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A B S T R A C T   

Honey with Protected Denomination of Origin (PDO) could be an attractive target for fraudsters. Elemental 
profiles by Energy Dispersive-X Ray Fluorescence were processed by multivariate methods to classify 183 PDO 
honeys produced in three regions of Spain (Liébana, Granada, Tenerife). Additional honey samples (18) produced 
in a fourth region without PDO (El Bierzo) separated well from the PDO clusters. The manganese content was a 
discriminant marker of Liébana PDO and El Bierzo, that could also be differentiated from each other. Within each 
region, distinct clusters revealed differences between dark vs light varieties, multi- vs uni-floral honey and 
producers of the same PDO. The developed models were validated with 131 samples produced outside the PDO 
regions and El Bierzo. The proposed classification approach could be implemented as a fast screening tool to 
support pollen analysis in honey authentication. The reduced number of observations in some light honey models 
affected their performance.   

1. Introduction 

According to Council Regulation (EC) No 510/2006 (Council Regu-
lation, 2006), a foodstuff or agricultural product holding a Protected 
Designation of Origin (PDO) must have been produced, processed and 
prepared in the place referred to in the designation and must have a set 
of characteristics derived from that geographical environment and its 
natural and human factors. A PDO label is a guarantee of quality and 
consumers are willing to pay more for products holding that label. Since 
economic profit is at the root of food fraud, products with a PDO are 
target for fraudsters. Twenty-seven honeys are registered as PDO by the 
European Commission (DOOR, 2020); the country with more PDO 
honeys is Portugal (9) followed by Spain (5), Italy (3), France (2), 
Slovenia (2) and Bulgaria, Croatia, Greece, Lithuania, Luxembourg, and 
Poland with one PDO honey each. 

Traditionally, pollen analysis (melissopalynology) have been used to 
identify the botanical and geographical origin of honey (Bentabol 
Manzanares, Hernández García, Rodríguez Galdón, Rodríguez Rodrí-
guez, & Díaz Romero, 2011; La Serna Ramos, & Gómez Ferreras, 2011) 
and a harmonised method have been published (Von der Ohe, Persano 
Oddo, Piana, Morlot, & Martin, 2004). However, this approach requires 

experienced operators, a largely populated library of pollen for com-
parisons and a good knowledge of the flora in a particular region for 
geographical origin authentication (Ulberth, 2016). A discussion of the 
problems associated to the identification of botanical variety by melis-
sopalynology, is included in the review made by Anklam (Anklam, 
1998). An alternative to pollen analysis is the detection of the genetic 
material of plants used by bees to produce honey. Polymerase chain 
reaction (PCR) has been applied to characterise the plant profile in 
Corsican and Galician honeys (Laube et al., 2010). 

Alternatives to melissopalynology have been developed over the last 
years and presented in thorough reviews (Anklam, 1998; Ulberth, 2016; 
Trifković, Andrić, Ristivojević, Guzelmeric, & Yesilada, 2017), with an 
increase in number of research papers published on honey authentica-
tion from 1327 to 7303 in the period 2006–2016 (Trifković et al., 2017). 
The review by Anklam (Anklam, 1998) focuses primarily in the sub-
stances used as markers to determine de botanical and geographical 
origin of honey, namely: aminoacids and proteins, aroma compounds, 
carbohydrates (sugars), enzymes (enzyme activity), fermentation 
products, flavonoids and other phenolic compounds, minerals and trace 
elements, stable isotopes, aliphatic organic acids and some other specific 
compounds. Trifković et al. (Trifković et al., 2017) focus in their review 
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on the analytical techniques used to trace honey authenticity: infra-red 
(IR), nuclear magnetic resonance (NMR), fluorescence spectroscopy 
(including the analysis of organic substances with fluorescence proper-
ties, and of inorganic compounds by total reflection X-ray fluorescence), 
thin layer chromatography (TLC), liquid chromatography (LC), anion 
exchange chromatography (HPAEC), gas chromatography (GC), stable 
isotope ratio mass spectrometry (IRMS), and electroanalytical methods. 

Among all the listed techniques, the use of IR (Li, Huang, Xia, Xiong, 
& Mina, 2020; Su & Sun, 2019; Chien, Shih, Yang, & Hsiao, V.K.S., 
2019), NMR (He, Liu, Liu, Zheng, Shen & Feng, 2020; Consonni, & 
Cagliani, 2018), IRMS (Geană, Ciucure, Costinel, & Ionete, 2020; Xu, 
Liu, Wu, & Cao, 2020; Zhou, Taylor, Salouros, & Prasad, 2018) and 
chromatography-based techniques (Arroyo-Manzanares et al, 2019; 
Makowicz, Kafarski, & Jasicka‑Misiak, 2018; Jandrić, Frew, Fernandez- 
Cedi, & Cannavan, 2017) has increased a lot the last years. IRMS has 
been mostly used to detect the addition of exogenous sugars to honey 
(Geană et al., 2020), but also to classify honey based on their botanical 
origin (Xu et al., 2020) and on their geographical origin (Zhou et al., 
2018). Although a sensitive and efficient approach, it is an expensive 
technique that requires developed analytical skills and it is not fit for 
screening purposes (Zábrodská & Vorlová, 2015). 

IR, NMR and some chromatographic methods are used for untargeted 
analysis, that have the advantage of measuring many compounds, 
known and unknown, and hence making available all the information 
that they encrypt. IR is an economically competitive technique, easy to 
implement and with a high sample throughput, and has been widely 
applied in honey analysis in recent years. The availability of hand-held 
devices makes it ideal for on-site analysis. Nevertheless, as in all 
untargeted techniques, standardisation is strongly needed if results ob-
tained by different laboratories are to be compared (Esslinger, Riedl, & 
Fauhl-Hassek, 2014). Some manufacturers of NMR instruments are 
investing a lot of effort to standardise the obtained results, but NMR 
remains an expensive technique that requires highly specialised analysts 
to run the analysis and to interpret the results. 

Macro and trace elements have been used to discriminate food with 
Protected Denomination of Origin (Gonzalvez, Armenta & de la Guardia, 
2009), including honey with Granada PDO (de Alda-Garcilope, Gallego- 
Picó, Garcinuño-Martínez & Fernández-Hernando, 2012) and from 
Tenerife (Hernández, Fraga, Jiménez, Jiménez & Arias, 2005). The 
approach has gained popularity in the last years because most control 
laboratories have the proper instrumentation and analytical expertise in 
place. Pawel (Pawel, 2009) published a review on the determination of 
the metal content of honey using atomic absorption (AAS) and atomic 
emission (AES) spectrometry. Also inductively coupled plasma-mass 
spectrometry (ICP-MS) (Magdas et al., 2021; Squadrone et al., 2020; 
Karabagias, Louppis, Badeka, Papastephanou & Kontominas, 2019; 
Batista et al., 2012) has been used to estimate the geographical origin of 
honey. As discussed in the literature (Kropf, Stibilj, Jaćimović, Berton-
celj, Golob & Korošec, 2017), analyses of honey have associated prob-
lems. Honey tends to crystallise, what can introduce heterogeneity 
problems when a small amount of sample is used for analysis; losses due 
to combustion can also take place during sample digestion. These 
problems can be eliminated using techniques such as neutron activation 
analysis (k0-NAA) and ED-XRF that use larger amount of samples than 
ICP-MS, ICP-AES and AAS, and do not require sample digestion. k0-NAA 
has been used to differentiate monovarietal Slovenian honeys of 
different botanical varieties (Kropf et al., 2017), but it requires the use of 
very expensive instrumentation and due to the needed infrastructure 
(nuclear reactor), it is not an alternative for most control laboratories. 

Total reflection X-ray fluorescence has been used to classify honey 
according to botanical variety (Kropf et al., 2010) and recently, energy 
dispersive X-ray fluorescence (ED-XRF) has been successfully used to 
classify honeys of nine botanical varieties from seven countries (Fia-
megos, Dumitrascu, Ghidotti, & de la Calle Guntiñas, 2020). The biggest 
advantage of ED-XRF compared to AAS, AES and ICP-MS based methods, 
is that no sample treatment is needed, what increases the throughput of 

samples and the simplicity of the analysis. Heterogeneity is neither a 
problem in ED-XRF analysis due to large sample intake (normally >1 g). 
Also, the determination of elements such as Cl and Br is straightforward, 
while precautions are needed when the method used involve sample 
digestion (Costa, Picoloto, Hartwig, Mello, Flores & Mesko, 2015). As in 
IR analysis, hand-held devices are available, what facilitates the use of 
ED-XRF on-site (Marguí, Zawisza, Sitko, 2014). However, ED-XRF is 
characterised by higher limits of quantification than ICP- and AAS-based 
techniques. To overcome this problem, pre-concentration steps need to 
be introduced. Next to traditional approaches such as lyophilisation and 
precipitation, recent trends in pre-concentration procedures are liquid 
phase microextraction, use of activated thin layers and of carbon 
nanotubes. A revision of existing approaches to analyse elements at trace 
and ultratrace levels in liquid samples, has been published (Marguí 
et al., 2014). However, pre-concentration steps increase the complexity 
of the analyses and nullifies the big advantage of ED-XRF in comparison 
with other multi-elemental analysis techniques. The limit of quantifi-
cation can also be reduced increasing the time that the sample is irra-
diated, but a compromise needs to be reached between reduction of limit 
of quantification and sample throughput. 

With the aim of testing whether ED-XRF without any pre- 
concentration step, is a suitable method to discriminate honeys of 
different PDOs within a country, and of different botanical origins 
within the same PDO, 183 honey samples of Spanish PDOs (Liébana, 
Granada and Tenerife) were analysed. Most honeys were mono-varietal 
(chestnut, broom, pennyroyal, tajinaste, fennel, rosemary, tedera, 
relinchón, avocado, malpica, agave, barilla and heather), but also hon-
eydew and multifloral honeys were analysed. The mass fractions of P, Cl, 
K, Ca, Mn, Fe, Cu, Ni, Zn, Rb and Sr were used as input variables for Soft 
Independent Modelling of Class Analogy (SIMCA) and Least Partial 
Square Discriminant Analysis (PLS-DA) to classify samples. Also 18 
honey samples from a well-defined Spanish zone without a PDO, El 
Bierzo, were included in the study to evaluate the specificity of the 
models used for classification. 

2. Experimental 

2.1. Samples 

The present study was carried out in collaboration with the Regu-
latory Councils of the Liébana, Granada and Tenerife PDOs, respectively, 
and with the Asociación Berciana de Apicultores (ABERAPI). All honey 
samples were provided by the mentioned organisations, which provided 
also information about botanical origin of each sample according to 
pollen analysis. The study included the following varieties: 33 chestnut 
(20 Granada, 8 Tenerife, 5 El Bierzo), 24 broom (Tenerife), 16 penny-
royal (Tenerife), 13 tajinaste (Tenerife), 11 fennel (Tenerife), 10 rose-
mary (Granada), 8 tedera (Tenerife), 6 relinchón (Tenerife), 4 avocado 
(Tenerife), 4 malpica (Tenerife), 2 agave (Tenerife), 1 barrilla (Tener-
ife), 1 heather (Tenerife), 1 blackberry (El Bierzo), 49 honeydew (30 
Liébana, 8 Tenerife, 11 El Bierzo) and 18 multiflora (17 Granada, 1 El 
Bierzo). The main set of samples consisted of 201 honey samples in total, 
Supplementary S1. 

The capacity of the different models to flag honey samples that do 
not have any of the PDOs covered in this study or that were not produced 
in El Bierzo (specificity), was made using the results previously obtained 
in our laboratory with 131 honey samples from other geographical lo-
cations, referred to hereafter as NO-PDO. Summarising, the NO-PDO set 
of 131 samples included eleven botanical varieties (26 robinia, 20 or-
ange, 18 lavender, 14 chestnut, 11 eucalyptus, 8 rosemary, 8 thyme, 8 
lime, 7 manuka, 6 heather and 5 sunflower), and twenty countries of 
origin (1 Austria, 2 Bulgaria, 1 China, 3 Denmark, 8 France, 1 Germany, 
1 Greece, 10 Hungary, 19 Italy, 3 Mexico, 1 Moldova Republic, 1 The 
Netherlands, 10 New Zealand, 1 Norway, 2 Poland, 6 Portugal, 11 
Romania, 39 Spain, 6 Switzerland and 2 Uruguay, plus 2 EU blends and 
1 of not determined origin). The models were constructed on the basis of 
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botanical origin, and since each model included honeys from different 
countries, the variability to be expected due to different geographical 
origins was covered. Models were constructed for groups with 5 or more 
observations. Unfortunately, the information about geographical origin 
stopped at the level of country and information about specific regions 
within a country was not available. Since no information about the exact 
geographical origin of the 39 Spanish honeys (11 orange, 8 rosemary, 6 
lavender, 4 chestnut, 4 eucalyptus, 4 thyme, 1 heather and 1 sunflower) 
was available, it could be that some or all of the 8 rosemary and 4 
chestnut honeys come from some of the PDO regions included in this 
study or from El Bierzo. Only 66 out of the 131 samples had been 
characterised by melissopalinology; the information provided on the 
labels about botanical variety for the remaining samples was regarded as 
being correct, as well as the information about geographical origin. 

2.2. Reagents and standards 

Deionised water obtained with a Milli-Q Plus system (>18.3 MΩ) 
(Millipore, Billerica, MA, USA), was used in blank measurements. 

To evaluate the trueness of the method used, a multi-elemental stock 
solution containing Ag, Al, B, Ba, Bi, Ca, Cd, Co, Cr, Cu, Fe, Ga, In, K, Li, 
Mg, Mn, Na, Ni, Pb, Sr, Tl and Zn at 1000 mg kg− 1 each (Merck) and 
individual solutions of Cl, P and Rb 1000  mg kg− 1 (Merck), were diluted 
in deionised water to a final concentration of 10 mg kg− 1. 

Two chocolate Certified Reference Materials (CRMs), ERM-BD512 
(European Commission, JRC) and SRM 2384 (US NIST), were used to 
evaluate the influence of density in the accuracy of the method used to 
analyse honey. Table 1 summarises the results obtained in the analysis of 
the standard solution and CRMs. 

Forty-seven CRMs (23 out of which, organic matrices) were used for 
calibration purposes. The accuracy of the method was evaluated with 21 
CRMs (10 out of which, organic) and 4 reference materials of organic 
matrix. Detailed information on the specific CRMs used can be found 
elsewhere (Fiamegos & de la Calle Guntiñas, 2018). 

2.3. Instrumentation and sample preparation 

The Epsilon 5 (PANalytical, Almelo, The Netherlands) ED-XRF was 
used to carry out the determination of P, Cl, K, Ca, Mn, Fe, Ni, Cu, Zn, 
and Rb in the honey samples. The instrument and the performance 
characteristics achieved in the analysis of solid samples is described in 
detailed elsewhere (Fiamegos & de la Calle Guntiñas, 2018). To measure 
honey, holders for liquid samples were used and the measurements were 
carried out under a helium atmosphere and not under vacuum as it is 
done in the analysis of solids. The bottom of the liquid sample holders is 
made of 6 μm Mylar film that gave rise to blank values for some ele-
ments, in particular for P and Ca. To correct for the blank contribution, 
de-ionised water was measured ten times and the mass fractions ob-
tained were recorded. 

From storage to analysis, honey samples were kept at room tem-
perature. After a thorough mixing of the samples with a metal-free 
spatula, approximately 10 g of honey were transferred to the ED-XRF 
holders for liquids, without undergoing any further pre-treatment. 

The 183 PDO and 16 El Bierzo honeys were measured with two 
different methods. The first method was developed in our laboratory for 
the analysis of solid samples and has undergone a thorough validation 
(Fiamegos & de la Calle Guntiñas, 2018) based on the use of CRMs to 
evaluate the accuracy of the method, as described in 2.2. To the best of 
our knowledge, there is no honey CRM commercially available; how-
ever, wheat flour (DUWF-1, SOWW-1), rice flour (NIST 1568b), brown 
bread (BCR-191) and corn bran (BRAN-1), used to assessed the accuracy 
of the method, are matrices rich in carbohydrates and could be good 
representatives of the honey matrix, mostly composed of sugars. 

One of the drawbacks of the analysis of liquid samples by ED-XRF is 
that in liquids a high X-ray scatter background decreases the signal-to- 
noise ratio (Marguí et al., 2014); the effect can be less intense in sam-
ples with a high density that are closer to a solid than an aqueous so-
lution. A limited number of experiments were carried out to evaluate the 
trueness of the method when applied to the analysis of liquid samples. 
The multi-elemental solution containing all the elements determined in 
the honey samples described in 2.2 was measured, results are summar-
ised in Table 1. Honey is a dense matrix and for that reason, trueness was 
also evaluated using two chocolate CRMs, ERM-BD512 and SRM 2384. 
During measurement, samples were kept at 40 ◦C and the density of 
chocolate at that temperature resembles to a large extend the one of 
honey. Unfortunately, only a reduced number of elemental mass frac-
tions have been certified in the two chocolate CRMs. The results ob-
tained in the analysis of the two chocolate CRMs are shown in Table 1. 

For multivariate analysis the raw data obtained were used without 
any correction for bias or blank subtraction, avoiding in this way 
mathematical artefacts such as negative mass fractions due to the 
inherent standard deviation of the blank measurements. This could 
happen in honeys with low elemental mass fractions. Identical models 
are obtained with and without blank correction because multivariant 
analysis are based in analysis of co-variances, and addition or subtrac-
tion of a constant to random variables does not change their co-variance 
as the mean is also increased or decreased by the same constant. 

In the manuscript by Fiamegos et al. (Fiamegos & de la Calle 
Guntiñas, 2018), working ranges and LOQs were calculated in an 
empirical way making use of RMs and CRMs. The drawback of this 
approach is that the working ranges can be only as broad as the range 
covered by the mass fractions in the available CRMs and RMs. The same 
applies to the determination of the LOQ (minimum mass fractions for 
which a certain trueness and precision was achieved) and the LOD (the 
lowest mass fraction that can be detected with a certain trueness but that 
does not meet the criteria for precision anymore). It is difficult to find 
CRMs with certified values that would met the mentioned criteria. Mass 
fractions of macro-elements such as P, Cl, K and Ca in food, are normally 

Table 1 
Analysis of Certified Reference Materials and Reference Materials to evaluate the trueness achieved with the ED-XRF method used. All values are in mg.kg− 1.  

Element Working range (mg kg− 1) LOQ (mg kg− 1) Expanded Uncertainty (%) (k = 2) Standard solution ERM-BD512 SRM 2384 

X x X x X x 

P 10.00–15810  10.00  6.0 10 10.5 ± 0.6   3330 ± 210 2408 ± 145 
Cl 10.00–19200  10.00  2.0 10 8.66 ± 0.17     
K 10.00–47500  10.00  3.0 10 8.63 ± 0.26   8650 ± 400 9197 ± 276 
Ca 10.00–39960  10.00  3.5 10 12.9 ± 0.5   840 ± 74 916 ± 32 
Mn 2.55–3660  2.55  11.0 10 13.0 ± 1.4 15.7 ± 0.6 14.3 ± 1.6 20.8 ± 1.3 23.6 ± 2.6 
Ni 0.16–1140  0.16  25.0 10 10.4 ± 2.6 3.01 ± 0.23 2.21 ± 0.55   
Cu 1.20–112.8  1.20  10.5 10 8.77 ± 0.92 14.3 ± 0.7 11.3 ± 1.2 23.9 ± 1.0 20.0 ± 2.1 
Fe 4.60–397560  4.60  6.5 10 11.8 ± 0.8   132 ± 11 155 ± 10 
Zn 5.80–6952  5.80  6.5 10 12.3 ± 0.8   37.6 ± 1.9 35.8 ± 2.3 
Rb 4.20 – 470.0  4.20  5.0 10 18.2 ± 0.9     

X: Reference value, x: Value obtained with the ED-XRF method used. 
Working ranges and LOQs for Mn, Ni, Cu, Fe, Zn, Rb, and uncertainties for all elements, as published elsewhere (Fiamegos & de la Calle Guntiñas, 2018). 
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higher than the actual LOQ of the method and that explains the satis-
factory results obtained for the 10 mg kg− 1 standard solutions (<LOQ for 
solids). For this reason, the LOQ for P, Cl, K and Ca in honey samples, 
was 10 mg kg− 1. 

The main contributor to the standard uncertainty associated to the 
analysis of solid matrices is the within-pellet variation. The dispersion of 
results observed for the analysis of honey samples was similar to that of 
solid samples, hence the standard uncertainties calculated for the 
analysis of solids are also used in the analysis of honey. 

The performance of the ED-XRF instrument was checked once a week 
with the reference sample FLX-S13 (Fluxana, Bedburg-Hau). The ED- 
XRF was recalibrated every week with the mentioned reference sam-
ple to correct the normal drift but no systematic bias was observed for 
any of the measured elements. Among all the organic samples included 
in the validation of the method, tobacco is the one in which more ele-
ments were certified and was hence used for quality control purposes. 
The tobacco CRM PVTL-6 (Institute of Nuclear Chemistry and Tech-
nology, Poland) was measured every week after measuring the FLX-S13 
standard. No systematic bias was observed for any of the elements 
measured in honey along the period in which the study was carried out. 

Models to classify the PDO and El Bierzo honeys, according to their 
geographical origin and botanical variety were built using the elemental 
profiles obtained with this method as independent variables. 

The second method used to analyse the PDO and El Bierzo honeys, 
was the Auto Quantify Liquid application of the ε5 software (PAN-
alytical). The 131 honeys samples with geographical origins other than 
the PDOs and El Bierzo mentioned in 2.1 (NO-PDO) had been previously 
analysed using the Auto Quantify Liquid application of the ε5 software 
(PANalytical). To be able to evaluate if these samples would be flagged 
as outliers by models built-up for the PDO and El Bierzo honeys, the PDO 
and El Bierzo honeys had also to be measured with the Auto Quantify 
Liquid application. 

P, Cl, K, Ca, Mn, Fe, Ni, Cu, Zn, Br and Rb were quantified in all or 
some of the honey samples and all of them were used in multivariate 
analyses. 

2.4. Statistical tools and multivariate analysis 

Quantitative elemental profiles of honey samples were used for sta-
tistical analysis. No correction for bias or blank subtraction was made on 
elements concentration and the mass fractions (mg kg− 1) of P, Cl, K, Ca, 
Mn, Fe, Ni, Cu, Zn, Br and Rb were processed as such. Univariate t-tests 
(95% confidence interval) were performed with the software Statistica 
(TIBCO, Version 13.5.0.17), on sub-groups of honey samples to test 
significant differences in elemental mass fractions. Subsequently, the 
software SIMCA Version 15.0.2, Umetrics (Sartorius Stedim Biotech AS, 
Malmö, Sweden) was used to carry out multivariate analysis (Eriksson 
et al., 2013). 

Principal Component Analysis (PCA), a non-supervised technique, 
was used to evaluate if the studied honeys form clusters separated from 
each other depending on their botanical and/or geographical origin. For 
classification purposes, two different supervised multivariate tools were 
used: Soft Independent Modelling of Class Analogies (PCA-Class) and 
Partial Least Square Discriminant Analysis (PLS-DA). The former maxi-
mises the similarities among observations within a certain population, 
the latter maximises the differences between two different populations. 
To avoid overfitting, the number of principal components was kept to 
three with some exceptions, such as some models in which rosemary 
honeys were involved, for which a drastic improvement in classification 
capacity was obtained using four principal components. Distances to 
models were normalised in units of standard deviation. 

The Mahalanobis distance (DModX PS + ), distance from a point to 
the centroid of the distribution (NIST, 2020), was used to assess the 
presence of extreme outliers. Samples with values larger than Dcrit (95% 
confidence interval) were flagged as outliers. Nevertheless, the 
authenticity of the samples of this study was guaranteed and outliers 

could represent their natural variability. Therefore, only 2 samples from 
the NO-PDO set were eliminated from their respective models. 

The DModX PS + was also used to detect false positives (FP) (spec-
ificity), which are samples not belonging to a certain class but not 
flagged as outliers by the respective class models. False negatives (FN) 
(sensitivity) are samples belonging to a class that are flagged as outliers 
by the respective class model. Sensitivity was assessed following two 
different approaches in function of the amount of observations avail-
able. When >15 observations were available, the populations were 
divided in two, one half was used to construct the model and the other 
half was used as test for classification purposes; in a second iteration the 
samples used for testing were used for modelling purposes and those 
initially used to construct the model became the test population. When 
less than 15 observations were available, different models were con-
structed leaving one honey sample out and using the resulting model to 
classify the samples left out (cross-validation). 

Summarising, the approach followed to classify the honey samples 
consisted in two steps. In a first step samples were classified using PCA- 
Class; in case a sample was allocated into more than one class, it was 
classified as belonging to the one for which it had the highest probability 
of class membership. In a second step, false negatives were classified 
using a PLS-DA model constructed for two populations: the population 
with the botanical or geographical origin to which the sample belongs 
according to the provider of the sample (or to the label in the NO-PDO 
set) and the population indicated by PCA-Class as the highest proba-
bility of class membership. 

Model sensitivity, specificity and accuracy were calculated according 
to Barbosa et al, 2016 (Barbosa et al, 2016). 

3. Results and discussion 

3.1. Elemental characterisation by ED-XRF 

The determination of light elements such as Na, Mg and Al by ED- 
XRF, is characterised by high LOQ’s. In this study the first element 
quantified in all the honey samples was P. Results summarised in Table 1 
show that the method, initially validated for solid samples, can also be 
accurately applied to liquid samples such as an aqueous standard solu-
tion, and to dense samples such as chocolate warmed up at 40 ◦C, more 
similar to honey than the standard solution. Rb was the only element for 
which the mass fraction obtained in the standard solution was signifi-
cantly biased. The LOQ of Rb in solid samples is 4.5 mg kg− 1, which is 
lower than the 10 mg kg− 1 in the standard solution and therefore ac-
curate results should have been obtained. Unfortunately, Rb was not 
certified in any of the two chocolate CRMs and therefore it is not possible 
to elucidate whether the bias is due to scatter of the radiation in the 
aqueous matrix or to any other matrix effect. Rb results in honey are to 
be considered as indicative. Phosphorous mass fraction in chocolate 
SRM 2384 was affected by a bias of − 30%, while the result for the stock 
solutions was not. The determination of P and Ca are probably affected 
by a higher error than the other elements because results have to be 
corrected for the blank contribution coming from the Mylar film of the 
liquid holders. The concentrations of P in honey are low and in the same 
range as the standard solution, therefore no correction factor was 
applied. 

Quantifiable mass fractions of Br were found in six out of the eight 
honeydew honey samples from Tenerife. Bromine was not included 
neither in the CRMs nor in the multi-elemental standard solution used to 
evaluate the trueness of the method for analysis of liquid samples. The 
LOQ of the method for Br for solid samples, 1.7 mg kg− 1, was also 
applied to honey. 

The first statistical evaluation applied to the results was the com-
parison of the mean mass fraction and the median for each population. 
The median is a robust mean not affected by extreme outliers. Means and 
medians were in good agreement, indicating that the elemental mass 
fractions in the different honey populations are normally distributed. 
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Fig. 1 is constructed using the medians. Populations in which >50% of 
the observations are < LOQ are not included in Fig. 1. 

As expected, the highest contents of macro- and trace-elements were 
found in honeydew and chestnut honeys regardless of their geographical 
origin, and the lowest in lighter honeys such as rosemary, broom, 
relinchón, tajinaste, pennyroyal and tedera. In particular, only K, Ca and 
P could be quantified in rosemary and tajinaste honeys, although it 
needs to be kept in mind that Ca and P mass fractions can only be 
considered as indicative for the reasons mentioned above, what is in 
good agreement with previous results (Fiamegos et al., 2020). Rosemary 
was the second poorest honey in elemental content after acacia honey. 
Multi-flower honeys from Granada were after honeydew and chestnut 
the richest honeys in macro- and trace-elements. Fennel honeys from 
Tenerife were situated between dark and light honeys. 

Among the honeydew honeys the highest mass fractions for most 
elements were found in 6 out of 8 samples from Tenerife. Those samples 
were the only ones in the study with quantifiable amounts of Fe and Br. 
The chlorine mass fractions in the same samples were 10 to 30 times 

higher than in the other honeydew honeys. Both Cl and Br are used for 
disinfection purposes, and the relatively high contents found in those 
samples could be due to contamination issues. The remaining two 
honeydew honey samples, with a Cl mass fraction comparable to the 
honeydew honeys from other regions, are the only two in the population 
with quantifiable Ni and Cu mass fractions and with the highest content 
of Zn. Only 3 honeydew and 2 avocado honeys, all of them from Ten-
erife, had quantifiable contents of Zn, Fe was quantified in a reduced 
number of samples, 2 multi-flower and 5 chestnut honeys from Granada 
and 5 honeydew, 1 tajinaste, 5 fennel, 1 chestnut and 2 avocado honeys 
from Tenerife. The population with a highest average content of Rb was 
that of the chestnut honeys from Tenerife (13.3 to 23.36 mg kg− 1), all 
the other samples had Rb mass fractions <13 mg kg− 1. Also the hon-
eydew honeys from Tenerife were comparable to the other honeydew 
honeys in Rb mass fractions. 

The highest K contents were found in the honeydew and chestnut 
honeys from Tenerife, Fig. 1 a. The same botanic origins in other regions 
had K mass fractions comparable among themselves, with ranges that 
overlapped within their standard deviations. In general, honeydew and 
chestnut honeys from Tenerife have the highest contents for all the el-
ements, with the exception of Ca and Mn. The volcanic origin of the 
island of Tenerife could be the explanation for the mentioned high 
contents since volcanic soils are rich in minerals. 

Manganese is an interesting element in the study. Honeydew honeys 
from Liébana and El Bierzo and chestnut honeys from El Bierzo contain 
approximately four times more Mn than the other samples of the same 
botanical origin. Also, the multiflower and blackberry honeys from El 
Bierzo contain more Mn than honeydew and chestnut honeys from 
Granada and Tenerife. Only two multiflower honeys from Granada 
contain quantifiable amounts of Mn but six times lower that the multi- 
flower honey from el Bierzo. Spanish soils are poor in manganese 
oxide with some exceptions, one of them is the zone where Liébana and 
El Bierzo are situated, where top and sub-soils are rich in MnO (Gómez- 
Miguel & Sotés, 2014). The differences in Mn content are so large that it 
could be on its own a discriminant marker of honeys from Liébana and El 
Bierzo. 

The results obtained in this study for K, Ca, Zn and Fe in chestnut, 
rosemary and multi-flower honeys from Granada are in good agreement 
with those in the literature (de Alda-Garcilope et al., 2012) keeping in 
mind that differences in the elemental content can be expected 
depending for instance on the production year. The results obtained for 
Fe, Zn, K and Ca in the honeys from Tenerife were also in good agree-
ment with values previously published (Hernández et al., 2005), 
although in that study no differentiation of the mass fractions based on 
botanical origin of the 62 analysed honeys was done. The values re-
ported for Rb in the work by Hernández et al., vary in the range 
0.00–3193 mg kg− 1; authors indicate that the determination of Rb with 
the atomic spectroscopy method used could be affected by ionisation 
interferences and that KCl was added as suppressor. In the present study 
all the values obtained for Rb were lower than 24 mg kg− 1, being in 
better agreement with those published in the literature for honeys from 
different geographical and botanical origins (Squadrone et al, 2020; 
Kropf et al., 2010) than those obtained by Hernández et al.. The mass 
fractions for Br, Ca, K, Rb, and Sr, obtained by ED-XRF are in good 
agreement with those obtained by neutron activation analysis (k0-NAA) 
in particular for chestnut honey, keeping in mind that some of the values 
reported in that study are below the quantification limits of this ED-XRF 
method (Kropf et al., 2017). Geographical origin also needs to be 
considered since the honeys analysed by k0-NAA are Slovenian. 

3.2. Multivariate analysis of data 

With the exception of the Mn case, the differences in elemental 
composition were not large enough to classify honey following a uni-
variant approach. However, the t-tests (95% confidence interval) run to 
elucidate whether the honeys studied had significant differences in the 

Fig. 1. Median of the elemental mass fractions found in the analysed honeys: a) 
K, b) Mn, Ca, Cl, P and c) Rb, Br, Cu, Ni, Fe. 
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mass fractions of some elements based on botanical and/or geographical 
origin showed promising results. Therefore, multivariate analysis was 
undertaken to maximise the information that elemental mass fractions 
can provide. 

The unsupervised tool PCA was used to visualize if clusters of honey 
are formed based on botanical variety and/or geographical origin. For 
classification purposes, the supervised techniques PCA-Class and binary 
PLS-DA were used. 

3.2.1. Classification performance achieved by PCA-Class and PLS-DA 
Table 2 summarises the performance characteristics (sensitivity, 

specificity and accuracy) of the models built-up using PCA-Class and 
PLS-DA when applied to the classification of Granada, Tenerife, Liébana 
and El Bierzo honeys. The outcomes were divided into three groups: 1) 
classification of honeys of different botanical origin within a PDO/re-
gion, 2) classification of honeys according to PDO’s/region, and, 3) 
classification of the 201 honeys from Granada, Tenerife, Liébana and El 
Bierzo and 131 NO-PDO honeys. 

The best classification performance was achieved for honeydew and 
chestnut honeys irrespective to which PDO they belonged, even when 
models were constructed with as few as eight observations, as it was the 
case of honeydew and chestnut honey from Tenerife. The accuracy of 
honeydew honey models varied from 78 to 100% and from 98 to 100% 
with PCA-Class and PLS-DA, respectively. The term ‘accuracy’ describes 
the proportion of correct classifications (proportion of true-positives 
plus true-negatives) obtained with the models. The accuracy of chest-
nut honey models varied from 82 to 98% and from 98 to 100% with 
PCA-Class and PLS-DA, respectively. The exception to this rule are the 
models of honeydew and chestnut honeys from El Bierzo; four honeydew 
honeys were classified as chestnut honey and four chestnut honeys were 
classified as honeydew honey, which resulted in both cases in accuracies 
of around 50%, both with PCA-Class and PLS-DA. This elevated number 
of false negatives and false positives could be caused by different criteria 
applied to classify chestnut honeys based on the results of pollen anal-
ysis. One honey from El Bierzo containing > 45% pollen from Castanea 
sativa was classified as chestnut honey, while chestnut honeys from 
Tenerife and Granada PDO must contain at least 75% pollen of Castanea 
sativa, Table 3. The accuracy of the models of honeydew and chestnut 
honeys from El Bierzo follow the same trends than those from Tenerife, 
Liébana and Granada, when applied to differentiate honeys from El 
Bierzo from those from other regions. 

The accuracy obtained for light honey models, was lower than those 
of dark honeys. This is mostly due to the high rate of false negatives (low 
sensitivity), and it is more prominent in PCA-Class than in PLS-DA. The 
elemental mass fractions for most elements in light honeys, are lower 
than in dark honeys and so is the amount of quantifiable elements 
(variables with a strong contribution to the model). Tajinaste (Tenerife) 
is together with rosemary (Granada) the honey with the lowest 
elemental content and among the light ones its classification models had 
the poorest selectivity in PCA-Class (8 to 31%), which improved by using 
PLS-DA (69 to 100%). The most likely reason for the poor performance 
of some classification models is the low number of observations in some 
of the honey groups, such as rosemary, tedera and relinchón with 10, 8 
and 6 observations, respectively. The sensitivity of the broom model 
with 24 observations is higher (20 to 83% by PCA-Class and 83 to 92% 
by PLS-DA) than in those previously mentioned. 

Apparently, PLS-DA is a better option than PCA-Class if only few 
datasets are available to train the models, as it was the case for light 
honeys. Nevertheless, none of the two approaches is drawback free and 
as supervised techniques they require appropriate access to represen-
tative samples for training. However, it is virtually impossible to 
construct models for all possible worldwide botanical-geographical 
origin combinations. A honey sample that does not belong to any of 
the two or more populations for which models are constructed, but that 
is more similar to one of them than to the other/s, could be wrongly 
allocated to that population, resulting in a false positive. This problem 

affects more PLS-DA that bases classifications on differences between 
populations rather than on similarities within a population. PCA-Class 
could overcome this problem when the models for the different pop-
ulations are well defined by a number of variables with high discrimi-
natory power, or by increasing the number of observation if the former is 
not possible. 

3.2.2. Classification of honeys of different botanical origin within a PDO/ 
region 

No honey, even if labelled as unifloral or mono-varietal, is obtained 
from a single botanical source. When analysed by melissopalinogy, a 
honey is considered unifloral when at least 45% of the pollen comes 
from a particular botanical variety, although there are exceptions to this 
rule (Von Der Ohe et al., 2004). Pollen from other species is inevitably 
present, introducing challenges in the classification by melissopalinol-
ogy and by any other approach. The minimum amount of pollen of the 
species giving their names to unifloral honeys and honeydew honeys 
included in the study are summarised in Table 3, as extracted from the 
DOOR repository (DOOR, 2020) of the European Commission. Honeys 
from El Bierzo are not registered in DOOR because they do not hold a 
PDO; according to the information reported by ABERAPI, most honey-
dew honeys contain pollen from oak, holm oak, heather, chestnut and 
blackberry. 

Maybe the most useful application of the approach described in this 
work is the classification of one honey within a PDO/region according to 
their botanical origin. The sources of variation of the elemental honey 
composition is reduced after elimination of the variations due to 
geographical origin. Fig. 2 a shows the PCA score plot of the Tenerife 
broom-tajinaste honeys, showing that these two light honeys tend to 
form separated clusters based on their elemental composition. Neither 
by PCA-Class nor by PLS-DA any broom honey was classified as tajinaste 
nor the other way around, Table 2. 

The method could also be applied to identify small differences 
among honeys with the same botanical origin related to different loca-
tions within the same PDO/region and/or to differences in the way the 
honey is processed. An interesting case is that of the honeydew honeys 
from Liébana. All samples received from the Liébana PDO are honeydew 
honeys from three different beekeepers, referred to as 1, 2 and 3 in Fig. 2 
b and in Table 2. The PCA score plot in Fig. 2 b shows three perfectly 
differentiated clusters, relating each one of them to a different 
beekeeper. 

Another application within a PDO/region is the classification of 
honeys as multi- or unifloral, the latter being normally more expensive 
on the market than the former. Fig. 2 c shows the PCA score plot, of the 
three types of honey received from Granada: multiflower, rosemary and 
chestnut. As expected, the rosemary and chestnut honeys form two 
clusters perfectly separated; chestnut honeys are very rich in major and 
trace elements and rosemary has very low mass fractions for most ele-
ments. A third cluster is formed by most multiflower honeys although 
three of them cluster together with the rosemary honeys; this makes 8 
rosemary honeys to be classified by PCA-Class as multi-flower honeys, 
whose cluster is characterised by a larger dispersion than that of rose-
mary. PLS-DA succeeded to classify correctly 100% of the rosemary 
honeys. The three mentioned multi-flower honeys should receive special 
attention during pollen analysis since their elemental composition 
strongly resembles that of rosemary honeys. The same applies to one 
chestnut honey projected in the PCA score plot together with the multi- 
flower honeys and that was classified as such by PLS-DA. 

The set of honeys with Tenerife PDO included 4 avocado, 4 malpica, 
2 agave, 1 barrilla and 1 heather. Although the small number of samples 
in each population did not allowed a thorough evaluation of data, the 
PCA-Class models of the other botanical varieties from Tenerife were 
challenged to test if they were specific enough to flag those honeys as 
outliers. Promising results were obtained since only two tendencies were 
observed; avocado honeys were accepted by the honeydew honey model 
and malpica honeys by the fennel model. More samples are needed from 
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Table 2 
Classification performance characteristics of the models constructed.  

Botanical 
variety/ 
Geographical 
origin 

Performance within region Performance between regions included in this study Performance between regions in and outside this study 

SIMCA PLS-DA SIMCA PLS-DA SIMCA PLS-DA 

Liébana  

Honeydew (1) 
[10] 

Sen.: 
100 % 
Spe.: 
100 %  
Acc.: 
100 %  

Sen.: 
100 % 
Spe.: 
100 %  
Acc.: 
100 %  

Sen.: 
63 %    

Spe.: 
100 %  
Acc.: 
78 % 

FN:10 honeydew El 
Bierzo, 1 not classified  

Sen.: 
100 % 
Spe.: 
95 %  
Acc.: 
98 %  

FP:1 Honeydew El 
Bierzo 

Sen.: 
80 % 
Spe.: 
100 %  
Acc.: 
100 % 

FN:4 heather, 2 not classified Sen.: 
100 % 
Spe.: 
100 %  
Acc.: 
100 %  

Honeydew (2) 
[10] 

Sen.: 
100 % 
Spe.: 
100 %  
Acc.: 
100 %  

Sen.: 
100 % 
Spe.: 
100 %  
Acc.: 
100 %  

Honeydew (3) 
[10] 

Sen.: 
100 % 
Spe.: 
100 %  
Acc.: 
100 %  

Sen.: 
100 % 
Spe.: 
100 %  
Acc.: 
100 %  

Granada  
Chestnut 

[20] 
Sen.: 
75 % 
Spe.: 
96 %  
Acc.: 
87 % 

FN:5 not classified 
FP:1 multi-flower 

Sen.: 
95 % 
Spe.: 
100 %  
Acc.: 
98 % 

FN:1 multi-flower  Sen.: 
75 %   

Spe.: 
92 %  
Acc.: 
82 % 

FN:1 chesnut El Bierzo, 4 
not classified 
FP:1 chestnut El Bierzo 

Sen.: 
100 %  

Spe.: 
92 %  
Acc.: 
97 % 

FP:1 chestnut El 
Bierzo 

Sen.: 
70 %   

Spe.: 
100 %  
Acc.: 
91 % 

FN: 4 chestnut, 2 heather Sen.: 
100 % 
Spe.: 
100 %  
Acc.: 
100 %  

Rosemary 
[10] 

Sen.: 
20 % 
Spe.: 
100 %  
Acc.: 
81 % 

FN:8 multi-flower  Sen.: 
100 % 
Spe.: 
100 %  
Acc.: 
100 %  

Sen.: 
20 % 
Spe.: 
100 %  
Acc.: 
84 % 

FN:7 pennyroyal, 1 
tajinaste  

Sen.: 
100 % 
Spe.: 
100 %  
Acc.: 
100 %  

Sen.: 
50 % 
Spe.: 
100 %  
Acc.: 
95 % 

FN:2 robinia, 3 rosemary *  Sen.: 
80 % 
Spe.: 
100 %  
Acc.: 
98 % 

FN:2 robinia  

Multi-flower 
[17] 

Sen.: 
82 %  

Spe.: 
73 %  
Acc.: 
77 % 

FN:1 chestnut, 2 
not classified 
FP:8 rosemary 

Sen.: 
100 % 
Spe.: 
97 %  
Acc.: 
98 % 

FP:1 chestnut  Sen.: 
94 % 
Spe.: 
40 %      

Acc.: 
50 % 

FN:1 pennyroyal 
FP:14 broom, 5 relinchón, 
2 fennel, 4 tedera, 10 
tajinaste, 13 pennyroyal 
(Tenerife) 

Sen.: 
94 % 
Spe.: 
81 %     

Acc.: 
84 % 

FN:1 pennyroyal 
FP:2 broom, 3 
relinchón, 2 fennel, 
2 tedera, 6 
pennyroyal 
(Tenerife) 

Sen.: 
59 % 
Spe.: 
83 %  
Acc.: 
80 % 

FN:3 eucalyptus,2 rosemary, 1 
chestnut, 1 heather 
FP:4 robinia, 4 orange, 1 
eucalyptus, 1 heather, 3 
lavender, 1 lime, 4 rosemery, 
1 sunflower, 3 thyme 

Sen.: 
88 % 
Spe.: 
92 %  
Acc.: 
92 % 

FN:1 eucalyptus,1 
rosemary  
FP: 6 lavender, 2 
orange, 1 robinia,1 
sunflower 

Tenerife  
Honeydew 

[8] 
Sen.: 
75 % 
Spe.: 
100 %  
Acc.: 
98 % 

FN:2 not classified Sen.: 
100 % 
Spe.: 
99 %  
Acc.: 
99 % 

FP:1 chestnut Sen.: 
63 % 
Spe.: 
100 %  
Acc.: 
94 % 

FN:3 not classified Sen.: 
100 % 
Spe.: 
100 %  
Acc.: 
100 %  

Sen.: 
100 % 
Spe.: 
100 %  
Acc.: 
100 %  

Sen.: 
100 % 
Spe.: 
100 %  
Acc.: 
100 %  

FN:2 not classified FN:1 honeydew  FP:1 chestnut 

(continued on next page) 
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Table 2 (continued ) 

Botanical 
variety/ 
Geographical 
origin 

Performance within region Performance between regions included in this study Performance between regions in and outside this study 

SIMCA PLS-DA SIMCA PLS-DA SIMCA PLS-DA 

Chestnut 
[8] 

Sen.: 
75 % 
Spe.: 
100 %  
Acc.: 
98 % 

Sen.: 
88 % 
Spe.: 
100 %  
Acc.: 
99 % 

Sen.: 
75 % 
Spe.: 
100 %  
Acc.: 
94 % 

FN:2 not classified  Sen.: 
100 % 
Spe.: 
100 %  
Acc.: 
100 % 

Sen.: 
75 % 
Spe.: 
99 %  
Acc.: 
98 % 

FN:1 chestnut, 1 heather  
FP:1 chestnut 

Sen.: 
100 % 
Spe.: 
99 %  
Acc.: 
99 % 

Fennel 
[11] 

Sen.: 
73 %  

Spe.: 
92 %  
Acc.: 
89 % 

FN:1 pennyroyal, 2 
not classified 

Sen.: 
73 %  

Spe.: 
98 %  
Acc.: 
95 % 

FN:1 pennyroyal, 2 
not classified 

Sen.: 
82 %  

Spe.: 
100 %  
Acc.: 
97 % 

FN:2 multi-flower 
(Granada)  

Sen.: 
82 %  

Spe.: 
100 %  
Acc.: 
97 % 

FN: 2 multi-flower 
(Granada)  

Sen.: 
30 % 
Spe.: 
100 %  
Acc.: 
86 % 

FN:5 lime, 2 heather, 1 
eucalyptus  

Sen.: 
82 % 
Spe.: 
100 %  
Acc.: 
97 % 

FN:1 lime, 1 
heather  

Broom 
[24] 

Sen.: 
83 %     

Spe.: 
99 %   

Acc.: 
95 % 

FN:1 pennyroyal, 
1 fennel & 
pennyroyal, 
2 not classified 
FP: 1 pennyroyal 

Sen.: 
92 %  

Spe.: 
100 %  
Acc.: 
98 % 

FN:1 fennel, 1 
pennyroyal  

Sen.: 
71 %  

Spe.: 
100 %  
Acc.: 
82 % 

FN:14 multi-flower 
(Granada)  

Sen.: 
92 %  

Spe.: 
100 %  
Acc.: 
97 % 

FN:2 Multi-flower 
(Granada)  

Sen.: 
21 % 
Spe.: 
99 %  
Acc.: 
84 % 

FN:12 thyme, 6 lavender, 1 
rosemary 
FP :1 robinia 

Sen.: 
83 % 
Spe.: 
99 %  
Acc.: 
95 % 

FN:3 lavender, 1 
thyme 
FP :1 robinia 

Tajinaste 
[13] 

Sen.: 8 
%  

Spe.: 
100 %  
Acc.: 
87 % 

FN: 11 pennyroyal, 
1 not classified 

Sen.: 
69 %  

Spe.: 
100 %  
Acc.: 
96 % 

FN:3 pennyroyal, 1 
not classified 

Sen.: 
23 %  

Spe.: 
99 %   

Acc.: 
86 % 

FN:10 multi-flower 
(Granada) 
FP: 1 rosemary (Granada) 

Sen.: 
100 % 
Spe.: 
100 %  
Acc.: 
100 %  

Sen.: 
31 % 
Spe.: 
82 %  
Acc.: 
75 % 

FN:8 rosemary, 1 lavender 
FP:8 robinia, 4 rosemary, 1 
orange, 1 lavender 

Sen.: 
77 % 
Spe.: 
87 %  
Acc.: 
86 % 

FN:2 rosemary, 1 
lavender 
FP:5 robinia, 3 
rosemary, 1 orange, 
1 lavender 

Pennyroyal 
[16] 

Sen.: 
56 %   

Spe.: 
74 %  
Acc.: 
71 % 

FN:4 fennel, 1 
tedera, 1broom, 1 
not classified 

Sen.: 
56 %   

Spe.: 
87 %  
Acc.: 
82 % 

FN:2 tedera, 1 
relinchón, 1fennel, 
3 not classified 

Sen.: 
19 %  

Spe.: 
87 %    

Acc.: 
73 % 

FN:13 multi-flower 
(Granada) 
FP:7 rosemary (Granada), 
1 multi-flower (Granada) 

Sen.: 
63 %  

Spe.: 
98 %   

Acc.: 
91 % 

FN:6 multi-flower 
(Granada) 
FP:1 multi-flower 
(Granada) 

Sen.: 
56 % 
Spe.: 
84 %  
Acc.: 
79 % 

FN:4 thyme, 2 orange, 1 
robinia 
FP:6 robinia, 3 orange, 2 
rosemary, 1 lavender, 1 thyme 

Sen.: 
67 % 
Spe.: 
96 %  
Acc.: 
92 % 

FN:3 thyme, 1 
orange, 1 robinia 
FP:1 orange, 1 
rosemary, 1 thyme 

Tedera 
[8] 

Sen.: 
50 %  

Spe.: 
99 %  
Acc.: 
95 % 

FN:2 pennyroyal, 1 
fennel, 1 relichón 

Sen.: 
60 % 
Spe.: 
98 %  
Acc.: 
95 % 

FN:3 pennyroyal Sen.: 
38 %   

Spe.: 
90 %   

Acc.: 
85 % 

FN:4 multi-flower 
(Granada), 1 not classified 
FP:7 rosemary (Granada) 

Sen.: 
82 %  

Spe.: 
94 %    

Acc.: 
92 % 

FN:2 multi-flower 
(Granada) 
FP:3 multi-flower 
(Granada), 1 
rosemary (Granada) 

Sen.: 
63 % 
Spe.: 
90 %  
Acc.: 
87 % 

FN:1 orange, 1 rsemary, 1 
thyme 
FP:4 robinia, 2 lavender, 1 
orange, 1 rosemary 

Sen.: 
63 % 
Spe.: 
96 %  
Acc.: 
93 % 

FN:1 orange, 1 
rsemary, 1 thyme 
FP:2 lavender, 1 
orange 

Relinchón 
[6] 

Sen.: 
20 %  

FN:4 pennyroyal, 1 
fennel 

Sen.: 
67 % 
Spe.: 

FN:2 pennyroyal Sen.: 
17 %  

FN:5 multi-flower 
(Granada)  

Sen.: 
50 %  

FN: 3 multi-flower 
(Granada) 

Sen.: 
17 % 
Spe.: 

FN:3 rosemary, 2 thyme 
FP:2 rosemary, 1 robinia, 1 
orange 

Sen.: 
50 % 
Spe.: 

FN:2 rosemary, 1 
thyme 

(continued on next page) 
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the mentioned botanical varieties to carry out conclusive studies, 
including sensitivity and specificity figures. 

3.2.3. Classification of honey according to PDO/region 
It is not likely that honey from a certain PDO will be sold with the 

label of a different PDO since very likely there would not be any 
financial gain involved. However, this study was carried out to evaluate 
the specificity of our models and thus their ability to detect honeys 
coming from Spanish regions other than that covered by their own PDO. 
This is relevant when applied to honeys of the same botanical origin. 
Fig. 2 d shows the PLS-DA score plot of the honeydew honeys from 
Liébana and from El Bierzo, which geographically are the closest regions 
among all included in this work. Honeydew honeys from both regions 
are characterised by a high Mn content, and no classification could be 
done exclusively based on Mn mass fractions, as could be the case with 
Tenerife honeydew honeys. The first thing observed is the larger 
dispersion of the honeydew honeys from El Bierzo in comparison with 
those from Liébana, which could be the consequence of the tighter re-
strictions in the full production process of PDO honeydew honeys. Other 
possible explanation for the mentioned difference in dispersion is that El 
Bierzo is a county around five times larger than Liébana, and the 
observed dispersion reflects the geological, climatological and biotope 
intrinsic differences of El Bierzo. This dispersion makes some honeydews 
honeys from Liébana not to be flagged as outliers by the PCA-Class 
honeydew honey model of El Bierzo, while the PCA-Class model of 
honeydew honeys from Liébana is characterised by a specificity of 
100%, Table 2. 

Again, the models constructed for honeydew and chestnut honeys by 
PLS-DA have the highest sensitivity and specificity, in all cases higher 
than 90%. Only the model of chestnut honeys from El Bierzo had a lower 
sensitivity, 80%, which is the result of the low number of observations 
and the large heterogeneity in that population. 

Interestingly, the PLS-DA models for rosemary and tajinaste, the two 
types of honey with the lowest elemental contents, have in both cases 
100% sensitivity and specificity. The low elemental contents make them 
different from all the other light honeys. On the other hand, their 
elemental profiles were different enough to differentiate the two pop-
ulations from each other. 

For the remaining honeys, sensitivity and specificity varied between 
82 and 100% with the exception of pennyroyal and relinchón, in the 

Table 3 
Information about composition regarding pollen of botanical species.  

Honey 
description 

Pollen requirements (DOOR, 2020) 

Tenerife 
Broom > 30% Spartocytisus supranubis 
Tajinaste > 9% Echium spp. 
Chestnut > 75% Castanea sativa 
Relinchón > 4% Hirstfeldia ineana 
Fennel > 2% Foeniculum vulgare 
Pennyroyal > 1% Bistropogon origarcifolium 
Tedera > 3% Aspalthium bituminosum 
Avocado > 2% Persea americana 
Heather > 25% Erica spp. 
Barrilla > 13% Mesembry-anthemum crystalinum 
Malpica > 4% Carlina xeranthemoides 
Agave Traces agave americana 
Honeydews > 0.3% honeydew elements, variable pollen spectrum with a 

high proportion of anemophilus species 
Granada 
Chestnut > 75% Castanea sativa (absence of Erica spp) 
Rosemary > 15% Rosemarinus officinalis or > 10% accompanied by > 5% of 

the Lamiaceae family. 
Multi-flower > 5% of the lamiaceae family 
Liébana 
Honeydew Oak and holm oak honeydew predominate, in addition Rubus 

spp. and Erica spp. Pollens and other pollens from Liébana 
characteristic flora.  Ta
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latter case probably due to the small number of observations. Both the 
PCA-Class and PLS-DA models of pennyroyal honeys are characterised 
by poor sensitivity and specificity, maybe due to a large intrinsic vari-
ability of this type of honey. 

Otherwise, most false negative and false positive results in this 
between-region study involve the multi-flower honeys from Granada: 
unifloral honeys from other regions wrongly classified as multi-flower 
and multi-flower wrongly classified as unifloral from other regions. 
The Granada multi-flower model clearly flagged as outlier the multi-
flower honey from El Bierzo probably because multi-flower honeys are 
better mirrors of the local flora than the unifloral ones. 

3.2.4. Robustness of the PDO classification models to detect non-PDO 
honeys 

The last part of the study was the evaluation of the performance of 
the built-up models to differentiate the PDO and El Bierzo honeys, from 
honeys with different botanical and geographical origin, including 
honeys from outside Spain and from outside Europe, NO-PDO. The 
honeydew, chestnut and fennel honey models were challenged with 
dark NO-PDO honeys (chestnut, heather, eucalyptus, linden and man-
uka) to see whether the model is specific enough to flag them as not 
belonging to the PDO honeys. The rosemary, tajinaste, pennyroyal, 
tedera and relinchón models were challenged with light NO-PDO honeys 
(robinia, orange, lavender, rosemary, sunflower and thyme). The mul-
tiflower Granada model was challenged with light and dark NO-PDO 

Fig. 2. a) PCA score plot (showing the two first principal components) of broom and tajinaste honeys from Tenerife, b) PCA score plot (showing the two first 
principal components) of honeydews from three different beekeepers from Liébana, c) PCA score plot (showing the three first principal components) of chestnut, 
rosemary and multiflower honeys from Granada, d) PLS-DA score plot (showing the three first principal components) of honeydews from Liébana and El Bierzo, e) 
PLS-DA score plot (showing the three first principal components) of broom honeys from Tenerife and robinia honeys from the NO-PDO population. Ellipse: 
Hotelling’s T2 (95%). 
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honey models. Sensitivity studies were also carried out. 
As in previous studies, PLS-DA models were more accurate than PCA- 

Class models. PLS-DA models for honeydew and chestnut honey had 
sensitivities between 91 and 100% and specificity between 97 and 
100%. Models of Tenerife light honeys were characterised by relatively 
poor sensitivities (high amount of false negatives), very likely due to the 
small number of observations: relinchón (50%, 6 observations), tedera 
(63%, 8 observations), tajinaste (77%, 13 observations) and broom 
(83%, 24 observations), the pennyroyal model being an exception to this 
rule (67%, 16 observations). Also the model of Granada rosemary 
honeys is an exception to this rule with 80% sensitivity and a relatively 
small number of observations 10 observations, although to achieve 
those results, the amount of principal components needed to be 
increased from three to four. An increase of the amount of principal 
components did not improve the results in the case of pennyroyal and 
tajinaste. The number of observations in the tedera and relinchón 
models is not high enough to apply this approach without taking the risk 
of overfitting. Fennel seems to be a type of honey that from the 
elemental point of view can be placed between the dark and the light 
honeys, and the respective classification model was characterised by 
82% sensitivity with 11 observations. 

The specificity of the light honey models varied in the range 86% for 
tajinaste and 98% for rosemary. An example of the clusters formed by 
some light honeys is shown in Fig. 2 e. The false positives among the NO- 
PDO honeys follow some patterns, which was expected from the char-
acteristics of the different honeys. Robinia honeys, poorer in elemental 
content than rosemary honey (Fiamegos et al., 2020) and tajinaste, 
represent the highest number of false positives in the tajinaste model, 
followed by rosemary. Lavender followed by orange accounted for the 
highest amount of false positives in the Granada multiflower model. 
Lavender and orange trees grow in the region of Granada, and the 
multiflower honeys from that region may contain pollen from those two 
types of plants. The PDO Granada also has unifloral lavender and orange 
honeys which were not included in this study because they were not 
available when the study was conducted. 

4. Conclusions 

ED-XRF is a suitable screening technique to be used in the classifi-
cation of honeys from a certain PDO or region, providing important 
information to support pollen analysis. The performance of the classi-
fication models built-up in this way for dark honeys is particularly good 
even with a reduced number of samples. The method can also be applied 
to light honeys but would profit from increasing the number of training 
samples. The method could be particularly useful for the pre- 
classification of honeys within a PDO or region as unifloral or multi-
flower, allowing to concentrate the efforts of pollen analysis in a reduced 
number of samples. Ranges for certain major and trace elements could 
be added to the list of characteristics of a certain honey in the DOOR 
repository, to be used for classification purposes. 
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y Pesca, Cabildo de Tenerife), Aguasantas Navarrete García (Instituto 
Canario de Calidad Agroalimentaria, Gobierno de Canarias) and Pablo 
Iglesias (Asociación Berciana de Apicultores (ABERAPI), are acknowl-
edged for the provision of the honey samples. Also all the beekeepers 
that contributed with their products to this study are thanked. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.foodchem.2020.128350. 

References 

Anklam, E. (1998). A review of the analytical methods to determine the geographical and 
botanical origin of honey. Food Chemistry, 63(4), 549–562. 

Arroyo-Manzanares, N., García-Nicolás, M., Castell, A., Campillo, N., Viñas, P., López- 
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Determination of the geographical origin of Slovenian black locust, lime and 
chestnut honey. Food Chemistry, 121, 839–846. https://doi.org/10.1016/j. 
foodchem.2009.12.094. 

Kropf, U., Stibilj, V., Jaćimović, R., Bertoncelj, J., Golob, T., & Korošec, M. (2017). 
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