and pine (Pinus
sp.) forest stands. The flora associated with these
formations is based on rosemary (Rosmarinus
officinalis) and alfa grass (Stipa tenacissima).

Methods

Site selection and sampling

In order to establish a relationship between
the nature, chemical composition, and yield of
rosemary EO with the plant cycle and ecological
descriptors, a year-long analysis of extracted EO
was conducted at the beginning of each month
between July 2021 and June 2022. To obtain
a thorough inventory of rosemary in the study
area, a probabilistic approach was employed us-
ing the stratified random sampling method. Ac-
cordingly, the chosen study area was subdivided
into four sites (Table 1) based on ecological pa-
rameters including terrain type, soil type, bio-
climatic zone, and composition of the rosemary
facies. The samples were taken at the beginning
of each month using the destructive technique
over the whole year in order to evaluate the evo-
lution of the essential EO according to the phe-
nological cycle of the plant. The cut portion of
the rosemary plant was at a height of 5-10 cm
from the ground and was categorized into small,
medium and large clumps.

Quantitative and qualitative analyses of EOs

Isolation of EOs — hydrodistillation was the
technique chosen to extract the EOs in this study.
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Figure 1. Map of the geographical location of the study sites
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Table 1. Characteristics of the sampled sites

Site Forest Altitude Aspect Substrate Precipitation Tempoerature
(m) (mm/an) (°C)
1 El Atteuf 1316 Flat Silty-clay 278 15.3
2 Nerguechoum 784 Northeast Limestone 366 151
3 Debdou 1252 Southwest Shale 290 16.6
4 Debdou 1314 Northwest Shale 383 16.6

The extraction process is one of the most common-
ly used and involves boiling a mixture of water and
extractant, then liquefying the vapor in a cooler, de-
canting the hydrosol and collecting the EO (Xavier
et al., 2011; Jeyaratnam et al., 2016). Correspond-
ingly, the distillation of EO from samples collected
from fresh rosemary clumps at the beginning of
each month was conducted in a laboratory environ-
ment. The leafy portion of the collected clumps was
cut into pieces and then introduced into a distillation
flask. For each sample, 100 g was boiled for 3 hours
under atmospheric pressure in approximately 1 1 of
water. The Clevenger system was used to recycle
the distilled water back into the boiler via cohoba-
tion and to maintain a constant amount of water
throughout the extraction process. After the steam
was cooled, the water-EO mixture was condensed
and separated by decantation to collect the resulting
EO, which was then stored in the dark at 4 °C.
Detection and identification of EO constitu-
ents - the detection and subsequent identification of
the different compounds of the extracted EO were
performed using the gas chromatography (GC)
technique. GC is an analytical technique first de-
veloped by Martin and Synge (1941) for separating
the compounds present in a given mixture in order
to identify and quantify them. It is mainly applied
to gaseous compounds or those that can be vapor-
ized by heating (Aparicio-Ruiz et al., 2018). Once
the sample has been prepared, it is first vaporized at
the inlet of a column containing a solid or liquid ac-
tive substance called the stationary phase, and then
transported through the column using a carrier gas.
The different compounds of the sample are then
separated and released from the column one after
the other, depending on their affinity with the sta-
tionary phase and the carrier gas. The GC-detectors
used in this study were: (i) gas chromatography-
mass spectrometry (GC-MS); and (ii) gas chroma-
tography-flame ionization detection (GC-FID).

GS-MS

Analysis of EO constituents was performed
with a GS-MS detection system using a Shimadzu

QP 5050 device, fitted with a polyethylene gly-
col + 2-nitroterephthalate (FFAP) capillary col-
umn (50 x 0.32 mm; film thickness: 0.25 pum).
The detector and injector temperatures were set at
240 °C. The FFAP column temperature program
ranged from 60 °C (1 min) to 220 °C at a rate of
5 °C min’, and then was held at 220 °C for 35 min.
Helium was used as the carrier gas at a flow rate
of 14 psi (1:20 split), and the injection volume
for each sample was 5 pl. The ionization energy
was set at 70 eV. Correspondingly, the identifica-
tion of EO constituents was based on the compari-
son of their mass spectra with those of the Wiley/
Nist 2020 mass spectra library (https://scienceso-
lutions.wiley.com/solutions/technique/gc-ms/
nist-epa-nih-mass-spectral-library-2020-2/).

GS-FID

In contrast, using GS-FID, the constituents of the
extracted EO were separated, and their retention in-
dices (RIs) were quantified using a Hewlett-Packard
(HP 6890 series) electronically controlled pressure
gas chromatograph. Subsequently, 1 pl of the EO
was mixed with methanol in an injector heated to
250 °C. The volatile constituents of the EO were
entrained by an inert carrier gas (nitrogen), with a
flow rate of 2 pl/min, into an HP-5 capillary col-
umn (30 x 0.25 mm; film thickness: 0.25 um).
The sample was then placed in a temperature-pro-
grammed oven at a temperature ranging from 50 to
250 °C with a 4 °C step. At the exit of the column,
the EO constituents were analyzed by a flame ion-
ization detector (FID) fed with a hydrogen/air mix-
ture. Finally, the chromatogram, which showed a
Gaussian distribution of the molecules, allowed
quantitative analysis (relative percentage of each
signal to the total signals of the analyzed mixture).

Data analyses

Pearson correlation analysis was performed on
the data to identify the relationships between the
major chemical compounds identified in the EO
extracted from the rosemary samples. In addition,
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regression analysis was used to examine the relation-
ships between rosemary EO (dependent variable)
and site characteristics (independent variables). The
correlation and regression analyses were performed
in an R environment, with the significance level set
at p < 0.05. As for the relationship between the har-
vesting period of rosemary and the composition of
the EO extracts, it was investigated using hierarchi-
cal clustering analysis (HCA) and principal com-
ponent analysis (PCA). Accordingly, the data on
samples collected each month between July 2021
and June 2022 were preprocessed by scaling the
variables using the “scale” function in R, and then
PCA was performed using the “prcomp” function.

RESULTS

Overview of the yield
and chemical composition of EO

The results of the yield analysis of the EOs
isolated from the rosemary samples collected from
the four study sites, along with the chemical com-
pounds identified are presented in Tables 2—5. On

average, the EO yield was highest for the samples
collected at site 1 (El Atteuf) at 3% and lowest at
site 4 (Debdou) at 2.3%. Across the four sites, EO
yield averaged highest during the summer period,
ranging from 2.5% (site 4) to 3.2% (site 1), while
being lowest during the autumn months (2.1-2.8%).
A total of 17 chemical compounds, representing
88.9-99.1% of the total EO extracted from rose-
mary samples, were identified for the four study
sites. The results showed that EO contained mainly
1,8-cineole (44.2-46.6%), camphor (14.4-16.8%),
borneol (7.5-9.1%) and a-pinene (5.2-5.9%). Oth-
er constituents representing relatively important
proportions (> 2% of the total EO composition) are
B-pinene, terpineol, and camphene. The extracted
EO were largely composed of oxygenated mono-
terpenes and monoterpene hydrocarbons, account-
ing for 77.6-80.1% and 15.2—17.0%, respectively.
Table 6 presents the results of Pearson’s cor-
relation analysis between the major constituents of
the EO extracted from rosemary in the study. The
analysis revealed a significantly strong positive cor-
relation between the concentration of 1,8-cineole
and a-pinene (» = 0.69, p < 0.05), and a moderate

Table 2. Yield (%) assessment of chemical compounds derived from EO extracted from rosemary samples for site 1

Compound 2021 2022
Jul | Aug | Sep | Oct | Nov | Dec | Jan | Feb Mar Apr May Jun
Overall 3.6 3.0 3.0 2.7 2.7 2.9 2.7 3.0 26 2.6 35 31
a-Thujene 0.1 0.1 0.0 0.0 0.0 0.0 0.1 0.1 0.1 0.2 0.2 0.2
o-Pinene 7.6 7.8 7.2 6.6 6.8 4.0 4.2 5.8 6.4 43 43 6.0
Camphene 35 3.3 34 2.9 3.2 2.0 24 3.0 34 24 2.2 3.0
B-Pinene 5.0 3.9 31 2.9 3.3 2.9 3.7 5.0 6.8 6.1 5.3 5.8
Myrcene 1.2 1.1 1.0 1.0 1.1 0.9 0.9 1.0 1.1 1.0 1.2 1.3
a-Terpinene 04 0.3 04 0.3 0.3 0.3 0.3 0.3 0.4 0.4 0.5 0.5
p-Cymene 0.7 1.3 1.4 1.4 1.3 1.3 1.2 1.3 1.1 1.8 0.6 0.7
1,8-Cineole 495 | 515 | 475 | 51.7 | 45.0 | 439 | 43.7 | 454 | 438 | 466 | 442 | 459
y-Terpinene 0.7 0.6 0.5 0.5 0.6 0.6 0.8 0.7 1.0 1.0 1.1 0.8
Terpinolene 0.3 0.3 0.3 0.4 0.3 0.3 0.3 0.4 0.3 0.4 0.4 0.4
Linalool 1.2 1.2 1.1 1.4 1.2 1.1 1.3 1.0 0.9 1.0 1.1 1.3
Camphor 158 | 14.7 | 176 | 17.3 | 16.7 | 204 | 185 | 143 | 15.2 | 16.9 16.8 17.0
Borneol 7.6 7.9 9.6 7.3 9.5 | 10.0 | 10.2 | 10.0 | 8.7 8.2 12.3 8.2
Terpinen-4-ol 1.3 1.3 1.4 1.5 1.4 1.6 1.6 1.6 1.7 22 1.8 1.9
P-Cymen-8-ol 0.1 0.1 0.1 0.1 0.2 0.2 0.1 0.1 0.1 0.2 0.2 0.2
Terpineol 4.3 47 | 438 5.0 4.9 55 4.9 47 4.8 5.0 52 5.0
Bornyl acetate 0.5 0.6 0.7 0.7 1.1 1.3 1.6 1.4 23 2.5 1.7 0.9
Monoterpenes hydrocarbons | 199 | 188 | 175 | 16.0 | 17.1 | 123 | 136 | 17.4 | 20.3 16.5 15.3 18.7
Oxygenated monoterpenes | 78.8 | 80.4 | 814 | 83.3 | 78.7 | 828 | 80.5 | 77.3 | 76.0 | 80.6 81.9 78.9
Sesquiterpenes hydrocarbons | 2.1 1.3 1.1 0.9 1.9 2.6 3.3 3.1 29 2.5 2.3 1.7
Oxygenated sesquiterpenes | 0.6 0.7 1.0 0.9 1.7 1.9 1.9 1.6 1.2 11 1.2 1.0
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Table 3. Yield (%) assessment of chemical compounds derived from EO extracted from rosemary samples for site 2

Compound 2021 2022

Jul Aug | Sep | Oct | Nov | Dec | Jan Feb Mar Apr May Jun

Overall 3.2 2.6 2.6 23 23 25 23 2.6 2.2 2.2 3.1 2.7
a-Thujene 0.1 0.1 0.0 0.0 0.0 0.0 0.1 0.1 0.1 0.2 0.1 0.2
o-Pinene 7.3 7.5 6.9 6.3 6.5 3.7 3.9 5.5 6.1 4.0 4.0 5.7
Camphene 34 3.2 3.3 2.8 31 1.9 2.3 29 3.3 2.3 2.1 2.9
B-Pinene 4.9 3.8 3.0 2.8 3.2 2.8 3.6 4.9 6.7 6.0 5.2 5.7

Myrcene 1.1 1.0 0.9 0.9 1.0 0.8 0.8 0.9 1.0 0.9 1.1 1.2
a-Terpinene 0.4 0.3 0.4 0.3 0.3 0.3 0.3 0.3 0.3 0.4 0.4 0.5
p-Cymene 0.7 1.2 1.3 1.4 1.3 1.3 1.1 1.2 1.0 0.6 0.5 0.6
1,8-Cineole 49.1 | 511 | 471 | 51.3 | 446 | 435 | 43.3 | 450 | 434 | 46.2 | 43.8 | 455
y-Terpinene 0.7 0.6 0.5 0.5 0.6 0.6 0.8 0.7 1.0 1.0 1.1 0.8
Terpinolene 0.3 0.3 0.3 0.4 0.3 0.3 0.3 0.4 0.3 0.4 0.4 0.4
Linalool 1.2 1.2 1.1 14 1.2 1.1 1.3 1.0 0.9 1.0 1.1 1.3
Camphor 155 | 144 | 173 | 17.0 | 16.4 | 20.1 | 182 | 140 | 149 | 16.6 16.5 | 16.7

Borneol 7.5 7.8 9.5 7.2 9.4 9.9 | 101 9.9 8.6 8.1 12.2 8.1
Terpinen-4-ol 1.3 1.3 1.3 1.5 1.4 1.6 1.6 1.5 1.7 2.1 1.8 1.8
P-Cymen-8-ol 0.1 0.1 0.1 0.1 0.2 0.2 0.1 0.1 0.1 0.1 0.2 0.1
Terpineol 4.0 4.4 45 47 46 5.2 4.6 4.4 4.5 4.7 4.9 4.7

Bornyl acetate 0.5 0.6 0.7 0.5 1.1 1.3 1.5 1.4 2.3 2.4 1.6 0.9
Monoterpenes hydrocarbons | 19.6 | 185 | 17.2 | 157 | 16.8 | 120 | 13.3 | 171 | 20.0 | 16.2 15.0 18.4
Oxygenated monoterpenes | 77.8 | 79.4 | 804 | 823 | 77.7 | 81.8 | 795 | 76.3 | 750 | 79.6 80.9 77.9
Sesquiterpenes hydrocarbons | 2.0 1.2 1.0 0.8 1.8 2.5 3.2 3.0 2.8 2.4 2.2 1.6
Oxygenated sesquiterpenes | 0.5 0.6 1.0 0.8 1.7 1.9 1.8 1.6 1.2 1.1 1.1 1.0

positive correlation with camphene (= 0.51, p <
0.05). In contrast, it shows a significantly moder-
ate negative correlation with borneol (» = -0.49,
p <0.05). A very strong positive correlation is ob-
served between camphor and terpineol (r=0.77, p <
0.05), whereas camphor and borneol are moderate-
ly correlated (» = 0.41, p < 0.05). Conversely, cam-
phor had significant moderate negative correlations
with a-pinene and camphene. Except for B-pinene,
camphene showed significant correlations with the
other constituents, the strongest being with a-pinene
(¥ =094, p < 0.05). B-pinene had weak negative
correlations with all other constituents except cam-
phene, with which it had a weak positive correlation.
Opverall, the major constituents of rosemary EO were
moderately correlated with each other, with some
negative and positive correlations observed.

Relationship between site
characteristics and EO yield

Effect of bioclimatic factors

Bioclimatic parameters were found to influ-
ence EO yields, as indicated by the results of the

study of their relationships presented in Figure
2. Indeed, regression analysis showed a gener-
ally moderate correlation between EO yield and
mean precipitation (P ), mean (7 ), maxi-
mum (7, ), and minimum (7, ) temperatures at
the sites during the harvest period. Notably, EO
yield was significantly negatively correlated with
monthly precipitation (»=-0.59, p <0.05), imply-
ing the inconsequential effect of a generally inad-
equate and erratic precipitation regime associated
with the study sites on EO synthesis in rosemary.
Conversely, EO yield was positively correlated
with temperature parameters (» = 0.57, » = 0.57,
andr=0.56for7 T .,andT ,respectively).

max’

Effect of geographic, orographic, and soil factors

The results of the regression analysis to in-
vestigate the relationship between elevation,
latitude, and longitude on EO yield are pre-
sented in Figure 3. They revealed a weak non-
significant correlation between yield and either
longitude or elevation, implying a largely incon-
sequential influence of geographic position on
EO variation. Notably, though not significant, a
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Table 4. Yield (%) assessment of chemical compounds derived from EO extracted from rosemary samples for site 3

Compound 2021 2022

Jul Aug | Sep | Oct | Nov | Dec Jan Feb Mar Apr May Jun

Overall 3.0 24 24 | 21 | 21 2.3 21 24 2.0 2.0 2.9 2.5
a-Thujene 0.1 0.1 0.0 | 00 [ 0.0 | 0.0 0.1 0.1 0.1 0.2 0.2 0.1
a-Pinene 6.9 71 65 | 59 | 6.1 3.3 3.5 5.1 5.7 3.6 3.6 5.3
Camphene 3.2 3.0 3.1 26 | 29 | 17 21 2.7 3.1 21 1.9 2.7
B-Pinene 3.9 2.8 20 | 18 | 22| 18 2.6 3.9 5.7 5.0 4.2 47

Myrcene 1.0 0.9 08 | 08 [ 09 | 07 0.7 0.8 0.9 0.8 1.0 1.1
a-Terpinene 0.4 0.3 04 | 03 [ 03| 03 0.3 0.3 0.3 04 0.4 0.4
p-Cymene 0.6 1.2 12 | 1.3 | 13 | 1.2 1.1 1.2 1.0 0.6 0.5 0.5
1,8-Cineole 475 | 495 | 455 | 49.7 | 43.0| 41.9 | 417 | 434 | 418 | 446 | 422 | 439
y-Terpinene 0.6 0.5 04 | 04 | 05| 05 0.7 0.6 0.9 0.9 1.0 0.7
Terpinolene 0.3 0.3 03 | 04 [ 03| 03 0.3 0.3 0.3 0.4 0.4 0.3
Linalool 1.0 1.0 09 | 12 [ 10| 09 1.1 0.8 0.7 0.8 0.9 1.1
Camphor 134 | 123 | 152 | 149 | 143 | 18.0 | 16.1 119 | 128 | 145 | 144 | 146

Borneol 6.0 6.3 80 | 57 | 79 | 84 8.6 8.4 71 6.6 10.7 6.6
Terpinen-4-ol 1.1 1.1 1.1 13 [ 12| 14 1.4 1.3 1.5 1.9 1.6 1.6
P-Cymen-8-ol 0.1 0.1 0.1 01 | 02| 02 0.1 0.1 0.1 0.1 0.1 0.1
Terpineol 3.8 4.2 43 | 45 | 44 | 50 4.4 4.2 4.3 4.5 4.7 4.5

Bornyl acetate 0.3 0.4 0.5 0.3 | 0.9 1.1 1.3 1.2 21 2.2 1.4 0.7
Monoterpenes hydrocarbons | 18.5 | 17.4 | 16.1 | 14.6 | 15.7 | 10.9 12.2 16.0 18.9 15.1 13.9 17.3
Oxygenated monoterpenes | 76.3 | 77.9 | 78.9 | 80.8 | 76.2 | 80.3 | 78.0 74.8 73.5 78.1 79.4 76.4
Sesquiterpenes hydrocarbons | 1.7 0.9 0.7 0.5 1.5 2.2 2.9 2.7 25 21 1.9 1.3
Oxygenated sesquiterpenes | 0.3 0.4 0.8 06 | 1.5 1.7 1.6 1.4 1.0 0.9 0.9 0.8
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Figure 2. Scatterplots showing Pearson correlation between site bioclimatic parameters and EO yield
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Table 5. Yield (%) assessment of chemical compounds derived from EO extracted from rosemary samples for site 4

Compound 2021 2022
Jul Aug | Sep | Oct | Nov Dec Jan Feb Mar Apr May Jun
Overall 29 2.3 23 | 20| 20 2.2 2.0 2.3 1.9 1.9 2.8 24
a-Thujene 0.1 0.1 00 | 0.0 | 0.0 0.0 0.1 0.1 0.1 0.1 0.1 0.1
o-Pinene 7.0 7.2 6.6 | 6.0 | 6.2 34 3.6 5.2 5.8 3.7 3.7 5.4
Camphene 3.2 3.0 31 | 26 | 29 1.7 2.1 2.7 31 2.1 1.9 2.7
B-Pinene 4.5 34 26 | 24 | 28 24 3.2 45 6.3 5.6 4.8 5.3
Myrcene 1.0 0.9 08 | 0.8 | 09 0.7 0.7 0.8 0.9 0.8 1.0 1.1
a-Terpinene 0.3 0.3 03 | 03| 0.3 0.4 0.3 0.3 0.3 0.4 0.5 0.5
p-Cymene 0.6 1.1 12 | 13| 1.2 1.2 1.0 1.1 0.9 0.5 0.4 0.5
1,8-Cineole 471 | 491 | 451 | 493 | 426 | 415 | 413 | 43.0 | 414 | 442 | 418 | 435
y-Terpinene 0.6 0.5 04 | 04 | 05 0.5 0.7 0.6 0.9 0.9 1.0 0.7
Terpinolene 0.3 0.3 03 | 03| 0.3 0.3 0.3 0.4 0.3 0.4 0.4 0.3
Linalool 1.0 1.0 09 | 12| 10 0.9 1.1 0.8 0.7 0.8 0.9 1.1
Camphor 13.8 | 12.7 | 156 | 1563 | 14.7 | 184 | 165 | 123 | 132 | 149 | 148 | 150
Borneol 6.9 7.2 89 | 66 | 88 9.3 9.5 9.3 8.0 75 11.6 7.5
Terpinen-4-ol 1.2 1.2 12 |14 | 1.3 1.5 1.5 1.4 1.6 2.0 1.7 1.7
P-Cymen-8-ol 0.1 0.1 0.1 0.1 0.2 0.2 0.1 0.1 0.1 0.1 0.2 0.2
Terpineol 3.8 4.2 43 | 45 | 44 5.0 4.4 4.2 4.3 4.5 4.7 4.5
Bornyl acetate 0.4 0.5 06 | 04 1.0 1.2 1.4 1.3 2.2 2.3 1.5 0.8
Monoterpenes hydrocarbons | 18.1 | 17.0 | 15.7 | 14.2 | 1563 | 10.5 11.8 15.6 | 18.5 | 14.7 135 | 16.9
Oxygenated monoterpenes | 76.5 | 78.1 | 79.1 | 81.0| 76.4 | 80.5 78.2 75.0 | 73.7 | 783 79.6 | 76.6
S;;é‘riiézrr‘;iﬂess 18 | 1.0 | 08 |06 | 16 | 23 | 30 | 28 | 26 | 22 | 20 | 14
Oxygenated sesquiterpenes | 0.4 0.5 09 | 07 1.6 1.8 1.7 1.5 1.1 1.0 1.0 0.9
Table 6. Correlations between the main EO constituents (yield > 2.0%)
Specification 1,8-cineole Camphor Borneol a-pinene Terpineol B-pinene Camphene
1,8-cineole 1.00
Camphor -0.07 1.00
Borneol -0.49° 0.41 1.00
a-pinene 0.69 -0.37 -0.44 1.00
Terpineol -0.15 0.77 0.53" -0.46° 1.00
B-pinene -0.17 -0.24 0.09 -0.06 -0.02 1.00
Camphene 0.51" -0.40 -0.38" 0.94 -0.49 0.17 1.00

Note: “correlation significant at p < 0.05.

moderate negative correlation was observed be-
tween EO yield and latitude (» = 0.56, p > 0.05),
indicating that EO yield and composition might
differ by site. In contrast, EO yield appeared to
be influenced by both the aspect and substrate
nature of the study sites (Figure 4). Indeed, the
lowest EO yields were correlated with shale
substrates on northwest- and southwest-fac-
ing slopes where temperatures were generally
warm. These substrate types were dominant at

sites 3 and 4 in Debdou Forest where the lowest
EO yields were recorded. Conversely, the silty-
clay and especially limestone substrates that
dominate El-Atteuf (site 1) and Nerguechoum
(site 2) forests, along with gentle to flat slopes
characterized by cool temperatures, would be
most likely to favor the conditions conducive
to rosemary establishment and development, as
evidenced by the highest EO yields recorded
during the study.



Ecological Engineering & Environmental Technology 2024, 25(11), 1-17

(a) (b)

. 22+0.12 it e
— S = =34-093x
g e g
2 ® = y\'
s T .

2- 5

1- R=0.069, p=093 1- R=-056,p=044

2.‘7 2.‘8 2.’9 3.‘0 3?:.8 3?:.9 34:.0 34‘.1
Longitude Latitude

(©)

w
'
-

_y=2.6-3.8x10'5x

Yield (%)

1- R=-0.034,p=097

| \ | ! \ |
800 900 1000 1100 1200 130(
Elevation (m)

Figure 3. Scatterplots showing Pearson correlation between site orographic parameters and EO yield
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Figure 4. Factor plots for investigating the influence of aspect and substrate on EO yield

of the total variance in the data under sites 1, 2,
and (3 and 4) respectively, indicating that a large
part of the variability is captured. Generally, the
analysis revealed that only the first principal com-
ponent contained significant information, separat-
ing individuals harvested in August and July from

Assessment of variability in EO
composition by harvest month

The results of the PCA are presented in the
variable plots (Figure 5). The first two axes of the
analysis represented 70.5%, 79.6% and 68.7%
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Figure 5. Variable correlation plots of variability in EO composition by harvest period for sites 1
(top) and 2 (bottom) located in the El Atteuf and Nerguechoum forests, respectively; PCA plots of
variability in EO composition by harvest period for sites 3 and 4 located in the Debdou forest

those harvested in December, January, and May.
The group of individuals harvested in August and
July exhibited high concentrations of 1,8-cineole
and a-pinene and low concentrations of terpin-
eol; they were associated with periods of high

10

temperatures and low precipitation. On the other
hand, the group of individuals harvested in De-
cember, January, and May exhibited high concen-
trations of borneol, camphor, and terpineol and
low concentrations of camphene and a-pinene.
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1-8 cineole, a-pinene, and camphene were highly
correlated in the first principal component and
could summarize the existing variability. Overall,
the PCA results strongly suggested that the time
of harvest significantly affects the EO composi-
tion of rosemary samples. The study also revealed
a strong correlation between EO composition,
temperature and precipitation, indicating that
they may play an important role in determining
the composition of EO in rosemary samples.

The results of HCA performed to investigate
the variation in EO are summarized in Table 7.
The analysis revealed four main clusters corre-
sponding to optimal harvest periods. In sites 1
and 2, the first cluster, corresponding to the pre-
flowering stage in early winter and late spring,
was associated with peak production of borneol,
terpineol, and camphor, and low concentrations
of 1,8-cineole, camphene, and a-pinene (site 1).
In contrast, the second cluster (flowering) in late
winter, early and mid-spring, and early summer
was characterized by high B-pinene production.
The third cluster, at the height of summer, was
characterized by high 1,8-cineole and a-pinene
resulting from high temperatures and low pre-
cipitation that stimulated the plant’s metabolism,
while the fourth cluster differed from the third
due to low B-pinene values. In sites 3 and 4, the
first cluster consisted of samples harvested in
December, January, and May, characterized by
high concentrations of borneol, camphor, and ter-
pineol, and low concentrations of camphene and
a-pinene. The second cluster was composed of
samples harvested in February, March, April, and
June, which had high concentrations of B-pinene.
In contrast, the third cluster, consisting of samples
harvested in September, October, and November,
had low concentrations of B-pinene. In compari-
son, the fourth, consisting of samples harvested
in July and August, had high concentrations of

1,8-cineole and a-pinene when the temperature
was high and precipitation was low, as well as
terpineol compounds.

Analysis of seasonal variability
in EO composition

Table 8 presents the variation in yield of ex-
tracted rosemary EO and its main constituents
across four sites during different seasons of har-
vest. The summer season had the highest concen-
tration of essential oils, dominated by 1,8-cin-
eole, while lowest concentrations were observed
in autumn. Two distinct groups were identified
based on the similarity of the variability of es-
sential oils. Winter and spring, typically associ-
ated with high precipitation, had lower concen-
trations of 1,8-cineole, camphene, and a-pinene,
but higher concentrations of borneol, terpineol,
and camphor. On the other hand, summer and
autumn, when temperatures are highest, had the
highest concentrations of 1,8-cineole, camphene,
and o-pinene, but low concentrations of borneol,
terpineol, and camphor. The highest peaks of bor-
neol, camphor, and terpineol were observed dur-
ing the winter and spring harvests, while the high-
est peaks of 1,8-cinéole were observed during the
summer and autumn harvests.

DISCUSSION

Rosemary (Rosmarinus officinalis L.) is an
important MAP species in Morocco, which has
been used for its various benefits. The rationale
for this study was to investigate the variability in
yield and composition of rosemary EO extracted
from the samples collected from four different
sites in three forests in northern Morocco. Spe-
cifically, this study was conducted to provide

Table 7. Overview of the hierarchical clustering of rosemary characteristics including the optimal harvesting

period in the study area

Site EO constituents Phenological stage Harvest period Optimal conditions
1,3and 4 Borneal, ) DEC-JAN; MAY Rosemary whose main constituent is
campbhor, Pre-flowering R
2 terpineol DEC-JAN borneol; optimize harvest
1 . . FEB-APR; JUN Rosemary with low 1,8-cineole and borneol
B-pinene Flowering . ; o
2.4 FEB-JUN content; promote beekeeping activities
1-4 1,8-_C|neol, Post-flowering JUL-AUG Rosemar_y who.se main constituent is
a-pinene 1,8-cineole; optimize harvest
1 8-cineol Rosemary whose main constituent is
1-4 (;_ inene’ Post-flowering SEP-NOV 1,8-cineole; possibility of harvest in
P November if T < 40 °C

11
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Table 8. Seasonal variation of EO yield and chemical composition across the four sites

Site Constituent Winter Spring Summer Autumn
Yield 2.87 2.90 3.23 2.80
1,8-Cineole 44.33 44.87 48.97 48.07
Camphor 17.73 16.30 15.83 17.20
Site 1 Borneol 10.07 9.73 7.90 8.80
a-Pinene 4.67 5.00 7.13 6.87
Terpineol 5.03 5.00 4.67 4.90
B-Pinene 3.87 6.07 4.90 3.10
Camphene 2.47 2.67 3.27 3.17
Yield 2.47 2.50 2.83 2.40
1,8-Cineole 43.93 44.47 48.57 47.67
Camphor 17.43 16.00 15.53 16.90
Site 2 Borneol 9.97 9.63 7.80 8.70
a-Pinene 4.37 4.70 6.83 6.57
Terpineol 4.73 4.70 4.37 4.60
B-Pinene 3.77 5.97 4.80 3.00
Camphene 2.37 2.57 3.17 3.07
Yield 2.27 2.30 2.63 2.20
1,8-Cineole 42.33 42.87 46.97 46.07
Camphor 15.33 13.90 13.43 14.80
Site 3 Borneol 8.47 8.13 6.30 7.20
a-Pinene 3.97 4.30 6.43 6.17
Terpineol 453 4.50 417 4.40
B-Pinene 2.77 4.97 3.80 2.00
Camphene 217 2.37 2.97 2.87
Yield 217 2.20 2.53 2.10
1,8-Cineole 41.93 42.47 46.57 45.67
Camphor 15.73 14.30 13.83 15.20
Site 4 Borneol 9.37 9.03 7.20 8.10
a-Pinene 4.07 4.40 6.53 6.27
Terpineol 4.53 4.50 417 4.40
-Pinene 3.37 5.57 4.40 2.60
Camphene 217 2.37 2.97 2.87

insight into how the properties of the plant’s EO
may vary depending on the time of harvest, as
this knowledge base may have implications for
the cultivation and harvesting of rosemary.

The average yield of EO obtained by hydro-
distillation was found to be about 2.3—-3.0%, which
was similar to the yield obtained by Bouyahya et
al. (2017) from the rosemary samples collected
in northwest Morocco. Studies conducted in oth-
er regions of the country have reported slightly
lower yields (El Asbahani et al., 2015; Sabbahi
et al., 2020), indicating that the variation in yield
is influenced by factors such as site conditions,
plant origin, genetics, and maturity. The main
chemical constituents identified by GC-FID and
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GC-MS were 1,8-cineole, camphor, borneol, and
a-pinene. This finding is consistent with the re-
ports in several studies (Ait-Ouazzou et al., 2011;
El Asbahani et al., 2015; Satyal et al., 2017; Yed-
des et al., 2018) regarding the chemical composi-
tion of EO isolated from rosemary collected from
various origins both in Morocco and in the Medi-
terranean region.

Notably, 1,8-cineole was by far the most
common constituent identified in the EO ex-
tracts across the four study sites, accounting for
more than 40% of their composition, which cor-
roborates the results of other studies conducted
in the Mediterrancan region (Chalchat et al.,
1993; Jordan et al., 2013; Laamari et al., 2020;
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Boukhobza et al., 2021; Al-Mabharik et al., 2022).
1,8-cineole, also known as eucalyptol, is an oxy-
genated monoterpene known to be the dominant
constituent of essential oil extracts of plants na-
tive to the Mediterranean region. In rosemary,
it is produced by the glands of the leaves and is
responsible for its characteristic aroma (Bakkali
et al., 2008). It has been shown to have anti-in-
flammatory and antioxidant properties, as well
as beneficial effects on the respiratory system
(Silva et al., 2003). The prevalence of this rose-
mary chemotype in Morocco and throughout the
region could be attributed to a combination of
factors ranging from environmental conditions
(climate, soils) to management practices (Ghase-
mi Pirbalouti et al., 2013). However, it should be
noted that this abundance of 1,8-cineole is not al-
ways the case in the country and the region. In
a study conducted in the Rabat region, Elamrani
et al. (2000) noted that the main component was
a-Pinene (37-40%), as did Elyemni et al. (2022)
in their study analyzing wild rosemary samples in
central Morocco, where it accounted for just over
half of the EO composition.

Various factors affect the yield and composi-
tion of EOs in MAPs, among which temperature,
intensity and duration of sunlight, as well as rela-
tive humidity are identified as the main external
parameters (Fatthi Siahkamari et al., 2017; Paulus
et al., 2018). In particular, temperature has a sub-
stantial effect on plant physiological processes,
especially the photosynthetic pathway and the
biochemical compounds produced in this process
(Hazrati et al., 2022). In this study, temperature
and precipitation had contrasting moderate in-
fluences on EO yield. Precipitation appeared to
have a negative impact, with EO yield being high
at the driest sites. This finding is consistent with
the results of Zaouali et al. (2010), who noted
that oil yield of Rosmarinus officinalis var. typi-
cus was higher in the upper semi-arid areas than
that obtained in the subhumid regions of Tunisia.
However, they noted that the variation in chemi-
cal composition should be attributed almost ex-
clusively to the difference between plant varieties
rather than to bioclimatic conditions, which is a
sentiment shared by several authors (Jordan et al.,
2013; Ben Jemia et al., 2014). On the other hand,
temperature had a positive effect on the EO yield,
which could be attributed to its ability to increase
the metabolic activity of the plant, leading to in-
creased essential oil production (Solouki et al.,
2023). Moreover, higher temperatures can also

improve the vaporization of essential oils, thus
facilitating their extraction. However, it is im-
portant to note that extremely high temperatures
resulting in heat stress can be detrimental to the
quality and quantity of EO (Suzuki and Mittler,
2006; Heydari et al., 2018).

Seasonality and harvesting period strongly in-
fluenced the yield and in particular the composi-
tion of rosemary oil extracts, which is consistent
with several studies in the literature (Diab et al.,
2002; Singh and Guleria, 2013; Sadeh etal., 2019;
Ben Arfa et al., 2022). Among the main chemi-
cal constituents identified, borneol, terpineol, and
camphor were in peak concentrations during the
pre-flowering stage in early winter and late spring,
while high concentrations of B-pinene were re-
corded the flowering stage in late winter, spring,
and early summer. The post-flowering stage at
the height of summer and early autumn was char-
acterized by high 1,8-cineole and a-pinene. This
finding of increased 1,8-cineole and a-pinene
concentration with the onset of warm tempera-
tures from late spring to autumn has also been
reported by Yildrim (2018) in Turkey. Similarly,
Papageorgiou et al. (2008) in Greece observed
that the highest concentration of 1,8-cineole, oc-
curred in May and August. Contrastingly, Melito
et al. (2019) observed the highest concentrations
of 1,8-cineole in winter and the lowest in sum-
mer in Sardinia, Italy. In addition, they noted
that camphor concentrations were highest in the
autumn and lowest in the spring, while borneol
concentrations were highest in winter and lowest
in autumn. Variation in the chemical composition
of EO in rosemary plants throughout the year is
influenced by the phenological stage of the plant,
with accumulation of specific compounds occur-
ring in response to environmental conditions and
seasons. Furthermore, monoterpenes are synthe-
sized and stored in secretory organs, and their
emission is a temperature-induced diffusion pro-
cess, with significant monoterpene emissions re-
ported during the summer season (Nogues et al.,
2015; Oliveira et al., 2016; Rathore et al., 2022),
which could explain the variation of the dominant
constituent (1,8-cineole) in this study.

CONCLUSIONS
The findings of the conducted study highlight

the significant impact of harvesting period and
environmental factors on the yield and chemical
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composition of rosemary EOs in northeastern
Morocco. It was demonstrated that EO yields are
highest in summer and lowest in autumn, with
temperature positively influencing and precipi-
tation negatively affecting yields. The chemical
composition of the EOs, notably the concen-
trations of 1,8-cineole, camphor, borneol, and
a-pinene, showed marked seasonal variations,
with 1,8-cineole and a-pinene peaking in sum-
mer and camphor and borneol peaking in winter
and late spring. This study bridges a critical gap
by providing detailed insights into the seasonal
dynamics of rosemary EOs, offering a valuable
knowledge base for optimizing harvest times to
enhance EO quality and economic value. More-
over, these findings have practical implications
for producers and users of rosemary EOs, empha-
sizing the need to consider environmental factors
and seasonal timing to achieve the best possible
yield and composition. Nonetheless, future re-
search should explore the influence of different
distillation methods and the nature of the samples
(fresh or dry) on EO yield and composition to fur-
ther enhance the quality as well as efficiency of
rosemary EO production.
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