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Abstract
A non-destructive fluorescence method combined with chemometric algorithms has been developed for discriminating 
between olive oils. The excitation-emission matrices (EEMs) of two olive oil varieties (Arbosana and Oliana) from two crop 
seasons, which had undergone two different irrigation treatments (control irrigation strategy and regulated deficit irrigation 
(RDI)), were recorded. EEMs were analysed using parallel factor analysis (PARAFAC), followed by linear discriminant 
analysis (LDA) incorporating three PARAFAC components. This analysis was able to discriminate between olive oils accord-
ing to crop season (100% of predictions in the validation set were correct) and variety (100% of predictions were correct). 
Moreover, good discrimination (80% of correct predictions) was also achieved when examining olive oils belonging to the 
same variety but submitted to two different irrigation treatments. Further, the olive oil quality parameters obtained using 
conventional methods were compared with those obtained using unfolded partial least squares (U-PLS). Good correlation 
coefficients were obtained for Rancimat hours (r = 0.87),  K270 (r = 0.75) and total polyphenol content (r = 0.94).
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Introduction

Olive oil is considered one of the key products present in 
the Mediterranean diet due to its nutritional and antioxidant 
profile, as well as to its important role in the economy of the 
producing countries. It is well known that olive oil induces 

important health benefits due to its specific composition of 
unsaturated fatty acids, polyphenols, vitamin E, carotenoids, 
sterols, etc. Nowadays, consumers are highly interested in 
adding antioxidant compounds to their daily diet due to the 
short and long-term benefits (Difonzo et al. 2017) they offer, 
for instance, in preventing and reducing certain gastroin-
testinal diseases such as colon cancer (Bassani et al. 2016; 
Terzuoli et al. 2016).

The concentration of these bioactive compounds in olive 
oil is deeply influenced by the cultivar type, maturation 
stage, agroclimatic conditions (rainfall and/or water stress) 
and agronomical practices (Dagdelen et al. 2013; Franco 
et al. 2014). Recent research has indicated that cultivar-based 
tailor-made irrigation strategies may upgrade final olive oil 
quality (Machado et al. 2013). In addition, adoption of a 
regulated deficit irrigation strategy is recommended in order 
to optimize the vigour of olive trees in highly intensive olive 
groves (Lavee et al. 2007). Moreover, Cabrera-Bañegil et al. 
(Cabrera-Bañegil et al. 2018) found that polyphenol concen-
tration is significantly affected by the irrigation conditions. 
Their study indirectly revealed that a higher polyphenolic 
concentration was found in table olive paste produced from 
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plants subjected to higher water stress. In other words, irri-
gation deficits promote major phenolic compound synthesis.

The high production of olive oil has led to the develop-
ment of reliable and accurate methods for its authentica-
tion which consider aspects such as adulteration, mislabel-
ling and misleading characterizations and presentations of 
origin (Guimet et al. 2005b). The constant development of 
better products leads to the need for new, faster and more 
reliable technologies for quality control. Moreover, due to 
an increased attention over pollution, there is a demand for 
eco-friendly analytical techniques, and, in this sense, fluores-
cence spectroscopy meets the requests for green analytical 
techniques because it is reagent free.

In addition, this technique is easy to use, rapid and mul-
tiparametric and presents a low analytical cost. Conse-
quently, a significantly higher number of studies are emerg-
ing to validate the application of fluorescence, specifically 
excitation-emission matrices (EEMs), for the characteriza-
tion and evaluation of parameters pertaining to olive oil. 
EEMs have been applied in combination with chemometric 
tools to discriminate between olive oils coming from two 
different denomination of origin regions in Spain (Guimet 
et al. 2005a), between three types of commercial Spanish 
olive oils used for human consumption (virgin, pure and 
olive pomace oil) (Guimet et al. 2004a) and between olive 
oils with low and high total polyphenol content (Squeo et al. 
2019).

Furthermore, applications using total synchronous fluo-
rescence spectroscopy and excitation-emission fluores-
cence spectroscopy (EEFS) have been developed to monitor 
changes in olive oil during storage under different conditions 
(Sikorska et al. 2008; Domínguez Manzano et al. 2019) and 
in the chemical makeup of thermoxidized virgin olive oil 
(Tena et al. 2012). Further, Duran-Merás et al. (Durán Merás 
et al. 2018) demonstrated that it was possible to detect adul-
terations in extra virgin olive oil as well as to quantify the 
level of adulteration.

This technique has been also applied to olive oil with the 
aim of quantification. For instance, it has been used to quan-
tify secondary oxidation products (K270) in extra virgin, 
virgin, pure olive oil and olive fruit (Guimet et al. 2005b), in 
addition to the degree of adulteration (Guimet et al. 2005c) 
and total polyphenol content (Squeo et al. 2019).

In this study, two different olive varieties (Arbosana 
and Oliana) were selected and submitted to two irrigation 
regimes during two olive seasons. The aim of this work was 
to outline the suitability and effectiveness of fluorescence 
spectroscopy combined with chemometrics algorithms 
in discriminating between extra virgin olive oils (EVOO) 
according to their age, variety and the irrigation conditions 
submitted to. To the best of our knowledge, the discrimina-
tion of olive oils according to irrigation treatment has not 
been examined in any previous study. Moreover, we sought 

to examine the use of this methodology for quantifying oxi-
dative stability and total polyphenol content. Different algo-
rithms were used in support of the aforementioned method-
ology: parallel factor analysis (PARAFAC) for exploratory 
analysis, PARAFAC combined with linear discriminant 
analysis (PARAFAC-LDA) for classification and unfolded-
partial least squares (U-PLS) for quantification.

Material and Methods

Experimental Olive Cultivar

The study was performed with Arbosana and Oliana variety 
olives from an experimental olive grove (Olea europaea L.) 
which were harvested during the 2016/17 and 2017/18 olive 
seasons. The olive grove is located at the research centre “La 
Orden-CICYTEX” (Badajoz, Spain) (38° 51′ N, 6° 40′ O). 
The plot was planted in 2012 with a density of 1975 trees/ha 
(1.35 m × 3.75 m) and is found at an altitude of 200 m above 
sea level. Rainfall during the 2016/2017 and 2017/2018 crop 
seasons was 489 and 275 mm, respectively.

The experiment had a split-plot factorial design with eight 
replications, with the main plot consisting of two levels per-
taining to the two types of irrigation and the two varieties 
making up two subplots. The grove consisted of three rows 
of trees with 6 trees per row. The four central trees were used 
as experimental trees, and the rest were used as guard trees.

The influence of different irrigation treatments and olive 
varieties on analytical parameters was studied. A total of 64 
samples were collected manually from the selected central 
trees (8 blocks × 2 irrigations × 2 varieties × 2 growing sea-
sons) in perfect sanitary conditions. These samples were col-
lected during November with a maturity index of 2.5 (verai-
son) (Uceda and Frías 1975). This maturity index guarantees 
the maximum fat content in Arbosana and Oliana varieties.

Random fruit samples were picked in the morning from 
different sides of trees with the same ripeness index. All 
samples for all treatments weighed 10 kg. Samples were 
transported to the laboratory in ventilated storage trays. Oil 
was then extracted within 24 h.

Irrigation Treatments

Two irrigation treatments were applied: (i) Control: an 
irrigation strategy designed to ensure optimal conditions 
according to the overall water requirements of the grove 
over the course of the irrigation season (Orgaz et al. 2006); 
(ii) regulated deficit irrigation (RDI): applied 52% and 66% 
of the treatment applied in Control in 2016/17 and 2017/18, 
respectively.

In the RDI treatment, different irrigation doses were 
applied depending on the growth stage of the olive fruit 
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and seasonal sensitivity to water deficit. The RDI amount 
of water was adjusted by stem water potential (ψs) accord-
ing to the olive phenologic stage. Thus, this parameter was 
adjusted at − 1.4 MPa from sprouting to bone hardening. 
From veraison to harvesting, the ψs was set at − 1.6 MPa 
(Prieto et al. 2016).

The different climatic conditions of each campaign 
caused variations in the final doses applied in the irrigation 
treatments. The total amount of water used in the Control 
and RDI treatments in the 2016/2017 campaign was 400 and 
190 mm, respectively. In 2017/2018, the amount of water 
used was 516 and 341 mm for Control and RDI, respectively.

Oil Extraction

An Abencor analyser (MC2 Engineering Systems, Seville, 
Spain) was used for oil extraction (Martínez et al. 1975). 
Olives were crushed with a hammer mill 24 h after har-
vesting and slowly mixed for 30 min at 25 °C. Following 
this, a paste was obtained which was centrifuged at 1438 g 
for 3 min. The oil was then decanted and stored in amber-
coloured glass bottles at 4 °C.

All examined olive oils showed values below the maxi-
mum established limits for determined variables (free acid-
ity ≤ 0.8°; peroxide index ≤ 20  meq  O2/kg;  K270 ≤ 0.22; 
 K232 ≤ 2.5). All included oils could therefore be labelled as 
“extra virgin”, according to Regulation EC/1989/2003 (EEC 
2003).

Quality Index

Oxidative Stability

The Rancimat test (Metrohm, Herisau, Switzerland) was 
used to analyse the oxidative stability of the oil (Gutiérrrez 
1989). The oil was submitted to a temperature of 100 °C 
in order to observe changes in conductivity. Results were 
presented according to induction time (h). Longer induction 
times indicate greater oxidative stability of the oil.

Total Polyphenols

Total polyphenol content of the olive oil was evaluated 
according to the Folin-Ciocalteu colorimetric method using 
caffeic acid as a standard (Delgado-Adámez et al. 2014). 
Two millilitres of the extract was mixed in a vortex (VWR® 
Vortex Mixers, 230 V) following the addition of 1 mL of 
Folin-Ciocalteu reagent (Panreac, Barcelona, Spain), 2 mL 
of saturated  Na2CO3 and 15 mL of distilled water. The mix 
was incubated for 90 min, and spectrophotometric absorb-
ance was measured at 725 nm against a blank solution 
using a UV–Vis Spectrophotometer (GENESYS™ 10, from 
Thermo Scientific™). Samples were measured in triplicate, 

and a calibration curve was plotted against caffeic acid con-
centration (≥ 99% purity, from ExtraSynthese). Outcomes 
were expressed as mg of caffeic acid equivalent per kg of oil.

Absorbance at 270 and 232 nm

The methodology used to analyse absorbance at 232 and 
270 nm is described in Regulation (EEC) nº 2568/91 and its 
subsequent amendments. All olive oil samples were analysed 
in duplicate.

Statistical Analysis

Two-way ANOVA was performed in order to consider the 
effects and/or interactions of crop season and irrigation 
treatment within each olive variety using SPSS 22.0 soft-
ware (SPSS Inc., Chicago, IL, USA). Data was analysed 
via ANOVA. Tukey’s test was applied beforehand to verify 
normality and homogeneity of variance. In cases where 
the interaction was significant (p < 0.05), the results were 
expressed as the mean ± SD of each crop season in the vari-
able studied.

Excitation‑Emission Matrices (EEMs)

Olive oil fluorescence measurements were performed using a 
Varian Model Cary Eclipse fluorescence spectrophotometer 
(Agilent Technologies, Madrid, Spain), and Cary Eclipse 
1.2 software was used for data acquisitions. Measurements 
were recorded in a 10-mm quartz cell at room temperature. 
Excitation and emission slit widths were set at 5 and 5 nm, 
respectively. Photomultiplier tube sensitivity was fixed at 
750 V.

Excitation-emission matrices (EEMs) were assembled to 
measure a set of emission spectra over a range of excita-
tion wavelengths. Selected excitation wavelengths ranged 
from 300 to 400 nm and increased in 5 nm increments. At 
each excitation wavelength, emission spectra were recorded 
for every 2 nm between 410 and 625 nm. Each sample was 
measured in duplicate. Data were saved in ASCII format and 
transferred to a PC for the chemometric analysis described 
in the next section.

Chemometric Analysis

Second-order data were first processed via PARAFAC (Bro 
1997). This algorithm broke down the data according to 
excitation and emission loadings, and into their relative 
component concentrations or scores. In order to select the 
optimum number of components, core consistency diagnos-
tic criterion (CORCONDIA) (Bro and Kiers 2003), residual 
analysis (Bro 1997) and physiognomy of the loading were 
employed.
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Given that all concentrations and spectral values are 
always positive, non-negative constraints were applied to all 
modes with the aim of obtaining a realistic solution. PARA-
FAC scores were employed for classification via LDA (Ber-
rueta et al. 2007).

U-PLS (Wold et al. 1987) regression was selected to 
develop quantitative models between EEMs and chemi-
cal parameters. In order to select the optimum number of 
components, cross-validation was employed alongside with 
the Haaland and Thomas criterion (Haaland and Thomas 
1988). The optimal number of components is indicated when 
a PRESS value that is not statistically different from the 
minimum PRESS value (F-ratio probability falling below 
0.75) is achieved.

Samples were divided into two sets for the development 
of classification (PARAFAC-LDA) and quantification mod-
els (U-PLS). The calibration set (70% of all samples) was 
used to build a model of known variables and conduct cross-
validation. The validation set (30% of all samples) was used 
for external validation of the model. Samples were randomly 
divided between sets.

Data were processed using MATLAB software (MAT-
LAB R2016b). PARAFAC and U-PLS were carried out by 
means of the graphical interface MVC2 (http:// www. iquir- 
conic et. gov. ar/ desca rgas/ mvc2. rar") (Olivieri et al. 2009), 
and the classification toolbox (https:// michem. unimib. it/ 
downl oad/ matlab- toolb oxes/) was used for LDA calculations 
(Ballabio and Consonni 2013).

Results and Discussion

Effect of Different Irrigation Treatments 
on the Quality Index

Table 1 summarizes the quality parameters for Arbosana 
and Oliana varieties EVOOs produced from super-
high-density olive hedgerow orchards subjected to dif-
ferent irrigation treatments. As can be seen, regardless 
of the variety and of the irrigation treatment, the olive 
oil production in 2017/2018 crop year (between 2445 
and 3473 kg/ha) was higher than the one obtained in 
2016/2017 (between 1453 and 2752 kg/ha). Furthermore, 
Arbosana was the variety with more olive oil production 
in both campaigns. With respect to the influence of the 
irrigation treatment in the olive oil yield, a significant dif-
ference was observed between the two treatments, being 
the Control treatment the one which present higher levels 
of productions.

Also, other parameters such as total polyphenol con-
tent, oxidative stability, and K270 and K232 values 
have been included. The analysis revealed a significant Ta
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interaction between crop season and irrigation treatment 
in both varieties. Therefore, data from the two crop sea-
sons are presented separately.

In this sense, higher values of total polyphenols and 
oxidative stability were observed in oil produced from 
the 2017/2018 crop season. This may be explained by the 
lower rainfall seen during this year, which only amounted 
to 44% of the rain seen during the previous season. Dif-
ferences in absorbance at 270 and 232 nm were not seen 
between the two seasons, and these values were within 
established limits  (K270 ≤ 0.22;  K232 ≤ 2.5). Consequently, 
parameters for all of the studied oils were considered 
within the category of “extra virgin olive oil” as stipu-
lated by Regulation (EEC) 2568/91.

Irrigation regimen had a strong influence on total 
polyphenol concentration and oxidative stability; how-
ever, it had no effect on either of the K parameters. 
Total polyphenol content decreased as irrigation dose 
increased. Statistical differences were observed between 
irrigation treatments, crop seasons and cultivar varieties. 
The highest values were exhibited by EVOOs produced 
from Arbosana variety trees with a below RDI dose of 
irrigation, 190.3 mg Caf./kg oil, and subjected to an 
induction time of 66 h. On the other hand, the lowest 
values were shown in EVOO from trees watered with a 
greater quantity of water. The greatest differences were 
observed in relation to the Oliana variety when both 
parameters were more than 18% below RDI relative to 
control conditions.

This trend is consistent with findings reported by other 
authors. In this sense, Gómez-Rico et al. (2009) (Gómez-
Rico et al. 2009) also presented higher values of these 
parameters in EVOO following water stress treatment. 
Sena-Moreno et al. (2017) (Sena-Moreno et al. 2017) 
demonstrated greater oxidative stability in oil produced 
from a super-high-density olive grove (cv. Arbequina) 
when submitted to severe water stress. These research-
ers argued that this was due to an increase in antioxidant 
compounds and total polyphenols. Water stress in olive 
plants triggers a chemical reaction which reduces oxi-
dative damage and stimulates the synthesis of phenols 
(Sánchez-Rodríguez et al. 2011). It is well known that 
these EVOO compounds are characterized by an antioxi-
dant activity (Franco et al. 2014) that can increase oxi-
dative stability. Cabrera-Bañegil et al. (2018) (Cabrera-
Bañegil et al. 2018) also observed an increase in total 
polyphenols in Arbequina variety olive trees with an 
irrigation deficit.

To sum up, taking into account all the previous 
results, there is a compromise between the olive oil 
production and its shelf life. Oliviculture sector has to 
assess how to proceed in order to take advantage of the 
current market.

Olive Oil Excitation‑Emission Matrices

Due to the native fluorescence of olive oil, fluorescence 
spectroscopy was selected with discriminatory and quanti-
tative purposes. A full EEM was recorded in order to obtain 
complete fluorescence information in relation to the olive 
oil sample. Figure 1A presents the complete EEM recorded 
for a single olive oil sample. As can be observed, the figure 
presents two fluorescence regions. The first region has an 
excitation maximum at 370 nm and two emission maxima 
at 470 and 500 nm. The second region presented a very 
intensive maximum, occurring at 410 nm for excitation 
and 675 nm for emission. Other less intense maxima were 
found at higher excitation wavelengths. The obtained EEMs 
are similar to those found in existing literature (Guimet 
et al. 2004b; Jiménez-Carvelo et al. 2019; Lia et al. 2020). 
According to the conclusions of these prior studies, the first 
fluorescence band may be related to vitamins and oxidation 
products, whilst the second band appears to be correlated 
with chlorophyll derivatives.

In order to simplify outcomes, only the first band was 
examined in proceeding analysis. Figure 1B presents the 
EEMs pertaining to olive oil produced during the 2016/2017 
crop season from Arbosana and Oliana variety fruit, respec-
tively, according to different irrigation conditions. As can be 
observed, both EEMs from Arbosana and Oliana olive oils 
present an excitation maximum at 370 nm and two emission 
maxima at 470 and 500 nm. Nevertheless, another maxi-
mum was found at approximately 330 nm of excitation and 
440 nm of emission in Arbosana samples.

Further, the hydric regime had no effect on matrix physi-
ognomy, although it was seen to affect the fluorescence 
intensity of signals obtained at 470 and 500 nm. In both 
varieties, RDI samples presented higher fluorescence than 
control samples.

Exploratory Analysis

As can be seen in Fig. 1, olive oils obtained from different 
olives presented different EEMs. The utility of using these 
differences to distinguish between olive oils from different 
olive varieties and subjected to different irrigation treat-
ments has been analysed using chemometric algorithms, 
such as PARAFAC and LDA. Firstly, an exploratory analy-
sis was performed using PARAFAC. The 64 EEMs were 
arranged according to a three dimensional 64 × 110 × 22 
(samples × number of emission wavelengths × number of 
excitation wavelengths) structure. Then, this array was 
decomposed by PARAFAC, in order to select the optimal 
number of components. Three components were selected, 
accounting the 98.27% of the explained variance and having 
a core consistency criterion of 99.
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In PARAFAC, each component consists of two loading 
vectors (excitation and emission spectral data) and one 
score vector that provides information related to the con-
stituent concentration. Excitation and emission PARAFAC 
loadings for the three components are shown in Fig. 2. 
These profiles corroborate the initial examination of fluo-
rescence data and point to the types of fluorophores pre-
sent in the samples, thus improving spectral interpretation.

The first component presents an excitation maximum at 
370 nm, a shoulder at 350 nm and two emission maxima at 
475 and 500 nm. The maximum intensity of the second com-
ponent is also seen at an excitation wavelength of 370 nm 
and the shoulder at 350 nm, whilst maximum emission 
wavelength is found at 520 nm. It is difficult to characterize 
these bands given that many endogenous fluorescent mol-
ecules are seen in the 400–600 nm spectral range. According 

Fig. 1  (A) Fluorescence contour 
plot of a full EEM for a single 
olive oil sample. (B) Fluores-
cence contour plot of olive oils 
produced during the 2016/2017 
crop season from Arbosana and 
Oliana cultivars, according to 
irrigation treatments (control 
versus RDI)
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to Kyriakidis and Skarkalis, the first component could be 
attributed to the products of fatty acid oxidation (Kyriakidis 
and Skarkalis 2000). With respect to the second compo-
nent, emission spectra with a maximum centred at 524 nm 
have previously been described in olive oil. This has been 
associated with the presence of vitamin B2 and with other 
compounds with similar chemical structures, such as flavin-
adenine dinucleotide (Zandomeneghi et al. 2005). This peak 
has also been detected in olive oil used in another study, 
where authors argued that it was, at least partly, explained 
by the presence of vitamin E derivatives (Kyriakidis and 
Skarkalis 2000).

The third component presents a maximum fluorescence 
intensity at 410 nm, exciting at 320 nm. In accordance with 
existing literature, this component is attributed to oxidation 
products (Guimet et al. 2004b).

Discrimination According to Year of Cultivar, Variety 
and Irrigation Treatment

Discrimination Between Years

As can be seen in Fig. 3, plotting the PARAFAC scores 
pertaining to the three components of all samples against 
each other enables olive oil samples from the 2016/2017 
crop season to be clearly differentiated from 2017/2018 
samples. In view of the good separation obtained with 
PARAFAC, a discrimination model was then built by 
applying a supervised algorithm. LDA was applied to the 
PARAFAC score matrix in order to separate the two sam-
ple groups. This is achieved by establishing a linear discri-
minant function that maximizes the ratio between the class 
and within-class variances. As explained in Sect. 2.7, sam-
ples were split into two sets. The training set used a 44 × 3 
matrix (44 samples [22 for each variety] × scores for the 
three factors) and a 44 × 1 Y matrix composed of binary 
digits which identified the crop season to which each sam-
ple belonged. The validation set contained the remaining 
20 samples (10 of each variety). Table 2 presents vene-
tian blind cross-validation outcomes and the validation 

confusion matrix for the PARAFAC-LDA model devel-
oped to discriminate between crop seasons. The classifi-
cation model correctly classified all the cross-validation 
samples and test sets into their respective categories. Zero 
classification errors were recorded.

Fig. 2  (A) Excitation and emis-
sion PARAFAC loadings for the 
overall set of olive oil samples

Fig. 3  PARAFAC scores for olives oil classification, with values per-
taining to each crop season being presented separately. 2016/2017 
crop season samples are plotted in blue, and 2017/2018 crop season 
samples are plotted in red

Table 2  Confusion matrix obtained through LDA-PARAFAC model 
for crop season discrimination. Values are expressed in number of 
samples

Diagonal bold contains the number of correct assignments

Predicted crop season

Real crop season Cross-validation Validation

2016/2017 2017/2018 2016/2017 2017/2018

2016/2017 22 0 10 0
2017/2018 0 22 0 10
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Discrimination Between Varieties According to Crop 
Season

No visible trends were found among the olive oils of the 
two varieties when all the samples were employed together. 
Thus, data for each crop season were treated separately for 
the discrimination analysis of olive oils according to olive 
variety.

Firstly, in order to perform an exploratory analysis 
with PARAFAC, two different 32 × 110 × 22 arrays (sam-
ples × number of emission wavelengths × number of excita-
tion wavelengths) were built, with one pertaining to samples 
from 2016/2017 and the other pertaining to 2017/2018 olive 
oil samples. In both groups of samples, the CORCONDIA 
procedure suggested that three factors were sufficient to 
make up the model. It is noteworthy to state that, at this 
point, the loading profiles for both groups of samples were 
similar to those presented in Fig. 2 which used all samples.

With regard to PARAFAC scores. Figure 4 presents the 
three-dimensional plots for each of the sample groups. As 

can be seen, an adequate separation is observed in the two 
campaigns, being better in the 2017/18 campaign.

In view of the promising separation obtained using 
PARAFAC, LDA was applied employing the three PAR-
AFAC factor scores as inputs. In this way, two classifi-
cation models were built, with one pertaining to sam-
ples from the 2016/2017 crop season and the other to 
samples from 2017/2018. In both cases, the calibration 
set contained 22 samples (11 of each variety), and the 
validation set contained the remaining 10 samples (5 of 
each variety). Table 3 presents classification outcomes 
for both models. It presents a confusion matrix, with the 
numbers in the rows corresponding to actual classifica-
tions and columns corresponding to predicted classifica-
tions. Values along the matrix diagonal and presented 
in bold font correspond to the correct predictions made 
by LDA. The confusion matrix produced in relation to 
2016/2017 crop season samples has a 91% and a 100% 
of correct predictions in cross-validation and valida-
tion, respectively. In cross-validation, all Arbosana 

Fig. 4  PARAFAC scores for olive oils classification according to olive cultivar. Arbosana (red) and Oliana (blue)

Table 3  Confusion matrix 
obtained with LDA-
PARAFAC models for variety 
discrimination. Values are 
expressed in number of samples

Diagonal bold contains the number of correct assignments

Predicted cultivar

2016/2017 2017/2018

Real cultivar Cross validation Validation Cross-validation Validation

Arbosana Oliana Arbosana Oliana Arbosana Oliana Arbosana Oliana

Arbosana 11 0 5 0 11 0 5 0
Oliana 2 9 0 5 0 11 0 5
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variety samples were correctly classified; however, two 
Oliana variety samples were classified as belonging to 
the Arbosana variety. In contrast, all validation samples 
were correctly classified. With regards to the model con-
structed with samples from the 2017/2018 season, all 
samples were correctly assigned in both cross-validation 
and validation.

In consideration of these outcomes, it can be concluded 
that it is possible to correctly discriminate between olive 
oils produced from two different olive varieties by using 
fluorescence spectroscopy.

Discrimination of Olive Oil from Irrigated 
and Non‑irrigated Cultivars

A similar analysis was conducted for the discrimination of 
olive oil subjected to different irrigation conditions (control 
and RDI). In this case, four different PARAFAC models 
were built, with one pertaining to each variety and crop 
season. A 16 × 110 × 22 array was used for all models, and 
a total of three components was identified as optimum. 
Figure 5 shows the three-dimensional plots drawn from 
the three PARAFAC component scores. As can be seen, 

Fig. 5  PARAFAC scores for olive oil classification according to irrigation condition. RDI (red) and control (blue)
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most samples are grouped according to their irrigation 
conditions.

Following this, in line with that previously con-
ducted, a classification model was performed from the 
matrix produced from the three factor scores using LDA 
algorithm. In order to build each model, 11 of the 16 
samples were selected for calibration, with the other 5 
samples being selected for validation. The cross-vali-
dation and validation confusion matrices obtained for 
the four PARAFAC-LDA models are shown in Table 4. 
With regard to cross-validation, between 73 and 100% 

of the samples were correctly classified, whilst for 
validation, the percentage of correct predictions was 
between the 80 and 100%. Almost all control samples 
were correctly assigned, and the majority of incorrectly 
classified samples belonged to RDI condition.

These results suggest that EEMs, combined with multi-
variate analysis, are a useful tool for discriminating between 
olive oils produced from olives submitted to different irriga-
tion conditions.

Other authors have also previously shown that EEMs 
enabled the differentiation according to irrigation treatment, 

Table 4  Confusion matrix 
obtained through PARAFAC-
LDA model for irrigation 
condition discrimination. Values 
are expressed in number of 
samples

Diagonal bold contains the number of correct assignments

Predicted irrigation condition

2016/2017 2017/2018

Real irrigation  
condition

Cross-validation Validation Cross-validation Validation

Control RDI Control RDI Control RDI Control RDI

Arbosana Control 6 0 2 0 4 1 3 0
RDI 0 5 0 3 2 4 1 1

Oliana Control 6 0 2 0 6 0 2 0
RDI 1 4 0 3 1 4 1 2

Fig. 6  Predicted versus experimental values for Rancimat hours,  K270 and total polyphenol content in calibration (•) and validation samples (x). 
RMSE root-mean square error
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although these studies used olive paste and examined dif-
ferent fluorescence regions (Cabrera-Bañegil et al. 2018).

Relationship Between Fluorescence and the Quality 
Index

Considering the fact that the observed fluorescence may be 
related with oxidation products, the potential use of fluores-
cence spectroscopy to quantify important quality parameters 
of olive oil samples was examined. In this sense, although 
this fluorescence region is not characterized by polyphenols, 
total polyphenol content and two stability parameters were 
quantified.

U-PLS regression was chosen to establish quantitative 
models between the chemical values of parameters obtained 
through reference procedures (as indicated in Sect. 2.2) and 
EEMs. A U-PLS model was built using the calibration sam-
ples (22 samples) for each oxidative stability parameter and 
for total polyphenol content. First, the Haaland and Thomas 
criterion (Haaland and Thomas 1988) was employed to 
select the optimum number of components, as explained in 
Sect. 2.7. The optimum number of latent variables was six 
for all models. Following this, predictions were performed in 
relation to the validation samples (10 samples). Figure 6 pre-
sents predicted versus experimental values obtained accord-
ing to the aforementioned methods, for Rancimat hours, 
 K270 and total polyphenol content. A good correlation can 
be appreciated between the predicted values obtained from 
the fluorescence data and the experimental values. Figure 6 
also shows the statistical parameters for both cross-validation 
and validation samples. Correlation coefficients in the cross-
validation for Rancimat hours, K270 and total polyphenol 
content were 0.92, 0.88 and 0.95, respectively. These values 
were 0.87, 0.75 and 0.94, respectively, in the validation.

From these results, it can be concluded that EEM anal-
ysis, together with U-PLS, offers a powerful tool for the 
determination of Rancimat hours, K270 and total polyphenol 
content in olive oil.

Conclusions

The present study demonstrated that fluorescence spectros-
copy combined with multiway algorithms offers a powerful 
tool for olive oil discrimination. Three-way data were first 
analysed by using PARAFAC. Following this, scores for 
the first three components were used in LDA, enabling dis-
crimination between samples according to the crop season 
(2016/2017 versus 2017/2018) and according to the variety 
within each crop season.

Moreover, EEMs combined with PARAFAC-LDA ena-
bled the discrimination of olive oil samples subjected to 
control irrigation and regulated deficit irrigation conditions. 
In a practical sense, this could be used to indicate irrigation 
problems during the growing season. Furthermore, this non-
destructive technique could be used by the olive oil industry 
to obtain information of samples with different oxidative sta-
bility, allowing the commercialization of the product at the 
optimum moment with the objective to ensure the quality of 
the olive oils.

In addition, the combination of fluorescence spec-
troscopy with second-order U-PLS algorithm allowed 
important quality parameters, including Rancimat hours, 
 K270 and total polyphenol content, to be quantified in 
olive oil without sample pre-treatment or chemical rea-
gent use.

In consideration to these outcomes, it can be concluded 
that fluorescence spectroscopy is a fast, powerful and non-
destructive tool for olive oil discrimination and the quan-
tification of important quality parameters, without the use 
of reagents.
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