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Abstract
This study investigated the potential of utilising the elemental fingerprinting of honey to differentiate New Zealand (NZ) 
honey from that of international origin. Twenty elements were analysed by ICP-MS in 352 honeys from 34 various countries. 
Of these, 323 honeys (245 New Zealand honeys, 78 international) and two subsets of data (NZ and European origin, n = 306, 
and, NZ and Denmark/Germany, n = 280) were visualised using principal component analysis (PCA). For the NZ/Europe 
subset, 42.2% of data was explained in the first two principal components. Statistical classification rules were also derived 
using linear discriminant analysis (LDA) and decision tree analysis. Various combinations of elements were explored for clas-
sification, considering the effect of soil-derived elements and those from anthropogenic sources. A high degree of accuracy 
(at least 90%) for the characterisation of New Zealand honey was observed for all statistical models, showing the robustness 
of these analyses. When using decision tree analysis to distinguish New Zealand samples from international samples, a tree 
with five terminal nodes (using Cs, Ba and Rb) was created with 92.4% accuracy. This work has demonstrated that elemental 
fingerprints of honey are a promising tool for categorising New Zealand honey from other geographical locations.
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Introduction

Traceability of food has become an important topic glob-
ally over the past couple of decades [1]. Food traceability 
can reassure consumers on the geographical origin, quality 
and safety of purchased food. Determination of geographi-
cal origin can help to protect brands and may influence a 
buyer’s decision based on the source of the food product. 
One example is mānuka honey, derived from Leptosper-
mum scoparium, which is a highly sought after product due 
to its non-peroxide antibacterial (NPA) activity. Mānuka 
honey with high activity sells for a premium price; in 2021, 
beekeepers were paid up to NZ$120/kg for mānuka honey, 
compared to up to NZ$6/kg for clover honey [2]. This high 
commodity product may be subjected to fraudulent activ-
ity, including labelling international honey as mānuka or 

blending mānuka honey with international honeys to stretch 
the product to gain revenue. Identifying the country of origin 
may help deter this type of activity since non-genuine prod-
ucts will not comply with the criteria set for a pure product 
from a particular geographical location.

Honey is produced when bees dehydrate nectar or secre-
tions of plants, or excretions of plant-sucking insects on the 
living parts of plants (i.e., honeydew). There are few steps 
from hive to shelf since CODEX states that substances may 
not be added to honey. Therefore the elemental composition 
of honey is mostly influenced by the bees’ diet, and addi-
tion of elements after harvest should be minimal (especially 
compared to a product which undergoes multiple steps, such 
as salami and dairy products) [3]. However, the use of ferti-
liser or point source contamination within the foraging range 
of the bee may influence the elemental fingerprint. Honey 
primarily consists of sugar and water but contains small 
amounts of elements (0.02–1.03 g 100 g–1) [4]. Although 
there are reports that botanical origin may influence the 
elemental profile, [5–9] other research states that elemental 
analysis of honey from the same botanical origin but differ-
ent geographical locations have different elemental signa-
tures due to the influence from the environment [10].
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Mineral elemental fingerprinting is a powerful technique 
to characterise food to a particular geographical origin and 
has previously been demonstrated for various foods, includ-
ing soybean, [11] coffee, olive oil, wine and meat [12]. Ele-
ments are stable over time as they do not degrade or react 
and their presence in food sources predominately originates 
from the soil and are taken up into plants. Elements can be 
classified as nutrients (required for life, including alkaline 
and some transition metals), micro-essential (minor role for 
life, including rare earth elements) and toxic (detrimental 
to growth, including heavy metals). Careful consideration 
of the elements best suited for geographical fingerprinting 
is required. Due to the uptake of nutrients and micro-essen-
tial elements by plants from soil, these are good choices, 
whereas those introduced via anthropogenic activity (e.g. 
heavy metals) are not as useful due to their fluctuation across 
samples within a region and over time from a single location 
[13]. However, caution needs to be applied as some nutrients 
and micro-essential elements may also arise from anthropo-
genic activity; for example, Cu is reported to be correlated 
to Cd in regions of agricultural practice [14]. A recent study 
by Meister et al. found no correlations between elemental 
concentrations in honey and soil in a set of mānuka honeys 
from New Zealand [15]. This is in contrast with studies from 
other geographical origins and floral sources [16].

A number of techniques have been reported for quantita-
tive analysis of elements in honey, including atomic adsorp-
tion spectroscopy (AAS) [17], inductivity coupled plasma 
atomic emission spectroscopy (ICP-AES) [18, 19], induc-
tivity coupled plasma optical emission spectroscopy (ICP-
OES) [20–23] and energy dispersive X-ray fluorescence 
(XD-XRF) [24, 25]. In recent years, the determination of 
elements has mainly been carried out by inductively coupled 
plasma mass spectrometry (ICP-MS) [26–29], which has 
a number of advantages over other elemental techniques, 
including quick simultaneous analysis of multiple elements, 
relatively cheap analysis, high sensitivity and low detection 
limits (often down to parts per trillion). ICP-MS is becoming 
more readily available, with commercial laboratories and 
universities often having at least one instrument. To illus-
trate the powerful amount of data that can be generated using 
ICP-MS, if 20 elements are simultaneously analysed by ICP-
MS in 100 samples, 2,000 data points are produced in a 
short time (< 3 h). Multivariate statistical analyses, includ-
ing principal component analysis (PCA), linear discriminant 
analysis (LDA) and cluster analysis (CA) are often applied to 
handle the vast amount of data. These techniques are power-
ful because multiple elements can be assessed together and 
either determine clustering of similar samples or determine 
discriminant functions to predict the origin of a particular 
sample [13].

A wide array of elements have previously been used for 
discrimination of honey, including Ca, Ba, Fe, K, Mg, Mn, 

Na, P, Rb and Zn [18, 20, 28, 30, 31]. It has been noted 
that elements in low proportion for each element group 
(i.e. alkaline, alkaline earth and transition metals) are 
more reliable for fingerprinting than those that are most 
abundant [13]. For example, Rb is suggested as a more 
useful element than Na and K from the alkaline group. 
While a number of studies report the concentrations of 
various metals in honey from countries across the world, 
these papers do not attempt to categorise honey by coun-
try. The majority of studies that categorise honey do so 
for regions within a single country. For example, a study 
of 200 black locust honeys from five regions in Croatia 
determined that Al, Fe and K were useful elements for 
categorising into regions [10]. Another study determined 
that certain elements were able to categorise Italian honey 
by industrial, urban and rural regions. [32]

While there are reports in the literature that address the 
elemental profile of honey for honey from regions in rela-
tively close proximity within a single country, there is cur-
rently no literature demonstrating the ability to categorise 
honey from separate countries, and more importantly, no 
literature published to investigate the possibility of distin-
guishing New Zealand honey from international honey. This 
research aimed to i) determine elemental signatures for New 
Zealand and international honeys, and ii) discriminate and 
categorise New Zealand honey from international honey, 
independent of botanical origin, based on the elemental sig-
natures. This work demonstrates the potential of elemental 
analysis as one tool to help protect the identity of New Zea-
land honey.

Materials and Methods

Chemicals, Reagents and Apparatus

A multi-element stock standard (10 mg kg−1, IV71-A) and 
single-element standards (1000 mg kg−1) for Na, Ca, P, S, 
K and Fe were purchased from Inorganic Ventures, Chris-
tiansburg, VA, USA. Certified reference material (CRM) 
ERM-CE278k (mussel tissue) was purchased from Euro-
pean Reference materials and SLRS-6 river water CRM was 
purchased from National Research Council Canada. Nitric 
acid (65%, analytical grade) and hydrogen peroxide (30%, 
analytical grade) were purchased from Merck and Univar 
(Ajax Finechem Pty Ltd) respectively. Type 1 water was 
distilled and deionised using a Millipore Milli Q Reference 
water purification system (18.0 mΩ resistivity). Polypropyl-
ene tubes (15 mL) were purchased from Greiner. Minisart 
Syringe Filters (0.45 µm, cellulose acetate) were purchased 
from Sartrious, Germany. An Ohaus dry heat block was used 
for heating samples.
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Honey Collection

A total of 352 honey samples were analysed in this research. 
New Zealand honey samples (n = 245) were either obtained 
utilising citizen science from single apiary sites with known 
GPS locations around North Island, New Zealand from 
2010 – 2019 (n = 181) or purchased commercially (n = 64). 
purchase from 34 countries (Germany, 20; Denmark, 15; 
Greece, 9; Italy, 7; 5 from both Poland and UK; 4 from both 
India and Russia; 3 from each of Australia, Chile and Spain; 
2 each from United States, Turkey, Niue, France, China, 
Belize, Austria and 1 each from Vietnam, Uzbekistan, South 
Africa, South America, Portugal, Morocco, Mongolia, Mal-
dives, Madeira, Japan, Georgia, Finland, Croatia, Belgium, 
and Argentina). Honey was extracted by beekeepers and 
provided for analysis. All samples were of nectar origin and 
a combination of mono- and multi-floral botanical origins.

For discrimination and categorisation, only countries 
with at least 5 samples were used; these samples were all of 
European origin and are referred to as “Europe” in the text. 
Additionally, a subset of 35 samples containing honey from 
Denmark and Germany was also used.

Sample Preparation

Honey samples were prepared for analysis using a previously 
published method [33]. Briefly, honey (200 ± 20 mg) was 
heated (50 °C, 30 min) then centrifuged (10 min, 3000 rpm) 
to draw sample to the bottom of tube. Nitric acid (0.2 mL) 
was added and tubes were heated in a heat block (80 °C, 
60 min); Type 1 water (0.5 mL) was added to CRM samples 
before digestion for wetting. Samples were cooled before 
addition of hydrogen peroxide (0.1 mL) and further heating 
(80 °C, 60 min). Following cooling, Type 1 water was added 
by autopipette or bottle-top dispenser to give a known final 
volume. The final volume was approximately 6 mL and was 
calculated individually for each sample. All samples were 
centrifuged before ICP-MS analysis (10 min, 3000 rpm); 
CRM samples were also filtered through 0.45 µm cellulose 
acetate filters.

Instrumentation

Elemental analysis was performed using an Agilent 8900 
Triple Quadrupole Inductively Coupled Plasma Mass Spec-
trometer (Q-ICP-MS; Agilent Technologies, Santa Clara, 
California, USA). Internal standard (45Sc, 103Rh, 125Te, 193Ir) 
was added via a T-junction in-line (1:20 dilution). Analysis 
proceeded if oxides and doubly-charged ions were less than 
2%. ICP-MS operating parameters are summarised in Sup-
plementary Information S1. Data acquisition and processing 
were carried out by using MassHunter Workstation (ver-
sion 4.5). The following isotopes were analysed using He 

mode: 11B, 23Na, 24 Mg, 27Al, 39 K, 44Ca, 53Cr, 55Mn, 56Fe, 
59Co, 60Ni, 65Cu, 66Zn, 71 Ga, 85Rb, 88Sr, 111Cd, 133Cs, 137Ba, 
201Hg,205Tl, 206Pb, 207Pb, 208Pb.

Quality Assurance

Each batch of samples contained method blanks, method 
filter blanks, duplicates, in-house quality control honey 
sample, certified reference material ERM-CE278k (mus-
sel tissue) and spiked samples (final concentrations of 
8.33 and 83.3 µg−1 respectively). During ICP-MS analysis, 
check standards were analysed every 20 samples and re-
calibration was performed every 100 samples. Rinse blank 
samples were analysed every 10 samples to ensure minimal 
carryover between samples. SLRS-6 river water CRM was 
analysed with every batch of samples to check instrument 
performance.

Statistical Analysis

Microsoft Excel 2016 and Minitab®21 were used for statisti-
cal analyses. For statistical calculation, elements that were 
not detected (ND) or were < LoD were treated as a missing 
value for summary statistics (e.g. average); for 2-sample 
t-test, ANOVA calculations, linear discriminant analysis 
(with cross-validation), principal component analysis and 
decision trees they were treated as 0 µg kg−1.

Results and Discussion

Summary of Elements in Honey

A total of 352 honey samples from 34 countries worldwide 
were analysed for 20 major, minor and trace elements. A 
statistical summary of elemental concentrations for all honey 
samples is presented in Table 1; a summary of elemental 
concentrations for each country can be found in Supplemen-
tary Information S2.

Potassium was the most abundant element found in 
honey and was present in all samples. It had a mean con-
centration of 1230 ± 660 mg kg−1 and made up approxi-
mately 87% of the elemental composition. The next most 
abundant elements were Na, Ca and Mg, making up 4.49, 
4.34 and 2.24% of the total elemental composition of the 
honey samples, respectively; these four elements were 
detected in all samples and are readily reported as the 
most abundant in honey [10, 20, 22, 34]. Elements mak-
ing up 0.10 – 0.41% of the total elemental profile were 
(in decreasing order) Al, B, Mn, Rb, Zn and Fe; these 
elements were present in all samples, apart from B, which 
was absent from one sample originating from China, and 
Al and Fe which were present in 77 and 92% of samples 
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respectively. A previous study also noted the low abun-
dance of Al in honey from around the world (present in 
only 46%, n = 69) [30]. Cu, Sr and Ba contributed to 0.01 
– 0.03% of the total elemental profile and were detected 
in all samples, excluding samples from Niue (n = 2) that 
did not contain Ba. The remaining seven elements (Cd, 
Co, Cr, Cs, Ni, Pb, Tl) made up 0.003% or less of the total 
elemental concentration and were found in less than 75% 
of samples (apart from Ni, which was present in 95% of 
samples); these lower instances are likely to be due to 
the nature of the elements which are more readily associ-
ated with localised or anthropogenic contamination. Of 
interest, one sample originating from Perth, Australia 
contained elevated concentrations of Zn and Pb (171 and 
0.58 mg kg−1respectively); although the hive location is 
unknown, it is suspected to be near a mining area, which 
fits with other analyses of Australian honey [35]. In com-
parison, the next highest concentration of Zn was over a 
factor of 10 lower (10.4 mg kg−1) and all other samples 
had less than 0.15 mg kg−1 Pb. Additionally, one sample 
from Chile contained elevated Ba and Sr (14.4 mg kg−1 
and 25.4 mg kg−1, respectively); the next highest sample 
only contained 1.7 mg kg−1 Ba and 3.13 mg kg−1 Sr (also 

from Chile). Analysis of a larger number of samples from 
Chile would be required to determine if honey from this 
area typically has elevated concentrations of Ba and Sr.

An interesting observation was the presence of Tl in 37% 
of samples originating from NZ (37.8 ± 67 µg kg−1), whereas 
it was only observed in two international samples (Poland, 
14.8 µg kg−1 and Chile 10.04 µg kg−1). However, the cause 
of its presence in NZ samples is unknown.

Samples were analysed to determine if there was a differ-
ence in concentrations between New Zealand honey samples 
(n = 245) and international samples (n = 107) for each ele-
ment. No statistically significant differences (p < 0.05) were 
observed for Mg, Al, Cr, Fe, Co, Ni, Zn, Sr, Cd, Ba and 
Pb. For elements that showed a difference in concentration 
between honey of New Zealand and international origin, B, 
Na, Mn, Cu, Rb, Cs and Tl each had a p-value < 0.001; K 
and Ca had p-values of 0.038 and 0.001 respectively.

The full dataset contains samples from 34 countries, how-
ever, for some of these countries, less than five samples were 
analysed. Therefore we also considered a reduced data set 
that contained countries represented by at least five samples 
(n = 306, 7 countries – NZ, Germany, Denmark, UK, Italy, 
Greece, Poland). For the subset data, pairwise 2-sample 

Table 1   Summary statistics for elemental concentrations of honey samples collected from 34 countries (n = 352)

n LOD LOQ Average Standard 
Deviation

Coefficient 
of variation

Minimum Q1 Median Q3 Maximum

mg kg−1

Na 352 0.100 0.305 63.3 67.8 0.107 8.33 22.5 41.7 77 526
Mg 352 0.100 0.305 31.6 20 0.0634 5.59 19.2 27.5 39.6 215
Al 272 0.100 0.305 5.78 9.22 0.16 0.323 1.13 3.26 8.08 110
K 352 5.03 15.25 1230 664 0.0542 84.5 799 1170 1590 4780
Ca 352 1.00 3.05 61.1 39.7 0.0651 15.9 40.6 49.9 65.5 399

µg kg−1

B 351 0.100 0.305 5380 2670 49.6 620 3800 4530 6010 16,900
Cr 259 0.100 0.305 23.2 22.3 96.1 8.87 12.8 16.5 24.6 258
Mn 352 0.100 0.305 4350 5140 118 78 778 2280 5900 33,400
Fe 326 50 152.5 1470 1690 115 56 681 1120 1940 25,200
Co 103 0.100 0.305 10.4 13.9 134 1.24 4.8 7.32 11.5 132
Ni 332 0.100 0.305 44.2 115 260 0.15 11.7 19.3 39.3 1200
Cu 351 0.100 0.305 412 333 81 7 167 329 576 2140
Zn 352 10.0 30.5 1550 9140 591 125 573 882 1210 172,000
Rb 352 0.100 0.305 3240 2480 76.6 95 1420 2970 4580 20,600
Sr 352 0.100 0.305 277 1360 492 25.7 110 152 247 25,400
Cd 50 0.100 0.305 12.2 13.9 114 1.45 2.19 6.53 17.6 51.6
Cs 215 0.100 0.305 34.1 48.5 142 0.67 13.7 21.7 37.5 496
Ba 350 0.100 0.305 209 778 372 10 86 136 202 14,400
Tl 93 0.100 0.305 37.2 66.4 178 3.98 9.52 15.3 42.7 537
Pb 110 0.100 0.305 23.3 57.7 248 2.39 10 13 18.8 582
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t-tests were conducted to determine if there was a difference 
between NZ and international samples for any elements; no 
statistical differences (p < 0.05) were observed for Na, Mg, 
K, Ca, Cr, Fe, Co, Ni, Zn, Cd and Pb. Of the elements that 
showed a difference in concentration between honey of New 
Zealand and international origin, B, Al, Mn, Cu, Cs, Ba and 
Tl each had a p-value < 0.001; Rb and Sr had p-values of 
0.001 and 0.023 respectively.

For each element, a one-way analysis of variance 
(ANOVA) was carried out (p < 0.05) to explore differences 
in elements between all countries. No differences were 
observed for concentrations of Ca, Co and Pb between any 
of the countries, suggesting that these three elements are 
not useful for geographical fingerprinting for this dataset. 
For Al, Cd, Cs and Tl statistical comparisons could not be 
completed as at least two countries did not have detect-
able concentrations of these elements; for example, Al is 
not present in samples originating from Italy and UK and 
was only detected in one of five samples from Poland. How-
ever, it should be noted that the absence of an element in a 
country may be useful for discrimination when using mul-
tivariate techniques. For authentication of mānuka honey 
specifically, it was of interest to determine if any elements 
were statistically different between NZ honey and at least 
one other country; in addition to Ca, Co and Pb, there was 
no difference in elemental concentration of Mg and Zn for 
honey originating from New Zealand when compared with 
other countries. Elemental concentrations that were differ-
ent between New Zealand and at least one other country 
(with the country of difference in parenthesis) were: B and 
Fe (Germany), Na (all except Italy), K (UK), Cr (all), Mn 
(Italy, Denmark, Germany, Greece), Ni (Denmark); Cu and 
Sr (UK, Germany), Rb (Denmark, UK, Italy), Ba (all expect 
Poland) and Al (Denmark, Germany). It should be noted that 
samples from Italy and UK did not contain Al, hence were 
excluded from the analysis, but Al can be included when 
carrying out multivariate analysis.

These results suggest that some elements (such as B and 
Cr) may be universally useful for fingerprinting geographi-
cal origin of honey, while other elements (e.g., Fe, Mn, Ni, 
Cu, Sr) may be suitable for discrimination between certain 
countries.

Discrimination of New Zealand Honey 
from International Honey

New Zealand is an isolated country at the bottom of the 
Pacific Ocean, with Australia as the closest significant land-
mass. This isolation may allow New Zealand honeys to be 
discriminated from other countries based on their elemental 
fingerprint. This work examined honey of non-determined 
floral origin from New Zealand and international countries.

Principal Component Analysis

Firstly, untargeted analysis using principal components anal-
ysis (PCA) was carried out to observe groupings based on 
elemental profile. Analysis of all 20 elements in all samples 
(n = 352) showed that only 34.7% of the data were explained 
in the first two principal components (PC, 22.2% and 12.5% 
respectively). The first PC was strongly associated with Mg, 
K, Mn, Cu and Rb, which all had coefficient values larger 
than 0.3 in the first PC, while the second PC was associated 
with Na, Ca, Zn and Pb (coefficient values > 0.3). The two 
categories did not show visually distinct groupings on the 
score plot for the first 2 PCs (Fig. 1a, b). Twelve PCs were 
required to explain 90.2% of the data.

The full dataset contains samples from 34 countries, how-
ever, a number of these countries had less than five samples. 
Therefore the dataset was reduced to contain only countries 
with at least five samples (n = 306, 7 countries); the six non-
New Zealand countries were European, hence this subset of 
data will be referred to as “Europe”.

For the New Zealand and Europe subset of data, the 
first two PCs explained 42.2% of the data (26.9 and 15.3% 
respectively, Fig. 1c, d) and 12 PCs were required to explain 
91.0% of the data. In the first PC, Mg, K and Cu coefficient 
values were larger than 0.3. In the second PC, B, Ca and Sr 
were positively correlated (> 0.3), while Al and Mn were 
negatively correlated (< –0.3).

In previous work [14], elements associated with soil (Ca, 
K, Mg, Na and Mn) were used to successfully explain 75.2% 
of North Island, New Zealand honey samples (n = 181). 
Selecting only elements that are largely influence by the 
soil removes any variation from point-source contamination. 
Using these five elements, 73.6% of data was explained in 
the first two PCs (48.2% and 25.3% respectively); however, 
the score plot of PC1 and 2 did not show a visual separation 
of NZ honey compared to honey of European origin (Fig. 1e, 
f). For this set of data, Ca, Mg, K and Mn were positively 
correlated with PC 1 (> 0.31); while Mg was positively cor-
related with PC2 (0.453) and Na and Ca were negatively 
correlated (> − 0.59).

Linear Discriminant Analysis

Linear discriminant analysis (LDA) is a supervised-learning 
statistical tool that can categorise samples based on their 
differences. Initially, all international honey was placed into 
one group to determination if honey originating from New 
Zealand could be separated from all other countries regard-
less of origin using all 20 elements. Overall accuracy as 
either New Zealand or international was 91.5% using all 
elements (91.8 and 90.7% respectively), using cross-valida-
tion. However, due to the low instances of samples for some 
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countries, categorisation into individual countries was not 
attempted.

LDA was used to determine categorisation accuracy for 
the subset of New Zealand and Europe samples. Catego-
risation of this set of samples into either New Zealand or 

Europe had high overall accuracy (88.9%), with 89.8% 
of New Zealand samples and 85.2% of Europe samples 
accurately classified. These results show the potential of 
elemental analysis as an important tool for identifying 
New Zealand honey from honey originating from other 

Fig. 1   a Score plot for PC 1 and 2 using all elements for all samples 
(n = 352); b corresponding loading plot for all elements; c score plot 
for PC 1 and 2 using all elements for Europe and NZ subset (n = 306); 

d corresponding loading plot for all elements; e score plot for PC1 
and 2 using soil elements (Ca, K, Mg, Na, Mn) for Europe and NZ 
subset (n = 306); f corresponding loading plot for all elements
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countries. Categorisation of samples into individual coun-
try of origin was also attempted for the NZ/Europe sub-
set (n = 306, New Zealand, Denmark, Germany, Greece, 
Italy, Poland and UK); the overall accuracy was 79.7%; 
Denmark and New Zealand categories had the highest 
number of samples correctly assigned (93.3 and 86.5% 
respectively). Incorrect classifications for New Zealand 
were placed in Denmark (8), Germany (9), Italy (5), 
Poland (8) and UK (3).

ICP-MS allows simultaneous detection of many elements 
on the periodic table, however, in some cases, such as for 
discrimination and categorisation, using more elements 
may not afford better data and may hinder the analyses. Ele-
ments that alter based on changing external factors, such as 
localised point source contamination, will have little use for 
building an elemental fingerprint for certain geographical 
origins (region or country). For geographical determination, 
external influences on the selected elements should be con-
sidered. For example, Pb may be present due to legacy Pb 
in petrol or from proximity to mining areas, [35] while Cd 
may reflect agricultural practices [14] within the flight range 
of a hive. Some elements, such as Cu and Zn, are present 
due to natural sources (e.g., soil) but can be elevated by 
anthropogenic sources. For example, zinc is a component of 
the Earth’s crust, but anthropogenic activity, such as mining 
and use in fertilisers and wood preservatives can elevate its 
concentration in specific locations. With a large sample set, 
the discrimination model should be able to account for this 
and put more weight on elements of more importance. How-
ever, the exercise of determining the usefulness of certain 
elements was undertaken by carrying out LDA with reduced 
elemental sets. Initially, using only elements associated with 
soil (Ca, K, Mg, Na and Mn), the accuracy decreased to 
80.7% (80.4%, NZ; 82.0% international), suggesting that 
other elements can be helpful for discrimination.

The elemental suite was also refined to exclude elements 
that were present in less than 70% of samples (percentage 
of presence shown in parentheses); Cs (61%), Pb (31%), 
Co (29%), Tl (26%) and Cd (14%). Zhou et al. [30] also 
used this approach and removed elements from analysis that 
were in less than 71% of samples. Using the remaining 15 
elements, 82.7% of samples were assigned to the correct 
country of origin, with at least 78% accuracy for UK, NZ, 
Greece, and Denmark. For determination of whether a honey 
originates from New Zealand or Europe, 92.5% of data was 
correctly classified (92.7 and 91.8% respectively), which 
is slightly higher than the use of all 20 elements. Of the 
five elements removed, Cd and Pb are likely present due to 
anthropogenic activity, however, the other elements may be 
useful for helping categorise by country since New Zealand 
tends to have a higher abundance of Co and Tl than honey 
from the other countries analysed. With Cd and Pb removed, 
the overall accuracy increased to 91.2% (New Zealand, 

91.4%; Europe, 90.2%), indicating that elements predomi-
nately influenced by point source contamination effect the 
success of categorisation.

Aceto [13] reported that elements in low abundance from 
each metal group (i.e. alkali, alkaline earth and transition) 
are best suited for determining geographical origin. To 
investigate if refining the selection of elements based on this 
approach increased discrimination, the following eight ele-
ments were chosen: Rb from the alkali metals (excluding Na 
and K for high abundance and Cs for low instances); Sr and 
Ba from the alkaline earth metals (excluding Ca and Mg for 
high abundance); Fe, Cu, Ni and Zn from the first row tran-
sitional metals (excluding Mn for high abundance and Co for 
low instances); Al and B from group 3B were also included. 
With this set of elements, the accuracy decreased slightly 
to 89.5% (New Zealand, 90.6%; International, 85.2). This 
decrease in accuracy may be due to the removal of elements 
identified as statistically significant between New Zealand 
and Europe samples (i.e., Ca, Na, K, Ca, Mn). Zhou et al. 
[30] stated that Ca, Mn, P, K and Sr were the best elements 
to discriminate Australian honey from overseas honey; this 
aligns with the current research showing that major elements 
are required for discrimination at the international level.

If the restraint of requiring an element to be present 
in > 70% of the database is removed, the elements Cs, Co 
and Tl can be added into the model (Cd and Pb are excluded 
due to anthropogenic sources) and the accuracy is 90.2% 
overall (91% New Zealand, 86.9% Europe respectively). This 
suggests that the cause of low instances should be taken 
into consideration. In this case, Cs, Co and Tl are not due to 
point source contamination but reflective of their geographi-
cal origin.

These results show that the statistical analysis is robust 
with a large set of elements, and it may be beneficial to 
have a larger number of elements for the model to categorise 
samples.

Decision Tree Analysis

The statistical analyses above have shown elemental analy-
sis to be a promising tool to confirm if a honey is of New 
Zealand or international origin. An alternative approach for 
classification is decision tree analysis, which is easy to carry 
out and interpret. Elements that were below LoD were con-
verted to zero for this analysis. When all samples (n = 352) 
and all elements (n = 20) were used to determine whether a 
sample was of New Zealand or international origin, a deci-
sion tree with five terminal nodes (using Cs, Cr, Ni, Tl) gave 
an optimal tree with a misclassification cost of 0.2031. This 
successfully assigned 90.6% of samples (91.8 and 87.9% 
for New Zealand and international respectively). Terminal 
nodes are chosen based on the misclassification cost and is a 
balance between the number of nodes required and the level 
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of accuracy. Elemental analysis is often carried out by ICP-
MS which is a multi-elemental technique and can simultane-
ously detect a large number of elements on the periodic table 
without compromising data integrity. Therefore there is no 
requirement to limit the number of terminal nodes. For this 
dataset, the optimal misclassification occurred when using 
six nodes (0.1611 relative misclassification cost, Supple-
mentary Information S3). The overall accuracy was 92.4% 
(93.1 and 90.8% accuracy for NZ and international samples 
respectively). Cs, Ba and Rb were the most important ele-
ments for classification (> 82%), whereas Cd, Pb, Sr and Fe 
were the least useful elements (< 15%). The lowest misclas-
sification occurred when using nine nodes (0.1885 relative 
misclassification cost); this marginally increased overall 
accuracy to 29.9% and increased the positive classification 
of international samples to 92.7% but did not alter correct 
instances of samples of NZ origin.

Using elements that were present in > 70% of samples (as 
used in LDA analysis), a 5-node tree was produced, but the 
overall accuracy was lowered to 86.4% (84.4% and 87.3% for 
NZ and international respectively; 0.2825 relative misclas-
sification cost). With the removal of Cs from the dataset, 
Al became the most important element for classification. A 
15-node tree had the lowest misclassification cost (0.2509) 
and increased the overall performance of the model to 89%, 
however, this is not as effective as the model containing all 
20 elements.

The New Zealand/Europe subset of data was assessed; 
91.5% of data was correctly classified as NZ (91.8%) or 
Europe (90.2%) using all 20 elements, 8 nodes and the low-
est misclassification cost (0.2046, Supplementary Informa-
tion S4). The most important elements for classification were 
Ba, Al and Rb, (> 87%), followed by Cs and Na (77.3 and 
76.0% respectively). Aceto [13] noted that Rb was useful in 

food identification. Cd, Sr, Pb and Co were the least impor-
tant elements (3.6 – 11.8%). When using elements that were 
in > 70% of samples or when only removing Cd and Pb from 
the data set, the accuracy did not increase. A lack of increase 
in accuracy after reducing the elemental set is due to the 
ability of the test to determine the elements of best choice. 
Therefore it is suggested that a large range of elements are 
analysed by ICP-MS and used for classification analysis for 
determining geographical origin of honey samples.

Discrimination and Categorisation of Honey of New 
Zealand and Denmark/Germany Subset

The dataset includes honey from 34 countries around the 
world, however, sample numbers are low for most of these 
countries, which may affect the discriminating power due to 
natural variation within a country. Aside from New Zealand 
(n = 245), Germany and Denmark had the largest sample 
sizes (n = 20 and 15 respectively). Due to the proximity of 
Denmark and Germany, an investigation into the similarity 
of their elemental concentrations was carried out to decide 
if samples could be pooled. A 2-sample t-test (p < 0.05) was 
carried out; of the 20 elements investigated, no statistical 
difference was found for Mg, K, Ca, Co, Zn, Rb, Sr, Ba and 
Pb. Neither country had detectable levels of Cd or Tl; addi-
tionally, Denmark did not have detectable Cs. The remain-
ing eight elements (B, Na, Al, Cr, Mn, Fe, Ni and Cu) had 
statistically different concentrations between Denmark and 
Germany.

Samples from Denmark and Germany were combined 
(n = 35, Denmark/Germany subset) and the data were 
examined to observe if there were significant differences 
in elemental concentrations with New Zealand samples. 
As expected, the concentrations of K and Ca were not 

Fig. 2   a Score plot for PC1 and 2 using all elements for New Zealand, Denmark and Germany samples (n = 280); b corresponding loading plot 
for all elements
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statistically different. Additionally, Cr, Co, Ni and Pb were 
not statistically significant between the two categories; for 
Co and Pb this is most likely due to low instances. Eleven 
elements (B, Na, Mg, Al, Mn, Cu, Zn, Rb, Sr, Cs and Ba had 
statistically different concentrations (p < 0.001) between the 
two categories. There were not enough instances of Cd and 
Tl for analysis.

PCA was carried out using all 20 elements and explained 
44.7% of data within the first 2 PCs (27.2 and 17.5% for PC 
1 and 2 respectively). It required 11 PCs to explain 90.5% 
of the variation (Fig. 2 a). The first PC was strongly associ-
ated with Mg, K and Cu, which all had coefficient values 
larger than 0.3 for PC1, while for PC2, B, Ca and Sr had 
values larger than 0.3, while Al and Mn were more negative 
than − 0.3 (Fig. 2b). The score plot of PCs 1 and 2 did not 
show distinct grouping for samples in each category.

Using LDA to examine New Zealand samples compared 
to the Denmark/Germany subset of samples, an overall 
accuracy of 91.4% was achieved using all 20 elements and 
cross-validation, with 91.4% of samples correctly classified 
in each category.

Using decision tree analysis with all 20 elements, the 
ability to classify New Zealand honey from honey origi-
nating from the Denmark/Germany subset was possible 
using three nodes. This tree only only Na and Cs to give 
the lowest misclassification rate (0.1469, Fig. 3) and cor-
rectly assigned 95.7% of samples (96.7 and 88.6% for NZ 
and Europe subset respectively). Cs (100%) and Rb (95.2%) 
were the most important elements, followed by Na (82.6%) 
and Al (81.3%). Using elements that were present in > 70% 
of samples (as used for LDA analysis), a 3-node tree was 
produced, but the overall accuracy was marginally lowered 
to 93.9% (94.7% and 88.6% for NZ and Denmark/Germany 

subset respectively; 0.1673 relative misclassification cost). 
With the removal of Cs from the dataset, Na became the 
second most important element for classification.

Conclusion

This study shows that the use of elemental profile is a prom-
ising tool for discriminating New Zealand honey from inter-
national honey and could be used alongside other analyses 
to confirm honey of New Zealand origin. The various sta-
tistical methods explored (PCA, LDA, decision tree) show 
good agreeance for their ability to categorise honey of New 
Zealand origin from honey originating from Europe, adding 
confidence to the ability of elemental analysis. Additionally, 
the statistical analyses could classify honey as either NZ or 
Denmark/Germany origin with high accuracy. A larger data-
set of honeys from the countries examined in this research 
and honey from other international countries is required to 
capture the variation of the honey elemental profile across 
the world and increase the accuracy of the test. However, this 
research shows the potential of using elemental fingerprint-
ing for distinguishing honey from NZ origin from different 
countries.
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