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Isotope ratio mass spectrometry is a well-known technique used to trace the origin of agri-food products from
different countries. Here this method was tested to trace the exact orchard of provenance of Italian apples
harvested at sites close to each other. We measured the §'3C, §!°N, and 534S values of apple subfractions (peel,
petiole, pulp, seed) from two orchards in Ferrara and one orchard in Trento. Sulfur represents the best marker for
tracing the regions of provenance of samples because it is linked to the presence of sulfate (Ferraral: +9.0 %o;
Ferrara 2: +7.3 %o) and sulfide (Trento: —1.3 %o) minerals in soils. However, the 513C of apple subfractions

combined with the §>*S of seed in a linear discrimination analysis better discriminated the three orchards. The
isotopic fingerprint of apples is thus significantly affected by the relative terroir, and it can be used as “isotopic
identity card” to certify “protected designations of origin”.

Introduction

Given the increasing awareness of consumers about the authenticity
of the food they eat, the traceability of food products is gaining interest.
Therefore, in recent decades, several analytical techniques have been
developed to assess the authenticity and quality of foodstuffs: isotope
ratio mass spectrometry, inductively mass spectrometry, near infrared
spectroscopy, nuclear magnetic resonance spectrometry (Kater-
inopoulou, Kontogeorgos, Salmas, Patakas, & Ladavos, 2020 for a re-
view). Although well-established, most of these techniques are
laborious, time-consuming, and expensive (Eisenstecken, Stiirz,
Robatscher, Lozano, & Zanella, 2019; Jiang et al., 2020). Among them,
the isotope traceability method is considered the most rapid and cost-
effective technique to establish the origin of foodstuffs (Jiang et al.,
2020) because it can determine several isotopes in a unique analysis
process that uses a limited amount of sample without any pre-treatment
processes. In nature, the stable isotope ratios of light bio-elements in
living organisms (both plants and animals) such as carbon (C), nitrogen
(N), sulphur (S), oxygen (0), and hydrogen (H), are strongly affected by
climatic, pedological, geological, botanical, and agricultural factors, and
any isotopic variations are ultimately incorporated into the organism
tissues throughout eating, drinking, breathing, and exchange with the
environment (Francois, Fabrice, & Didier, 2020). For example, in plant
ecology, the isotopic compositions of vegetables and fruits reflect the
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photosynthetic pathways as well as the soil and environment in which
the plant grows. The 13C/'2C ratio of plants is mainly influenced by their
photosynthetic pathways (O’Leary, 1988), but also by characteristic
pedo-climatic settings of the area (temperature, humidity, soil pH;
Brombin et al., 2020). The >N/'N ratio is related to the type of fer-
tilizer (organic or synthetic; Francois et al., 2020; Brombin et al., 2020).
The 3*S/32S ratio in plants primarily depends on the geological features
of the soil, soil bacterial processes, and fertilizer uses (Cuchet et al.,
2021; Pianezze et al., 2020).

Several studies have tested one or more isotopic parameters as
tracers of the geographical provenance of various agri-foods, including
olive oil, milk, honey, meat, vanilla, and seafoods (Camin et al., 2007;
Camin et al., 2015; Schellenberg et al., 2010; Luo et al., 2015; Luo et al.,
2016; Carrera & Gallardo, 2017; Dong, Xiao, Xian, & Wu, 2018; Pia-
nezze et al., 2020; Won et al., 2021). However, in these studies, isotopic
parameters were used to discriminate the origin of foodstuffs produced
on different continents and/or countries with significantly distinct cli-
matic and environmental conditions. Only a few studies have applied
multi-stable isotopic analyses to trace the provenance of agri-foods
products at smaller-scale, i.e., local scale. For example, Bianchini et al.
(2021) and Brombin et al. (2022) successfully applied multi-stable iso-
topic analysis to discriminate the provenance of manila clams collected
in neighboring North Adriatic lagoons characterized by similar climatic
and environmental conditions and Mimmo et al. (2015) used the stable
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isotope ratios of light elements to trace the specific region of apple fruit
provenance in Italy. However, studies about the determination of the
specific orchard where apple fruits grow are missing. Consequently,
although the country or region of provenance of a fruit may be deter-
mined, the exact site of production remains unknown and even the
application of orchard sustainable production processes and ethical
working conditions cannot be ascertained.

Italy is the sixth largest producer of apples (Malus x domestica
Borkh.) in the world and produces approximately 2.3 million tons of
apples per year. Some Italian regions, such as Trentino, are famous for
their “protected designations of origin” (PDO) or “protected geograph-
ical indication” (PGI) apple varieties, whereas other Italian regions,
including Emilia-Romagna, aim to establish the PDO or PGI labels for
their fruits. In this context, reliable techniques for the traceability of
agri-foods at the regional scale must be established to ensure the correct
recognition of products. Therefore, for the first time, we tested the
reliability of the isotope ratio mass spectrometry (IRMS) technique to
trace the origin of apples at the local scale and identify the exact orchard
of the provenance of apples that were harvested at sites close to each
other. We analyzed the isotopic signatures of C, N, and S of apples
collected from two orchards of Ferrara, which are less than two kilo-
meters apart, and one orchard from Trento (Northern Italy) to reveal the
(i) different isotopic signatures between the two most important Italian
regions for apple production and (ii) different isotopic signatures be-
tween orchards located in the same region and in close proximity. In this
study, we also defined the ideal approach to trace the fruit through
IRMS, evaluating the best isotopic parameter(s) to trace the origin of
apples and comparing the isotopic signature of apple subfractions (i.e.,
peel, petiole, pulp, and inner part of the seed) to assess the variability of
the fingerprints in the different apple parts.

Materials and methods

Sampling

Forty-eight apple samples were collected during the commercial fruit
harvest period in 2020 in Northern Italy in the provinces of Ferrara
(Emilia-Romagna region) and Trento (Trentino region) (Fig. 1, 1a).
Ferrara apples were harvested from two different orchards<2 km from
each other. In the first orchard (44°50'38.03”N 11°43'24.21"E; “Ferrara
17 in this work) 16 samples of four apple varieties (Fuji, Gala, Granny
Smith, and Modi) were collected, while in the second orchard
(44°49°44.06“N 11°44°0.96”E; “Ferrara 2” in this work), 30 samples of
two other apple varieties (Cripps Pink and Golden Delicious) were
collected. The two orchards are located in the eastern part of the Po
Plain (Fig. 1) at an altitude of approximately 4 m above sea level (a.s.l.).
The soil of Ferrara 1 orchard was characterized by sand and silty sand
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deposited near the Po di Volano River, whereas the soil of Ferrara 2
orchard was characterized by clay deposited in the floodplain (Fig. 1b).
The climate in this area is warm temperate, and fully humid, with hot
summers. In Ferrara, the mean annual air temperature was 14.4 °C and
the mean annual precipitation was 500 mm in 2020. The management of
both orchards conformed with the regional integrated fruit production
guidelines.

For a comparison, we enlarged the sample suite to include 4 Fuji
apples grown in an orchard located in the southern part of the province
of Trento (45°59'8.50"N 11°7'1.91"E; Fig. 1), close to the Adige River, at
an altitude of approximately 200 m a.s.l. In this area, the climate is
warm temperate, and fully humid, with warm summers. The average
annual temperature and average annual rainfall in Trento were 8.7 °C
and 1221 mm in 2020, respectively. The orchard was managed using an
organic management system.

Sample preparation

Before proceeding with the analyses, the fruits were washed and
dried. The apple samples were partitioned into peel (with a thickness
between 0.25 and 0.35 mm), petiole, pulp, and seed (without the seed
coat). Each apple subfraction was dried at 40 °C, homogenized using an
agate mill, and stored in Eppendorf tubes until analyses. For each apple
samples, the peel, petiole, and pulp were analyzed for C isotopes. Only
the seed was also analyzed for N and S isotopes because (i) it is the most
practical subfraction for analyses (fast to dry and easy to mill) and (ii) its
isotopic ratios are the easiest detectable by IRMS for the analyses, even
with small amounts of material.

Stable isotope analyses

Isotopic analyses of the apple subfractions were carried out at the
Department of Physics and Earth Science of the University of Ferrara
(Italy). Analyses of C and N and their isotope ratios (*3c/*%C and
15N/ 14N) were performed using an elemental analyzer (EA) Vario
MICRO Cube (Elementar) coupled with an Isoprime 100 IRMS system
(Elementar). The analyses of S and corresponding isotope ratio 3*S/%2S
were carried out using an EA vario PYRO Cube (Elementar) operating in
combustion mode and coupled with an IRMS precisION (Elementar).
C—N analyses were performed following the method described in detail
by Bianchini et al. (2021), and S analyses were performed following the
method described by Salani, Brombin, Natali, and Bianchini (2021).

Homogenous powdered samples (approximately 2 mg) were
weighed in tin capsules, wrapped, and loaded in the EA autosampler of
the Vario MICRO Cube and PYRO Cube for the C—N and S analyses,
respectively. Samples were burnt in the furnaces of the EAs at 950 °C for
the C—N or at 1150 °C for S. After complete combustion of the sample,
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Fig. 1. Location of the samples collected in Northern Italy (Fig. 1a) for this work and those studied in the literature by Mimmo et al. (2015). b) Simplified sedi-
mentological map (modified from Stefani & Minarelli, 2018) of the study area reporting the location of the two Ferrara orchards.
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the released gases passed into the IRMS to determine the isotopic ratios.
The detections of distinct isotopic masses of the sample were bracketed
between those of reference gases (N3, CO2, SOy; purity grade 5), which
were calibrated using reference materials. Calibration of the instruments
was performed using several in-house working standards: JLs-1 lime-
stone (Kusaka & Nakano, 2014), Carrara Marble (Natali & Bianchini,
2015), and Jacupiranga carbonatite (Beccaluva, Bianchini, Natali, &
Siena, 2017), which were previously calibrated against the international
reference material Tibetan human hair powder USGS42 (Coplen & Qi,
2011).

The 13C/12C, 15N/ 14N, and 34s /3% isotopic ratios (R) were expressed
with & notation (in %o units):

5 = (Rum/Rqa — —1) x 1000

where Rgypy, is the isotopic ratio of the sample and Ry is the isotopic ratio
of the international isotope standards Pee Dee Belemnite (PDB), air Ny,
and Canyon Diablo troilite (CDT) for C, N, and S, respectively. Analytical
uncertainties (1c) for the isotope analyses were of the order of + 0.1 %o
for 5'3C and =+ 0.3 %o for 5'°N and §°*S, as indicated by repeated ana-
lyses of the samples and standards. Each sample was repeated three
times and standards were measured every ten sample analyses.

Statistical analyses

Statistical analyses were performed using the R environment (R
version 4.0.2; R Development Core Team, 2017). Analysis of variance
(ANOVA) and Tukey’s HSD post-hoc test were applied to each isotopic
variable to determine statistical differences within the apple sub-
fractions and orchards. For all statistical tests, the cutoff value was set at
p < 0.05, which indicated significant differences between the groups.

Correlation plots were used to investigate possible relationships
among the isotopic parameters. Linear discriminant analysis (LDA) was
used to perform multivariate analyses. LDA identifies linear combina-
tions of measured variables that maximize the separation of groups. In
this work, LDA was performed using stable isotope values of apple
subfractions to trace the orchard where the apple samples were
collected. Each linear discriminant function was validated with the
leave-one-out method.

Results and discussion

The isotopic values of the investigated apple subfractions (peel,
petiole, pulp, and seed) are reported in Table 1.

In the following sub-sections, each isotopic parameter is evaluated as
a potential key marker for the regional and local traceability of the
northern Italian apples. Subsequently, any correlations among the iso-
topic parameters have been investigated to trace exactly the provenance
of the fruits.

513C values of apple subfractions

The isotopic C fingerprint of the apple subfractions within the overall
sample suite varied from —33.8 %o to —23.0 %o (Table 1). The 13¢/12C
ratio of plant-derived materials is mainly affected by the various
photosynthetic pathways of the plant (i.e., the Calvin-C3, Hatch-Slack-
C4, and Crassulacean Acid Metabolism-CAM pathway; O’Leary, 1988)
used during the fixation of atmospheric CO». In particular, C3 plants
typically have more negative '3C/!2C values (—33 %o to —24 %o;
O’Leary, 1988) than C4 (—16 %o to —10 %o; O’Leary, 1988) and CAM
(—20 %o to —10 %o; O’'Leary, 1988) plants, because of their stronger
discrimination against 13¢, the heaviest isotope. Therefore, the values of
the apple subfractions in this study are in line with the botanical origin
of the matrix: apple plants follow the C3 photosynthetic pathway, and
their typical 5'3C values range from —35 %o to —20 %o under natural
conditions (Francois et al., 2020).
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Table 1

Isotopic compositions of carbon (C), nitrogen (N), and sulfur (S) among the
apple subfractions (peel, petiole, pulp, and seed) collected in three orchards of
the Northern Italy and the relative average values for each apple variety.
Analytical uncertainties (15) are + 0.1 %o for 5'3C and =+ 0.3 %o for §'°N and 5%*S
as indicated by repeated analyses of the samples and standards.

Orchard ~ Variety  8'3C (%0) 515N 5%43
(%0) (%0)
Peel Petiole  Pulp Seed Seed Seed
Ferrara Modi —29.8 -27.8 —26.3 —26.2 +2.8 +9.6
1
-247 -26.3 -249 256 427 +7.9
—-289 -26.6 -26.0 -26.2 +4.8 +6.8
Average  -27.8 -26.9 -25.7 -26.0 +3.4 +8.1
Gala -30.3 286 -280 279 +1.8 +8.6
—28.7 272 —26.5 -256 +1.7 +9.2
-309 -29.1 -283 275 +1.6 +8.9
Average  —29.9 -283 -276 =270 +1.7 +8.9
Fuji -27.6 —25.8 -25.3 —-253 +45.6 +7.6
—28.9 —27.6 —26.7 -27.0 +2.2 +9.1
-30.5 -28.1 -269 -27.6 435 +10.4
-29.3 -279 —-25.6 —246 421 +11.2
-30.7 —28.4 —26.9 —26.9 +1.2 +8.6
Average  —-29.4 -27.6 -26.3 -263 +2.9 +9.4
Granny —30.4 -285 -26.8 269 +1.5 +10.1
—-32.4 —-27.9 —28.1 —-27.6 +2.3 +9.1
—-29.0 —-28.1 —27.2 —-27.6 +2.3 +8.4
-32.8 -294 -284 -28.0 426 +9.1
-29.7 -29.4 -27.1 -26.6 +3.4 +9.6
Average  —-30.9  -28.7 —27.5 -274 +24 +9.3
Ferrara Pink -32.0 —29.3 —27.8 -27.0 +2.2 +7.5
2
-30.1 275 -27.2 -257 +28 +10.1
—-30.4 —-29.7 -269 -269 423 +9.0
-31.3 —-29.2 —28.5 —26.8 +2.6 +7.9
-30.6 —28.1 -27.4 -264 +1.9 +7.3
—-30.6 —289 -27.3  -26.2 424 +8.4
—-33.2 —-29.1 —28.3 -27.7 +2.0 +7.8
-31.6 —29.2 -284 -27.4 415 +6.8
-31.6 -29.1 —28.8 -269 +3.2 +6.4
—-32.8 —29.6 —29.4 —28.1 +2.3 +7.1
-32.3 —-29.9 -31.6 —-27.5 +2.4 +7.8
-31.7 -29.1 -281 -27.1 437 +6.8
—-30.5 —27.6 —27.3 -255 2.3 +8.0
—-32.1 -30.0 —29.4 —28.6 +2.2 +6.6
-32.2 -29.8 -288 —-27.7 +1.9 +7.0
Average  —31.5 —-29.1 —28.3 -27.0 +24 +7.6
Golden —-28.1 —-27.4 —-25.9 —25.6 +2.6 +8.4
-33.8 295 -29.4 -29.4 432 +7.3
-289 274 -249 -251 +40.0 +7.2
-26.1 -25.9 —235 230 +41 +7.1
—-29.6 -27.7 —26.6 —26.6 +2.6 +6.7
-26.9 —-25.7 -235 264 421 +7.3
-29.0 -285 —-25.7 -26.2 +2.0 +6.1
—-29.6 —28.8 —-25.3 —25.8 +1.9 +6.4
-32.0 -29.3 -284 -283 426 +6.8
-31.7 -29.4 —283 280 +24 +6.5
—-30.3 286 -269 265 421 +6.8
-289 -27.4 -26.2 260 +1.4 +7.9
-29.6 —28.4 -26.6 —26.3 429 +6.7
-29.8 -27.9 —26.6 —-26.5 +2.4 +7.0
-29.8 282 -26.8 —27.2 422 +6.8
Average  —29.6  —28.0 -26.3 -26.5 +23 +7.0
Trento Fuji -30.0 —28.9 -28.0 -281 +1.9 -0.2
—-30.3 278 —28.7 278 +19 -1.7
—-33.4 -29.7 -29.1 -29.4 +1.8 -2.1
-30.4 287 -27.9 276 423 -1.2
Average  -31.0 288 -284 -282 420 -1.3
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For C, we investigated the isotopic signature of each apple sub-
fraction: therefore, we studied the potential differences in isotopic ratios
among the organs irrespectively to the geographical origin of the sam-
ples. According to the one-way ANOVA test, a difference was observed
among the apple subfractions (Fig. 2). In particular, the 5'3C values of
the peel and petiole were significantly different (p < 0.0001) from those
of the pulp and seed, whose values were statistically very similar (p >
0.1). The 613Cpeel ranged from —33.8 %o to —30.3 %o and showed the
lowest values of §'3C in all samples (Table 1; Fig. 2), indicating that
peels are always more depleted in '3C than the other apple parts. This
correlation was also observed by Mimmo et al. (2015), who also
analyzed apple subfractions in the Northern Italy. Such negative signa-
ture of the peel is probably related to the presence of phenolic com-
pounds (Lee & Wrolstad, 1988), which are typically more abundant in
the epidermal tissue of fruits (Francini & Sebastiani, 2013). The
613Cpetiole ranges from —30.0 %o to —25.6 %o and generally present in-
termediate values between those of the peel (more negative) and the
other two subfractions (pulp and seed, less negative). The 613Cpulp and
813Cyeed vary from —31.6 %o to —23.5 %o and from —29.4 %o to —23.0 %o,
respectively (Table 1; Fig. 2), and almost overlap, with 613Cpulp/813C5eed
always close to 1.00, as also observed by Mimmo et al. (2015). This
ubiquitous relationship suggests that the C isotopic ratios of the pulp and
seed are comparable, and no fractionation processes occur during the
growth and development of apples.

One-way ANOVA was used to verify whether the C isotopic ratios of
the apple subfractions were affected by the geographical location of the
orchards. The results are shown in the box plots in Fig. 3.

The ANOVA test showed that 613Cpee1, 613Cpetiole, and 613Cpu1p were
not significantly affected (p > 0.05) by the orchards where the apples
grew. Instead, 8'3Cgeed seemed to be slightly more influenced by the
provenance of apples (p ~ 0.055), because the three orchards are
characterized by C isotopic values that are slightly different and only
partially overlapping (Ferrara 1: from —28.0 %o to —24.6 %o; Ferrara 2:
from —29.4 %o to —23.0 %o; Trento: from —29.4 %o to —27.6 %o; Table 1),
which was also highlighted by the post-hoc test reported in Fig. 3d.
Nonetheless, the 8'3C signatures of the subfraction cannot clearly
distinguish the orchard of the provenance of the apples, even if the or-
chards are in two different regions that are 200 km apart. This demon-
strates that the C signature of fruits is mainly affected by the
photosynthetic pathways of the plant, and not influenced by the climatic

|
=I

8 2 C (%o)***
2

Peel Petiole Pulp Seed

Fig. 2. Box plots of the C isotopic values of apple subfractions. In each box plot,
the black line and red cross represent the median and mean, respectively. Above
the box plots the letters represent the results of Tukey’s HSD post-hoc test.
Different letters denote significant differences among groups. The one-way
ANOVA result for C isotopic signature is also reported (***p < 0.0001). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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conditions of the area and/or the agricultural management used in the
orchards. Other studies on traceability demonstrated that C cannot
discriminate the country or continent of provenance of fruits or derived
products (Gatzer et al., 2021; Rummel, Hoelzl, Horn, Rossmann, &
Schlicht, 2010). Hence, for plants of the same species with the same
metabolic process, the exact provenance is very difficult to discriminate.
However, Mimmo et al. (2015) discriminated the geographical origin of
apple samples collected from different Italian regions using the average
values of 5!3C of peel, pulp, and seed irrespectively to the fruit variety.
Analogously, if we consider the mean values of apples in our study (red
cross of the box plots of Fig. 3 a, ¢, d) instead of the ranges, then apples
from Ferrara and Trento can be clearly differentiated. The average C
signatures of the peel, petiole, and pulp of the apples of the two Ferrara
orchards were very close to each other, but they did not overlap. The
more negative 5'3C values of the peel, petiole, and pulp of Ferrara 2 than
Ferrara 1 were due to the presence of clay sediments in the soil of the
second orchard, which tends to host more organic matter with a typical
negative signature (Sarkar, Singh, Mandal, Churchman, & Bolan, 2018)
than the sandy sediment of the soil of the first orchard.

Interestingly, the 8!3C ranges of apple subfractions from Ferrara are
the closest to the respective mean values of apples investigated by
Mimmo et al. (2015), which were collected in the same province in
2012. However, the 8'3C values of the two studies did not overlap, with
the samples of this study showing systematically more negative values
than those of Mimmo et al. (2015), which is probably related to the
continuous decreasing trend of the 8'3C value of the air due to the in-
crease in anthropogenic emissions over time (Graven et al., 2017). Ac-
cording to the Scripps Institution of Oceanography Global CO3 Program
(http://scrippsco2.ucsd.edu), the atmospheric 8'3C value was —8.2 %o
when Mimmo et al. (2015) sampled apples in 2012, and —8.6 %o during
our sampling in 2020. Therefore, the C signature of plant-derived
products is influenced by this initial difference, which should be
considered in traceability studies that compare agri-food products from
different locations and harvested at different times.

81°N values of apple seed

The 5'°N of the seeds ranged between —0.01 %o to +5.63 %o within
the sample suite of this study (Table 1), this is indicative of the pre-
dominance of synthetic fertilizers in the three orchards. In fact, the
principal factor that affects 5!°N in cultured plants and derived products
is the type of fertilizer applied to the soils. Synthetic fertilizers (e.g.,
urea, ammonium sulfate, and ammonium nitrate) are primarily pro-
duced using atmospheric nitrogen; therefore, they have 5'°N values
between —6 %o and +7 %o (Bateman, Kelly, & Woolfe, 2007), while
organic fertilizers, such as raw or composted livestock manure, are
characterized by 8'°N values ranging from +3 %o to +37 %o (Choi et al.,
2017). Therefore, N signatures can hardly be used as markers for
traceability unless fertilizers with peculiar N compositions are employed
in orchards (Mukome, Zhang, Silva, Six, & Parikh, 2013). In our study,
the one-way ANOVA test showed that the §!°N of the seed was not
statistically affected (p > 0.05) by the apple provenance orchard.
Moreover, differentiating fruits from the Italian provinces where the
apples were collected, such as in our work, is difficult because the ranges
of 5'°N in fruits from Ferrara and Trento overlap each other and with the
mean 5'°N values of the other provinces (Bolzano, Verona, and Udine)
investigated by Mimmo et al. (2015) (Fig. 3e).

84S values of apple seed

Among studies of traceability of apple fruits, we analyzed for the first
time the isotopic ratios of S in seeds. In general, the main sources of S for
plants are bedrock, fertilizers, and natural atmospheric and anthropo-
genic sources (Sparks, Crowley, Rutherford, & Jaggernauth, 2019). As a
result, 534S in plant tissues is influenced by many factors, such as plant’
growth conditions, sulfides contents in bedrock, atmospheric sulfate
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deposition on the soil surface, synthetic fertilizers use, and seaspray
(aerosolized seawater containing sulfates) deposition in areas close to
the sea (Pianezze et al., 2020).

The 5%4S values of our apple samples presented a wide range from
—2.1 %o to +11.2 %o, with the values of Trento (from —2.1 %o to —0.2 %e;
Table 1) being more negative than those of Ferrara (Ferrara 1: from
+6.8 %o to +11.2 %o; Ferrara 2: from +6.1 %o to +10.1 %o; Table 1).
According to the one-way ANOVA test, the 5>*S of the seed was the
parameter most significantly affected (p < 0.001) by the orchard of
provenance. In Fig. 3f, the box plots and the post-hoc test show that the
634Smd is able to (i) discriminate apples from Ferrara and Trento and (ii)
distinguish apples from the two orchards of Ferrara. The distinction
between the apples of Ferrara and Trento is related to the different
bedrocks that characterize the two provinces. The Trento area is famous
for the presence of sulfide mineralization; therefore, sulfide minerals in
this province, which usually have negative 534S values, are predominant
(Bianchini et al., 2019). On the other hand, the §3*S values of Ferrara
reflect the presence of sulfate minerals in the soil, which are more
enriched in 3S and are abundant in alluvial sediments deposited by the
Po River in a large part of the province of Ferrara (Salani et al., 2021).
Interestingly, according to the post-hoc test results (Fig. 3f), the S
fingerprint could also discriminate the apples from the two Ferrara or-
chards. In fact, the 5%*S values of Ferrara 1 tended to be more positive
than those of Ferrara 2 (Table 1). This difference could be related to the
sediment composition of the soils where the apple plants grew, which is
related to the distance from Po di Volano, a branch of the Po River, the
main Italian fluvial system (Marchina et al., 2016). The Po River collects
sediments from the western and central Alps and north-western

Apennines, where metamorphic and sedimentary rocks are present,
including evaporites enriched in sulfate minerals (Manzi et al., 2007).
The Ferrara 1 orchard is located in the inner meander bend of the Po di
Volano, where most of the sediment load is deposited because the ve-
locity of water flow is slower and the capacity to transport material is
reduced, as indicated by the presence of coarse-medium sized sediments,
such as sand in the areas next to the river (Fig. 1b). The Ferrara 2 or-
chard is located in the floodplain, far away from the river, where only
fine sediments such as clay and silt are deposited (Fig. 1b). Commonly,
clay minerals host impurities including sulfate and sulfide compounds
(Zumaquero, Gilabert, Diaz-Canales, Gazulla, & Gomez-Tena, 2021).
These minerals are characterized by reducing power; therefore, some
sulfate compounds hosted in clay can be reduced into sulfides, which
typically have negative signature (Hoving, Sander, Bruggeman, & Beh-
rends, 2017). Consequently, soils with clay sediments, such as those of
Ferrara 2, which have a mixture of sulfates and sulfides, have less pos-
itive S isotopic signature than soils mainly composed of sand hosting
only sulfate. Such S signatures of the soils were also recorded in the
respective fruit products. Therefore, §>*S appears to be a promising
parameter for the traceability of the exact provenance of apple fruits,
even when orchards are located in a narrow area, because the isotopic
ratio of S is mainly related to the geological features of the soil, which
can also change on a small scale. This feature was also demonstrated by
the study of traceability of the northern Italian cheese by Pianezze et al.
(2020), who distinguished the variety of cheese and the Italian region
and the province of provenance using only the S isotopic signature.
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Combinations of two isotopes are commonly used in traceability
studies in order to investigate positive or negative correlations among
isotopic parameters (Pianezze et al., 2020) and ultimately to trace the
origin of agri-food products because the use of more than one isotope
increases the chance of separating groups of samples based on their
provenance (Won et al., 2021). Therefore, in Fig. 4, we investigated in
detail the correlations between the isotopic parameters of all the apple
subfractions and whether they are useful for tracing the origin of apple
fruits. As expected, although positive correlations were evident among
the C signatures of all subfractions, they were not able to clearly trace
either the orchard or the region of provenance of the samples because
they were linked to the botanical origin of the plants rather than their
geographical origin. The N signature of the seed did not correlate with
any of the other isotopic ratios, indicating that the fertilization practices
used did not affect the other isotopic parameters, including S, which can
also be introduced through fertilization processes. A similar conclusion
was reached by Pianezze et al. (2020), who investigated the relationship
between N and S isotopes for the traceability of Italian cheese. The use of
anthropic fertilizers containing N in all three orchards made it impos-
sible to trace the origin of the apple fruits using the isotopic N signature
as a discriminant parameter. The §°*S ratio of the seed does not correlate
with any other isotopic ratio, indicating that S is affected by other fac-
tors, as also demonstrated by Pianezze et al. (2020). In fact, in this study,
we demonstrated that S is mainly related to the composition of the
sediments of the soils, particularly with the prevalence of sulfides or
sulfate phases. This relation allows for the differentiation of the apple
fruits of Trento from those of Ferrara because they cluster on the
opposite sides of the plots with 534S ratio in one axis. In addition, the
overlap of the samples from the two Ferrara orchards was very limited,
allowing tracing of the exact orchard of the provenance for most of the
sample fruits. Therefore, the S signature of the seed shown in Figs. 3 and
4 is the best parameter for tracing the northern Italian apples, although a
small overlap between the two Ferrara orchards is observed in Fig. 4,
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thus reducing the accuracy of tracing results for any samples of unknown
origin which fall into the overlapping area of the plot.

According to several studies on traceability the multi-element
isotope approach involving different stable isotopic parameters (C, N,
S, O, and H) is the “winning strategy” for tracing the geographical origin
of different agri-food products, e.g., cheese (Camin et al., 2015; Pianezze
et al., 2020), manila clams (Bianchini et al., 2021; Brombin et al., 2022;
Won et al., 2021), and orange juice (Rummel et al., 2010). Recent
studies have demonstrated that the combination of multiple isotopes is
particularly effective for regional food discriminations among samples
collected in different micro-areas with similar environments (Bianchini
et al.,, 2021; Brombin et al., 2022). Multi-isotopic analysis combined
with the linear discriminant analysis (LDA) is the most successful
method in literature to trace the origin of foodstuff (Bianchini et al.,
2021; Brombin et al., 2022; Won et al., 2021) because it combines the
high sensitivity of the IRMS technique with the correlations of the
environmental information of the origin of the products (Jiang et al.,
2020). To perform the LDA with the data of this work, only the isotopic
parameters whose average values were distinguishable among the three
orchards were used (Table 1); therefore, the N isotopic parameter was
excluded because the average 5'°N values of the orchards overlap if we
consider the analytical uncertainty of the analysis (i.e., 0.3 %o). Our
LDA model was validated by cross-validation (CV) using the leave-one-
out (LOO) procedure. In the resulting LDA (Fig. 5), the linear discrimi-
nant LD1 accounted for 97.4 % and LD2 accounted for 2.6 %. Sulfur is
the principal isotopic parameter for distinguishing among the three or-
chards, as indicated in Figs. 3 and 4, and the C signatures of the sub-
fractions also allow for better separation also among the two Ferrara
orchards, thus reducing the overlapping area and allowing for tracing of
the exact orchard of provenance even when the fruit plants grow in areas
that are near each other. In fact, the soils of the two orchards were
characterized by different compositions (i.e., sandy soil vs clayey soils)
which influenced the C signature of the plant-derived products of the
two orchards. This means that even if the differences in C signatures
between the soils of the two orchards are very small, they can contribute
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Fig. 5. Linear discriminant analysis (LDA) of 5'3C and &3S of apple subfractions collected in three orchards in Northern Italy.

to the traceability of the fruits, indicating that the terroir plays a crucial
role in the isotopic composition of plants and their products.

Conclusion

In recent decades consumer consciousness has increased, with people
preferring regional sustainable products to support local farmers and the
national/regional economy. Consequently, farmers are interested in
exhibiting certification of agri-food product provenance. In this context,
the development of rapid and cost-effective analytical approaches is
encouraged for the correct labeling of commodities. We tested the reli-
ability of C, N, and S isotopic fingerprints to trace the exact orchard of
provenance of apples collected in three orchards in Northern Italy. Ac-
cording to our results, the 534S of apple seeds has been demonstrated to
be the best isotopic parameter for tracing the province of provenance of
apples (i.e., Ferrara or Trento) because it is linked to the geological
nature of bedrock. Sulfur can also discriminate the apples of the two
Ferrara orchards, which are located very close to each other, with a
discrete grade of confidence. However, the C fingerprints of apple peel,
pulp, petiole, and seed together with the S fingerprint of the seed in a
linear discriminant analysis (LDA) could better discriminate the apples
of the two orchards, demonstrating that the differences between the
combined isotopic ratios of C and S of the apple subfractions are rele-
vant, and the isotopic fingerprints of plant-derived products, such as
fruits, are affected by the relative terroir. This work demonstrates that
multi-isotopic analysis is a valid method for the local traceability of agri-
food, even when the harvested areas are only a few kilometers apart. In
line with this, to improve the traceability of fruits, an “isotopic identity
card” should be established for individual orchards to distinguish
products from various orchards and ultimately to create an exhaustive
archive for determining the provenance of food by matching the com-
positions of unknown samples with genuine control samples, which will
also in order to reduce food fraud.
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