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Abstract: This study investigated the impact of climate conditions on the quality of essential oils
extracted from Apiaceae fruits, specifically coriander (Coriandrum sativum var. microcarpum), aniseed
(Pimpinella anisum), and annual caraway (Carum carvi var. annuum) grown at three distinct locations
in Serbia over three consecutive years. Field experiments were conducted, and essential oils were
extracted using a Clevenger-type apparatus followed by gas chromatographic–mass spectrometric
analysis for compound identification. Weather conditions during the vegetation periods were
recorded, and statistical analyses, including principal component analysis (PCA) and correlation
analysis, were performed to assess the volatile compound compositions. Results indicate significant
correlations among various compounds within each fruit type, with distinct patterns observed
across different years. PCA further elucidates the influence of both year and sampling location on
the chemical profiles of essential oils. Cluster analysis reveals clustering primarily based on the
year of cultivation rather than geographical location, emphasizing the dominant role of weather
conditions in shaping essential oil compositions. This study highlights the intricate relationship
between climate conditions and the quality of essential oils in Apiaceae fruits, providing valuable
insights for optimizing cultivation practices and enhancing essential oil production. In general,
climate conditions strongly influence the coriander, anise, and annual caraway cultivation, and also
essential oil quality.

Keywords: coriander; aniseed; caraway; essential oils; temperature; precipitation; insolation

1. Introduction

Apiaceae (formerly Umbelliferae) is a diverse family with a large number of species
widely used as vegetables and spices [1]. Apart from having aromatic properties, they
are rich in nutraceutical compounds. Therefore, they are very popular in self-medication
and culinary practice, as well as in the food and pharmaceutical industries [2–4]. The
essential oil, which gives the characteristic aroma to plants from the Apiaceae family, is
in some species localized primarily in the root or aerial parts (i.e., stems, leaves, flowers),
and in some species in the fruits (actually seeds) [5]. Essential oil extraction mainly uses
steam distillation, hydro distillation, and solvent extraction, as well as modern techniques
such as supercritical fluid extraction, headspace solvent micro-extraction, solid phase
micro-extraction, and microwave-assisted hydro distillation [6–9].

Coriander, aniseed, and caraway are the most common plants from the Apiaceae
family for growing seeds as essential-oil-bearing crops in Serbia [10]. As raw materials,
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they are mainly used in the food and pharmaceutical industry. Due to high nutraceutical
potential, they are also used in everyday nutrition as favorite spices and supplements [1,4].
Apart from this, they have a long practice of application in traditional medicine [11–13]

Coriander seed essential oil possesses a distinctive odor and a warm, sweet, mild
aromatic flavor [14]. It is used for flavoring fish, beef, baked goods, and confectionery [15].
Antioxidant [16,17], antimicrobial [18,19], antidiabetic [20], and hepatoprotective [21,22] ac-
tivities of coriander are mentioned in the literature. Coriander has been used as an analgesic,
carminative, digestive, anti-rheumatic, and antispasmodic agent in many pharmaceutical
formulations [11,23].

Aniseed essential oil has a sweet herbaceous odor and sweet taste [24]. Aniseed is
used as a flavoring agent for bread, biscuits, cookies, sweets, and ice cream [25,26]. Aniseed
essential oil possesses antioxidant [27,28], antimicrobial [29,30], anti-inflammatory [31], and
hepatoprotective properties [32]. According to the European Medicine Agency (EMA) [33],
aniseed is recommended for the treatment of a variety of symptoms of the digestive tract,
such as dyspepsia, Helicobacter infections, and spasmodic gastro-intestinal complaints
including bloating and flatulence, as well as respiratory tract discomforts including catarrh,
and as an expectorant in cough and cold.

Caraway essential oil has a characteristic sweet–spicy odor with a slight peppery
smell [34]. Caraway is a favorite spice for dry-fermented sausages and other meat prod-
ucts [35], and a flavoring agent for bread and other bakery products [36], as well as for
dairy products [37]. The medicinal potential of caraway is huge and diverse, and it has
antioxidant [9,38], antimicrobial [18,39], anticancer [40,41], hepatoprotective [21,32], and
hypoglycemic properties [42,43]. EMA [44] recommended caraway for usage as a safe
remedy for the relief of problems of the digestive system such as bloating and flatulence.

In the known literature, the impact of climate conditions on the quality of several
other plant essential oils was investigated, such as Salvia sp. [45], Mentha× piperita L. [46],
Thymus migricus Klokov & Desj.-Shost. [47], Lavandula × intermedia Emeric ex Loisel [48],
Chamomilla recutita (L.) Rausch. [49] and Artemisia persica Boiss [50].

Bearing in mind that there are standards prescribed by the European Pharmacopoeia [51]
and the International Standard Organization (ISO 3516:1997, ISO 3475:2020, ISO 8896:2016) [52–54]
for coriander, anise, and caraway essential oils, this investigation aimed to examine the influence
of climate conditions on changes in the chemical composition of the aforementioned essential oils.
In this regard, experiments were set up at three locations in Serbia for three consecutive years, and
the obtained fruits of plants from the Apiaceae family were distilled in a Clevenger apparatus
and analyzed by the GC-MS method. The obtained results were statistically processed using the
appropriate models (principal component analysis (PCA) and correlation analysis) to understand
better the relationship between the climate and the quality of essential oils.

2. Materials and Methods
2.1. Plant Material

Three annual plants from the Apiaceae family were used in this study. Coriander
(Coriandrum sativum var. microcarpum), aniseed (Pimpinella anisum), and caraway (Carum
carvi var. annuum) were grown at three different locations in Serbia for three successive
years (2021–2023). Plant materials were determined and deposited at the herbarium of
the University of Novi Sad (herbarium acronym BUNS), under Voucher numbers 2-0023,
2-0022, and 2-0021, respectively.

Coriander, aniseed, and annual caraway field experiments were established by direct
sowing in the optimal time for Serbian agroecological conditions, in the first ten days of
April. Sowing was performed manually, in continual rows with row spacing of 0.35 m,
respecting a density of 200 plants/m2. The size of the experimental plots was 5 m2. Weeds
were controlled via hoeing and weeding when needed. Measures of protection from
diseases and insects were not used. Harvesting was carried out by hand in the phase of
full maturity.
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2.2. Experiment Locations and Main Environmental Characteristics

Field experiments were carried out at three localities in the northern part of Serbia
(Pannonian plain), and their main characteristics are given in Figure 1. Bearing in mind that
all three investigated localities are in the lowland part of Serbia, they were characterized by a
similar microclimate, with small deviations in the temperature, precipitation, and insolation.
A detailed analysis of the weather conditions for each plant during the vegetation period
for all localities and years is given in Figures 2–4.
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Soil samples for analysis were taken from the top layer (0–30 cm) in the first year
of investigation, in spring before the experiment setup. The content of CaCO3 in soil
was determined by a volumetric method using a Scheibler calcimeter (Gabbrielli Tech-
nology srl, Calenzano (FI)—Italy) [55]. The northern location (L2) belongs to the group
of low-carbonate soil (2.0% CaCO3), while the other two locations (L1 and L3) belong to
the medium carbonate soil type (8.4% and 8.8%, respectively). Soil pH value was deter-
mined potentiometrically in KCl suspensions using an electronic pH meter (Cole-Parmer
Instrument Co Ltd., Saint Neots, UK) [56]. All soils were neutral to slightly alkaline (pH
between 7.1 and 7.3). Humus content was determined by the Tjurin method [57]. In all
three locations, the humus content varied from 2.2 to 2.7%. The total nitrogen content was
determined according to the Kjeldahl method [58], and varied between 0.14 and 0.18%.
Available phosphorous and potassium were determined by the Al method [59]. Locations
L2 and L3 were optimally provided with these two macro-elements, while at location
L1, the provision was very high. These differences can be related to the previous crops:
L1 alfalfa, L2 soybeans, and L3 corn. In addition, organic fertilizers (cow manure) were
applied to L1 and L2, while location L3 was fertilized with chemical NPK fertilizers.

2.2.1. Weather Conditions during the Coriander Vegetation Period

The coriander vegetation period was the shortest, lasting between 103 and 121 days,
depending on the weather conditions of the year and locality (Supplementary Table S1), as
well as temperature distribution, precipitation, and insolation during the vegetation period
(Figure 2).

2.2.2. Weather Conditions during the Aniseed Vegetation Period

The aniseed vegetation period lasted between 111 and 144 days, depending on the
weather conditions of the year and locality (Supplementary Table S2), as well as the
distribution of temperature, precipitation, and insolation during the vegetation period
(Figure 3).

2.2.3. Weather Conditions during the Annual Caraway Vegetation Period

The annual caraway vegetation period was the longest; it lasted between 136 and
176 days, depending on the weather conditions of the year and locality (Supplementary
Table S3), as well as the distribution of temperature, precipitation, and insolation during
the vegetation period (Figure 4). It was noted that the vegetation period was longer in 2021,
when lower mean daily temperatures were recorded. As the vegetation period is longer,
the sum of sunny hours (insolation) is also greater.

The analysis of variance (ANOVA) was performed for the weather conditions of the
year and locality (Supplementary Table S4) during the vegetation period for Apiaceae
fruits’ essential oils (Figures 2–4). According to the results presented in Supplementary
Table S4, temperature, precipitation, and insolation parameters significantly influence plant
responses, as indicated by low p-values (p < 0.05) in the F-tests. There was no statistical
difference between Apiaceae family members in plant responses to weather variables
(p > 0.05). However, the geographic location has a significant impact, with low p-values
(p < 0.05). Both year and month significantly influence plant responses to weather, as shown
by significant F-tests and low p-values (p < 0.05).

2.3. Essential Oil Extraction

After harvesting, coriander, aniseed, and caraway fruits were additionally dried in a
thin layer in a ventilated place for several days. After that, dried fruits were ground in a mill,
and a total of 100 g was used for distillation in an all-glass Clevenger-type apparatus with
the addition of 500 mL of distilled water. According to the European Pharmacopoeia [51], co-
riander (Coriandri aetheroleum), aniseed (Anisi aetheroleum), and caraway (Carvi aetheroleum)
essential oils were obtained by hydro distillation for 2 h. During the distillation, standards
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were added, for anise–camphor, and for coriander and caraway–fenchone. After filtration
over anhydrous sodium sulfate, essential oils were further processed.

2.4. Gas Chromatographic–Mass Spectrometric Analysis

GC-MS analysis was performed using the following instruments: an Agilent 6890 gas
GC, coupled with Agilent 5973 Network MSD in the positive EI regime, and an Agilent
19091S-433 HP-5MS silica capillary column. The terms and conditions were previously
described in detail by Aćimović et al. [60]. In brief, helium was used as carrier gas with
a flow rate of 0.1 mL min−1 measured at 210 ◦C. The column temperature was linearly
programmed from 60 ◦C to 285 ◦C, with a temperature rise rate of 4.3 ◦C min−1. The
temperature of the injector was 250 ◦C; the source temperature was 200 ◦C; the interface
temperature was 250 ◦C; the ion source energy was 70 eV. Mass measurement was per-
formed in the range of 40–350 Daltons with 11.47 scans per minute. The identification of the
components was performed based on retention indices and by comparing the mass spectra
with the spectra of the “Wiley” and “NIST” libraries. The percentages of the individual
compounds were obtained from the percentages of the areas obtained by GC-FID analysis.

2.5. Statistical Analysis

Cluster analysis (CA) and principal component analysis (PCA) were employed to ex-
plore the chemical compositions of volatile compounds in various Apiaceae fruits’ essential
oils. Embracing the CA and PCA plots of grouped samples offers a trend perspective for
a deeper understanding of the essential oils’ feature profile. Color correlation analysis
(CCA) was utilized to assess the similarity in the content of active compounds among the
different samples. The trends of weather conditions were recorded in terms of temperature,
precipitation, and insolation coefficients across the sampling period in the observed loca-
tions. The statistical analysis of the data was conducted using Statistica 10 software. Visual
examination of the similarity among various samples was achieved through correlation
analysis using R software version 4.0.3 (64-bit).

3. Results
3.1. Essential Oil Quality

The dominant compound in coriander essential oil was linalool, which ranged between
65.3 and 80.5% (on average 72.6%), followed by α-pinene (6.6–10.5%) and γ-terpinene
(6.1–8.5%) (Table 1). Positive coefficients across all locations and environmental factors
indicate that higher temperature, precipitation, and insolation lead to higher levels of
linalool. The effect is particularly pronounced, with high KT, Kp, and Ki coefficients in
all locations. Negative coefficients across all locations and environmental factors for α-
pinene suggest that higher temperature, precipitation, and insolation are associated with
lower levels of α-pinene. The effect is particularly pronounced for Kp and Ki in L2 and L3.
Negative coefficients for γ-terpinene across all locations and environmental factors suggest
that higher temperature, precipitation, and insolation are associated with lower levels of
this compound.

The dominant compound in aniseed essential oil quality was trans-anethole, with
a range between 92.4 and 96.8% (on average 94.9%) (Table 2). Positive values across all
coefficients for trans-anethole content, except for Ki in L2, suggest that higher temperature
and precipitation are associated with higher levels of trans-anethole. However, insolation
seems to have a negative influence on trans-anethole levels, especially in L3.

In the caraway essential oil, the main compound was limonene (54.0–70.3%; on average
36.8%) and carvone (27.4–44.5%; on average 61.0%) (Table 3). The variability in limonene
values across locations indicates the positive influence of temperature, precipitation, and
insolation. The complex interactions between locations and the year of sampling for carvone
were noticed across all coefficients (KT, Kp, and Ki).
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Table 1. Chemical composition and environmental influence on volatile compounds in coriander
fruits’ essential oils (n = 3 repetitions).

No Compound RT Mean SD
Range (%) L1 L2 L3 ISO 3516

[52]Min Max KT Kp Ki KT Kp Ki KT Kp Ki

1 α-pinene 58.270 8.5 1.0 6.6 10.5 −0.39 −3.26 −0.79 −2.40 −2.30 −3.85 0.04 −0.16 −0.02 3.0–7.0
2 camphene 62.286 0.9 0.2 0.6 1.2 −0.12 −0.70 −0.21 −0.39 −0.26 −0.57 −0.16 −0.37 −0.26 -
3 β-pinene 70.277 0.8 0.0 0.7 0.8 0.03 0.23 0.06 −0.05 −0.09 −0.10 0.07 0.13 0.10 -
4 myrcene 74.054 0.6 0.3 0.1 1.1 −0.19 −1.24 −0.34 −0.62 −0.58 −0.99 −0.45 −0.99 −0.69 0.5–1.5
5 p-cymene 85.589 0.8 0.2 0.5 1.1 −0.20 −1.22 −0.34 −0.17 −0.08 −0.24 −0.17 −0.37 −0.26 -
6 limonene 87.005 1.8 0.4 1.2 2.5 −0.17 −1.13 −0.31 −0.80 −0.62 −1.22 −0.48 −1.07 −0.74 2.0–5.0
7 γ-terpinene 98.079 7.6 0.8 6.1 8.5 −0.31 −1.71 −0.51 −1.61 −0.69 −2.22 −0.43 −1.03 −0.70 2.0–7.0
8 linalool 115.735 72.6 5.0 65.3 80.5 2.01 8.43 2.94 8.92 11.94 15.76 3.96 6.98 5.51 65–78
9 camphor 132.597 3.1 0.5 2.5 3.9 −0.33 −2.24 −0.60 −0.82 −1.08 −1.44 −0.42 −0.91 −0.64 4.0–6.0

10 geranyl
acetate 238.200 1.6 0.8 0.6 3.0 −0.31 −2.09 −0.56 −1.10 −1.06 −1.76 −1.05 −2.30 −1.62 1.0–3.5

RT—retention time, L1—location 1, L2—location 2, L3—location 3, SD—standard deviation, KT—regression coef-
ficient for temperature, Kp—regression coefficient for precipitation, and Ki—regression coefficient for insolation.
All regression coefficients are statistically significant at p < 0.05 level.

Table 2. Chemical composition and environmental influence on volatile compounds in aniseed fruits’
essential oils (n = 3 repetitions).

No Compound RT Mean SD
Range L1 L2 L3 ISO

3475
[53]Min Max KT Kp Ki KT Kp Ki KT Kp Ki

1 cis-dihydro carvone 1192 0.1 0.1 0.0 0.3 0.13 0.23 0.15 0.17 −0.75 0.35 0.06 0.13 0.58 -
2 methyl chavicol 1200 0.5 0.3 0.2 0.9 −0.34 −0.60 −0.39 −0.21 0.96 −0.44 −0.19 −0.37 −1.61 0.5–3.0
3 trans-anethole 1294 94.9 4.3 92.4 96.8 3.06 6.63 3.26 0.48 −29.17 3.70 5.76 0.86 −0.30 87–94
4 α-himachalene 1452 0.2 0.1 0.1 0.3 −0.10 −0.18 −0.12 −0.10 0.38 −0.20 −0.04 −0.10 −0.43 -
5 γ-himachalene 1482 2.5 0.5 1.8 3.4 −0.69 −1.12 −0.81 −0.58 3.61 −1.30 −0.32 −0.48 −2.05 1.0–5.0

6
trans-

muurola−4(14),5-
diene

1485 0.3 0.2 0.1 0.6 −0.15 −0.26 −0.17 −0.25 1.15 −0.52 −0.09 −0.19 −0.84 -

7 α-zingiberene 1499 0.2 0.1 0.1 0.5 −0.21 −0.37 −0.24 −0.09 0.33 −0.18 −0.06 −0.11 −0.50 -
8 β-himachalene 1504 0.2 0.0 0.1 0.2 −0.05 −0.09 −0.06 −0.03 0.20 −0.08 −0.01 −0.04 −0.19 -
9 β-bisabolene 1512 0.1 0.1 0.0 0.3 −0.13 −0.22 −0.15 −0.11 0.44 −0.22 −0.03 −0.07 −0.32 -

10 pseudo isoeugenyl
2-methylbutyrate 1848 0.8 0.2 0.3 1.3 −0.48 −0.84 −0.55 0.03 0.02 0.04 −0.01 0.02 0.10 0.3–2.0

RT-retention time, L1—location 1, L2—location 2, L3—location 3, SD—standard deviation, KT—regression coeffi-
cient for temperature, Kp—regression coefficient for precipitation, and Ki—regression coefficient for insolation.
All regression coefficients are statistically significant at p < 0.05 level.

Table 3. Chemical composition and environmental influence on volatile compounds in the caraway
fruits’ essential oils (n = 3 repetitions).

No Compound RT Mean SD
Range L1 L2 L3 ISO

8896
[54]Min Max KT Kp Ki KT Kp Ki KT Kp Ki

1 myrcene 7.447 0.2 0.1 0.1 0.3 −0.08 −0.05 −0.10 −0.07 −0.12 −0.09 −0.22 −0.08 −0.21 0.2–0.7
2 p-cymene 8.581 0.1 0.1 0.0 0.3 0.15 0.10 0.20 0.28 0.83 0.33 0.02 0.01 0.02 -
3 limonene 8.780 61.0 6.4 54.0 70.3 8.26 6.47 11.40 12.06 12.25 14.01 7.83 2.82 5.61 33–45
4 cis-limonene oxide 12.780 0.1 0.1 0.0 0.3 −0.12 −0.08 −0.15 −0.05 −0.10 −0.06 −0.20 −0.07 −0.18 -

5 trans-limonene
oxide 12.970 0.2 0.1 0.0 0.3 −0.03 −0.02 −0.04 0.09 0.14 0.10 −0.20 −0.07 −0.18 -

6 trans-dihydro
carvone 15.869 0.2 0.1 0.1 0.3 0.02 0.02 0.03 0.05 0.11 0.06 −0.29 −0.10 −0.27 -

7 trans-carveol 16.553 0.2 0.1 0.1 0.3 0.01 0.01 0.02 0.15 0.23 0.17 0.12 0.04 0.10 -

8 neo iso-dihydro
carveol 17.038 0.1 0.1 0.0 0.3 0.14 0.10 0.18 0.26 0.51 0.30 0.23 0.08 0.21 -

9 carvone 17.738 36.8 6.1 27.4 44.5 −8.34 −6.05 −11.10 −15.10 −29.91 −17.56 −6.95 −2.53 −3.95 50–63

10 trans-
caryophyllene 25.399 0.2 0.0 0.1 0.2 0.06 0.04 0.08 0.06 0.09 0.06 0.00 0.00 −0.02 -

RT—retention time, L1—location 1, L2—location 2, L3—location 3, SD—standard deviation, KT—regression coef-
ficient for temperature, Kp—regression coefficient for precipitation, and Ki—regression coefficient for insolation.
All regression coefficients are statistically significant at p < 0.05 level.
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3.2. Color Correlation Analysis

Correlation analysis was conducted to explore the resemblances in the active com-
pound content among various essential oils from Apiaceae fruits. The findings are illus-
trated graphically in Figures 5–7.
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Taking into account that the main compound in coriander essential oil was linalool,
from Figure 5 it can be noticed that it is negatively correlated with the rest of the observed
compounds in coriander seeds. The highest negative correlations are between the contents
of linalool and myrcene (r = −0.866), as well as the contents of linalool and limonene
(r = −0.829). Furthermore, the content of linalool is negatively correlated with that of
geranyl acetate and camphor (r = −0.859 and r = −0.809, respectively, statistically significant
at the p < 0.001 level). On the other hand, the highest positive correlations are noticed
between the contents of limonene and myrcene (r = 0.982), and myrcene and camphor
(r = 0.949), which were statistically significant at the p = 0.001 level. The content of α-pinene
is the most positively correlated with that of γ-terpinene (r = 0.828), camphor (r = 0.822),
and camphene (r = 0.804), which were statistically significant at the p < 0.001 level. A
high positive correlation is also observed between the contents of camphene and limonene,
myrcene, and camphor (r = 0.953, r = 0.942, r = 0.915, respectively; p < 0.001).

The dominant compound in aniseed essential oil was trans-anethole. Observing
Figure 6, it can be seen that it, as the most represented component, does not have statistically
significant correlations with the other components of the essential oil.

It can be observed that most of the aniseed compounds have positive correlations
except cis-dihydro carvone and trans-anethole, which have negative correlations with other
observed compounds; Figure 6.

The highest negative correlations are between the contents of cis-dihydro carvone
and β-himachalene (r = −0.956), α-himachalene (r = −0.955), methyl chavicol (r = −0.935),
γ-himachalene (r = −0.933), trans-muurola-4(14),5-diene (r = −0.933), and β-bisabolene
(r = −0.907), which were statistically significant at the p < 0.001 level. On the other
hand, high positive correlations are observed between the content of methyl chavicol,
which is positively correlated with that of β-himachalene and α-himachalene (r = 0.959
and r = 0.904, respectively), and were statistically significant at the p < 0.001 level. It
can be also noticed that the content of α-himachalene is positively correlated with that
of β-bisabolene (r = 0.969), β-himachalene (r = 0.966), γ-himachalene (r = 0.955), trans-
muurola-4(14),5-diene (r = 0.951), and α-zingiberene (r = 0.918), which were statistically
significant at the p < 0.001 level. Similarly, the content of γ-himachalene is positively
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correlated with that of β-bisabolene (r = 0.962), β-himachalene (r = 0.936), trans-muurola-
4(14), 5-diene (r = 0.921), and α-zingiberene (r = 0.905), which were statistically significant
at the p < 0.001 level. The content of α-zingiberene is positively correlated with the contents
of β-bisabolene and β-himachalene (r = 0.956, r = 0.935, respectively), while the content of
β-himachalene is positively correlated with that of β-bisabolene (r = 0.938, p < 0.001).

Figure 7 shows that, unlike coriander and aniseed, the correlations between com-
pounds observed in annual caraway samples exhibit diverse correlations.

There is a negative correlation between the contents of myrcene and neo iso-dihydro
carveol (r = −0.869; p < 0.001), limonene (r = −0.700; p < 0.001), and p-cymene
(r = −0.669; p < 0.001), with that of cis-limonene oxide and carvone (r = 0.759 and r = 0.712,
respectively, which were statistically significant at the p < 0.001 level). On the other hand,
the content of p-cymene is the most positively correlated with that of neo iso-dihydro carveol
(r = 0.869) and limonene (r = 0.722), and the most negatively correlated with that of car-
vone (r = −0.864), which were statistically significant at the p < 0.001 level. There is
also a high positive correlation between the contents of limonene and neo iso-dihydro
carveol and trans-carveol (r = 0.887 and r = 0.743, respectively, and statistically significant at
p < 0.001), while a negative correlation exists between the contents of limonene and carvone
(r = −0.941). Furthermore, the content of carvone is also negatively correlated with the
contents of neo iso-dihydro carveol and trans-carveol (r = −0.935, r = −0.774, respectively;
p < 0.001).

3.3. Cluster Analysis

The cluster analysis conducted on coriander samples revealed two main clusters;
Figure 8. In the first cluster were samples L1/2021, L3/2021, L3/2023, and L2/2021. The
second cluster comprised samples L1/2022, L3/2022, L1/2023-3, L2/2023, and L2/2022.
The linkage distance between these clusters was close to 28.
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Figure 8. Cluster analysis of the observed coriander samples L1/2021—Location 1 for 2021, L1/2022—
Location 1 for 2022, L1/2023—Location 1 for 2023, L2/2021—Location 2 for 2021, L2/2022—Location
2 for 2022, L2/2023—Location 2 for 2023, L3/2021—Location 3 for 2021, L3/2022—Location 3 for
2022, and L3/2021—Location 3 for 2023.

Figure 9 illustrates the cluster analysis of aniseed samples and highlights three primary
clusters. The first cluster comprised samples L1/2021, L2/2021, L3/2021, and L1/2023. The
second cluster included samples L1/2022, L2/2022, and L3/2022, while the third cluster
encompassed samples L2/2023 and L3/2023. The linkage distance between the observed
clusters was nearly 13.
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Figure 9. Cluster analysis of the observed aniseed samples L1/2021—Location 1 for 2021, L1/2022—
Location 1 for 2022, L1/2023—Location 1 for 2023, L2/2021—Location 2 for 2021, L2/2022—Location
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2022, and L3/2021—Location 3 for 2023.

The dendrogram from the cluster analysis for the observed annual caraway samples,
shown in Figure 10, revealed three primary clusters. The first cluster comprised samples
L1/2021, L3/2021, L3/2023, and L2/2021. The second cluster encompassed samples
L1/2023, L2/2023, and L3/2022. Lastly, the third cluster consisted solely of samples
L1/2022 and L2/2022. Notably, the linkage distance between the main clusters, depicted
on the abscissa axis, was approximately 35.
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Figure 10. Cluster analysis of the observed annual caraway samples L1/2021—Location 1 for 2021,
L1/2022—Location 1 for 2022, L1/2023—Location 1 for 2023, L2/2021—Location 2 for 2021, L2/2022—
Location 2 for 2022, L2/2023—Location 2 for 2023, L3/2021—Location 3 for 2021, L3/2022—Location
3 for 2022, and L3/2021—Location 3 for 2023.

The cluster analysis revealed a distinct organization of the samples based on their
respective years rather than their geographical locations in most cases. This underscores
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the significant influence of the year and, consequently, the prevailing weather conditions,
as a more prominent factor shaping the composition of the samples, rather than the sam-
pling locations.

3.4. Principal Component Analysis

Based on the measured concentration shown in Tables 1–3, PCA was also performed;
Figures 11–13.
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Horticulturae 2024, 10, 577 13 of 21

Horticulturae 2024, 10, x FOR PEER REVIEW 16 of 24 
 

 

 
Figure 12. The PCA biplot diagram of the relationships among detected compounds in aniseed sam-
ples; L1/2021—Location 1 for 2021, L1/2022—Location 1 for 2022, L1/2023—Location 1 for 2023, 
L2/2021—Location 2 for 2021, L2/2022—Location 2 for 2022, L2/2023—Location 2 for 2023, L3/2021—
Location 3 for 2021, L3/2022—Location 3 for 2022, and L3/2021—Location 3 for 2023. 

The PCA biplot of the relationships among detected compounds in the annual cara-
way samples, and year and sampling location, revealed that the first two principal com-
ponents explained 78.99% of the total variance in the observed parameters. According to 
the results of the PCA, the contents of myrcene, p-cymene, limonene, neo iso-dihydro 
carveol, and carvone (which contributed 14.04%, 14.87%, 16.35%, 18.75% and 17.41% of 
the total variance, based on correlations, respectively) showed a positive influence on PC1. 
On the contrary, the contents of cis-limonene oxide (22.61%), trans-limonene oxide 
(32.67%), trans-carveol (17.87%), and trans-caryophyllene (21.13%) positively influenced 
the calculation of PC2 (Figure 10). The parting within samples could be seen from the PCA 
figure, where the samples from 2021 are grouped on the left side of the diagram, the sam-
ples from 2022 are organized on the right side, while the samples harvested from 2023 are 
grouped in the middle of Figure 13. 
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The PCA biplot of the relationships among detected compounds in the coriander
samples, and year and sampling location (Figure 11), revealed that the first two principal
components explained 86.06% of the total variance in the observed parameters. According
to the results of the PCA, the contents of camphene, myrcene, limonene, γ-terpinene,
linalool, camphor, and geranyl acetate (which contributed 12.99%, 13.58%, 13.25%, 11.60%,
10.52%, 12.84%, and 8.25% of the total variance, based on correlations, respectively) showed
a positive influence on PC1. On the other hand, the contents of α-pinene (18.66%), β-pinene
(68.03%), and p-cymene (8.51%) positively influenced the calculation of PC2, (Figure 12).
The same trend of the sample distribution as for Figures 10 and 11 is noticed in Figure 12.

Furthermore, Figure 12 shows the PCA biplot of the relationships among detected
compounds in the aniseed samples, and year and sampling location, and reveals that
the first two principal components explained 89.38% of the total variance in the observed
parameters. According to the results of the PCA, the contents of cis-dihydro carvone, methyl
chavicol, α-himachalene, γ-himachalene, trans-muurola-4(14),5-diene, α-zingiberene, β-
himachalene, and β-bisabolene (which contributed 11.25%, 10.84%, 11.99%, 11.89%, 10.19%,
11.43%, 11.92%, and 11.94% of the total variance, based on correlations, respectively)
showed a positive influence on PC1. On the other hand, the contents of trans-anethole
(51.65%), trans-muurola-4(14),5-diene (10.19%), and pseudoisoeugenyl 2-methylbutyrate
(23.47%) positively influenced the calculation of PC2 (Figure 11). Similarly to Figure 10,
the separation within samples is also noticed in the PCA diagram, where the samples from
2021 are grouped on the left side of the diagram, the samples from 2022 are organized
on the right side, while the samples harvested from 2023 are positioned in the middle of
Figure 12.

The PCA biplot of the relationships among detected compounds in the annual caraway
samples, and year and sampling location, revealed that the first two principal components
explained 78.99% of the total variance in the observed parameters. According to the results
of the PCA, the contents of myrcene, p-cymene, limonene, neo iso-dihydro carveol, and
carvone (which contributed 14.04%, 14.87%, 16.35%, 18.75% and 17.41% of the total variance,
based on correlations, respectively) showed a positive influence on PC1. On the contrary,
the contents of cis-limonene oxide (22.61%), trans-limonene oxide (32.67%), trans-carveol
(17.87%), and trans-caryophyllene (21.13%) positively influenced the calculation of PC2
(Figure 10). The parting within samples could be seen from the PCA figure, where the
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samples from 2021 are grouped on the left side of the diagram, the samples from 2022 are
organized on the right side, while the samples harvested from 2023 are grouped in the
middle of Figure 13.

The organization of the samples in Figures 11–13, highlights the considerable impact
of the year, and thus, the weather conditions, as a more dominant factor in shaping the
composition of the samples, rather than the locations where the samples were taken for all
observed Apiaceae fruits.

4. Discussion

Coriander, anise, and caraway are plants from the Apiaceae family whose fruits are used
as raw materials in the food and pharmaceutical industries, or for essential oil extraction.
However, in both cases, essential oil composition is the main criterion for quality evaluation.

In the essential oil of coriander fruits, linalool is noted as the dominant compound
in all the germplasm lines (its content ranged between 16.59 and 96.69%), while ten other
compounds, namely α-pinene, camphene, β-pinene, myrcene, cymene, γ-terpinene, 4-
allyl anisole, geraniol, anethole and geranyl acetate, were also detected in significant
amounts [61]. Additionally, the ISO 3516 standard [52] for coriander essential oil recom-
mends linalool content of between 65 and 78%. As can be seen, the linalool content varied
from 65.3 to 80.5%, and it was noticed that higher temperature, precipitation, and insolation
lead to higher levels of linalool. There are reports that climatic factors have an effect on the
quantity of essential oil and dry matter yield of coriander [62], as well as development and
morphological characteristics [63]. However, previous results showed that coriander has
favorable growth conditions in Serbia [64]. Chandrakala et al. [65] investigated cluster anal-
ysis using Ward’s method based on the value of seed yield and essential oil composition of
48 coriander plants, resulting in six separate groups. Furthermore, Sawargaonkar et al. [66]
examined the genotype–environment interaction and stability of indigenous coriander
genotypes for seed yield across various agro-climatic zones in Chhattisgarh using PCA.
The significance of the first two principal component axes was observed, explaining 67% of
the total genotype–environment interaction. On the other hand, Talebi et al. [67] reported
that linalool chemotypes, distinguished by a particular chemical compound, formed four
primary clusters based on the composition of essential oil extracted from coriander seeds.
Clustering analyses revealed a notable disparity between Iranian and Iraqi coriander popu-
lations. These results were confirmed by the PCA biplot, where the first two components
explained over 91% of the total variances.

The correlation analysis for coriander samples reveals a significant negative correlation
between linalool and other compounds in coriander essential oil, which is particularly
notable with myrcene and limonene. There are strong positive correlations between certain
compounds such as limonene and myrcene, and α-pinene with camphene, γ-terpinene, and
camphor. These findings highlight the complex interplay of compounds within coriander
essential oil, shedding light on their relationships and potential implications for its aromatic
and therapeutic properties. Freires and colleagues [68] extracted the essential oil from
coriander and found a strong synergistic effect among its anti-Candida compounds, as
evidenced by decreased antifungal activity upon fractionation.

Aniseed essential oil is characterized by the high content of trans-anethole
(92.4–96.8%), which is responsible for its sweet taste, and has broad application as a
flavoring agent in foods and cosmetics [69]. The ISO 3475 standard prescribes the content
of this compound in aniseed essential oil to be between 87 and 94% [53]. Results from
this study indicate that temperature and precipitation are associated with higher levels of
trans-anethole. This is in agreement with the statement that drought stress before harvest-
ing can regulate the production of bioactive compounds in first-line trans-anethole [70,71].
Iannarelli et al. [72] revealed the relationship between different samples of aniseed and
star anise based on essential oil and phenolic compositions using PCA, wherein a data
matrix comprising 37 essential oils and 33 methanolic extracts was analyzed to identify key
constituents influencing variability, and Pearson’s correlation coefficients were calculated
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to determine associations with climatic parameters across three cultivation seasons in
Castignano. Results indicated that aniseed grown in Castignano contains more elevated
essential oil and phenolic compounds than commercial samples.

Bettaieb Rebey et al. [73] evaluated aniseeds obtained from two geographic origins,
Tunisia and Egypt, regarding their biochemical composition and the antioxidant potential
of their extracts. Similarly to the presented results (trans-anethole 92.4 and 96.8%), trans-
anethole was revealed as the dominant constituent, varying from 94.30 to 90.41%, which
also suggests that aniseed could serve as a promising natural antioxidant source and a
potential food additive.

Most compounds in aniseed exhibit positive correlations, except for cis-dihydro car-
vone and trans-anethole, which show negative correlations with other observed compounds.
These findings underscore the intricate relationships among the compounds present in
aniseed essential oil and provide insights into their potential synergistic effects and applica-
tions. Caraway essential oil quality is determined by the contents of carvone and limonene,
as well as their ratio [9,60]. Although it is stated that caraway essential oil contains more
than 30 compounds, carvone and limonene compromise over 90%, while other compounds
are present in small percentages or in trace quantities [74–76]. Carvone and limonene are
structurally very similar, but their fragrances are totally different; carvone possesses a
warm–herbal–spicy–pungent odor characteristic for caraway, while limonene provides a
lemon-like odor [77,78].

Practically, the biosynthetic pathway of carvone and limonene starts from the same
precursor (geranyl diphosphate); this is cyclized into limonene under the action of the
limonene synthase enzyme, which is then transformed into carvone via trans-carveol [79].
Therefore, during the ripening of caraway fruits, the percentage of limonene in the es-
sential oil decreased while that of carvone increased [80]. Nevertheless, this study high-
lighted the higher content of limonene in comparison to that of carvone (54.0–70.3% and
27.4–44.5%, respectively). However, caraway cultivation is endangered by ongoing climatic
changes [81], so new breeding projects are necessary to secure future cultivation of this
plant. Moreover, climate change requires a change in the sowing date of caraway [82].
Solberg et al. [83] indicated that location significantly influenced the chemical composition
of essential oils in annual caraway fruits, as evidenced by both PCA and ANOVA analyses.
The study revealed the contents of major compounds, such as carvone and limonene,
constituted approximately 14% and 70% of the total peak area, respectively, with additional
compounds such as p-cymene, trans-β-ocimene, α-terpinolene, and myrcene detected at
levels above or around 2%, totaling 47 compounds detected, of which 40 were identified.
However, these minor compounds have no influence on the caraway essential oil quality.

A negative correlation is observed between myrcene and p-cymene, limonene, and
neo iso-dihydro carveol in caraway samples. Conversely, myrcene demonstrates positive
correlations with cis-limonene oxide and carvone. p-cymene exhibits the highest positive
correlation with limonene and neo iso-dihydro carveol, and the most negative correlation
with carvone. Additionally, limonene shows high positive correlations with trans-carveol
and neo iso-dihydro carveol, but a negative correlation with carvone. Carvone is also
negatively correlated with trans-carveol and neo iso-dihydro carveol. These correlations
provide insights into the interplay among these compounds and their potential implications.

Bosko et al. [84] noted a negative correlation between the total oil content and the pro-
portion of its individual constituents of caraway fruits’ essential oil from different cultivations
and across multiple years. Notably, as the oil content increased, the concentration of limonene
decreased in favor of carvone. Similarly, Seidler-Łożykowska et al. [85] revealed in various
caraway cultivars a consistent negative correlation between these two compounds; higher
carvone levels in the oil consistently coincided with lower limonene content.

Apart from these plants, there are reports that climate conditions influence essential
oil quality in other plants from the Apiaceae family, such as Angelica glauca [86], Anethum
graveolens [87], and Petroselinum crispum [88], as well as plants from Lamiaceae (lavandin,
sage, peppermint, and wild mint) [45,46,48,89] and Asteraceae (immortelle, Mexican mint
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marigold, Yakut wormwood) [90–92]. Bearing in mind that climate change is inevitable,
this issue should be given much more attention. This will certainly indicate a potential
change in the area of cultivation, as is the case with Mediterranean species such as lavender
and immortelle, which are now successfully cultivated in continental areas of Serbia [93,94].

Additionally, this study indicates the problem with caraway cultivation due to global
warming, i.e., the obtained essential oil quality is significantly impaired. The fact that
biennial caraway has a higher carvone to limonene ratio is known. However, it is also
known that the accumulation of limonene and carvone in the fruits is a developmentally
regulated process [79]. As high temperatures cause premature ripening of caraway fruits,
they also change the activity levels of biosynthetic enzymes, and there is a disturbance in
the accumulation of carvone. Moreover, an essential oil that does not meet the ISO 8896
standard criteria has a low market value [54]. However, the amount and composition of
essential oil are genetically conditioned and depend on climatic conditions during fruit
formation and ripening [74]. Moreover, pollination, as a key factor for yield, is negatively
affected by cold or wet weather because pollinator activity and efficiency are low [94,95].
This causes many other consequences, such as the reduction in thousand seed weight
and germination [96]. With all this in mind, annual caraway is indicated to be the species
from the Apiaceae family that is the most sensitive to climate conditions (temperature,
precipitation, and insolation).

5. Conclusions

The presented study investigated the influence of climate conditions on the quality of
essential oils extracted from three Apiaceae fruits—caraway, aniseed, and coriander—over
three successive years across multiple locations in Serbia.

Significant variations in essential oil compositions were found to be attributed to
both geographical and temporal factors. Statistical analyses revealed intricate patterns of
com-pound correlations within each fruit type.

Linalool dominated coriander essential oil, ranging from 65.3% to 80.5%. Positive
coefficients across locations and environmental factors indicate that higher temperature,
precipitation, and insolation correlate with increased linalool levels, while the opposite
effect was noticed for α-pinene levels. Correlation analysis confirms the negative correlation
between the contents of linalool and α-pinene.

trans-anethole emerged as the dominant compound in aniseed essential oil, ranging
from 92.4% to 96.8%. Positive coefficients indicate that higher temperatures and precipita-
tion are linked to increased trans-anethole levels. However, insolation appears to negatively
impact trans-anethole levels. According to correlation analysis, trans-anethole is negatively
correlated with the rest of the observed compounds in aniseed essential oil.

Limonene (54.0–70.3%) and carvone (27.4–44.5%) were identified as the primary com-
pounds in caraway essential oil. Variability in limonene values across locations suggests
a positive correlation with temperature, precipitation, and insolation. However, complex
interactions between locations and sampling years for carvone were observed across all
coefficients. The correlation analysis revealed a high negative correlation between the
contents of limonene and carvone.

PCA and cluster analysis emphasized the significant influence of the year and, conse-
quently, the weather conditions on shaping the composition of the samples, as opposed to
the specific locations where the samples were collected across all observed Apiaceae fruits.

Notably, the findings underscored the predominant influence of the year of cultivation
on essential oil compositions, highlighting the crucial role of weather conditions in shaping
chemical profiles. According to the presented results, it can be concluded that climate
conditions affect the quality of the essential oils extracted from Apiaceae fruits.

These insights have implications for optimizing cultivation practices to enhance essen-
tial oil yield and quality, with potential applications in pharmaceuticals, cosmetics, and
food processing. This study contributes to advancing the understanding of the complex
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relationship between climate conditions and essential oil quality, offering valuable insights
for sustainable agricultural practices and downstream industries.
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90. Aćimović, M.; Zeremski, T.; Šovljanski, O.; Lončar, B.; Pezo, L.; Zheljazkov, V.D.; Pezo, M.; Šuput, D.; Kurunci, Z. Seasonal
variations in essential oil composition of immortelle cultivated in Serbia. Horticulturae 2022, 8, 1183. [CrossRef]

91. Kurpis, J.; Serrato-Cruz, M.A.; Arroyo, T.P.F. Modeling the effects of climate change on the distribution of Tagetes lucida Cav.
(Asteraceae). Glob. Ecol. Conserv. 2019, 20, e00747. [CrossRef]
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