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Abstract

Three almond cultivars (Lauranne, Marinada, and Vairo) were studied, considering morphological parameters that showed
statistical cultivar-dependence but not enabled accurate cultivar recognition. Alternatively, attenuated total reflectance Fou-
rier transform infrared spectroscopy (ATR-FTIR) was applied to whole endocarp, kernel, and ground almonds. Both trans-
mittance spectra and respective derivatives (3400-2800 and 1900-600 cm™!) of the three matrices were used to establish
multivariate linear discriminant models, based on subsets of selected wavenumbers (6-33), allowing 90.5-99.7% of correct
cultivar classification for repeated K-fold cross-validation. Ground almonds yielded the best results regardless of spectrum
pre-treatment. While epicarp analysis offers less invasiveness, the use of raw transmittance spectra of ground almonds resulted
into the most practical approach due to the need of fewer independent variables (less complex models), proving effective for
cultivar identification via ATR-FTIR -chemometric tools. Overall, the findings point out that ATR-FTIR is a reliable tool

for almond cultivar traceability.
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Introduction

The almond, Prunus dulcis (Mill.), is one of the oldest and
most relevant crops, and in recent years, there has been a sig-
nificant global increase in its production, due to the height-
ened consumer demand, with the United States of America
leading as the top producer (1,858,010 tons), followed by
Australia (360,328.03 tons), and Spain with a production
of 245,990 tons [1]. Almonds, a typical dry fruit, are highly
prized for their nutritional, health-promoting, and sensory
attributes. They showcase remarkable anti-inflammatory
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and antioxidant properties, as well as neuroprotective and
cholesterol-lowering benefits, attributed to their abundant
content of phenolic and polyphenolic compounds, high lev-
els of vitamin E, fiber, and essential minerals such as mag-
nesium, manganese, and copper [2]. The quality of almonds
hinges on various factors, including the physical appearance
of the kernel and shell, sensory characteristics, and chemi-
cal composition (e.g., protein content, lipids, sugars, among
others) [3]. These characteristics can be influenced by cli-
matic conditions, geographic location, and cultural practices/
techniques [4]. Moreover, the beneficial features of almonds
may vary among cultivars due to differences in nutrient lev-
els and fatty acid composition [5, 6]. Given the rich fatty
acid content, almonds are susceptible to oxidation reactions
and thermal degradation processes, which can be induced
by environmental and storage factors such as moisture, tem-
perature, light, and exposure to oxygen [7].

As for other food products, it has become imperative to
develop methods for controlling the traceability of almonds.
Such methods would equip producers and authorities with
rapid and straightforward analytical tools to ensure the
authenticity of almonds concerning their origin and/or
cultivar.
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For instance, various strategies have been explored
to establish distinctive almond profiles for accurate geo-
graphical origin recognition. Many of these efforts have
concentrated on scrutinizing lipid composition, particularly
emphasizing fatty acids, triacylglycerols, phospholipids,
and tocopherols [4, 8—12]. However, a key limitation arising
from these studies is the insufficient validation of the devel-
oped methodologies and the potential inadequacy of selected
compounds as reliable biomarkers, mainly due to a targeted
approach [8]. This drawback underscores uncertainties
about the accuracy and routine applicability of lipid-based
classification methodologies. Hence, there is a demand for
comprehensive validation of methodologies and alterna-
tive discriminators better suited for distinguishing almonds.
Presently, the utilization of non-destructive analytical tech-
niques, particularly spectroscopy-based methods combined
with chemometric approaches, has proven advantageous
for tracing and authenticating various food products. These
techniques facilitate rapid non-invasive analysis with high
accuracy and sensitivity, eliminating the need for expensive,
complex, and time-consuming sample pre-treatments [3, 13,
14]. Furthermore, these techniques yield spectral data that
can be correlated with the chemical composition of food
products. The analytical techniques encompass near-infra-
red (NIR), infrared (IR), Raman spectroscopy, and Fourier-
transform infrared spectroscopy (FTIR), which, when cou-
pled with diverse multivariate statistical techniques, have
proven successful in food analysis [3, 13].

FTIR spectroscopy, in particular, has been employed for
detecting adulterations, discriminating almonds based on
geographical origin/cultivar, and playing a pivotal role in
establishing the authenticity and quality of the product. This
technique allows the correlation of bands detected in the IR
spectra with specific vibrations of functional groups, thereby
linking them to the chemical composition of almonds [3, 5,
13, 15], demonstrating the potential use of ATR-FTIR as a
tool for discriminating between different almond cultivars
[3, 5, 16], distinguishing bitter from sweet almonds [15],
and evaluating nutritionally relevant functional groups in
almonds. This provides specific chemical information for
each cultivar, contributing to a comprehensive nutritional
characterization of various almond types [17].

The primary objective of the present study is to assess the
potential application of ATR-FTIR spectroscopy as a tool
for identifying almond cultivars, specifically cvs. Lauranne,
Marinada, and Vairo. Additionally, it is aimed to explore the
comparative advantages of utilizing three distinct almond
matrices: epicarp, kernel, and ground almonds. The goal
is to determine the most promising matrix for accurate cul-
tivar recognition. Furthermore, the study seeks to address
the necessity of spectra pre-processing. To achieve this, a
comparison will be carried out between the predictive clas-
sification performances of different ATR-FTIR-chemometric
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models. These models will be based on both raw transmit-
tance spectra and transformed spectra forms, including the
Ist and 2nd derivatives of the raw spectra, with the objec-
tive of identifying the most effective and straightforward
approach. To achieve this, ATR-FTIR spectra obtained in the
wavenumber range from 4000 to 500 cm ™! will be employed.
Both unsupervised and supervised pattern recognition tech-
niques will be applied to analyse and interpret the data. The
overarching aim is to contribute valuable insights into the
optimal use of ATR-FTIR spectroscopy for almond culti-
var identification and to determine the most effective spec-
tral pre-processing technique as well as the most adequate
almond matrix to fulfil the established objectives.

Materials and methods
Sampling

In the present study, almond independent samples from
three cultivars were collected from different almond groves
located in the region of Valencia (Spain), during the crop
year of 2022/2023. The sampling was focused on cv. Lau-
ranne, cv. Marinada, and cv. Vairo due to its importance and
representativity on the market.

Morphologic parameters

For each almond cultivar, 40 seeds were randomly selected.
The characterization of the seeds (with some modifications
from UPOV [18]) was carried out through measurements
using a digital caliper (Powerfix Profi Electronic Digital
Caliper, Owim GmbH &Co. KG, Neckarsulm, Germany),
considering the parameters of length (mm), maximum diam-
eter (mm) and transverse diameter (mm). The parameters
of symmetry A, symmetry B, apex, base, and rugosity of
surface of the seed were evaluated by observing the respec-
tive seeds. The shape of the seed was calculated based on
length and width, and the corresponding weight (g) of each
seed was registered, using the analytical balance (Radwag
AS 220.R2 Plus, Poland).

Sample preparation

To obtain the kernels, the outer shell had to be removed
using a hammer. The samples were prepared immediately
before analysis to avoid oxidation reactions. To obtain the
ground almonds, two similar almonds were placed in the
ZM200 ultra centrifugal mill for 15 s. The flour generated
by the milling was carefully removed from the mill plate
with a spatula and placed in a goblet. Five milling operations
were carried out, totaling ten readings for each variety, i.e. a
new milling operation was carried out every two ATR-FTIR
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readings. The ring sieve was cleaned after each milling, as it
clogged up during the process. To take the kernel reading, a
small sample was taken from the inside of the kernel using a
scalpel so that the piece completely covered the crystal. The
same was done for the epicarp, a piece of which was care-
fully removed with the help of a scalpel so that it covered
the entire crystal.

ATR-FTIR spectroscopy: apparatus and analysis
of almonds

The ATR-FTIR analysis was performed using an MB300
FTIR by ABB (Zurich, Switzerland), equipped with a hori-
zontal cell and a diamond crystal for attenuated total reflec-
tance (ATR) mode. Spectral data were acquired with a scan-
ning rate of 32 scans per minute and a resolution of 4 cm™!,
covering the wavenumber range from 4000 to 500 cm™'. The
acquired spectra were processed using the software Horizon
MB version 3.4. For each almond cultivar, 30 independ-
ent almond samples were evaluated being the ATR-FTIR
spectra acquired in duplicate for 10 different almonds from
each independent sample and for each sample matrix studied
(epicarp/exocarp, kernel and ground almonds as shown in
Fig. 1).

For statistical analysis, the raw ATR-FTIR spectra (trans-
mittance in percentage) and two transformed spectra forms
(the 1st and 2nd derivatives of the transmittance) were used.
To avoid using replicas of the same independent almond
sample, for each one, an average representative spectrum
was calculated from the 20 ATR-FTIR raw spectra and
respective transformed forms (10 almonds X 2 replicas
per matrix and per cultivar studied). Three final datasets
were constructed (one per type of matrix) comprising 30
independent samples X 3 almond cultivar (cvs. Lauranne,
Marianda and Vairo) X 3 pre-processed average ATR-FTIR
spectra (raw transmittance, 1st derivative spectra and 2nd
derivative spectra). All almonds were pre-processed prior
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Fig. 1 Examples of the three types of almond evaluated matrices
(epicarp, kernel and ground almonds)

cv. Lauranne

cv. Marinada

cv. Vairo

to analysis to prevent/minimize oxidation reactions. The
almond external shells were removed using a hammer, fol-
lowed by a longitudinal cut made with a scalpel to obtain the
epicarp and kernel almond. Additionally, almonds without
the external shells were ground individually, for 15 s, using
a mill device (Retsch ZM 200) to obtain the ground samples.

Statistical analysis
Morphologic data

The morphologic parameters (weight, length, shape, maxi-
mum diameter and transversal diameter) of the almonds of
the three cultivars under study were subjected to a one-way
ANOVA followed by Tukey’s post-hoc multiple compari-
son test. Each parameter was assessed in 40 independent
almonds for each of the three cultivars under study. The aim
was to infer about the existence or not of a statistically sig-
nificant effect of the cultivar on each parameter. Principal
Component Analysis (PCA) was applied as an unsupervised
multivariate pattern recognition tool to verify if the morpho-
logic data could be used to differentiate the three almond
cultivars, using a dataset of 40 almonds X 3 cultivars X 5
morphological parameters. Additionally, a Linear Discrimi-
nant Analysis (LDA) coupled with the Simulated Annealing
(SA) variable selection algorithm was implemented aiming
to identify the most discriminant subset of morphological
parameters and the related classification performance for
training and leave-one-out cross-validation internal variant
(LOO-CV). The statistical analysis was performed using
the open-source statistical program R (version 3.6.2) and
its related software packages.

ATR-FTIR spectroscopy data

Principal component analysis (PCA) was applied to analyse
the ATR-FTIR spectra of epicarp almond, kernel almond,
and ground almond samples. PCA was used as a multivari-
ate recognition technique to determine which spectra pre-
treatment (i.e., raw spectra and the 1st and 2nd derivatives
spectra, comprising each type the outputs of 1790 wave-
numbers) would allow the best differentiation between (i)
the type of studied matrix (i.e., epicarp, kernel and ground
almonds) for each of the thee almond cultivars; or (ii) the
almond cultivar for each of the three matrices considered.
The average values of the replicates conducted for each
independent sample/cultivar/matrix were used for PCA.
Considering the three almond cultivars, the ten independ-
ent samples from each cultivar, the 10 almonds analysed per
sample in duplicate the initial dataset had a total of 30 inde-
pendent samples X 10 almonds X 3 cultivars X 3 matrices X 2
ATR-FTIR assays. To assess the discrimination performance
based on the ATR-FTIR data, LDA was implemented using
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an average spectrum per independent sample/cultivar/matrix
from those spectra acquired during the analysis of the 10
almonds in duplicate. The final dataset, per type of matrix,
comprised 30 independent samples X 3 almond cultivars X 3
independent average spectra (raw, 1st and 2nd derivatives,
each one comprising responses at 1790 wavenumbers). To
select the subsets of wavenumbers that would allow the best
discrimination performance, the final spectra database was
initially reduced from 1790 to 1095 wavenumbers, by only
considering the regions of the spectrum where bands were
detected and transmittance values were different from 100%
(i.e., non-zero absorbance). The meta-heuristic SA variable
selection technique was used to determine which wavenum-
ber subsets (and related band intensities) allowed the best
discrimination performance. The LOO-CV and the repeated
K-fold-CV internal validation variants were used to discuss
the LDA classification performance. The latter CV variant
(repeated K-fold-CV with K=4 and 10 repeats) is more
robust than the LOO-CYV, being a better approximation to
an external validation, since in each validation run it keeps
25% of the data for validation using the remaining 75% for
training. Thus, contrary to LOO-CV, where at each stage
only one sample is used at each run for validation purposes,
in K-fold-CV between 22 and 23 (randomly selected at each
stage) of the 90 samples for each of the three almond matri-
ces evaluated, were used for validation purposes (samples
not used in training), of which 7-8 samples belong to each
of the three almond cultivars under study. For the original
(training) data, the quality of the models was also assessed
by visual inspection of the two-dimensional graphs (2D),
obtained for the first two primary discriminant functions
(DF), in which the 90 samples under study for each matrix
studied are represented as well as the confidence ellipse of
each supervised group, calculated according to the Bayes’
theorem [19]. Statistical analysis was carried out at a 5%
confidence level, using the open-source statistical program
R (version 3.6.2) and respective libraries.

Results and discussion
Morphologic parameters

The mean values with standard errors (+ SE) of the five
morphological parameters are shown in Table 1 The results
of the one-way ANOVA indicated a significant statistical
effect of the cultivar (P-value < 0.05) on all five evaluated
parameters. In terms of weight, almonds from the cv. Vairo
exhibited the highest weight at 1.21 g, followed by those
from the cv. Lauranne at 1.17 g and the cv. Marinada at
0.85 g. Conversely, almonds from the cv. Lauranne were
the longest, measuring 25.13 mm, with almonds from the
cv. Vairo following closely at 24.20 mm and those from the

@ Springer

cv. Marinada at 23.11 mm. As for diameter, almonds from
the cv. Vairo displayed the largest maximum diameter at
14.95 mm, succeeded by almonds from the cv. Lauranne
at 13.96 mm and the cv. Marinada at 13.15 mm. A similar
pattern was observed for the transverse diameter, with meas-
urements of 7.33 mm, 6.81 mm, and 5.75 mm for almonds
of the cvs. Vairo, Lauranne, and Marinada, respectively.
The calculated shape, determined by the length/width ratio,
ranged from 1.80 for the cv. Lauranne to 1.62 for the cv.
Marinada. Based on these values, it can be concluded that
almonds from all three cultivars possess an elongated shape,
as the shape ratio exceeds 1.45.

The recorded values of the examined parameters align
with those previously documented in the literature for the
same three almond cultivars. For instance, Mougiou et al.
[20] studied almonds of the cv. Lauranne, noting weights
of 1.30 g, a length of 26.30 mm, and a width of 13.70 mm
(shape=1.92). Similarly, Graeff et al. [21] reported results
for cv. Marinada, indicating a weight of 1.70 g, a length of
26.90 mm, and a width of 14.60 mm (shape =1.84). Regard-
ing cv. Vairo, Rabadan et al. [22] provided data showing
weights of 1.17 g, a length of 24.60 mm, and a width of
15.00 mm (shape=1.64).

The evaluation also involved the visual assessment of the
parameters of symmetry A, symmetry B, apex, base, and
surface rugosity for all the studied almonds. Symmetry A
was determined by examining the front of the almond, while
symmetry B was analysed on the almond’s side. In the case
of cv. Lauranne, 88% of the almonds were categorized as
slightly asymmetrical, 8% as symmetrical, and 5% as asym-
metric. For cv. Marinada, the majority of the almonds were
slightly asymmetrical (70%), with symmetrical and asym-
metric almonds accounting for 23% and 8%, respectively.
In the case of cv. Vairo, a significant percentage of almonds
(98%) exhibited slight asymmetry, while 2% were classi-
fied as asymmetric. Distinct patterns in symmetry B were
observed among the cultivars. In cv. Lauranne, there was
an almost equal distribution between symmetrical (48%)
and slightly asymmetrical (53%) almonds. For cv. Mari-
nada, the distribution was evenly split between symmetrical
(50%) and slightly asymmetrical (50%) almonds. In con-
trast, cv. Vairo predominantly had slightly asymmetrical
almonds (88%), with only 13% classified as symmetrical.
Additionally, all almonds from cvs. Lauranne and Mari-
nada displayed an acute apex, while in cv. Vairo, 65% of the
almonds had an acute apex, and 35% had an obtuse apex.
All evaluated almonds from cv. Lauranne had a rounded
base (100%). For cv. Marinada, 95% of the almonds had a
rounded base, with 5% showing a truncated base- On the
other hand, for cv. Vairo, all almonds had a truncated base
(100%). In which concerns the surface rugosity, 98% of the
almonds of cv. Lauranne showed a medium rugosity, and the
other 2% had a weak rugosity. For cv. Marinada, all almonds
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Table 1 Mean values and Morphologic parameters Studied almonds P-value
standard deviation (minimum —
maximum) of the morphologic cv. Lauranne cv. Marinada cv. Vairo
parameters of the almonds
studied (cvs. Lauranne, Weight (g) 1.17+0.16* 0.8510.]8b 1.21+0.19* <0.0001
Marinada and Vairo) (0.94-1.50) (0.44-1.23) (0.63-1.69)
Length (mm) 25.13+1.36* 23.11+£1.59° 2420+ 1.84° <0.0001
(22.68-27.57) (19.16-26.00) (19.08-28.49)
Maximum diameter (mm) 13.96+0.75° 13.15+1.10° 14.95+1.20* <0.0001
(12.39-15.29) (10.35-15.04) (11.86-18.41)
Transverse diameter (mm) 6.81+0.60° 5.75+0.60° 7.33+0.60" <0.0001
(5.66-7.95) (4.22-6.85) (5.88-8.24)
Shape (length/width) 1.80+0.09* 1.76 +£0.12° 1.62+0.10° <0.0001
(1.62-1.97) (1.56-2.03) (1.43-1.91)
Symmetry A (%)
Symmetrical 8 23 0 -
Slightly asymmetrical 88 70 98 -
Asymmetric 5 8 2 -
Symmetry B (%)
Symmetrical 48 50 13 -
Slightly asymmetrical 53 50 88 -
Asymmetric 0 0 0 -
Apex (%)
Acute 100 100 65 -
Obtuse 0 0 35 -
Rounded 0 0 0 -
Base (%)
Truncated 0 5 100 -
Rounded 100 95 0 -
Rugosity of surface (%)
Weak 3 0 8 -
Medium 98 100 80 -
Strong 0 0 13 -

Different letters on values of the same parameter indicate significant differences (p < 0.01)

The test applied was one-way ANOVA followed by the application of the Tukey's test

showed medium rugosity (100%). In cv. Vairo, 80% showed
a medium rugosity, 13% had a strong rugosity and 8% had
a weak rugosity.

Different letters on values of the same parameter indicate
significant differences (p <0.01). The test applied was one-
way ANOVA followed by the application of the Tukey’s test.

The preceding analysis demonstrated that the morpho-
logical data of the studied almonds were influenced by the
specific almond cultivar. Consequently, a PCA was con-
ducted using five quantitative morphological parameters
(weight, length, shape, maximum and transverse diameters).
The outcomes revealed a partial unsupervised differentiation
(Fig. 2) of the examined almonds based on their cultivar
(cvs. Lauranne, Marinada, and Vairo). The first three prin-
cipal components (PCs) explained 62.1%, 26.8%, and 10.2%
of the data variability, respectively. Despite the substantial

percentage of explained variance, there was a noticeable
overlap of the confidence ellipses, suggesting that relying
solely on morphological data as almond cultivar biomarkers
could result in a high rate of misclassifications.

Employing a LDA-SA approach, an optimal classifica-
tion multivariate model was established based on the infor-
mation from four out of the five morphological parameters
(selected by the SA algorithm: weight, length, maximum,
and transverse diameters) with a sensitivity of only 80% for
both training and LOO-CV procedures. The high misclas-
sification rate (20%) strengthened the previous finding and
highlighted the need for a different classification strategy
to ensure a more accurate identification of the almond cul-
tivars. In this context, a FTIR-chemometric approach was
subsequently evaluated to assess its feasibility and versatility
in discriminating almond cultivars.
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Fig.2 3D PCA plot: unsupervised differentiation of the three almond
cultivars studied (cvs. Lauranne, Marinada and Vairo) based on the
data of five morphological parameters evaluated (weight, length,
maximum diameter, transverse diameter and shape)

(A) Ground: cv. Lauranne almond

(B) Ground: cv. Marinada almond

ATR-FTIR spectroscopy

ATR-FTIR analysis was conducted on distinct independent
samples of three almond cultivars, namely cv. Lauranne, cv.
Marinada, and cv. Vairo. This allowed the recording of trans-
mittance spectra across the wavenumber range from 4000 to
500 cm™!. Figures 3, 4, 5 display the raw transmittance spec-
tra, along with the transformed forms (1st and 2nd deriva-
tives) for each of the three cultivars and three types of matri-
ces (ground, kernel, and epicarp). In these spectra, common
bands were identified for all studied cultivars, corresponding
to specific vibrations of functional groups present in chemi-
cal compounds within almonds. These compounds include
proteins, carbohydrates, water, alcohols, esters, and peptides,
as documented by Garcia et al. [5] and Sharma & Neeraj
[17]. The ATR-FTIR analysis unveiled distinct transmittance
band spectral profiles within the 4000 to 500 cm™ region,
particularly emphasizing bands within the wavenumber
ranges of 40002825 cm™' and 1766-549 cm™'. Notably, no
discernible peaks were observed in the wavenumber range

(C) Ground: cv. Vairo almond
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Fig.3 ATR-FTIR spectra (wavenumbers ranging from 4000 to 500 cm™") and respective 1st and 2nd derivatives regarding the almond’s ground
analysis for the three cultivars studied: A cv. Lauranne, B cv. Marinada, and C cv. Vairo
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(A) Kernel: cv. Lauranne almond (B) Kernel: cv. Marinada almond (C) Kernel: cv. Vairo almond
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Fig.4 ATR-FTIR spectra (wavenumbers ranging from 4000 to 500 cm™') and respective Ist and 2nd derivatives regarding the almond’s kernel
analysis for the three cultivars studied: A cv. Lauranne, B cv. Marinada, and C cv. Vairo

of 2825-1791 cm™!, which is considered a neutral spectral
region.

Table 2 presents the wavenumber regions encompass-
ing the overall range of 4000-500 cm—1, where ATR-FTIR
bands were identified during the analysis of ground, ker-
nel, or epicarp almonds from the three assessed cultivars.
While the overall spectra obtained (transmittance, 1st and
2nd derivatives) for the three almond cultivars and matrices
exhibit visual similarities (Figs. 3, 4, 5), variations exist in
the number and intensity of the detected bands within each
cultivar-matrix pairing. Distinct ATR-FTIR bands were dis-
cerned in the spectra of the different almond matrices under
investigation, although certain bands were common across
two or three matrices. In general, each matrix exhibited char-
acteristic bands. Ground almonds, for instance, displayed
bands at 3291, 2975, 1636, 1263, 1045, and 993 cm™'. Ker-
nel almonds showcased bands at 3324, 3006, 1654, 1314,

1159, 1040, and 721 cm™". Epicarp almond exhibited bands
at 3325, 1735, 1627, 1502, 1446, 1324, 1019, 819, and
761 cm™'. Conversely, bands at 2923, 2854, 1377, 1237,
1097, and 906 cm™~! were consistently present in the spec-
tra of all three different matrices, regardless of the almond
cultivar.

The complete spectra of ATR-FTIR transmittance, includ-
ing the 1st and 2nd derivatives at 1790 wavenumbers, were
subjected to a PCA. This procedure enabled the unsuper-
vised discrimination of the three matrices under investiga-
tion for each almond cultivar, as depicted in Fig. 6 (a 3D plot
of the first three principal components, PCs). Subsequently,
a parallel analysis was conducted to assess whether PCA
applied to the full ATR-FTIR spectra data could effectively
distinguish almond cultivars within each analysed matrix,
considering the three spectrum pre-treatments (transmit-
tance, 1st and 2nd derivatives). The findings, illustrated

@ Springer



2602

S.Lamas et al.

(A) Epicarp: cv. Lauranne almond

(B) Epicarp: cv. Marinada almond

(C) Epicarp: cv. Vairo almond
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Fig.5 ATR-FTIR spectra (wavenumbers ranging from 4000 to 500 cm™') and respective 1st and 2nd derivatives regarding the almond’s epicarp
analysis for the three cultivars studied: A cv. Lauranne, B cv. Marinada, and C cv. Vairo

in Fig. 7, clearly demonstrate that utilizing the complete
spectrum did not yield a distinct separation among almond
cultivars. Notably, there was significant overlap, particularly
evident in two matrices, i.e., epicarp and kernel almonds.
Interestingly, ground almonds exhibited a partial separation
of the three cultivars, suggesting that this matrix might be
the most suitable for achieving the primary objective of the
study: cultivar recognition. Additionally, the results under-
score that almonds of the cv. Vairo are the most readily dis-
tinguishable among the studied cultivars.

In this study, LDA models were established using ATR-
FTIR spectra, as well as the 1st and 2nd derivatives. These
models were built based on transmittances or their respec-
tive derivatives recorded at wavenumbers chosen by the SA
algorithm. The used datasets comprised 1095 out of a total
of 1790 wavenumbers within the range of 4000-550 cm™".
The selected intervals aligned with regions exhibiting
distinctive bands in the ATR-FTIR spectra and where
transmittance deviated from 100%. Table 3 provides a
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comprehensive overview of the ATR-FTIR -LDA-SA mod-
els developed for the classification of almonds according
to their specific cultivars (cvs. Lauranne, Marinada, and
Vairo). The classification was performed for each type of
matrix (epicarp, kernel, and ground almonds) and three
pre-treated ATR-FTIR spectra (raw transmittance, Ist
and 2nd derivatives). Table 3 includes information such
as the number and identification of independent param-
eters incorporated into each classification model, selected
through the SA algorithm. Additionally, the table presents
the percentages of correct classifications (sensitivities)
obtained during both the training and cross-validation pro-
cedures (LOO-CV and K-fold-CV). It’s noteworthy that,
in the case of the repeated K-fold-CV variant, 25% of the
original data (i.e., 22-23 independent samples out of a
total of 90, including 7-8 samples from each cultivar) are
reserved for evaluating the predictive performance in each
validation run. This approach enhances the robustness of
the technique compared to LOO-CV, where only 1 out of
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Table 2 Bands observed in the 4000-500 cm™! wavenumber region of the ATR-FTIR spectra recorded during the analysis of the different
almond matrices studied for the three almond cultivars considered (cvs. Lauranne, Marinada and Vairo)

Wavenumber

ATR-FTIR raw bands found at

region (cm™") a nominal wavenumber (cm™")

Studied almonds

Ground
almonds

Kernel
almonds

Epicarp
almonds

Identification

Reference

3400-3000

3000-2800

1900-1400

3325

3324

3291
3006

2975

2923

2854

1743

1735

1654

1636

1627

1541

1502

1460

1446

X

Stretching vibration of the sur-
face —OH, possibly related with
the cellulose and hemicellulose

Stretching vibration of the sur-
face -OH

Hydroperoxides formation

Stretching vibration of the
C=CH cis- and CH cis-
olefinic groups

Asymmetric stretching vibrations
of aliphatic CH, functional
groups

Symmetric stretching vibrations
of aliphatic CH, functional
groups and methylene C-H
asymmetric/symmetric stretch
(saturated aliphatic alkane/
alkyl group frequencies)

Asymmetric stretching vibrations
of aliphatic CH, functional
groups, methylene C—H
asymmetric/symmetric stretch
(saturated aliphatic alkane/alkyl
group frequencies) and asym-
metric stretching of methyl
CHj; groups

Extension movement of the typi-
cal ester carbonyl functional
group (C=0) of the triglycer-
ide esters

Stretching vibration of the
aliphatic acid C=0, possibly
related with the lignin and
hemicellulose

Stretching vibration of cis
C=C-

Stretching vibration of unsatu-
rated group like alkene C=C
and amide

Stretching vibration of cis C=C
of unsaturated acyl groups

Presence of aliphatic nitro
compounds, simple hetero-oxy
compounds and bending vibra-
tion of N-H functional group
mainly observed in amide I and
amide II of protein compounds

Bending vibration of the ali-
phatic secondary amine, the
N-H

Presence to the bending vibra-
tions of CH in CH, and CH;

Asymmetric bending vibration of
the -C-H(CHS,)

[23]; [24]

[23]

[25]

[5]; [13]; [16];

[25]

[51; [171; [23]

[51; [17]; [25];

[25]; [26]

[27]

[31; [5]; [15]; [16]; [17];

[26] [27];

[23]; [24]

[15]

[17]; [23]

[5]

[5]; [13]; [15];

[27]

[51; [13]; [25]

[15]

[17]
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Table 2 (continued)

Wavenumber ATR-FTIR raw bands found at  Studied almonds Identification Reference
region (cm™) anominal wavenumber (cm™") -
Ground Kernel  Epicarp
almonds almonds almonds
1400-1000 1377 X X X Bending in of plane of the O-H  [15]
1324 - - X Bending in of plane of the O-H  [15]
1314 - X - Carboxylates (carboxylic acid [17]
salts) and carbonyl compound
group frequencies
1263 X - - Stretching vibration of -C-O [15]
1237 X X X Aromatic ethers, oxy compounds [5]; [13]; [17]
group frequencies and presence
to the bending vibrations of CH
in CH, and CH;
1159 - X - Stretching vibrations of C-O of  [15]; [27]
the ketones
1143 X - X Stretching vibrations of C-O of  [15]; [27]
the ketones
1097 X X X Stretching vibrations of C-O of  [15]; [27]
the ketones
1045 X - - Stretching vibration of C-O [5]; [13]
functional groups characteristic
of the carbohydrate fraction
1040 - X - Combination of bending vibra- [31; [15]; [17]
tions of C-H (that is, the C-H
bond at position C) of carbohy-
drates and stretching vibration
of C-O functional and primary
amine
1019 - - X Deformation with ring vibration  [23]
of glycoside C—H and bending
vibration of the OH
1000-900 993 X - — Aliphatic phosphates (P-O-C [17]
stretch) grouped under simple
hetero-oxy compounds
906 X X X Bending out of plane vibration of [15]
cis -HC=CH-
900-600 819 - - X Bending out of plane vibration of [15]
cis -HC=CH-
761 - - X Bending out of plane of the C-H [15]
721 - X - Alkanes C-H rocking vibration  [28]
663 X X - Bending out of plane of the C-H [15]

the 90 samples is reserved for validation in each iterative
step of the process.

The examination of Table 3 and Fig. 8 (2D representation
of the two first discriminant functions, DFs, for training)
enables the deduction of the satisfactory classification effi-
cacy exhibited by the FTIR-LDA-SA models in accurately
discriminating almond samples based on their specific cul-
tivars, among the three available options. In broad terms,

@ Springer

considering the outcomes of cross-validation (LOO-CV and
repeated K-fold-CV), along with the inherent simplicity of
the established models (i.e., fewer variables included into
the classification model), the matrix that enabled a more
straightforward approach with either equal or superior pre-
dictive performance was the ground almonds. Remarkably,
the developed models only incorporated information from 6
to 8 wavenumbers, allowing correct classifications ranging
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Fig. 6 Differentiation of almond (A) cv. Lauranne
samples according to the type PC2

of matrix (@ epicarp almond, K]

A kernel almond and M ground
almonds), for each of the three
almond cultivars evaluated (cvs.
Lauranne, Marinada and Vairo)
using PCA based on informa-
tion extracted from 1790 wave-
numbers of ATR-FTIR spectra
(transmittance, 1st derivative
and 2nd derivative)

Epicarp 7

1st derivative Transmittance (%)

2nd derivative

¥ Ground

from 99.7 to 99.8%. It is noteworthy that in the model con-
structed using raw transmittance data, only one sample of
cv. Lauranne was erroneously identified as cv. Vairo; in the
model derived from 1st derivative data, a single sample of
cv. Lauranne was misclassified as cv. Marinada; and in the
model based on 2nd derivative data, a cv. Lauranne sample
was inaccurately labelled as cv. Vairo, and reciprocally, a
sample of cv. Vairo was misclassified as cv. Lauranne. The
least satisfactory classification performance was observed
in models developed with data from kernel almonds, yield-
ing sensitivities between 90.5% and 97.6%. The increased
uniformity of the matrix obtained post-almond milling
may rationalize the superior classification results attained.
Concerning the pre-processing of FTIR spectra, the results
shown in Table 3 also suggested that there is no necessity
to apply Ist or 2nd derivatives, as the number of required
independent variables (i.e., wavenumbers) decreases in the
order of transmittance spectra < Ist derivative spectra < 2nd
derivative spectra.

The predictive performances reported in this study
aligns with findings from previous research reported in
the literature. In a study by Garcia et al. [5], successful

(B) cv. Marinada (C) cv. Vairo

PC2 PC2
) )

Kernel

g2 pc1 —/

\ ":;*—n 7 Al :
\ Z/\ . y PC3 . (-
\ ary o ,*‘

PC3 Ground f
P

0

B =
Z / — PC1
*Ground

+ I\
PC3 Kernel *+

discrimination of three almond cultivars (one American:
cv. Butte; and two Spanish: cvs. Marcona and Guara)
were achieved. This discrimination was accomplished
by employing a LDA coupled with a stepwise variable
selection algorithm. Although the specific wavenumbers
selected from the ATR-FTIR absorbance spectra were not
explicitly mentioned, the LDA model achieved a 100%
correct classification of the 24 samples in the training set
(eight per cultivar. In a more recent study by Cortés et al.
[3], the ATR-FTIR technique was applied to differenti-
ate four Spanish almond cultivars (cvs. Guara, Rumbeta,
Marcona, and Planeta) based on absorbance spectra of the
whole almond. Classification models were constructed
using pre-treated spectra data with two techniques: Par-
tial Least Square Regression-Discriminant Analysis
(PLS-DA) and Quadratic Discriminant Analysis (QDA).
The ATR-FTIR-PLS-DA model exhibited superior clas-
sification performance, accurately predicting the almond
cultivar with a success rate of 94.45% in external valida-
tion. Moreover, the same research team [15] demonstrated
the successful application of the ATR-FTIR technique in
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Fig.7 Differentiation of almond (A) Epicarp (B) Kernel (C) Ground

samples according to cultivars PC2 PC3 PC2
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discriminating whole almonds based on their bitterness
levels (sweet almonds versus bitter almonds).

The current investigation underscores its focus on three
almond cultivars (cvs. Lauranne, Marinada, and Vairo),
previously unexplored through the ATR-FTIR technique.
The objective was to establish LDA classification models
for almond cultivar identification. Particularly, this study
is the first to assess three distinct matrices (epicarp, kernel,
and ground almonds) for each cultivar. The findings indi-
cate that the ground almonds matrix emerges as the most
suitable for developing simple accurate predictive cultivar
classification models. However, it is important to empha-
size that, despite the increased complexity of the classifi-
cation models derived from the spectra generated through
epicarp analysis (utilizing a higher number of independent
variables, namely 18-30 wavenumbers compared to 6—8
wavenumbers for ground almonds), they offer the advan-
tage of being based on a less invasive procedure. Addition-
ally, the study delves into the ATR-FTIR spectra, exploring
the potential benefits of pre-processing raw spectra (1st

@ Springer

and 2nd derivatives) in comparison to using transmittance
spectra. Surprisingly, it was found that the latter method
yielded equally effective predictive correct classification
percentages, rendering the need for such spectra pre-treat-
ments unjustified.

Conclusions

Three almond cultivars, cvs. Lauranne, Marianda, and
Vairo, were evaluated and statistically significant differ-
ences were found in morphological traits, including weight,
length, shape, maximum and transverse diameters, sym-
metry level, apex level, base type, and surface rugosity.
However, the observed ranges for these traits overlapped
across the cultivars, rendering the quantitative morpho-
logical parameters ineffective as biomarkers for cultivar
classification. In contrast, the study demonstrated the suit-
ability of ATR-FTIR spectroscopy as an analytical tool for
cultivar identification. Among the matrices tested, namely,
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Table3 ATR-FTIR -LDA-SA models developed for discriminating almonds according to correct cultivar (cvs. Lauranne, Marinada and Vairo)
and respective classification performances (training, internal validation variants: LOO-CV and K-fold-CV)

Matrix: Epicarp almonds

ATR-FTIR spectrum Number of variables in the LDA Correct classification (sensitivity, %)
model
Training LOO-CV K-fold-CV
Transmittance 30? 100 98.9 99.2+1.7
1st derivative 19° 100 100 99.5+1.8
2nd derivative 18¢ 100 100 99.3+1.6
Matrix: Kernel almonds
ATR-FTIR spectrum Number of variables in the LDA Correct classification (sensitivity, %)
model
Training LOO-CV K-fold-CV
Transmittance 334 98.9 94.4 92.8+3.8
1st derivative 30° 100 98.9 97.6+3.5
2nd derivative 31f 98.9 93.3 90.5+6.7
Matrix: Ground almonds
ATR-FTIR spectrum Number of variables in the LDA Correct classification (sensitivity, %)
model
Training LOO-CV K-fold-CV
Transmittance 8¢ 100 100 99.8+1.0
1st derivative 7" 100 100 99.8+0.9
2nd derivative 6' 100 100 99.7+1.2

“Wavenumbers: 732, 734, 968, 1002, 1004, 1045, 1189, 1232, 1259, 1627, 1660, 1687, 1704, 1731, 1853, 1876, 2306, 2308, 2322, 2329, 2331,

2376, 2842, 2912, 3043, 3139, 3496, 3562 e 3596, 3645 cm™!

SWavenumbers: 667, 727, 829, 844, 1006, 1045, 1072, 1091, 1568, 2291, 2318, 2343, 2351, 2356, 2846, 2894, 2908, 3076 ¢ 3475 cm™!
“Wavenumbers: 727, 1012, 1186, 1226, 1352, 1419, 1504, 1704, 1708, 1737, 2293, 2300, 2308, 2333, 2339, 2850, 2904 e 3562 cm™!

dWavenumbers: 663, 850, 931, 991, 1172, 1182, 1201, 1236, 1240, 1249, 1297, 1303, 1326, 1332, 1340, 1375, 1544, 1546, 1587, 1637, 1654,
1666, 1689, 1733, 2823, 2950, 3068, 3109, 3454, 3535, 3693, 3708 e 3722 cm™!

“Wavenumbers: 642, 694, 709, 734, 831, 858, 919, 952, 962, 1054, 1074, 1145, 1178, 1270, 1454, 1475, 1556, 1591, 1647, 1755, 1859, 1863,

1868, 2530, 2939, 3049, 3058, 3093, 3103 e 3425 cm™!

"Wavenumbers: 638, 644, 833, 891, 948, 968, 1000, 1012, 1027, 1178, 1180, 1257, 1396, 1512, 1535, 1564, 1598, 1691, 1785, 1814, 1826,

1855, 2821, 2914, 3006, 3070, 3087, 3608, 3649, 3654 ¢ 3656 cm ™"
£Wavenumbers: 970, 995, 1054, 1382, 1595, 1604, 1643 e 3679 cm™"
hWavenumbers: 1101, 1222, 1328, 1388, 1623, 2327 ¢ 2372 cm™!
iWavenumbers: 850, 970, 1027, 1114, 1620 e 1652 cm™!

epicarp, kernel, and ground almonds, ground almonds
emerged as the optimal choice for developing a simple yet
accurate linear multivariate discriminant model for cul-
tivar discrimination. The research further suggested that
while more complex models might be required, ATR-FTIR
spectra obtained from the epicarp could provide a viable
non-invasive alternative for almond cultivar identification.
Particularly, the study found that pre-processing ATR-FTIR
spectra was unnecessary, as classification models based on
raw transmittance spectra performed comparably to those

using transformed forms, such as first and second deriva-
tives. In conclusion, the research proposed a classification
approach using ATR-FTIR-LDA-SA based on raw trans-
mittance spectra of ground almonds. This method emerged
as a rapid, cost-effective, and minimally invasive tool for
almond producers and industry stakeholders to ensure cul-
tivar traceability throughout the almond supply chain. How-
ever, the study’s validation will require a broader range of
almond cultivars.

@ Springer
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Fig.8 Discrimination of almond samples (training: original data)
according to their cultivars (ll cv. Lauranne, @ cv. Marinada, and A
cv. Vairo) using LDA models established using data from ATR-FTIR
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