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The olive tree (Olea europaea L.), a key crop in Mediterranean regions, is increasingly affected by climate
variability. Meteorological factors such as temperature, rainfall, and humidity can influence the biosynthesis of
fatty acids (FAs) in olives, potentially altering their concentrations and affecting the oil's compliance with
established quality standards. In this study, we analyzed the FA composition of authentic Slovenian extra virgin
olive oils (EVOOs) from 1993 to 2019. We also measured the §'3C, 5'80 and 6°H of bulk oil and the §'3C of
individual FAs for selected harvest years (2006-2008, 2019) to explore their relationships with changing
meteorological conditions. The study was further extended to EVOO samples from other Mediterranean countries
(Croatia, Italy, Spain, and Montenegro) to investigate the influence of regional meteorological parameters on the
stable isotope composition of EVOOs. Our findings indicate that temperature significantly affects the FA
composition of Slovenian EVOOs, with higher temperatures associated with lower oleic acid and higher linoleic
and palmitoleic acid contents. Linear regression analysis indicated that 5'%0 values of Slovenian samples pri-
marily respond to the frequency of hot days and relative humidity, while §°H values demonstrate a strong
relationship with temperature. Spanish samples, characterized by the highest average annual temperatures and
the lowest rainfall, show significantly higher 5!3C, §2H, and 8'®0 values. This study provides insights into how
climatic variability affects EVOO quality and supports efforts to ensure authenticity and traceability.

1. Introduction

Extra virgin olive oil (hereafter EVOO) is obtained from the fruits of
the olive tree (Olea europaea L.), an important crop in Mediterranean
agroecosystems that is increasingly exposed to climate variability.
EVOO is a strategic product in the European Union (EU) market: Europe
is the world's leading producer, exporter, and consumer of olive oil, and
approximately 98% of the world's olive trees are located in the Medi-
terranean Basin (Bontempo et al., 2019). At the same time, olive oil is
recognized as one of the most economically valuable and frequently

adulterated food commodities worldwide (Commission Regulation,
2013; Everstine et al., 2024), which has led to the establishment of
strict regulatory frameworks to protect consumers and ensure product
authenticity.

In this context, the EU has issued two key regulations, Commission
Regulation (EU) 2022/2104 (Commission Regulation, 2022a) and
Commission Regulation (EU) 2022/2105 (Commission Regulation,
2022b), which define marketing standards, conformity criteria, and
official analytical methods for olive oil quality and purity control.
Among the important purity criteria is the fatty acid (FA) composition,
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determined by gas chromatography, which is used to detect adulteration
with some non-olive oils. According to these regulations, olive oil must
comply with specific FA limits: oleic acid (C18:1) 55.00%-85.00%);
myristic acid (C14:0) < 0.03%; palmitic acid (C16:0) 7.00%-20.00%;
palmitoleic acid (C16:1) 0.30%-3.50%; heptadecanoic acid (C17:0) <
0.40%; heptadecenoic acid (C17:1) < 0.60%; linoleic acid (C18:2)
2.50%-21.00%, linolenic acid (C18:3) < 1.00%; arachidic acid (C20:0)
< 0.60%, eicosenoic acid (C20:1) <0.50%; behenic acid (C22:0) <
0.20% and lignoceric acid (C24:0) < 0.20% (I0C, 2022; 10C, 2025).

Despite the nutritional and economic importance of EVOO, its FA
composition is not constant and can be influenced by numerous
endogenous and exogenous factors, including cultivar (Massaccesi et al.,
2026), fruit ripeness (Yamani et al., 2020), production origin (Zhang
et al., 2022), altitude and latitude (Mikrou et al., 2023), as well as
meteorological parameters, such as temperature, humidity, and pre-
cipitation (Bortoluzzi et al., 2026). Under ongoing global warming,
these influences have become increasingly relevant (Lechhab et al.,
2022). Several studies have demonstrated that warming temperatures
can alter the FA profile of olive oil, potentially shifting it toward lower
oleic acid and higher polyunsaturated fatty acid (PUFA) contents (Ben
Hmida et al., 2022a; Contreras et al., 2023). In particular, Garcia-Inza
et al. (2014) reported a negative relationship between oleic acid con-
centration and increasing temperature during fruit development. Such
climate-driven changes may challenge compliance with regulatory FA
thresholds, complicating quality control and adulteration detection.
Climate projections indicate that by the end of the twenty-first century,
the Mediterranean Basin will experience significantly higher annual
temperatures, particularly in southern Europe, as a consequence of ris-
ing greenhouse gas concentrations. This temperature shift is expected to
intensify enzymatic processes in FA biosynthesis, potentially altering the
FA composition of olive oil, with decreased oleic acid production and
changes in the synthesis of linoleic and linolenic acids (IPCC, 2021; Ben
Hmida et al., 2022b). Nevertheless, long-term studies evaluating how
climate change affects EVOO FA composition and regulatory compliance
remain scarce, highlighting a critical knowledge gap.

Beyond the FA profiling, the fact that climatic and environmental
conditions leave measurable imprints on olive oil composition has
prompted the use of stable isotope ratio analysis of light elements
*3c/'?c, %H/'H, and ¥0/'0, expressed as 53¢, 6°H, and 6'%0)
measured by isotope ratio mass spectrometry (IRMS). This approach has
become a powerful tool for tracing geographical origin and authenticity
of olive oil and other food products (Bontempo et al., 2019; Camin et al.,
2010; Paolini et al., 2017). The stable isotope ratios of 513C, 52H, and
580 in olive oils can be influenced by meteorological conditions (e.g.,
relative humidity, temperature, precipitation) and geographical pa-
rameters (altitude, latitude, distance from the sea) and to a lesser extent,
by plant cultivar (Jacumin et al., 2009). More recently, compound-
specific isotopic analysis (CSIA) of individual FAs has proven particu-
larly effective in this regard, as it provides a direct link between isotopic
signatures and environmental factors (Bontempo et al., 2019). Adopting
a stable isotope approach could therefore offer an alternative to monitor
climate-driven changes in olive oil quality.

Given that no previous study has investigated how long-term cli-
matic variability influences the FA content and isotopic composition of
FAs in EVOOs, the objectives of this study were to: (i) evaluate the
impact of climate on long-term relationships between FA composition
and isotopic signatures (613C, 5180, and 52H) of Slovenian EVOOs as a
case study and (ii) assess how region-specific meteorological conditions
influence the isotopic compositions of EVOOs from different Mediter-
ranean origins. Based on these aims, we hypothesized that long-term
climatic variability has a measurable effect on both the FA composi-
tion and the isotopic signatures of EVOOs. We expected that interannual
fluctuations in meteorological conditions would be reflected in the FA
profile and isotopic composition of Slovenian EVOOs, while regional
differences in meteorological conditions across Mediterranean areas
would produce distinct isotopic patterns according to origin.
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The results provide new insights into climate-induced changes in
EVOO composition and demonstrate the value of stable isotope ap-
proaches in supporting quality control, authenticity, and traceability
under changing climatic conditions.

2. Materials and methods
2.1. Sample collection

In this study, the Slovenian EVOO compositional database, compiled
by the Institute for Oliveculture, Science and Research Centre (SCR)
Koper and covering the period from 1993 to 2019, was used to evaluate
changes in FA composition. The dataset includes 1643 authentic
Slovenian olive oil samples from various olive varieties, collected
directly during processing at olive oil mills with full traceability from
olive orchard to final product. Although cultivar information was not
explicitly included as a factor in the statistical analysis, the large and
diverse dataset still provides a robust basis for assessing variability in
fatty acid and isotope composition, with the understanding that some
influence of cultivar may be present alongside climatic effects. All
samples were final sale products; hence, the oil was cold-pressed in a
two-phase system and filtered at local facilities in the same manner. In
addition, 252 Slovenian EVOO samples from harvest years (2006-2008,
2019) were selected for the determination of §'°C, 5°H and 5'%0 in bulk
oil and §'3C in individual FAs.

To differentiate EVOOs based on geographical origin using isotopic
compositions, 79 samples were analyzed: 46 EVOO from the Istria re-
gion in Slovenia (mainly Smarje, Piran, Izola, Padna, Skofije, and
Ankaran, Fig. 1a), and 33 from other countries (Fig. 1b), including five
samples from Croatia (Krasica, Vodnjan), thirteen from Italy (mainly
from Marche, but also from Molise, Sicily, Liguria, and Lombardia), ten
from Spain (Jaén, Madrid, Cérdoba), and five from Montenegro (Stari
Bar, Valdanos, Ulcinj). All samples were produced in 2007. Although
cultivar information was not available for all samples, the declared
cultivars were as follows: for Slovenia and Croatia, mainly Istrska belica,
Leccino, Frantoio, with Karbonaca and Morasola, typical of Croatia; for
Italy: Cerassuola, Taggiasca, Casaliva, Carboncella, Salvagno, Orbetana
and Piantone di Falerone; for Spain: Picual, Manzanilla, Arbequina, Picuda,
Hojiblanca and for Montenegro, exclusively Zutica cultivar. As cultivar
was not included as a controlled factor in the statistical analysis, its
potential influence on isotopic composition cannot be fully separated
from geographical effects, although it is assumed to be encompassed
within the overall variability of the dataset.

2.2. Analytical procedures
2.2.1. Chemical analysis

2.2.1.1. Extraction and esterification of fatty acids (FAs) in olive oil. Olive
oil consists predominantly of triglycerides, which were extracted by
transesterification according to the COI/T.20/Doc. No 33/Rev.1-2017
by gas chromatography (GC) with FID detection (IOC, 2017). For the
preparation of fatty acid methyl esters (FAMEs), approximately 0.1 g of
EVOO was weighed into a 10 mL vial with 4 mL of hexane and 1 mL of 2
M sodium hydroxide in methanol, then shaken for 1 min at room tem-
perature. The solution was left until the upper layer became clear. An
aliquot of hexane (1.00 mL) containing FAMEs was transferred to a GC
vial. To ensure data quality, a procedural blank was prepared with each
batch of samples.

2.2.1.2. Gas chromatography of fatty acids (FAs). Samples were
analyzed by gas chromatography with a flame ionization detector (GC-
FID) using an Agilent 6890 N Network GC System (Agilent Technologies,
Santa Clara, CA, USA). The separation was achieved on an Omegawax
320 capillary column (30 m x 0.32 mm x 0.25 pm; Supelco, Bellefonte,
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Fig. 1. a) Main olive oil producing area in Slovenia (Istria region); b) geographic distribution of samples: Italy has three main sampling sites, Spain two, while

Slovenia, Croatia, and Montenegro each have one main locality.

PA, USA). The temperature program was as follows: 50 °C (held for 4
min), then to 170 °C at 30 °C/min, then to 200 °C at 2 °C/min, then to
210 °C at 1 °C/min. The carrier gas was helium at 1.2 mL/min. The
injector was set to 240 °C and the detector to 270 °C. The individual FAs
were identified by comparing their retention times with those of a
standard Supelco 37-component FAME Mix (Supelco). The same set of
FAs was consistently used across all analyses to ensure the validity and
comparability of the results. All samples were injected in duplicate with
a precision of +5%. Results were expressed as the percentage of each FA
with respect to the total FAs.

2.2.2. Stable isotope analysis

2.2.2.1. Determination of stable isotope composition of H, C and O in bulk
olive oil. Stable isotope ratio measurements were performed using
isotope ratio mass spectrometry (IRMS) and reported using the §-nota-
tion in per mil (%o) relative to the Vienna-Pee Dee Belemnite (V-PDB)
standard for C and Vienna-Standard Mean Ocean Water (V-SMOW)
standard for H and O, following eq. (1) (Brand et al., 2014):

SIE = (M) © 1000 6
i/j Rrzr

where i and j denote the highest and the lowest atomic mass number of
element E, and Rgq and Rggr indicate the ratio between the heavier and
the lighter isotopes (2H/1H, 136/12C, 180,/160) in the sample (SA) and
reference standard (REF), respectively.

To determine the bulk carbon isotope composition (513Cbu1k) of the
olive oil samples, approximately 0.3 mg of the sample was placed into a
sealed tin capsule and loaded into the automatic sampler of an elemental
analyzer. Analyses were conducted using a continuous-flow IRMS
(Europa Scientific 20-20, Sercon Ltd., Crewe, UK) equipped with an
ANCA-SL solid-liquid preparation module (Sercon, Crewe, UK). Ana-
lyses from 2006, 2007 and 2008 were normalized against the interna-
tional reference materials: IAEA-CH-7 and IAEA-CH-3 with §'3C values
of —32.15 £ 0.05%o0 and — 10.45 + 0.03%o, respectively, while analyses
from 2019 were normalized against international reference materials
USGS61 and USGS62 with 5'3C values of —35.05 + 0.04%o and — 14.79
+ 0.04%o, respectively. For independent control, international reference
material NBS 22a with §'3C values of —29.72 + 0.04%o and USGS84
with 6'%C values of —28.80 + 0.09%c. The analytical precision,
expressed as the standard deviation of the control material, was +0.2%o.

The ?H/'H and 80,0 ratio in olive oil was determined directly by
continuous flow IRMS using a total conversion elemental analyzer (TC/
EA) coupled to a Delta PlusXP mass spectrometer (Thermo-Fisher,
Rodano, Italy) and a Delta Plus XL stable isotope ratio mass spectrometer
(Thermo Finnigan, Bremen, Germany), respectively. The procedure
followed that of Aramendia et al. (2007). Briefly, for hydrogen, 0.3 mg
of the sample was placed in a silver capsule and introduced into the
elemental analyzer. In contrast, for oxygen, around 0.25-0.3 mg of the
sample was placed in a tin capsule. Normalization of the results was

performed against two international reference materials, IAEA-CH-7
with 6°H values of —100.3 =+ 2%o, NBS 22 with 6°H values of —120 +
1%o for hydrogen and laboratory reference material sucrose with a §'30
value of +23%o and olive oil with a 5'80 value of +25.5% for oxygen.

2.2.2.2. Compound-specific isotope analysis (CSIA) of §3C in fatty acids
(FAs). The isotopic composition of individual FA was determined using
an Agilent 6890 N GC-C system coupled to an IsoPrime GV IRMS (GV
instruments Ltd., Manchester, UK). Separation of individual FAs was
obtained using an INNOWAX capillary column (60 m x 0.32 mm x 0.50
pm) with a temperature program of 170 °C to 220 °C at 10 °C/min (held
25 min), then to 240 °C at 30 °C/min (held 5 min) with helium as the
carrier gas (1.5 mL/min). The inlet temperature was 250 °C. Samples
were injected in split mode (20:1). While samples from 2019 were
determined using a VF-Wax capillary column (30 m x 0.25 mm x 0.25
pm, Agilent J&W). The temperature program was as follows: 120 °C
(held 1 min) to 190 °C at 50 °C/min, then to 200 °C at 1 °C/min (held 3
min), then to 210 °C at 2 °C/min (held 2 min). The injection was per-
formed at 250 °C in splitless mode, and the oxidation reactor (Cu/O) in
the 6890 N GC/C system was set to 900 °C. Helium was used as a carrier
gas at a flow rate of 1.2 mL/min. Peak identification of individual fatty
acids was performed by comparing their retention times with those of
the standards: C16:0 (methyl palmitate, Sigma-Aldrich), C18:0 (methyl
stearate, Sigma-Aldrich), C18:1 (methyl oleate, Sigma-Aldrich) and
C18:2 (methyl linoleate, Sigma-Aldrich), which were analyzed at each
measurement sequence. To ensure data quality, stability was checked
before each run, with an accepted value of <0.08%.. Each sample was
injected in duplicate. The results were normalized against international
reference materials: Icosanoic acid methyl ester #X (C21:0) with 53¢
values of —6.91 + 0.04%o, USGS 70 (Icosanoic Acid Methyl Esters) with
513C values of —30.53 + 0.04%.. For independent control laboratory
reference material C19:0 FAME (methyl nanodecanoate) with s8¢
values of —29.8 + 0.1%o (previously determined on EA-IRMS) was used.
Reproducibility based on duplicate analysis was <0.4%o.

2.3. Meteorological data

All meteorological data (Table S1) comprising average annual tem-
perature at 2 m above the ground (Avg T, °C), annual maximum tem-
perature (Max T, °C), annual minimum temperature (Min T, °C), average
relative humidity (RH, %), average annual rainfall (mm), average solar
exposure (h) and number of hot days throughout a year (T > 30 °C) were
recorded at ARSO Meteo, Portoroz station. Meteorological variables
were considered on an annual basis and were calculated according to the
methodology of the Slovenian Environment Agency (ARSO). Specif-
ically, annual average air temperature was obtained as the arithmetic
mean of daily mean temperatures. Annual precipitation was determined
as the sum of daily precipitation totals, whereas annual mean maximum
and minimum temperatures were calculated as the arithmetic means of
daily maximum and daily minimum temperatures, respectively (ARSO
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Meteo, 2024).

2.4. Statistical analysis

Basic statistical analyses, including a Kruskal-Wallis test and Pearson
correlation coefficients, were conducted using XLSTAT 2024 (Addinsoft,
Long Island, NY, USA). Differences between means were considered
statistically significant at p < 0.05. Linear regression analysis was per-
formed using Microsoft Excel Professional Plus 2021 (Microsoft Corpo-
ration, Redmond, WA, USA). Multivariate analyses, including principal
component analysis (PCA) and partial least squares discriminant anal-
ysis (PLS-DA), were performed in RStudio (version 2023.12.1) and
SIMCA (version 15; Sartorius Stedim Biotech, Ume8, Sweden),
respectively.

3. Results and discussion

3.1. Impact of meteorological conditions on fatty acid and isotopic
composition

3.1.1. Fatty acid composition with respect to meteorological conditions

The results (Table 1) show that oleic acid is the predominant FA
regardless of harvest year, ranging from 71.88% in 2018 to 78.87% in
1996, and remains within the limits established by the current EU
Regulation 2022/2104 for olive oil. All other FAs are also compliant,
except for eicosenoic acid (C20:1) in 1995, which exceeded the 0.5%
limit by 74%. That year was characterized by one of the lowest annual
temperatures and the highest relative humidity recorded during the
study period (Table S1). Such environmental conditions may have
altered the physiological and biochemical processes involved in olive
maturation and fatty acid biosynthesis, thereby contributing to the
elevated level of C20:1.

Compared to the FA composition of EVOOs from 2019, the 1993

Table 1

Food Chemistry 525 (2026) 150369

samples showed a decrease of 26.3% and 20.5% in the amounts of
palmitoleic and linoleic acids, respectively, while the content of lino-
lenic acid increased by 15.9%. No significant differences were observed
for oleic, stearic, and palmitic acids between 1993 and 2019. These
differences are likely attributable to variations in climatic conditions: in
2019, both the annual average and maximum temperatures were
approximately 2 °C higher than in 1993, and the total annual rainfall
was also significantly greater (1145.1 mm compared to 783.2 mm)
(Table S1).

Oils with the lowest oleic acid content were observed in 2018 and
2019, coinciding with some of the highest average, maximum, and
minimum temperatures (Table S1) recorded during the study period.
Compared to 1996, which showed the highest average oleic acid con-
tent, levels in 2018 and 2019 were 8.9% and 7.4% lower, respectively.
For palmitic and palmitoleic acids, an increase in their contents was
observed with increasing temperature; however, the relative influence
of temperature was not confirmed by statistical modelling. Notably, in
2018, a year characterized by some of the highest temperatures, the
contents of palmitic and palmitoleic acids were 23.2% and 57.9%
higher, respectively, than in 1996, which experienced among the lowest
annual temperatures (average: 12.7 °C, maximum: 17.8 °C) and fewest
hot days (8 days). For linoleic acid, the lowest level was observed in
2005, when annual temperatures were the lowest (average: 12.6 °C).
The average temperature that year was 2.2 °C lower than in 2018, which
had the highest linoleic acid content (435.3%).

The variability among EVOO samples from different harvest years
can be explained by Beltran et al. (2004), who found that temperature
during oil biosynthesis affects the variability of palmitic and linoleic
acid levels. In contrast, summer rainfall primarily influences oleic acid
content. The monounsaturated fatty acid (MUFA)/PUFA ratio showed a
strong negative correlation with both annual average (r = —0.643) and
maximum (r = —0.725) temperatures, suggesting that higher tempera-
tures reduce the biosynthesis of MUFAs while promoting that of PUFAs.

Mean values and standard deviations of fatty acids in Slovenian virgin olive oil samples from 1993 to 2019.

Fatty Acids (%, w/w)

YEAR C16:0 c16:1 C18:0 c1s:1 Cc18:2 Cc18:3 C 20:0 C20:1
Limits* 7.00-20.0 0.3-3.5 0.5-5.0 55.0-85.0 2.5-21.0 <1.0 < 0.60 <0.50

1993 13.99 + 0.76° 1.01 + 0.09%¢ 3.03 + 0.38% 74.71 + 1.04° 5.58 + 0.63" 0.73 +0.11° 0.44 + 0.07%" 0.33 + 0.06°
1994 13.77 + 1.28% 1.05 + 0.28¢ 2.60 + 0.60%° 75.90 + 1.20° 5.18 + 0.77¢ 0.71 + 0.10° 0.41 + 0.08" 0.30 + 0.05"
1995 11.66 + 1.05% 0.77 + 0.16¢ 2.40 + 0.39" 78.49 + 1.55% 5.17 + 1.13¢ 0.87 + 0.07° 0.42 + 0.06" 0.87 + 0.07%
1996 11.01 + 0.61¢ 0.70 + 0.07¢ 2.33 + 0.26™ 78.87 + 0.83% 5.61 + 0.78" 0.63 + 0.07° 0.43 +0.11° 0.28 + 0.02"¢
1997 13.13 + 1.16° 0.97 + 0.22%4 2.65 + 0.38%° 74.94 +1.51° 6.86 + 0.39° 0.68 + 0.08% 0.43 + 0.06" 0.25 + 0.04%4
1998 12.93 + 0.69°> 1.07 + 0.12°¢ 2.38 + 0.27" 76.67 + 0.81% 5.55 + 0.31¢ 0.60 + 0.06" 0.41 + 0.04° 0.25 + 0.02¢
1999 13.89 +1.12° 1.04 + 0.14%¢ 2.73 + 0.26%° 75.48 + 1.32° 5.60 + 0.48" 0.59 + 0.05" 0.38 + 0.05° 0.22 + 0.02¢
2000 13.96 + 0.58° 1.14 + 0.16™ 2.60 + 0.34° 74.81 + 0.88" 5.96 + 0.52" 0.72 + 0.06% 0.43 + 0.05" 0.26 + 0.02¢
2001 10.83 + 0.59° 1.13 + 0.14° 2.66 + 0.29" 77.83 + 0.78° 5.58 + 0.52¢ 0.63 + 0.06" 0.52 + 0.06% 0.37 + 0.02°
2002 11.87 + 0.46¢ 1.10 + 0.11° 2.55 + 0.29" 77.31 + 0.45° 5.59 + 0.29° 0.54 + 0.05° 0.42 + 0.06" 0.31 + 0.03%
2003 12.82 + 0.74¢ 1.26 + 0.28° 2.84 + 0.34° 74.80 + 1.47° 6.47 + 0.84° 0.68 + 0.06° 0.45 + 0.05" 0.30 + 0.03°
2004 11.86 + 0.55° 1.11 + 0.13° 2.84 + 0.31% 76.86 + 0.87° 5.61 + 0.57¢ 0.56 + 0.04° 0.47 + 0.06% 0.32 + 0.02°
2005 11.52 + 0.48% 1.02 + 0.10°¢ 2.84 + 0.24° 77.75 + 0.50% 5.11 + 0.34° 0.57 + 0.04 0.49 + 0.04° 0.32 + 0.017
2006 12.15 + 0.56¢ 1.28 + 0.11%° 2.73 + 0.33% 76.32 + 0.49° 5.84 + 0.36" 0.56 + 0.04° 0.45 + 0.06* 0.30 + 0.02"
2007 13.13 + 0.40%° 1.33 +£0.13% 2.53 + 0.19% 75.34 + 0.56" 5.98 + 0.30% 0.61 + 0.05" 0.43 + 0.04° 0.30 + 0.02°
2008 12.59 + 0.45° 1.15 + 0.11%%¢ 2.92 + 0.44% 75.11 + 0.69° 6.61 + 0.68° 0.59 + 0.07" 0.44 + 0.07%° 0.28 + 0.02"¢
2009 13.37 + 0.68° 1.27 + 0.16" 3.05 + 0.37% 73.62 + 1.05° 7.00 + 0.66% 0.61 + 0.05" 0.46 + 0.06" 0.28 + 0.02°
2010 12.24 + 0.98¢ 1.14 + 0.14° 2.33 + 0.45° 77.34 + 1.21° 5.37 + 0.82° 0.56 + 0.08° 0.39 + 0.07° 0.30 + 0.03°
2011 13.43 + 0.67° 1.18 + 0.10° 3.05 + 0.38% 73.73 + 0.90° 6.88 + 0.64° 0.62 + 0.06" 0.48 + 0.06% 0.28 + 0.01¢
2012 13.68 + 0.74° 1.42 + 0.20° 2.97 + 0.44° 73.83 + 1.57¢ 6.37 + 1.08" 0.62 + 0.05" 0.47 + 0.06% 0.28 + 0.02¢
2013 12.43 + 0.79¢ 1.09 + 0.16¢ 2.77 + 0.36" 76.61 + 1.19° 5.40 + 0.66° 0.60 + 0.06° 0.45 + 0.06" 0.29 + 0.02"
2014 12.56 + 0.71¢ 1.36 + 0.20° 2.38 + 0.37° 75.53 + 1.38° 6.34 + 1.07° 0.70 + 0.09° 0.43 + 0.06" 0.33 + 0.02°
2015 12.94 + 0.66° 1.15 + 0.13° 2.74 + 0.46° 75.11 + 1.16° 6.39 + 0.75" 0.64 + 0.07° 0.43 + 0.07° 0.28 + 0.02°
2016 13.18 + 0.68° 1.18 + 0.15° 2.90 + 0.35% 74.37 + 1.40° 6.70 + 1.10° 0.61 + 0.07° 0.44 + 0.05" 0.27 + 0.02¢
2017 13.07 + 0.58° 1.28 + 0.17° 2.71 + 0.44° 75.15 + 0.92° 6.10 + 0.61° 0.63 + 0.08° 0.44 + 0.06" 0.27 + 0.02¢
2018 14.34 + 1.55° 1.66 + 0.67% 2.44 + 0.64° 71.88 + 3.04¢ 7.89 + 2.07° 0.77 + 0.15° 0.40 + 0.09° 0.29 + 0.04°
2019 13.69 + 0.50? 1.37 £ 0.11% 3.11 + 0.412 73.06 + 1.04° 7.02 + 0.69° 0.63 + 0.08" 0.48 + 0.06% 0.29 + 0.01°

* Limits established by the current EU Regulation 2022/2104 for olive oil. C16:0: palmitic acid; C16:1: palmitoleic acid; C18:0: stearic acid; C18:1: oleic acid; C18:2:
linoleic acid; C18:3: linolenic acid; C20:0: arachidic acid; C20:1: eicosenoic acid. Within each FA column, means with different superscript letters differ significantly,

while means sharing at least one letter do not differ significantly.
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The impact of meteorological parameters over the years was also
reflected in the FA ratios (Table S2). The oleic to linoleic acid ratio was
highest in 2005 and 1995, showing a noticeable decrease in 2018, which
had the highest annual temperatures. The oleic to palmitic acid ratio
remained relatively stable, with the highest values recorded in 1996 and
2001, suggesting that this ratio is less sensitive to climatic fluctuations.
The linoleic to linolenic acid ratio exhibited the highest variability
among the ratios, with the lowest values observed in 1995, a year
characterized by the lowest annual temperatures and higher rainfall.
These climatic conditions likely contributed to a shift in the balance of
PUFAs, with cooler and wetter years promoting linolenic acid produc-
tion. Additionally, when averaging the linoleic to linolenic acid ratio
over three periods, we observe an increasing trend: from 8.37 in the first
period (1993-2000) to 9.99 in the second period (2001-2010), and
10.16 in the third period (2011-2019). This trend suggests that higher
temperatures generally increase the content of linoleic acid and decrease
the content of linolenic acid. The palmitic to stearic acid ratio exhibited
minimal variability, indicating that the synthesis of these saturated fatty
acids (SFAs) is less influenced by meteorological factors. Overall,
meteorological parameters had the most significant impact on the pro-
duction of linoleic and linolenic acids, highlighting the greater suscep-
tibility of PUFAs to climatic conditions.

Pearson correlations, presented as a heatmap (Fig. S3), were used to
examine the relationship between FA composition and different mete-
orological conditions. No strong correlations were observed between
FAs and either annual rainfall or number of hot days (T > 30 °C).
However, a moderate negative correlation was observed between
annual average, minimum and maximum temperatures and oleic acid
content, indicating that oleic acid tends to decrease as temperatures rise.
Conversely, palmitoleic and linoleic acids showed moderate positive
correlations with annual average, maximum, and minimum tempera-
tures. Oleic and linoleic acids also showed an opposite trend, with a
strong negative correlation (r = —0.850), likely reflecting the activity of
the oleate desaturase enzyme, which converts oleic acid to linoleic acid
(El Qarnifa et al., 2019). To better understand the influence of tem-
perature on FA composition in olive oil, it is important to consider the
molecular mechanisms involved. Temperature regulates key enzymes
involved in FA biosynthesis, such as acetyl-CoA carboxylase and FA
desaturases, which are essential for the production of both MUFAs and
PUFAs. Higher temperatures typically enhance the activity of oleate
desaturase and linoleate desaturase, resulting in an increased conversion
of oleic acid to linoleic acid. Temperature stress may also affect the
expression of genes involved in lipid metabolism, which can further
influence the FA profile. This highlights the significant role of enzymatic
activity in determining the balance of oleic and linoleic acids in response
to temperature variations (El Qarnifa et al., 2019).

The results are consistent with Garcia-Inza et al. (2014), who also
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reported decreases in oleic acid and increases in linoleic and palmitoleic
acids as temperature increased. Interestingly, it contrasts with that
observed in oilseed crops (e.g., sunflower, maize, soybean), where high
temperatures during fruit growth are associated with increased oleic
acid content (Zuil et al., 2012). Several authors suggest that different
responses to temperature depend on the cultivar and the tissues in which
oil accumulates. In olives, the oil accumulates in the mesocarp, whereas
in oilseeds it accumulates in the embryo/endosperm (Garcia-Inza et al.,
2024). Previous studies have also concluded that temperature is the
main factor affecting FA metabolism in olives (El Qarnifa et al., 2019),
findings consistent with our results.

3.1.2. Isotope composition of bulk olive oil with respect to meteorological
conditions

The 5'3C values of bulk olive oil (Fig. 2) revealed that EVOOs har-
vested in 2007 and 2008 had less negative 5'>C values (—29.5 + 0.5%o
and — 29.1 + 0.4%., respectively), which were significantly different
from those of 2006 and 2019 (—30.3 £ 0.4%0 and — 29.7 £ 0.4%o,
respectively). These results are consistent with the fact that olive trees
are C3 plants, whose 5'3C values typically range between approximately
—22 to —33%o. Previous studies have shown that 5'3C in bulk olive oil
varies with temperature, precipitation, and relative humidity, which
affect plant oil biosynthesis pathways and lead to carbon isotope frac-
tionation (Bontempo et al., 2019). The lowest 53¢ values among
observed years, recorded in 2006, coincided with the lowest annual
average (13.7 °C) and minimum temperatures (8.6 °C) of the study
period. Interestingly, despite temperatures being 1 °C higher and rainfall
258.6 mm higher in 2019 than in 2006, no statistically significant dif-
ference in §'3C values was observed. Furthermore, no strong correla-
tions were found between §'3C values and meteorological parameters
(Table S4).

In contrast, we observed a strong positive correlation between the
5'80 values of Slovenian EVOO and rainfall (r = 0.839), relative hu-
midity (r = 0.871) and number of hot days (>30 °C) (r = 0.922)
(Table S4). lacumin et al. (2009) similarly reported a strong correlation
between the §'0 values of Italian EVOO and average annual tempera-
ture (positive), and relative humidity (negative) for the years 2004 and
2005. However, they found no correlation with average annual rainfall.
Furthermore, 5'80 values in our EVOO samples were 22.9%o in both
2006 and 2007, whereas in 2008 the 5'80 value was 1.4%o higher. This
increase coincided with a significantly greater rainfall (993.8 mm) and
higher relative humidity (71%) in 2008.

Although the average annual temperature in 2008 was not higher,
the number of hot days (>30 °C) was greater. In contrast, Portarena
et al. (2014) reported that EVOOs from northern Italian regions had
significantly lower 5'0 values than those from southern regions, due to
higher precipitation and lower temperatures. Furthermore, Song et al.
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(2022) found that the 80 content of precipitation decreases with lower
condensation temperatures and higher rainfall amounts. Consequently,
years with high temperatures and low rainfall are generally character-
ized by heavier, i.e., 180-enriched precipitation.

The 5%H values in plants are known to be influenced by the isotopic
composition of the primary hydrogen source (source water via leaf
water) as well as geography and climate (Zhao et al., 2024). The 5°H
values were on average — 148 + 4%o in 2006, —151 =+ 4%o in 2007, and
-150 + 3% in 2008, and were not statistically different across produc-
tion years. These results suggest that 52H is relatively stable across years
and less sensitive to interannual meteorological variation. Moreover,
5'80 and 52H values in bulk olive oil showed a weak negative correlation
(r = —0.237) (Table S4), which is not consistent with the findings of
Bontempo et al. (2009), who reported a strong correlation between 5%0
and 6°H values in Italian olive oils. In contrast, §*>C values were strongly
positively correlated with 5'%0 (r = 0.773) and negatively correlated
with 6°H (r = —0.800).

From the linear regression analysis, the relationships between §'°C
and meteorological parameters are uniformly weak < 0.11), indi-
cating that carbon isotopic composition is insensitive to the examined
meteorological variables in this dataset (Table S5). In contrast, 5180
shows a strong to moderate correlation with several parameters. The
most pronounced being the number of hot days (>30 °C) (r> = 0.85,
slope = 0.30), followed by relative humidity = 0.76, slope = 0.72)
and rainfall (r*> = 0.70, slope = 0.01).

The equation “Rainfall-5'80” shows that a change of 100 mm in
annual rainfall corresponds to a higher values of approximately +1.0%o
in 6'80. For 5°H, the strongest relationship was observed with average
temperature (r? = 0.94, slope = —4.71), showing a depletion of deute-
rium with increasing temperature. Substantial negative slopes were also
observed for minimum and maximum temperatures, whereas rainfall,
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relative humidity, and the number of hot days showed negligible asso-
ciations. Overall, these results suggest that §'3C remains relatively stable
with respect to meteorological variability. At the same time, 580 re-
sponds primarily to hot-day frequency and relative humidity, and §°H
shows a strong relationship with temperature, making it potentially the
most climate-sensitive isotope of the three.

3.1.3. Isotopic composition of individual fatty acids with respect to
meteorological conditions

The 5'3C values were determined in the five most abundant FAs in
Slovenian EVOOs, harvested in 2006-2008 and 2019, namely palmitic
(C16:0), palmitoleic (C16:1), stearic (C18:0), oleic (C18:1) and linoleic
(C18:2) acids (Fig. 3). The 5'3C values for the palmitoleic acid exhibited
the broadest range (from —45.4%o to —21.9%0) when compared to the
513C values for other FAs. Specifically, the 5'3C values of other FAs vary
from —31.8%o0 to —27.9%0, —35.4%0 to —29.0%0, —32.2%0 to —26.7%o
and — 31.5%0 to —27.9%o for palmitic, stearic, oleic and linoleic acids,
respectively. The 5'3C trends in FAs are consistent with those reported
for vegetable oils in previous studies (Bontempo et al., 2019; Faberi
et al., 2014; Spangenberg & Ogrinc, 2001).

The variability in the 5'3C values of FAs is expected due to known
fractionation effects that occur during different FA biosynthesis. A
multienzyme complex catalyzes both chain elongation, through the
addition of acetyl groups, and desaturation of FAs. Our results indicate
an initial isotopic fractionation from palmitic to stearic acid during the
elongation step, with stearic acid generally showing lower 5'3C values.
The following desaturation step leads to higher §'3C values for oleic acid
than for stearic acid, whereas a second desaturation reaction results in a
slight decrease in the 5'3C values of linoleic acid. Observed fraction-
ations can also be related to the different cell compartments (chloro-
plasts vs cytosol) in which these reactions occur (Portarena et al., 2019).
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Fig. 3. Box plots of carbon isotope ratios (5'3C) of individual fatty acids of Slovenian extra virgin olive oil (EVOO) according to different production years
(2006-2008, 2019). §'3C16:0: carbon isotope ratios of palmitic acid; 5'3C16:1: carbon isotope ratios of palmitoleic acid; §'>C18:0: carbon isotope ratios of stearic
acid; 5'3C18:1: carbon isotope ratios of oleic acid; 5-3C18:2: carbon isotope ratios of linoleic acid.
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The mean §3C values of C16:0, C16:1 and C18:0 in 2019 were
significantly lower than those observed in other production years.
Similarly, the mean §'3C18:2 value in 2019 was significantly lower than
in 2007 and 2008, while the mean §'3C18:1 value in 2019 was signifi-
cantly lower than in 2006 and 2007. The §'3C value of stearic acid
exhibited a moderate negative correlation with annual maximum tem-
perature (r = —0.556), number of hot days (r = —0.512) and average
temperature (r = —0.392), while showing a weak correlation with other
meteorological parameters across 2006-2008 and 2019. The 5'3C values
of individual FAs appear less influenced by meteorological conditions,
likely because the samples originated from Istria. This finding is in
agreement with the study by Iacumin et al. (2009), which also reported
that meteorological parameters do not correlate well with §'3C values of
Italian olive oils, especially within a limited geographic area.

The 6'3C values of palmitic and linoleic acids showed the strongest
correlation with the 6'3C values of bulk oil (r = 0.786 and 0.798,
respectively) and with each other (r = 0.909). The §'3C values of stearic,
oleic, and linoleic acids moderately correlated with the 50 values of
bulk oil (0.560, 0.549, 0.416, respectively) and with 5?H values (0.473,
0.408, 0.373, respectively).

3.1.4. Chemometric analysis

Partial Least Squares Discriminant Analysis (PLS-DA) was used to
explore differences between years of production (2006-2008, 2019) of
Slovenian EVOOs according to eleven variables (613Cbulk, s'3c1e:0,
513C16:1, 5'3C18:0, 5'3C18:1, 5'3C18:2; palmitic acid, palmitoleic acid,
stearic acid, oleic acid, linoleic acid). The original two-component
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= 0.44), indicating moderate predictive ability, with an accuracy of 0.83
and a correlation coefficient (Rz) of 0.45. Permutation testing (n = 200)
confirmed that the model was not overfitted, with all permuted R? and
Q2 intercepts near zero or negative (2006: RZ= —0.0007, Q2 =—0.0725;
2007: R? = —0.0064, Q> = —0.0657; 2008: R?> = —0.0013, Q2 =
—0.0694; 2019: R? = 0.0055, Q?> = —0.0502), indicating predictive
performance significantly better than chance. The model's classification
ability was further supported by high AUC values for each year (2006:
0.945; 2007: 0.981; 2008: 0.948; 2019: 0.881), demonstrating consis-
tently good to excellent discrimination between olive oils from different
production years.

The model explained 56.5% of the variance, with Component 1 ac-
counting for 33.7% of the total variance, primarily separating the 2006
and 2019 samples from those produced in 2007 and 2008, while
Component 2, accounting for 22.8% of the total variance, particularly
distinguished the 2019 samples from the 2006 samples and the 2007
samples from the 2008 samples. The most relevant variables for the
model (VIP > 1, variable importance in projection) were the levels of
palmitic acid, 513¢18:2, 6'3C16:0, 6'3C18:0, §'3Chuk and oleic acid
(Fig. 4B).

Although the score plot showed partial overlap across years, several
2019 samples clustered distinctly from earlier years, likely reflecting the
exceptional meteorological conditions of 2019, characterized by the
highest annual average, maximum, and minimum temperatures, the
hottest days, and the highest annual rainfall in the dataset. In contrast,
2007 recorded the lowest annual rainfall, with more than 133 mm less
precipitation, and the lowest relative humidity among the analyzed
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5'3C value of palmitoleic acid; 5'3C18:0: §'3C value of stearic acid; §'C18:1: 5'°C value of oleic acid; 5'3C18:2: §'3C value of linoleic acid).
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contributed to moderate yet measurable shifts in FA composition and
carbon-isotopic signatures.

3.2. Influence of meteorological conditions on the isotopic composition of
olive oils of different origins

3.2.1. Isotopic composition of bulk olive oil

Fig. 5 shows the distribution of the 5!3C, §°H and 5'%0 values
determined for bulk EVOOs, grouped by country of production. Ac-
cording to meteorological averages for the study period (1990-2009),
the average annual temperature in Cordoba, Spain, was 19 °C, and the
average annual precipitation was 674 mm (Orlandi et al., 2014). In the
Marche Region of Italy, the average annual temperature was 13.9 °C,
and annual precipitation was 930 mm during 1991-2020 (Gentilucci
et al., 2019, 2020). For the Istrian region of Croatia (meteorological
station Rovinj), the average annual temperature for the period
1991-2010 was 14.1 °C and annual precipitation was 798 mm
(Ugarkovic & Ugarkovic, 2013). The Montenegrin location of EVOOs
was the Adriatic coastal region, characterized by a typical Mediterra-
nean climate, with an average annual temperature of 15-16 °C and total
annual precipitation of 1200 mm (Culafi¢ et al., 2020).

When comparing data from Slovenia, Croatia, Italy, Spain and
Montenegro for 2007, significantly higher 5'3C, 52H, and §'%0 values
were observed in bulk oils from Spain than from other countries. In
addition, statistically significant differences in 5'3C values were found
between Slovenian samples and those from Italy and Croatia. Interest-
ingly, samples from Croatia, Italy and Montenegro did not show sig-
nificant differences in §'3C values.

The 5'80 values of the Montenegrin samples were significantly
different from those of the Italian and Slovenian samples. The 5'%0 and
5%H values in bulk olive oil were significantly positively correlated (r =
0.645), while moderate positive correlations were found between 53¢
and both 5'%0 (r = 0.481) and §°H (r = 0.508). Bontempo et al. (2019)
suggested that each production area may have site-specific fractionation
processes affecting C, H and O isotopes, likely reflecting the combined
effects of regional climatic factors such as average temperature, relative
humidity and drought stress.

The higher 53¢, 5'%0 and 5°H values in Spanish oils can be explained
by higher temperatures and lower rainfall, which cause evaporative
enrichment of leaf water. Conversely, Italy's cooler and wetter condi-
tions resulted in more depleted 5'%0 values. Average annual tempera-
ture showed significant positive correlations with 580 and §2H values of
bulk oil (r=0.814 and r = 0.607, respectively) and moderate correlation
with 6'3C of bulk (r = 0.393) across all five countries.

These results are consistent with previous findings that 5'%0 and §°H
values in EVOOs reflect both meteorological conditions and geograph-
ical gradients in precipitation isotopes (Bontempo et al., 2009; Camin
et al., 2010). Furthermore, Lehmann et al. (2018) reported that 580
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in plant organic matter is influenced by the isotopic composition of
source water and evapotranspiration intensity.

In Mediterranean climates, rainfall 5°H values are generally more
enriched in drier, warmer regions, following global trends in the mete-
oric water line (Dansgaard, 1964). Accordingly, the enriched 5°H values
observed in Spanish EVOOs reflect higher temperatures and reduced
rainfall, whereas the more depleted 5%H values in Italian, Croatian and
Montenegrin oils correspond to cooler, wetter conditions. The enrich-
ment in 3C, 180 and 2H isotopes in EVOOs produced in drought-prone
regions (such as Spain) can be attributed to both meteorological fac-
tors (temperature and precipitation) and plant-related parameters (such
as stomatal conductance), highlighting a strong genotype-environment
interaction. Moreover, during dry Mediterranean summers, trees often
reduce stomatal conductance to minimize water loss, thereby lowering
photosynthetic rates. These physiological adjustments influence carbon
isotope fractionation during COz uptake and fixation, thereby modifying
the 5'3C composition of organic matter (Portarena et al., 2025). It is
noteworthy that, in the present study, 5'%0 and 82H exhibited stronger
correlations with temperature than §'3C, indicating that these isotopes
were more sensitive to climatic conditions in the analyzed samples.

3.2.2. Isotopic composition of individual fatty acids in olive oil

As shown in Fig. 6, EVOO samples from Italy exhibited the lowest
5'3C values among all five FAs. They were significantly different from
the 5'3C values of FAs in the Spanish samples, which showed the highest
513C values for all FAs, except palmitoleic acid. Conversely, lower 53¢
values observed in Italian oils suggest more favorable moisture condi-
tions, however, this interpretation should be made with caution, as
carbon isotope composition can also be influenced by multiple inter-
acting environmental and physiological factors. The statistical differ-
ences observed among some countries highlight the potential of 5'3C
values to act as markers for determining the geographical origin of
EVOOs. In addition, average annual temperature showed a significant
moderate correlation with the §'3C values of stearic and oleic acids (r =
0.468 and r = 0.437, respectively), indicating a possible relationship
between meteorological conditions and carbon isotope composition,
although the strength of these associations remains limited.

The average annual rainfall showed negative, weak, or negligible
correlations with isotopic fingerprints. Spanish samples, characterized
by the highest average annual temperature and the lowest rainfall
among the analyzed countries, showed the highest 5'°C values for FAs.
Camin et al. (2010) reported that under warmer, drier conditions, sto-
matal conductance decreases, leading to higher water-use efficiency
and, consequently, to enrichment in '3C. The Mediterranean region is
already characterized by plant heat and water stress due to harsh sum-
mer weather conditions, including low precipitation, high temperatures,
and intense solar radiation.

According to the Intergovernmental Panel on Climate Change
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Fig. 6. Box plots of §'>C values determined in fatty acids (§'>C16:0: 5'3C value of palmitic acid; §'3C16:1: §'°C value of palmitoleic acid; §'>C18:0: 5'3C value of
stearic acid; §'3C18:1: 5'3C value of oleic acid; 5'3C18:2: §'3C value of linoleic acid) from extra virgin olive oil (EVOOs) samples produced in 2007, according to

country of production (Croatia, Italy, Montenegro, Slovenia, Spain).

(IPCC), future climate projections indicate a noticeable decrease in
annual precipitation and a continued rise in temperatures across the
Mediterranean area (IPCC, 2013). For perennial crops such as olive
trees, these climatic changes are expected to cause severe adverse ef-
fects, particularly on water relations, oxidative pathways, final yield and
quality attributes, including oil composition, phenolic content, and
sensory characteristics (Fraga et al., 2021).

3.2.3. Principal component analysis (PCA)

Principal Component Analysis (PCA) was performed to visualize the
geographical differentiation of EVOO samples from Slovenia, Croatia,
Italy, Spain, and Montenegro collected in 2007 (Fig. 7). The variables
included the §'3C, 580, and 5°H values of bulk oil, and the 5'3C values of
individual FAs.

The two Principal components together explain 78.5% of the vari-
ance. PC1 explained 60.8% of the total variance and is positively
influenced by the 53¢ values of bulk oil and of stearic, linoleic, palmitic,
and oleic acids. In comparison, PC2 explained 17.7% of the total vari-
ance and was mainly influenced by the §'3C of palmitoleic acid and the
52H and 580 values of bulk oil. A clear separation is visible between
Spanish and Italian EVOOs and those from the Balkan macro-region.
However, there was poor separation among Slovenian, Croatian, and
Montenegrin oils. Notably, Slovenian EVOOs appear to be characterized
primarily by the §'3C values of palmitoleic acid. The 5°H and 5'80 values

4

PC2 (17.7%)

0.0
PC 1 (60.8%)

of bulk oil, together with compound-specific 53C, seem to be determi-
nant for Italian and Spanish EVOOs, with Spanish samples showing
higher isotopic values of all three light elements.

4. Conclusion

This long-term study demonstrated that temperature significantly
affects the FA composition of Slovenian EVOOs, with higher tempera-
tures linked to lower oleic acid and higher linoleic and palmitoleic acid
contents. Among the isotopic parameters, 5'%0 and 5°H in bulk Slove-
nian oils proved sensitive to climatic variability. Linear regression
analysis indicated that 580 was primarily influenced by the frequency
of hot days and relative humidity, while 5°H showed a strong relation-
ship with temperature. EVOOs from Mediterranean regions with lower
temperatures and higher precipitation (Italy, Croatia and Montenegro)
exhibited lower isotopic ratios for all three light elements, whereas
Spanish samples, produced under warmer temperatures with lower
rainfall, displayed significantly enriched §'3C, §°H, and §'®0 values.
Moreover, the average annual temperature positively correlates withs
5'80 and 5°H values across all five countries.

However, several limitations of this study should be acknowledged.
Cultivar variability was not fully controlled, which may have contrib-
uted to the observed differences in FA and isotopic composition. In
addition, isotopic measurements were available for a limited number of

Groups

@ coaxs

Italy

W vonenegro

Slovenia

Spain

Fig. 7. PCA biplot of geographic separation of EVOOs from five European countries (Italy, Spain, Slovenia, Croatia, Montenegro) harvested the same year (2007).
5'3C16:0: 5'3C value of palmitic acid; 5'3C16:1: 5'3C value of palmitoleic acid; 5'3C18:0: 5'3C value of stearic acid; 5'3C18:1: 6'3C value of oleic acid; §'3C18:2: §*3C

value of linoleic acid.
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years, which may restrict the assessment of long-term climatic trends.
Finally, the geographic sampling was uneven across countries, which
may affect the comparability of regional results. Despite these limita-
tions, the results highlight the strong influence of climate on the isotopic
and FA composition of EVOOs and emphasize the need for further
studies with broader cultivar representation, and extended time series to
improve the robustness of future interpretations.
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