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ABSTRACT

Numerous chemical measures have been explored as ways to discriminate the geographic origin of food products. The
“best” set of measures to determine the provenance of a food product may vary depending on the spatial scale in
question. Canonical analysis of principle coordinates was used to determine which chemical measure(s) provided the
best ability to determine the provenance of green coffee beans sourced from nine international growing regions.
Models were constructed at two spatial scales. The chemical analyses used were the stable isotope ratios of carbon
(613C), nitrogen (615N) and hydrogen (62H), concentrations of fatty acids, and concentrations of major, minor and trace
elements. Variations in elemental concentrations provided the best predictor of whether a sample was from Kona,
Hawaii or not (classification success rate 100%). Variability in elemental concentrations was also the single best
discriminator of growing region of origin; however, the highest classification success, 86%, was achieved by elemental
concentration data combined with 613C and 615N or §%2H. The statistical framework allows comparisons at multiple
spatial scales to assist with decisions regarding which chemical analyses may be appropriate for the development of
proof of origin methods for specific food and beverage products in the future.

Keywords: provenance, geographic origin, canonical analysis of principal coordinates, multivariate statistics, coffee
beans, Coffea, elemental analysis, stable isotopes, fatty acids, food.

INTRODUCTION

Recently, there has been an increase in the number of
studies using chemical approaches to determine the
geographic origin and authenticity of a range of food
products (Carcea et al, 2009). An impetus for these
studies has increased public awareness and concern
about the prevalence of food fraud in the international
2005).
Research to date covers a wide range of commodity and
specialty products including, but not limited to, wine
(Baxter et al.,, 1997; Martin et al., 2012), meat (Camin et
al, 2007), honey (Kropf et al., 2010; Schellenberg et al,,
2010), and olive oil (Watling et al., 2010). Studies span a
range of spatial scales (e.g. comparisons among sites

marketplace (Carcea et al., 2009; Kelly et al,

* Corresponding Author:
Email ID: rebecca.mcleod@otago.ac.nz
© 2013 ESci Journals Publishing. All rights reserved.

49

within a country (Baroni et al, 2011; Bertrand et al,
2008) versus comparisons among countries (Camin et
al, 2007; Maggi et al, 2011)), and the analytical
approaches used for site
quantification of elemental concentrations (Heaton et al.,
2008; Kelly et al.,, 2005; Watling et al., 2010), ratios of
heavy and light isotopes (Kelly et al., 2005; Ogrinc et al.,

differentiation include

2009; Rummel et al, 2010; Watling et al, 2010),
concentrations of fatty acids (Bertrand et al, 2008;
Martin et al, 2001; Villarreal et al, 2009), and

quantification of rare earth elements (Joebstl et al,
2010), with varying degrees of success. The commercial
application of this body of research is currently
challenged by the wide range of analytical approaches
tested to date (Ye, 2012), which may well leave the
reader questioning which technique or
techniques is best suited to their particular food product

suite of
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and issue. In looking for a commercial solution to
determining the provenance of food, the chemical
approach used will depend upon a number of factors
including the food type, the analytical methods available
(and their cost) and the particular origin question to be
answered. One producer may want to distinguish their
product from others produced in the same country,
whilst a consumer may want to confirm the continent of
origin. Another consideration is what level of confidence
is required in the assignment of origin. In the current
study multiple chemical approaches are compared in
their ability to differentiate the origin of samples of
green (unroasted) coffee beans. Canonical analysis of
principle coordinates (CAP; Primer+PERMANOVA, U.K.),
a multivariate statistical approach, is used to determine
the best measure or combination of measures for
discriminating sample origin. This approach is proposed
as a quantitative means for determining the best-suited
analytical approach for discriminating origin, and it also
allows origin discrimination ability to be compared
across a range of spatial scales. The approach is
important as methods of food origin differentiation
begin to be used in a commercial capacity.

International trade in coffee exceeds 8.2 million tonnes
annually and in 2008 involved 77 coffee-producing
exporting to 167 countries (Food and
of the United Nations,
http://www.faostat.fao.org/site/609). Most coffees are
priced according to the New York Board of Trade “C”
price, however, specialty coffees can command higher
prices due to their quality, reputation, and/or rarity. One

nations,

Agriculture Organization

such example is the coffee produced in the Kona region
of Hawaii, USA, which is currently priced some 5 times
greater than the New York “C” price (Gary Strawn, pers
comm.). The Kona region has enjoyed relatively high
worldwide prices for several decades, which encouraged
attempts to counterfeit the product (Schoenholt, 2001).
For several years in the mid-1990’s, a merchant
purchased cheaper coffee from Central America and
resold it as the more expensive Kona coffee. This
incident temporarily damaged the reputation of the
Kona region and prompted the creation of new Hawaii
State Laws to protect regional names (Schoenholt,
2001). Chemical approaches for testing the provenance
of coffee beans may provide a means to test the
authenticity of beans marketed as being from premium
growing regions, and therefore go some way to
protecting the supply chain of premium coffee brands.
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Previous studies have investigated a range of chemical
analyses as a means to distinguish the geographic origin
of coffee beans, including fatty acid analyses (Bertrand et
al,, 2008; Villarreal et al, 2009), stable isotope ratios
(Rodrigues et al, 2011b; Rodrigues et al, 2009;
Weckerle et al, 2002), and elemental profiling
(Rodrigues et al., 2011a; Watling et al,, 2010). The basis
for these approaches is that spatial differences in these
chemical measurements for plants provide the
foundations for a tool to determine the provenance of
produce. Fatty
discriminating coffee bean origin over small scales (e.g.
plantations within one growing region/country,
Bertrand et al., 2008; Villarreal et al.,, 2009), but to the
best of our knowledge have not been tested at a global
scale. Stable isotope ratios of coffee beans and their
extracts have been shown to vary across large
geographical scales. For example, Weckerle et al. (2002)
measured 613C, 62H and 6180 of caffeine and found 62H
and 6180 to give high classification success rates (>90%)
at the “continent” scale. However, the scope of the study
was limited by a small overall sample size and only
included samples from two continents. Rodrigues et al.
(2009) similarly measured 613C, 61°N and 46180 of green
beans from over 20 geographic locations and found that
distinct patterns

acids have shown promise for

emerged based on multivariate
analyses of these isotopic ratios. In a following study,
Rodrigues et al. (2011b) found statistical analysis of
strontium and oxygen isotope ratios to accurately
predict the provenance of coffee beans by country.
Watling et al. (2010) were able to determine the
continent and country of origin of coffee bean samples
based on elemental profiles with high classification
success rates (often >90%). Research in determining the
provenance of coffee beans is now advancing towards
using multivariate statistics to combine multiple
chemical approaches. For example, Rodrigues et al.
(2011a) found that samples of coffee beans could be
grouped in multivariate space into growing regions from
Hawaii using multiple isotopic ratios (of C, N, S, O and Sr)
and trace elements. This approach is an advance on
previous studies where chemical techniques have been
individually tested as tools for predicting sample origin.

The current study builds on this body of work by using a
multivariate framework (CAP) to select the analytical
approach(es) best able to differentiate the geographic
origin of coffee beans at multiple scales. The study
included elemental profiling, stable isotope analysis
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(613C, 615N and 62H), and fatty acid profiling. The first
test determined which combination of methods was best
able to predict the country of origin of samples of coffee
beans from throughout the world. The second test
determined which combination of methods was best
able to distinguish between coffee beans from the
growing region of Kona, Hawaii and beans collected
from a range of coffee-producing nations. As all of these
chemical signatures have been shown previously to vary
geographically in plants, the hypothesis was that a
combination of all of the above measures would provide
the most accurate prediction of bean origin.

MATERIALS AND METHODS

Sample collection and preparation: Samples of green
coffee beans from Hawaii, United States of America,
were obtained direct from coffee growers (Hawaii n=16
from the growing region of Kona). Samples of green
beans from Brazil (n=6), Colombia (n=6), Guatemala
(n=6), Ethiopia (n=7), Tanzania (n=6), Uganda (n=6),
Indonesia (n=6) and Papua New Guinea (n=6) were
supplied by a coffee bean importer based in New
Zealand. Beans were dried at 40°C until a constant mass
was obtained, then ground using a commercial coffee
grinder. For each sample ~5 grams of ground beans
were set aside for trace element analysis prior to the
sample being screened (Endecotts Test Sieves, England)
and powder finer than 420 pum being retained for
analyses of fatty acids and bulk stable isotopes.
Elemental analysis: Triplicate samples of 500 mg of
ground coffee bean powder were placed in Teflon
vessels with 10 mL quartz-distilled nitric acid (qHNO3).
Samples were digested using a microwave accelerated
reaction system (MARS), which employed closed vessel
acid digestions (CEM Corporation). The heating program
began at 1600 W, ramping to 200°C, which was held for
15 minutes. Once the acid digestion was complete, the
samples were quantitatively transferred to 50 mL
polypropylene tubes and dried down for 8 hours at 105
°C. The resulting residues were redissolved in 10 mL 2 %
gHNOs3. Trace element concentrations were quantified
using ICP-MS (Agilent 7500cs, Agilent Technologies), at
the Community Trust of Otago Centre for Trace Element
Analysis, University of Otago, Dunedin, New Zealand.
Calibration stability was ensured by using a single
robust tune and digested samples were presented to the
instrument as 2% HNO3 solutions after 10x dilution. A
cocktail of 6 elements were added as internal standards
(Be, Ge, Rh, In, Tb, Bi). These elements were selected to
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span the mass range of interest and on the basis of their
in the samples. The
monitoring of these internal standards over the entire

low natural concentrations
mass range allows mass biases to be identified. The
coffee samples contained very high concentrations of K,
approaching 1 mg ml-1in the reconstituted residue. Tests
were conducted on solutions prepared to mimic the
concentrations of the target elements as found in the
coffee samples but with [K] ranging from zero to 1 mg
ml-1. These showed no significant interference by K on
the elements of interest at these levels. The 10-fold
dilution of the samples ensured the [K] was always well
below this level and that the total dissolved solids
concentrations were also low.

The data quality was determined using the certified corn
meal reference material CRM-CM-A (High Purity
Standards). The certified concentration of the reference
materials is measured after total digestion with
Hydrofluoric Acid (HF). For the purposes of this study,
digestion using HF was not undertaken due to safety
concerns associated with the use of HF. The use of only
HNO3 for digestion of the corn meal reference material
does not cause breakdown of the silicate matrices in the
plant material and hence the results presented here
should be considered the acid-extractable portion rather
than the total
appreciable amounts of these silicates, which has

concentration. Corn meal contains

resulted in low recovery of Fe (70%) and reduced
precision of Al and Fe. All other elements were
recovered in good agreement (+ 10%) with the certified
values. No insoluble residues were observed for the
coffee dissolutions and the precisions of the Al and Fe
results were acceptable (Table 1).

Isotope ratio determination: Samples for §1°N and §13C
analyses were prepared by weighing triplicate 0.8 + 0.1
mg subsamples (<420 pm) into tin foil capsules.
isotopes were assayed by
combustion of the whole material to N2 and CO; gas in a
Carlo Erba NC2500 elemental analyser (CE Instruments,
Milan) using helium carrier gas, enriched with oxygen.

Nitrogen and carbon

The gases were separated on a packed molecular sieve
GC column and sent sequentially to the inlet of a Europa
Scientific “20/20 Hydra” (Sercon, UK) isotope ratio mass
spectrometer (IRMS) in continuous flow mode. Raw
isotope ratios were normalized to the international
scales using laboratory standard materials, assayed with
the unknown samples, which have been -calibrated
IAEA reference materials. The

against laboratory
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standard used for nitrogen and carbon analysis was
EDTA (Elemental Microanalysis Ltd, UK) with 61°N = -
0.82%o0 and 613C = -38.59%o0. The typical precision for
analysis of control materials is #0.3%o for 6°N and
+0.1%o for 613C.

Hydrogen isotope ratios were measured using steam
equilibration with two water vapors of known BE2H to
enable correction for exchangeable hydrogen. The
method used (Wassenaar, pers comm) is similar to that
of Sauer et al. (2009) with the differences that a static
volume of water vapor was used rather than a
continuous flow in nitrogen carrier and drying of
samples after equilibration was achieved by heating
under vacuum instead of in a nitrogen gas purge.
Hextuplicate samples of 0.6 + 0.1 mg (<420 um), were
weighed into silver capsules and the capsules crimped
loosely to allow exchange of water vapor. Three
replicates of each sample were placed into autosampler
trays with standards and controls, sealed into vacuum
chambers and exposed to either of two water vapors, in
100-fold molar excess of the exchangeable hydrogen, at
120 °C for 2 hours. After equilibration, excess moisture
was removed by drying under vacuum for 2-4 hours
using a rotary vacuum pump and a liquid nitrogen trap
as the samples were slowly cooled to room temperature.
The 82H of the equilibration waters used were -274%o
and +60%o. Equilibrated and dried samples were
converted to hydrogen gas by pyrolysis over glassy
carbon at 1400°C in the Thermo (Bremen, Germany)
TC/EA coupled to a Thermo Delta V IRMS in continuous
flow mode. Raw values for 82H of total hydrogen were
corrected using one point calibration against IAEA-CH7
primary standard material assayed with each batch of
samples at 12-sample intervals. The triplicate samples
for each steam treatment were averaged and paired to
calculate 62H for the non-exchangeable hydrogen using
the equations of Schimmelmann et al. (1999). Repeat
measurements of a coffee control sample over 4 analysis
batches yielded results of -32.0 + 0.4%o.

Fatty acid determination: Lipid was extracted from ~5
mg subsamples of ground green beans by a modified
Bligh and Dyer procedure (1959). The lipid extract was
evaporated under nitrogen and reconstituted in 50 pL
chloroform. All chloroform and hexane used were
pesticide residue analysis grade and methanol was
analytical reagent grade (BDH Chemicals, Poole, UK).
The lipid fraction was treated with 0.1% BF3 in methanol
solution (Supelco, USA) and underwent acid-catalysed
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esterification at 70°C for 20 min. Fatty acid methyl esters
(FAMEs) were extracted in hexane/water, with the
hexane-containing layer removed and stored at 8°C.
Fatty acid composition was determined by gas
chromatography (GC) on a 6850N Network GC System
(Agilent Technologies, Santa Clara, CA, USA) equipped
with a flame ionization detector. FAMEs were separated
on an Equity-1 capillary column, 15m x 0.1 mm i.d,, 0.1
pm film (Sigma-Aldrich/Supelco). The column oven
temperature was held at 30°C for 3 minutes, ramped to
270°C at 15°C min-1, then ramped to 290°C at 5°C min-L.
Fatty acid peaks were identified by retention time
matching with commercially available FAME standards
(NuCheck Prep, Elysian, Minnesota and Sigma, St. Louis,
Missouri). Peak identities were then confirmed by mass
spectrometry. Peak areas were calculated and reported
as percentage of total fatty acids. Fatty acid notation
describes the carbon chain length, followed by a colon
and the number of double bonds. The position of the first
double bond is specified from the methyl end (w), with
all subsequent bonds methylene-interrupted.

Statistical analysis: The statistical analyses were
designed to answer questions at two geographical
scales: 1) Which combination of chemical variables is
best able to discriminate samples from Kona, Hawaii
from those originating from other global growing
regions? and 2) Which combination of chemical
variables is best able to predict the country of origin of
samples of green coffee beans? These two spatial scales
were deemed appropriate as the only samples obtained
directly from coffee growers were those from Hawaii,
and Kona coffee has been a target for fraud in the past
(Schoenholt, 2001).

Multivariate analyses were conducted using the
software PRIMER+PERMANOVA (v6.1.12, Primer-E Ltd.,
Plymouth, UK). PERMANOVA is a permutation-based
technique, and therefore does not assume data to be
normally distributed, which is useful when dealing with
large data sets of many variables, such as in the current
study. CAP is a constrained ordination, and discriminates
among a priori groups, similar to linear discriminant
analysis. Whilst originally popular in the ecological
sciences, PRIMER+PERMANOVA is now more widely
used including the disciplines of physics (de Dios Rivera
et al,, 2012), geology/geochemistry (Keegan et al.,, 2012;
Lyla et al, 2012), paleoanthropology (Harvati et al,
2011), metabolomics (Vidoudez and Pohnert, 2012),
microbiology (Di Cagno et al, 2011) and medicine
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(Smith et al., 2012) for example. Samples of coffee beans
were categorized by their country of origin and as being
either Kona, Hawaii or elsewhere (“World”). Data were
not transformed with the exception of Ni measurements,
which were square root transformed to achieve a more
normal distribution of variances. Results were checked
for co-variance and one of any pair that was highly
correlated (>0.96) was excluded from the analysis to
reduce redundancy in the model (Campbell et al., 2009),
resulting in a subset of 13 elements being included in the
analyses.
differences of scale, prior to resemblance matrices being
constructed based on Euclidean distance measures.
Initial investigations were based on multidimensional
scaling (MDS) plots to look for patterns in the
unconstrained data. One-way PERMANOVA tests were
conducted on resemblance matrices to test for
significant among geographic groups
(random factor, 9999 permutations). Significant results
were followed by pairwise PERMANOVA tests. An
indication of samples grouping by origin was followed
with CAP using combinations of 1, 2, 3 or 4 of the
chemical variables (e.g. one combination of 2 chemical
variables is fatty acids and 62H). The CAP procedure
positioned axes through the multivariate data cloud that
were the best at discriminating among pre-defined

Data were normalized to account for

differences

groups. The procedure included cross validation in a
leave one out procedure to predict group membership
(e.g. country of origin) and thus obtain overall
classification success rates. The PERMANOVA software
has been designed to avoid model over-fitting, by
enabling the operator to select the size of the subset of
principal component axes (m) (Anderson and Willis,
2003). For each model a value of m was selected that
gave relatively low residual sum of squares and high
classification success, whilst also considering the
relative amounts of CAP axes and samples. The overall
classification success rates of the different combinations
of chemical variables were then compared. For the
purposes of this comparison, chemical variables that
were measured simultaneously were grouped (i.e. 65N
and 613C, all elemental concentrations, all fatty acid
compounds). CAP models were rebuilt with smaller sets
of country groupings to achieve maximum classification
success.

RESULTS AND DISCUSSION

Effectiveness of techniques in discriminating coffee

beans from Kona, Hawaii: The mean values of
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elemental concentrations, stable isotope ratios and fatty
acids for beans from Kona, Hawaii versus a global
average are provided in Table 1. §2H ranged from -102.8
+ 3.0%o (Papua New Guinea) to -27.9 + 0.8%o (Ethiopia).
613C and 615N were less variable, ranging 3.3%o0 and
3.7%o0 respectively. Six fatty acids were identified, with
palmitic acid (16:0) being the most abundant, ranging in
relative quantity from 43.8 + 0.54% (Brazil) to 46.2 *
0.29% (Uganda). A polyunsaturated Cig fatty acid
(linoleic acid; 18:2(w67?)) was the next most abundant,
ranging from 31.0% (Brazil, Uganda, Kona) to 34.0 *
0.97% (Guatemala). For multiple combinations of
variables, samples of coffee beans from Kona tended to
cluster in multivariate space in relation to samples from
the other growing regions (e.g. Fig.1). Significant
differences (PERMANOVA, p < 0.005) between sample
origins at this spatial scale were detected using all
combinations of chemical variables, with the exception
of 6°H (p(permutational) = 0.347). Constrained
multivariate analyses using the CAP procedure
generated a classification success rate (%) that enabled
the comparison of multiple chemical approaches. 100%
classification success was achieved using multiple
combinations of chemical variables (Table 2). All of the
combinations of chemical variables returning 100%
classification success included elemental concentration
data, making variability in concentrations of elements
the most effective single discriminator of samples of
beans at this spatial scale. Variability in 613C & 615N also
provided a reasonable predictor of origin (85%
classification success).

Effectiveness of techniques in determining country
of origin: In unconstrained multivariate space, the
samples tended to group by country of origin (Fig. 2),
confirming the ability of these chemical measures to
discriminate samples at this spatial scale. Using the
variables that provided the best separation amongst
countries (elemental concentrations, 613C & 615N), there
were significant differences among samples from all
countries (PERMANOVA df = 8, pseudo-F = 12.439,
p(permutational) = 0.0001; pairwise PERMANOVA
p(permutational) < 0.005, Brazil # Uganda # Guatemala
# Indonesia # PNG # Ethiopia # Tanzania # Colombia #
Using CAP,
concentrations provided the
success rate out of any of the approaches when used
alone (80%), providing a success rate 20% higher than
best indicator, 62H (60%).

Hawaii). variability in elemental

highest classification

the next
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Table 1. Mean values for each chemical measure for each region with associated error (1 SE). “World” is a global average of all samples except those from Kona, Hawaii.

Brazil Colombia Ethiopia Guatemala Indonesia Pagl:l;:lzl:w Tanzania Uganda l-ll(a (::::i'i World
Elements
B(uggh 5.07 £ 0.40 6.34+0.36 7.48 +0.33 5.17 £ 0.15 4.70 £ 0.19 3.87+0.18 2.72+0.11 3.08%0.25 8.95+0.50 4.86 £ 0.24
Mg (mgg?) 1.91+0.02 1.89 £ 0.01 1.68 £ 0.02 1.88 +0.05 1.76 £ 0.03 1.97 £ 0.06 1.84+0.05 1.81+0.06 2.10 £ 0.04 1.84 £ 0.02
Al (ugg) 6.19 + 1.54 2.04+0.37 443 +1.51 1.74 £0.73 6.60 + 0.92 490 £ 1.00 0.74+034 1.71+0.54 0.26 +0.15 3.56 +0.45
K (mgg?) 17.5+0.39 17.30£0.29 169+0.13 15.8+0.35 16.7 £ 0.35 15.9 £ 0.47 175+042 18.0+0.43 16.6 £ 0.19 17.0 £0.16
Ca (mgg?) 0.91 +0.04 1.00 £ 0.03 0.80 +0.07 0.98 +0.02 0.94 +0.02 0.96 +0.01 0.74+0.03 0.75%£0.03 0.85+0.02 0.88+0.02
Mn (pggt) 26.1+2.00 22.8+2.57 12.8 £ 0.37 31.0+1.02 23.7+1.04 22.7+0.78 249+176 17.5+1.68 16.7 £ 0.83 225091
Fe (ngg1) 29.7 +1.06 27.9+0.40 22.7+0.78 263 +1.04 273 +0.56 28.4+0.97 19.7+0.42 234+0.84 29.2+1.12 25.6+0.53
Ni (ugg) 0.25+0.02 0.28 £ 0.07 0.23+0.06 0.55+0.02 0.21+0.03 0.22+0.02 0.67+0.03 0.19+0.06 0.69+0.10 0.25+0.03
Cu (pggh 12.0+0.32 11.9 £0.24 9.89 +0.29 10.2+0.29 10.3+0.25 11.7 £ 0.28 9.83+0.27 10.4+0.20 10.5+0.38 10.8 £0.15
Zn (pgg) 413 +£0.23 478 +0.17 3.40+0.17 4.06 £ 0.37 455+0.13 4.67 £0.14 2.84+0.06 4.63%0.67 5.52+0.34 412 +0.14
Rb (ngg1) 19.2+1.55 329+2.68 121+1.72 25.1+4.20 52.2+192 33.0+2.22 543+172 16.2+3.34 13.8+1.90 30.2+2.30
Sr(nuggh) 3.09+0.22 7.14+0.78 1.61+0.17 3.82+0.35 498 +0.21 4.32+0.21 424+0.19 4.41+0.18 2.79+0.26 4.15+0.24
Ba (pgg?h) 1.88+0.16 5.69 + 0.55 1.78 £ 0.27 3.61+0.52 3.23+0.32 1.56 £ 0.17 1.84+0.20 3.35%0.13 0.81+0.11 2.85+0.22
Stable isotopes (%o)
613C -2743+0.18 -28.82%0.32 -26.52+0.12 -29.10+0.12 -27.12+0.09 -29.45+0.13 -26.14+£0.06 -2799+031 -26.27+0.17 -27.80£0.18
615N 3.74+£0.23 1.91 +0.54 4.61+0.43 1.62 +0.38 294 +0.21 1.62+0.16 3.84£0.15 5.31+0.26 1.72 £0.27 3.23+0.22
62H -74.18+3.54 -6830+4.73 -2790+0.84 -64.12+3.37 -77.72%+141 -102.77+3.01 -55.52+1.01 -32.60+x091 -56.46=0.67 -62.17 £ 3.45
Fatty acids (relative abundance (%))
16:0 43.8+0.54 452 +0.39 44.8 + 0.40 44.0+0.74 448 +0.30 448+ 0.25 445+0.28 46.2+0.29 459 +0.19 448+ 0.17
18:2(w67) 31.0+0.25 31.9+0.36 31.1+0.25 34.0 £ 0.97 31.7 £ 0.27 33.0+0.50 319+0.23 31.0%0.36 31.0 £ 0.22 31.9+0.21
18:1w9¢c 9.65+0.23 8.60 + 0.29 9.82+0.21 8.33+0.27 8.68 + 0.32 7.87 £0.12 9.05+0.13 8.13+0.26 8.74 +0.07 8.79+0.12
18:1w7c 1.16 £ 0.07 1.14+£0.12 1.17 £ 0.03 1.04 £ 0.09 1.00+0.08 1.20 £ 0.08 1.09+0.07 1.08+0.08 1.24+0.03 1.11£0.03
18:0 9.56+0.19 8.63+0.13 8.97 +0.10 8.20+0.22 9.02+0.16 8.74 +0.09 9.28+0.09 897+0.22 9.04 +0.12 8.92 +0.08
20:0 487 £0.19 455+ 0.24 411+0.18 4.44 £ 0.24 4.76 +0.13 4.37 £0.13 419+0.17 4.59%0.20 4.11+0.09 4.48 £ 0.07

54



J. Food Chem. Nutr. 01 (02) 2013.49-61

2D Stress: 0.18
v

A
A A
A A -
Aa k
v
2 A0 Ty
Ml , A v
A A A v
A v
A vV
v
i A a ¥
A A v Key
A
'\ A A World
A L A
e v Kona

Figure 1. MDS plot based on the set of chemical variables that provided the best prediction of whether samples
originated from Kona, Hawaii or other global locations (major, minor and trace elements).

Table 2. Overall classification success of the CAP procedure of samples originating from Kona or elsewhere, based on
different combinations of chemical measures (1, 2, 3 and 4 measures used). The number of principal coordinate axes
(m) used in each model is indicated. Combinations returning the highest rates of overall classification success are
indicated in bold print. Note that §13C and 61°N are measured simultaneously. TE trace, minor and major elements, FA
fatty acids.

# variables m Overall classification success
1. TE 13 7 100%
O013C & 615N 2 2 85%
6%H 1 1 65%
FA 6 5 75%
2. TE + 613C & 615N 15 6 100%
TE + 62H 14 10 100%
TE + FA 19 6 100%
613C & 615N + 6%2H 3 2 83%
O013C & 615N + FA 8 7 92%
62H + FA 7 6 75%
3. TE+8B3C&6N + 62H 16 5 100%
TE + 613C & 815N + FA 21 6 100%
TE + 62H + FA 20 7 100%
613C & 615N + 62H + FA 9 7 92%
4. TE +613C& 61N + 6%H + FA 22 7 100%
* 2D Stress: 0.18 Key
" * A Brazil
* O Uganda
x* o 0 Guatemala
ok O = @ Indonesia
T ee® A ® Papua New Guinea
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Figure 2. MDS plot based on the set of chemical variables that provided the best prediction of country of origin (major,
minor and trace elements, §13C and §1°N).
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Table 3. Overall country classification success of the CAP procedure based on different combinations of chemical
measures (1, 2, 3 and 4 measures used). The number of principal coordinate axes (m) used in each model is indicated.
Combinations returning the highest rates of overall classification success are indicated in bold print. Note that §13C
and &15N are measured simultaneously. TE trace, minor and major elements, FA fatty acids.

# variables m Overall classification success
1. TE 13 4 80%
O613C & 615N 2 2 58%
62H 1 1 60%
FA 4 38%
2. TE+613C & 615N 15 4 86%
TE + 62H 14 4 86%
TE + FA 19 4 77%
613C & 615N + 62H 3 3 74%
613C & 615N + FA 4 46%
6%H + FA 7 4 68%
3. TE+613C& 6N + §2H 16 4 86%
TE + 613C & 615N + FA 21 4 78%
TE + 62H + FA 20 4 82%
613C & 615N + 62H + FA 9 4 63%
4. TE+613C & 615N + 62H + FA 22 4 83%

The high classification success rate for elemental
concentrations may be a function of the relatively high

Adding variability in either 613C & 815N or 62H to that of
elemental concentrations improved the classification
success rate to 86%. The combination of elemental
concentrations, §13C & 615N, and §%H did not improve the
classification success any further. Using variability in
elemental concentrations, 613C & §°N, samples labeled
as originating from Hawaii, Indonesia, Papua New
Guinea and Colombia were all classified with 100%
success (Fig. 3, Table 4). Using variability in elemental
concentrations and 62H, only samples from Indonesia
and Colombia were all classified correctly with 100%
success. Accordingly, the CAP model was rerun using
variability in elemental concentrations, §13C & 65N (m =
4) with a reduced sample set (excluding samples from
Hawaii, Indonesia, Papua New Guinea and Colombia)
(Fig. 4a). This model achieved an overall classification
success of 87%, providing 100% classification success
and Guatemala, 83%
classification success for samples from Uganda and

for samples from Brazil
Tanzania, and 71% classification success for samples
from Ethiopia (Fig. 4b-c, see Table 4).

When using multivariate statistics to classify samples
into pre-defined groups, consideration needs to be given
to the tendency to over-fit models that are built using
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number of variables produced by this analysis (13)
compared to e.g. §2H (1) (see Table 3).

small data sets. Over-fitting occurs when a model is
strongly influenced by each individual result.
PERMANOVA+ for PRIMER software approaches this
problem by allowing the operator to select the value of
m, with consideration given to the sample size, the
number of variables, the number of groups (in this case
countries), and the resulting diagnostic statistics
(Anderson and Willis, 2003). For example, the first
model developed here to classify samples based on
country of origin was based on 65 samples across 8
groups, so m was kept low (<4) in order to avoid over-
fitting.

One concern when using hydrogen stable isotopes in
agricultural is the
exchangeability of hydrogen atoms in organic materials
such as plant matter. Up to 20% of the hydrogen atoms,
being attached to the heteroatoms O, N or S and so being
of acidic

studies to predict provenance

character, are able to exchange with
atmospheric water vapor and/or water absorbed into
the bulk material (Cormie et al., 1994; Schimmelmann et
al, 1999; Wassenaar and Hobson, 2000). However,
hydrogen attached to carbon is non-exchangeable and so
preserves the signal recorded at the time and place of

synthesis (Cormie et al., 1994).
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Figure 3. Pairs plot of the four CAP axes generated using Euclidean distance measures of major, minor and trace
elements, and 613C and 815N data. The largest amount of discrimination among a priori defined groups is encompassed
in CAP1, with subsequent axes decreasing in ability to discriminate groups: a) CAP1 vs. CAP2, b) CAP1 vs. CAP3, c)

CAP2 vs. CAP3, d)CAP1 vs. CAP4, e) CAP2 vs. CAP4, and CAP3 vs. CAP4.
Table 4. Classification success rates of samples by country based on values of multiple major, minor
and trace elements, §13C and 6'°N. For both CAP analyses m = 4.

Using all countries

Using subset of countries

Brazil 67% 100%
Uganda 67% 83%
Guatemala 67% 100%
Indonesia 100% -
Papua New Guinea 100% -
Ethiopia 71% 71%
Tanzania 83% 83%
Colombia 100% -
Hawaii 100% -
a " 2D Stress: 0.15 Key
D A A Brazil
o Uganda
&k 0 Guatemala
g - & fip + Ethiopia
o x Tanzania
o A
A
oo b
* )
X % o
%X

Figure 4.a. MDS plot CAP plots based on major, minor and trace elements, §13C and 615N for a subset of countries.
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Figure 4. b and c. CAP plots based on major, minor and trace elements, 613C and 61°N for a subset of countries.

As described above, the isotope ratio of atmospheric
water vapor changes with location and season and so the
same material measured in different laboratories or at
other times may give a different result. Methods such as
those used in the current study are currently being
developed to eliminate the variation between
laboratories (Qi and Coplen, 2011). Defining and
measuring the non-exchangeable portion of the total
hydrogen in organic materials is important to achieve
inter-laboratory comparability and to access only
hydrogen that was assimilated by the organism during
its growth.

For the country of origin study, the assumption was
made that origin labels provided by the coffee bean
supplier were correct. It is of course possible that some
of the samples may have been mislabeled somewhere
along the supply chain, but given that none of these
samples were from brands that command a premium
price (such as Ethiopian Yirgacheffee or Jamaican Blue
Mountain), the chance of mislabeling is considered to be
low. However, samples of coffee beans were obtained
direct from growers in the Kona region of Hawaii. Given
that the authenticity of these samples is certain, it is
appropriate to test whether they can be distinguished
from samples taken from other regions in Hawaii and
throughout the rest of our global growing regions.

For both approaches - discriminating Kona, Hawaii from
other global regions and discriminating country of origin
- one must take care when interpreting the results as
potential temporal variability in chemical signatures has
not been considered. Whilst fatty acid composition has
shown promise in distinguishing geographic origin
(Bertrand et al., 2008), it appears to be influenced by the
temperature experienced during fruiting, and therefore
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the fatty acid composition of beans at a single location
can vary among growing seasons (Villarreal et al., 2009).
Similarly, temporal fluctuations in the isotope ratio of
atmospheric carbon (Flanagan and Ehleringer, 1998)
and seasonality in biological processes have been
demonstrated to cause temporally variable §13C values
in grassland and forest plants (Buchmann et al, 1997;
Smedley et al., 1991). As the trace element composition
of plants reflects that of the soil and parent rock
(Watling et al., 2010) it is likely that this measure has
low seasonal variability (Pilgrim et al., 2010), provided
the agricultural method remains consistent (e.g. not
shifting from organic to conventional agriculture)
(Gunderson et al., 2000).

CONCLUSIONS

Variability in trace element concentrations allowed
samples from Kona to be distinguished from those
grown elsewhere in the world. A combination of
variability in trace element concentrations and §13C and
615N, was sufficient to correctly determine the country of
origin of samples of green coffee beans with a high
degree of confidence. Variations in trace element
concentrations were the single best discriminator of
origin at both of these spatial scales; however, the other
measures also showed promise when combined with
trace element values. The study demonstrates the
usefulness of multivariate statistics in comparing the
effectiveness for
determining the provenance of produce across multiple
scales. The most effective measures to use will depend
on the product in question and the scale required, and
should thus be approached on a case-by-case basis.
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