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ABSTRACT: The 87Sr/86Sr ratio of horticultural products mostly derives from that of the bioavailable Sr fraction of the soil
where they grow and, therefore, varies according to the local geolithological features. This study investigated the intra- and
intertree variability of the 87Sr/86Sr ratio in two apple orchards in South Tyrol and its relation with the soil 87Sr/86Sr ratio. In
both orchards, a moderate homogeneity of the 87Sr/86Sr ratio was observed among subsamples of the same tree part (shoot
axes, leaves, apple peels, and pulps). Moreover, the 87Sr/86Sr ratio homogeneity among tree parts was high intratree and low
intertree. The variability of the 87Sr/86Sr ratio within the tree and within the orchard is explained in light of the 87Sr/86Sr ratios
of the soil. This 87Sr/86Sr variability within orchards does not preclude its use as a geographical tracer; however, this aspect
should be evaluated to correctly design a sampling campaign or to generalize the results.
KEYWORDS: strontium isotopes, soil-derived marker, local ﬁngerprint, Malus × domestica Borkh., MC ICP−MS
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weighted average value of the bedrock.10,11 The soil isotope
composition can also be aﬀected by additional Sr sources, such
as atmospheric depositions, irrigation, organic matter restitution, and other anthropogenic sources.12−16 Only a fraction of
the total Sr present in the bulk soil is actually bioavailable for
plant uptake. Although Sr is not an essential element, it is
assumed that its uptake and internal transport follow the same
pathway of calcium (Ca) because their properties are similar
(e.g., ionic radius and valence), to the point that Sr is often
used as a proxy to trace Ca within the tree.17−19 Similar to Ca,
it is assumed that Sr ions are absorbed mainly from the upper
soil horizons through the apical part of ﬁne roots, where no
Casparian band is present, and then transferred to the diﬀerent
plant organs mostly through the xylem sap.19−23 As a result of
the low mass diﬀerence among isotopes, heavy elements, such
as Sr, exhibit relatively little isotope fractionation (natural and
instrumental) and mass bias can be mathematically
corrected.17,24,25 Therefore, the corrected 87Sr/86Sr ratio of
plants is closely related to that of the soil bioavailable fraction,
ensuring a direct link with the growing environment and
allowing for the use of the 87Sr/86Sr ratio as a traceability
marker.5,17 Despite a lack of an oﬃcial reference method to
recover the soil bioavailable Sr, several authors obtained good
correlation between the soil and plant 87Sr/86Sr ratio,
extracting Sr from the soil with buﬀered solutions.19,26−29
The geologic complexity and presence of multiple Sr inputs
can undermine the strength of the correlation between the soil

INTRODUCTION
The strontium isotope (87Sr/86Sr) ratio is a powerful marker
used in traceability studies in several ﬁelds, including
archeology and forensic, environmental, and food sciences.
The use of this approach in horticulture has already allowed for
a successful discrimination of produces according to their
geographical origin.1−4 Hence, its analysis is considered a
robust and suitable analytical technique helpful as an antifraud
tool.5
Strontium has four stable natural isotopes, 84Sr (0.56%), 86Sr
(9.86%), 87Sr (7.0%), and 88Sr (82.58%), and their relative
composition is not constant but varies over a geological time
scale as a result of the increase of the 87Sr abundance. Indeed,
87
Sr is radiogenic, and its current abundance is the sum of the
primordial 87Sr and the radiogenic 87Sr fraction coming from
the radioactive decay of 87Rb (half-life time = 48.8 × 109
years).6 The mineral Sr isotope composition varies according
to the age of the mineral and its initial Rb/Sr ratio. Older rocks
show a more radiogenic Sr composition compared to younger
rocks, assuming they have the same initial Rb/Sr ratio. Within
the same rock formation period, rocks with a higher initial Rb/
Sr ratio reach higher values of the 87Sr/86Sr ratio over a
geological time scale. As a result of the above-mentioned
processes, the 87Sr/86Sr ratios nowadays measured in rock
materials cover a wide range, depending upon the local
geology, varying from ∼0.703 in the depleted mantle, which is
characterized by a low Rb/Sr ratio, to >0.900 in Archean
granite and metasediments from the old continental crust.7−9
During soil formation processes, minerals release Sr into the
soil through mechanisms of diﬀerential weathering. Because
each mineral is characterized by a speciﬁc 87Sr/86Sr ratio and Sr
weather rate, the 87Sr/86Sr ratio of the bulk soil represents a
© 2019 American Chemical Society

Received:
Revised:
Accepted:
Published:
5728

February
April 19,
April 23,
April 23,

15, 2019
2019
2019
2019
DOI: 10.1021/acs.jafc.9b01082
J. Agric. Food Chem. 2019, 67, 5728−5735

Article

Journal of Agricultural and Food Chemistry
and plant 87Sr/86Sr ratio and, hence, this ratio in agricultural
produces. For example, an unequal horizontal and vertical
distribution of minerals in soils can lead to gradients of soil Sr
isotope composition.10 To our knowledge, how the local Sr
variability is reﬂected into changes of the 87Sr/86Sr ratio at the
plant level has not yet been deeply investigated. Accounting for
microscale variations of the 87Sr/86Sr ratio would greatly
improve the prediction capability of models of the geographical
distribution of Sr.
The aim of this study was to investigate the 87Sr/86Sr ratio
variability at three levels, comparing subsamples of the same
tree part (intrapart variability), diﬀerent tree parts (intratree
variability), and diﬀerent trees of the same orchard (intertree
variability). The 87Sr/86Sr ratio of tree samples was compared
to their respective soil to verify if and to which extent the
individual and spatial variability of the trees is linked to its soil
heterogeneity.

■

Sampling Campaign. At fruit harvest (August−September
2016), six apple trees were randomly selected in both orchards
(Figure S1 of the Supporting Information). Two of the six trees were
adjacent to each other within the same row. From each tree, six shoots
(shoot axes with their leaves) and six fruits were collected at 1−2 m of
height from the ground from diﬀerent tree branches. All of the
subsamples were kept separated and not pooled in a bulk sample. The
soil was sampled from three diﬀerent points around each tree, at ca.
30 cm from the tree trunk base (within the projection area of the
canopy of the tree). When the soil around the two adjacent trees was
collected, the sampling was carried out in the weeded area between
the two trees at 20 and 40 cm of distance from the tree trunks,
respectively. Soil cores were collected from the layer between 10 and
20 cm depth with a soil core sampler (5 cm in diameter).26 All of the
soil samples were processed and analyzed separately.
In May 2017, a second soil sampling was performed to a depth of
80 cm between three randomly selected pairs of adjacent trees per
orchard, in an area equidistant from the trees. After the ﬁrst 10 cm
was discharged, the soil core was divided into subsets of 10 cm each.
From the two adjacent trees, 10 leaves each were randomly collected
and then pooled to obtain a bulk sample to compare to the soil Sr
isotope proﬁle along the soil. All of the soil subfractions of each soil
core were processed and analyzed separately.
Sample Preparation. Sr Extraction from Soil Samples. Soil
samples were sieved at 2 mm, and all of the root pieces were manually
picked out. Samples were dried at 40 °C for 48 h. The Sr-bioavailable
fraction was extracted according to the oﬃcial method DIN ISO
19730,31 in agreement with other authors,3,26 and then ﬁltered with
CA ﬁlters (0.45 μm).
Acid Digestion of Vegetable Samples. For each tree part (shoot
axes, leaves, and apples subsequently divided in peel and pulp), all of
the six subsamples were processed and analyzed separately. Samples
were repeatedly washed with distilled water to remove dust and
deposits from their surface. Leaves with their petiole were manually
separated from their shoot axis, and both the organs were oven-dried
at 65 °C for 48 h. The apple peel was manually separated from the
pulp with a peeler. Then, the central disk of the pulp (ca. 1 cm
thickness) was cut and deprived of the fruit core. The peel and pulp
central disk were freeze-dried in a FreeZone apparatus (Labconco).
Once all samples were powdered, 0.5 g of each sample was digested
with 5 mL of HNO3 (65%, w/w) in a Milestone UltraWAVE
apparatus.15 Digested samples were ﬁltered with PTFE ﬁlters (0.45
μm), transferred into vials, and ﬁlled to 10 mL with distilled water.
Sr/Matrix Separation. To eliminate elements that can interfere
with analysis, especially Ca and Rb, a manual separation of Sr was
performed with a Sr-speciﬁc resin (Triskem International), according
to the method proposed by Swoboda et al.,3 with slight modiﬁcations.
The separation procedure followed these steps: (i) resin activation
with 5.5 mL of 8 M HNO3, (ii) sample load (8 M HNO3), (iii)
washing with 8 M HNO3 (the volume of the acid solution during the
washing step was 3.5 mL for leaves and branches and 4.5 mL for soil
and apple pulp and peel), and (iv) Sr recovery with 8 mL of distilled
water. After the eﬀective Sr/matrix separation was veriﬁed at ICP−
MS, the ﬁnal concentration of the Sr solutions was adjusted to 200
ng/g, except for apple peel and pulp samples, for which it was
adjusted to 20 ng/g.
ICP−MS and MC ICP−MS Analyses. The quantitative analysis of
Ca, Rb, and Sr was performed through an inductively coupled plasma
mass spectrometer (iCAP Q ICP−MS, Thermo Scientiﬁc, Bremen,
Germany) equipped with an autosampler ASX-520 (Cetac Technologies, Inc., Omaha, NE, U.S.A.). The calibration curve was
prepared diluting a stock solution of standards to reach the range of
0.1−250 ng/g for Rb and Sr and 0.01−50 μg/g for Ca. Instrumental
blanks were also included. A standard solution of Sc, Ge, and Y was
used as the internal standard. Instrumental accuracy was evaluated
measuring the certiﬁed reference material TMDA-64.3 and was on
average always comprised between 90 and 110%.
87
Sr/86Sr was measured with a double-focusing multicollector
inductively coupled plasma mass spectrometer (Neptune Plus,
Thermo Scientiﬁc, Bremen, Germany) with a forward Nier−Johnson

MATERIALS AND METHODS

Reagents. Ammonium nitrate (≥98%) was purchased from
Sigma-Aldrich; cellulose acetate (CA) ﬁlters (0.45 μm) and
polypropylene (PP) disposable vials were purchased from Vetrotecnica; and polytetraﬂuoroethylene (PTFE) ﬁlters (0.45 μm) were
purchased from Thermo Fisher Scientiﬁc. Strontium separation was
accomplished using a strontium-selective resin (Sr spec) purchased
from TrisKem International. Monoelemental certiﬁed standards of
rubidium (Rb) and strontium (Sr) were purchased from ULTRA
Scientiﬁc; calcium (Ca) was purchased from Agilent Technologies;
and scandium (Sc), germanium (Ge), and yttrium (Y) were
purchased from Merck. Quality controls were prepared diluting the
TMDA-54.5 certiﬁed reference material (LabService Analytica Srl) for
inductively coupled plasma mass spectrometry (ICP−MS) and SRM
987 [National Institute of Standards and Technology (NIST)] with a
certiﬁed Sr isotope composition for multicollector inductively coupled
plasma mass spectrometry (MC ICP−MS). Nitric acid (65%, Merck)
and high-purity deionized water (18.2 MΩ cm, Elix-Millipore),
additionally puriﬁed through a sub-boiling duoPur distillation system
(Milestone), were used throughout the entire experiment and
analytical work. Vessels and vials were cleaned by an acid steam
cleaning system (Trace Clean, Milestone). Reagents and chemicals
were stored according to the instructions of the suppliers.
Sampling Sites. The study was conducted in two orchards
located in two valleys of South Tyrol (North Italy). In each orchard,
the study area was restricted to a block of adult apple trees (Malus ×
domestica Borkh., cultivar Gala, clone Schnitzer Schniga, rootstock
M9). The distance between apple trees along the row is 0.8 m, and
rows are 3 m apart. The apple orchards were cultivated following the
recommendations of the South Tyrolean guidelines for integrated
fruit production (www.agrios.it). The soil strip below the tree row
(approximately 60 cm wide) was treated with non-residual herbicides
to control weeds, while in the alleys, grasses were regularly mowed.
One of the two orchards (orchard L), planted in 2010, is located in
the Adige Valley, south of Bolzano, in the area of Laimburg
[geographic coordinates, 46° 22′ 48.0″ N and 11° 17′ 26.2″ E;
altitude, 226 m above sea level (asl); and area of the Gala block, ca.
16 500 m2]. Groundwater is used for drip irrigation. The soil has a
silty−loamy texture (25% sand, 64% silt, and 11% clay), 2.7% of total
organic carbon, a high content of carbonates, and a pH value in CaCl2
equal to 7.7. The other orchard (orchard S), planted in 2007, is
located in Val Venosta, close to the village of Sluderno (geographic
coordinates, 46° 39′ 24.7″ N and 10° 34′ 37.1″ E; altitude, 900 m asl;
and area of the Gala block, ca. 700 m2). Groundwater is used for
overhead sprinkler irrigation. The soil has a loamy texture (44% sand,
44% silt, and 12% clay), 4.3% of total organic carbon, low carbonate
content, and a pH value in CaCl2 equal to 5.9. Geologically, the two
sites are located in areas characterized by recent alluvial deposits.30
Moreover, it is documented that, between 1930 and 1940, the orchard
of Sluderno was backﬁlled with soil from a lateral valley.
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Table 1. Concentrations of Ca, Rb, and Sr and Ca/Sr Molar Ratio in the Diﬀerent Tree Parts for the Two Orchardsa
orchard

tree part

L

shoot axis
leaf
apple peel
apple pulp
shoot axis
leaf
apple peel
apple pulp

S

Ca (μg/g)
17588
21815
806
319
17940
16131
905
374

±
±
±
±
±
±
±
±

6105
7275
239
84
4978
3935
192
77

Rb (μg/g)
3.8
7.3
3.9
5.1
10.6
19.3
11.7
15.0

±
±
±
±
±
±
±
±

1.8
3.5
1.5
1.9
6.2
13.5
7.8
9.7

Sr (μg/g)
64.7
67.8
1.2
1.1
59.3
42.6
1.2
1.2

±
±
±
±
±
±
±
±

19.0
26.9
0.5
0.3
16.7
12.0
0.3
0.3

Ca/Sr (mmol/μmol)
0.60
0.74
1.53
0.63
0.67
0.84
1.66
0.72

±
±
±
±
±
±
±
±

0.14
0.15
0.29
0.10
0.06
0.09
0.20
0.10

For each tree part, the mean ± sd of 36 samples is reported.

a

Figure 1. 87Sr/86Sr ratio measured in diﬀerent organs/tissues of the six apple trees sampled in orchard L. Each point represents the mean ± sd of six
samples. Lowercase letters identify signiﬁcant diﬀerences for the same tissue among diﬀerent trees, and capital letters identify signiﬁcant diﬀerences
for diﬀerent organs/tissues within the same tree. When letters are not present, diﬀerences are not signiﬁcant.

Figure 2. 87Sr/86Sr ratio measured in diﬀerent organs/tissues of the six apple trees sampled in orchard S. Each point represents the mean ± sd of six
samples. Lowercase letters identify signiﬁcant diﬀerences for the same tissue among diﬀerent trees, and capital letters identify signiﬁcant diﬀerences
for diﬀerent organs/tissues within the same tree. When letters are not present, diﬀerences are not signiﬁcant.
of Pure and Applied Chemistry (IUPAC) value of 8.3752,33 and
mathematical correction for the isobaric interference of 86Kr and
87
Rb.26 Soil, shoot axis, and leaf samples were measured in wet plasma
conditions, while apple peel and pulp samples were measured in dryplasma conditions (CETAC Aridus apparatus as the aerosol drying
unit and jet sample cone + H Ni skimmer cone).
All of the analyzed solutions at ICP−MS and MC ICP−MS were
adjusted to reach a ﬁnal concentration of 2% nitric acid. Instrumental
conditions were reported in a previous study.15
Statistical Analysis. First, the 87Sr/86Sr ratio of apple tree organs
and tissues were analyzed on three levels. The intrapart variability was
evaluated comparing the dispersion (sd) of the 87Sr/86Sr ratio around
the mean value for the subsamples of each tree part. The analysis of
variance (ANOVA) was performed ﬁrst to compare the 87Sr/86Sr ratio
among diﬀerent tree parts within each tree (intratree variability) and
then to evaluate the variability of the 87Sr/86Sr ratio among the trees
(intertree variability). The post hoc Tukey honest signiﬁcant

geometry. A Ni sampler and skimmer cone were used. The analysis
was carried out in static mode and low resolution. The multicollector
was equipped with nine Faraday cups, eight of which are moveable
and one ﬁxed (conﬁguration: L4, 82Kr; L3, 83Kr; L2, 84Sr, L1, 85Rb; C,
86
Sr; H1, 87Sr; and H2, 88Sr) and 1011 Ω resistors as ampliﬁers. The
instrument was tuned daily, and its accuracy was determined
analyzing the NIST SRM 987 certiﬁed reference solution at the
beginning, at the end, and at every block of samples in the
sequence,1,32 bracketed with a blank solution. Replicated measurements of SRM 987 provided an average ratio of 0.710 247 ±
0.000 013 (the uncertainty is expressed as twice the standard
deviation) within the measuring period of this study, consistent
with both the certiﬁed value (0.710 34 ± 0.000 26) and “generally
accepted” value [0.710 26 ± 0.000 02, with the uncertainty expressed
as twice the standard deviation (sd)].
Raw data were corrected as follows: blank subtraction, mass bias
correction normalizing the 88Sr/86Sr value to the International Union
5730
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diﬀerence (HSD) test at a 5% level of probability was used for
pairwise comparisons. A two-tailed t test for paired samples was
applied to compare the average 87Sr/86Sr ratio of the tree leaves to the
soil at 10−20 cm for the ﬁrst sampling. Moreover, the t test was
performed to verify diﬀerences between leaf and soil samples
measured at the two samplings. The level of signiﬁcance was ﬁxed
at a p value of 0.05. A priori power analysis was performed to calculate
the sample size in a simulated experimental design, taking this study as
the reference pilot study, given the following parameters: p value,
power (1 − β, with β equal to the probability of type II error), and
eﬀect size [diﬀerence between two means (|m1 − m2|) divided by the
pooled sd].34 Three diﬀerent levels of eﬀect size were used (0.8, 0.5,
and 0.2), according to the classiﬁcation of Sawilowsky.35 The p value
was set to 0.05, and power was set to 0.8. All of the statistical analyses
were performed using the computing environment R (R Core Team).

■

RESULTS AND DISCUSSION
Intra- and Intertree Variability. Table 1 summarizes the
average concentrations of Ca, Rb, and Sr found in the analyzed
tree parts. Both Ca and Sr concentrations in leaves and in
shoot axes were higher than in fruits.36 The same allocation
pattern of the two elements supports the use of Sr as a proxy
for Ca.10 The Ca/Sr ratio (molar ratio) was similar for shoot
axes, leaves, and apple pulp, while the apple peel showed
higher ratios, in agreement with data from Ž ivković et al.,37
and might be due to the use of Ca solution as a spray treatment
to reduce low-calcium physiological disorders in apples, such as
cork spots and bitter pit. Ca from sprays, in fact, tends to
accumulate in the peel and in the external cells of the pulp.
Leaves and shoots also intercept and absorb Ca from sprays,
but such amounts hardly modify the Ca concentration, which
is already high.
Figures 1 and 2 report the 87Sr/86Sr ratio of the six
subsamples for each tree part (organs and tissues) measured in
the two orchards. In orchard L, the 87Sr/86Sr ratio ranged from
0.709 70 to 0.711 73 (Δ = 0.002 03). The ratios measured in
orchard S were between 0.718 95 and 0.725 98 (Δ = 0.007 03),
indicating a relatively higher content of radiogenic Sr than in
orchard L. The average isotope ratio for the two orchards,
calculated as the mean of each tree 87Sr/86Sr ratio, was
0.710 63 ± 0.000 71 (mean ± sd) for orchard L and 0.722 19
± 0.002 14 for orchard S. The 87Sr/86Sr ratios measured in the
trees from orchard S covered a higher range than those
measured in orchard L (Figures 1 and 2). This is not justiﬁed
by the orchard area, because the sampled block of Gala trees in
orchard S was much smaller than that in orchard L (Figure S1
of the Supporting Information).
Considering the average 87Sr/86Sr ratio dispersion for each
tree part, the sd values of the six subsamples were on average
lower for orchard L than for orchard S, 0.000 13 and 0.000 58,
respectively (Figures 1 and 2). This lack of uniformity among
subsamples and, hence, among diﬀerent tree branches might
reﬂect the fact that Sr, like Ca, is rather immobile within a
plant and, once translocated from the absorbing roots to the
leaves, is not remobilized and redistributed within the entire
canopy.21 It is also likely that Sr transport within apple trees
from the roots to the canopy follows a sectorial pattern instead
of an integrated pattern, as highlighted for other nutrients,38−40
but additional studies would be required to support this point.
For both orchards, the ANOVA showed intratree homogeneity, indicated by no signiﬁcant intratree diﬀerences among
organs/tissues (Figures 1 and 2). The intratree homogeneity
can also be appreciated in Figure 3, where the leaf ratios were
plotted against those of their shoot axes, showing a high

Figure 3. 87Sr/86Sr ratio of the leaves plotted against the 87Sr/86Sr
ratio of the shoot axis where they were attached. Each point
represents a subsample (n = 36).

correlation between the two organs, with R higher than 0.99,
and a slope close to 1 for both of the orchards. Similar
relationships were also obtained comparing the other organs/
tissues (data not shown). The intertree homogeneity was
rather low (p < 0.001) in both orchards, as it appears from the
comparison of the 87Sr/86Sr ratio for the same tree part among
the six trees sampled in each orchard (Figures 1 and 2).
Generally, the same intertree trends were present in all of the
organs/tissues, as determined through pairwise comparisons.
Despite the overall lack of homogeneity, the two adjacent trees
had the same isotopic composition in both of the orchards (L1
and L2 in Figure 1 and S5 and S6 in Figure 2). To better
explain the intrapart variability and the intertree heterogeneity,
the plant−soil relation was investigated.
Soil as a Source of Variability. The soil samples collected
at a depth of 10−20 cm in orchard L had a Sr isotope ratio
between 0.708 53 and 0.710 98, while the range was between
0.714 24 and 0.718 04 in orchard S (Table 2). The sd of the
87
Sr/86Sr ratio in the soil samples collected below each tree,
deriving from the independent analysis of the three soil
subsamples, indicates a greater variability in orchard S than in
orchard L (0.000 94 and 0.000 27, respectively). These results
conﬁrm the complexity of the soil matrix, showing that, even
within a small area and at the same depth, there could be a
relatively large variability of the 87Sr/86Sr ratio.
In Figure 4, the average 87Sr/86Sr ratio of the leaves of each
single tree was plotted against the ratio in the soil collected
close to the tree. While we found a good correlation between
the two sets of data for orchard L (R > 0.95; Figure 4B), there
was no correlation in orchard S (Figure 4). In light of the
obtained results, we concluded that the intertree heterogeneity
for orchard L is due to the heterogeneity of the soil 87Sr/86Sr
ratio underneath each tree. Moreover, the variability of the
87
Sr/86Sr ratio among the three soil sampling points at the
same depth (10−20 cm) underneath each tree can also explain
the intrapart variability: apple tree roots are, in fact, spread in
the soil in diﬀerent directions, and they absorb bioavailable Sr
from the adjacent soil. If there is a horizontal variability of the
87
Sr/86Sr ratio in the area surrounding the root system, this
variability is then transferred to the tree canopy.
More detailed information about the 87Sr/86Sr ratio
variability within the orchards was inferred from the results
5731
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Table 2. Results of the 87Sr/86Sr Ratio Analysis of Soil Samples Collected at 10−20 cm Deptha
orchard

tree ID

L1/L2

L3

L4

L5

L6

mean per orchard

sd per orchard

L

mean per tree
sd per tree
tree ID

0.71078
0.00027
S1

0.70928
0.00018
S2

0.70914
0.00053
S3

0.70968
0.00016
S4

0.71003
0.00023
S5/S6

0.70978

0.00066
0.00027
sd per orchard

mean per tree
sd per tree

0.71546
0.00094

0.71500
0.00069

0.71622
0.00158

0.71699
0.00032

0.71560
0.00119

orchard
S

mean per orchard
0.71586

0.00077
0.00094

a

Each value per tree derives from the mean of the three soil subsamples collected beneath each tree.

Figure 4. (A) 87Sr/86Sr ratio of the tree leaves plotted against the 87Sr/86Sr ratio of the soil collected close to the same tree at a depth of 10−20 cm.
Average ratios for both orchards are represented (n = 12). (B) Data regarding orchard L are enlarged.

Figure 5. Leaf 87Sr/86Sr ratio plotted together with the corresponding 87Sr/86Sr proﬁle in the soil. Each line connects values coming from the same
sampling point.

Figure 6. Sr concentration gradient along the soil proﬁle (10−80 cm depth) for the three sampling sites within each orchard. Each point is the
mean of the Sr concentration in the three soil cores at a speciﬁc depth.
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Table 3. Results of the Power Analysis for Three Levels of Eﬀect Size: Large (0.8), Medium (0.5), and Small (0.2)a
large variability

small variability

small/large variability

n

eﬀect size

pooled sd

|m1 − m2|

pooled sd

|m1 − m2|

pooled sd

|m1 − m2|

26
64
393

0.8
0.5
0.2

0.00206
0.00206
0.00206

0.00165
0.00103
0.00041

0.00066
0.00066
0.00066

0.00053
0.00033
0.00013

0.00153
0.00153
0.00153

0.00122
0.00076
0.00031

a

Power and p value were set at 0.8 and 0.05, respectively.

geological features. In relation to the variability of the 87Sr/86Sr
ratio, geological complexity plays a pivotal role. The 87Sr/86Sr
ratio shows a low variability in geologically simple areas (e.g.,
ancient ocean basins), while it has rather high variability in
complex regions (e.g., mountainous areas and accretionary
terranes).11 This complexity can lead to a large range of
isotopic composition within a limited area, as reported in the
literature,44,45 and it entails diﬃculties in determining if the
sample size is representative for the explored area. When the
intraregion variability of the 87Sr/86Sr ratio is high, it more
likely overlaps with the values of other regions. Consequently,
given a certain sample size, a decrease in the classiﬁcation
power of the 87Sr/86Sr ratio according to the product origin
may occur, limiting the possibility to predict the origin of
unknown samples in traceability and authenticity studies.
To better clarify this point, we performed power analysis,
taking this investigation as a pilot study, to deﬁne the proper
sample size per orchard for further studies. Considering the
two orchards of this study, the eﬀect size (d) was huge
according to the classiﬁcation of Sawilowsky [d (0.01), very
small; d (0.2), small; d (0.5), medium; d (0.8), large; d (1.2),
very large; and d (2.0), huge].35 Therefore, our sample size was
acceptable to detect a signiﬁcant diﬀerence between the
87
Sr/86Sr ratios of the two orchards. However, if the eﬀect size
decreased to 0.8, 0.5, or 0.2, the calculated sample size would
dramatically increase to 26, 64, or 393, respectively (Table 3).
For each eﬀect size, we calculated what should be the
minimum diﬀerence between the mean 87Sr/86Sr ratio of two
orchards (|m1 − m2|) when both of them show large or small
sd. In the ﬁrst case, we simulated that both orchards had the sd
of orchard S, while in the second case, we simulated that both
orchards had the sd of orchard L. From our results (Table 3),
considering a large eﬀect size (0.8), the calculated |m1 − m2| is
0.001 65 and 0.000 53, respectively. Finally, we evaluated the
case of orchards with small/large sd, as in this study, obtaining
a calculated |m1 − m2| with a large eﬀect size equal to 0.001 22,
lower than what we actually found.
Another implication emerging from these results regards the
possibility to generalize the measured data over a large area or
other species.45,46 To create a reliable and comprehensive data
set of Sr isotope ratios for samples with known origin, the
sampling campaign should be adequately planned to collect
representative samples and to guarantee an extensive sampling
coverage, especially for the areas characterized by a high local
to regional geologic complexity. However, this planning is not
easily accomplished because it requires interdisciplinary
knowledge of the area or the possibility to perform preliminary
studies. Local heterogeneity also increases the diﬃculty of
developing accurate predictive models. Indeed, high intra-area
variability can lead to a consistent number of under- or
overpredicted empirical data that signiﬁcantly diﬀer from the
true value, especially if the model combines results from
samples of diﬀerent nature, as described by other authors.11
When species characterized by diﬀerent root growth along the

of the second sampling campaign (Figure 5). Moving from the
shallower to the deeper layers, there was a slight increasing
87
Sr/86Sr ratio in orchard L, while in orchard S, the variability
among layers was rather high. In orchard S, the ratio raised
from 0.716 62 to 0.722 69 moving from 10 to 40 cm, but in the
40−50 cm layer, there was an abrupt change of the ratio, with a
value similar to that of the top layer (0.715 94). Then, the ratio
increased again toward the deepest layers (Figure 5). The
ratios measured in the layer between 10 and 20 cm during the
ﬁrst sampling (0.715 81 ± 0.001 11) fell within the range of
values measured at the same layer during this sampling
(0.716 62 ± 0.002 59), with no signiﬁcant diﬀerences between
the mean at the two sampling times. Inﬂection points, such as
those found in the soil of orchard S, and diﬀerences in the
87
Sr/86Sr proﬁle of the soil comparing the results of multiple
soil cores collected within the same area are quite
common.26,41 Such a behavior depends upon the mineral
composition of the soil and soil evolution that cause the release
of Sr from minerals at diﬀerent weathering rates through the
geological eras.10,17,42 Factors such as climate, topography, and
vegetation inﬂuence the soil formation processes and their
rates.11 Moreover, the topsoil is especially aﬀected by
secondary Sr sources or soil perturbations.43 In orchard S,
also the backﬁll that occurred in the past may have contributed
to the overall heterogeneity of the soil layers, even though too
little information about the backﬁll is available to properly
reconstruct the event.
The samples collected from the tree canopies showed an
average Sr isotope ratio of 0.710 35 ± 0.000 16 for orchard L
and 0.721 42 ± 0.001 50 for orchard S (Figure 5), similar to
those measured the previous year. In orchard S, we speculate
that root Sr uptake was rather limited from the 40−50 cm soil
layer: in fact, the Sr concentration (Figure 6) was especially
high in the 40−50 cm layer (6.24 ± 1.08), but the 87Sr/86Sr
ratio was low (0.715 94 ± 0.004 02).
Implications for Traceability Studies. In this study, we
demonstrated that the variability of the soil Sr isotope ratio
within an apple orchard can be signiﬁcantly high within a
restricted area, as in the case of orchard S, or rather limited in a
much larger area, as in the case of orchard L. In addition, we
also always observed that both the intrapart and the intertree
variability of the 87Sr/86Sr ratio were related to the 87Sr/86Sr
variability in the soil. A high intratree homogeneity emerged
comparing diﬀerent tree parts (shoot axes, leaves, apple peels,
and pulps). In the perspective of traceability studies based on
the 87Sr/86Sr ratio, this result implies that the sampling can be
performed indiﬀerently in one of the tree parts, without
signiﬁcantly aﬀecting the measured ratios. This aspect is of
great importance, especially considering that fruits and, more
in general, horticultural products are only seasonally available.
The requisites to apply the Sr isotope ratio method in
traceability studies rely on the assumption that this ratio is
mineral-dependent; therefore, it varies according to the local
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soil proﬁle are grown in an area characterized by high
geological complexity, they might diﬀer in their Sr isotope
composition, because bioavailable Sr is absorbed from diﬀerent
layers.
In conclusion, this study highlighted that diﬀerent organs
sampled from the same part of the canopy have a rather
homogeneous 87Sr/86Sr ratio, while the same organ collected
from diﬀerent branches of the same trees might slightly diﬀer
in the isotopic ratio. Diﬀerent trees from the same orchard
might show some variability of the 87Sr/86Sr ratio, whose
extent depends upon the horizontal and vertical variability in
the soil 87Sr/86Sr ratio. For such a reason, the size of sampling
must be planned carefully.
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