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Abstract

Despite extensive studies, global patterns governing the accumulation of essential and
non-essential elements in grapevine leaves remain insufficiently understood. Therefore,
a comprehensive literature survey of 148 studies (selected according to PRISMA 2020
guidelines) was compared with authentic elemental analyses of young and mature leaves
of the white cultivar Rhein Riesling and the red cultivar Cabernet Sauvignon to identify
the major drivers of grapevine leaf ionome composition. In unstressed grapevine leaves,
macroelements followed the concentration order Ca > K > Mg > P, whereas microelements
decreased in the order Fe > Mn > Cu > B > Zn > Mo. Seasonal development was associated
with opposite trends between Ca and Mg versus K and P. Geographic origin and berry color
were associated mainly with differences in Ca, P, Mn, Cu and Fe concentrations. In our
authentic samples, potentially toxic elements occurred at substantially lower concentrations
than commonly reported in the literature (mainly Pb, Co, As, Cd, Cs, Al, Sr, Ba, Li and
Zr). Mature leaves accumulated higher levels of non-essential elements than young leaves,
although bioaccumulation from soil remained generally low. Correlation analyses further
demonstrated cultivar-dependent relationships among elements, particularly involving
Mg. Multivariate analyses revealed that leaf developmental stage represented the pri-
mary factor shaping elemental composition, while cultivar-specific effects constituted a
secondary but detectable source of variation. Our results identify phenological stage as
a dominant factor controlling ionomic composition and suggest that Mg-, Fe-, Zn-, and
Cu-associated processes may contribute to the regulation of the accumulation of toxic
elements in grapevine leaves.

Keywords: heavy metals; mineral nutrition; ontogenesis; soil pollution; vineyard

1. Introduction
Grapevine (Vitis vinifera L.) is one of the most important fruit crops in the world and,

according to available data, is cultivated on an area of approximately 7.5 million hectares
worldwide [1]. Its cultivation, among other things, requires the application of fungicides,
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often copper-based, which can affect the concentration of elements in the soil and in
plants [2], and the accumulation of elements is also influenced by soil conditions and
geographical location [3].

Plants require a continuous supply of mineral elements throughout their life cycle,
particularly essential nutrients that support metabolic functions and are mainly absorbed
from the soil [4,5]. In addition, plants may contain elements that are not necessary for their
vitality or are directly harmful, including toxic elements (and especially the so-called heavy
metals) such as cadmium, lead, chromium, arsenic, tin, cesium, and others [6].

The effect of metals on plants depends on many factors, including the properties of
the element, the duration of exposure, the applied concentration, and the plant species
itself [7–9]. In addition, there is an interaction between essential and non-essential elements
in terms of their impact on metabolism [6]. Cultivar-dependent differences in grapevine
elemental composition remain poorly resolved, with conflicting reports regarding the
accumulation of undesirable elements in white and red cultivars [3,10].

Although there are several works on grapevine focused on elemental profiling of
individual cultivars [11], a comprehensive comparison of grapevine in terms of variety
color, geographical origin, and ontogenetic stage is lacking. Plant leaves, as the main organ
of photosynthesis, require the uptake of elements from the soil through transpiration and
are therefore a suitable indicator of elemental contamination in terms of the accumulation
of unnecessary or directly toxic elements. Leaf elemental analysis is commonly used to
assess environmental pollution, as patterns of element bioaccumulation can help identify
potential contamination sources [12].

The aim of this work is, to our knowledge for the first time, to assess the concentration
of 30 selected essential and non-essential elements in control (unstressed) grapevine leaves
growing in soil and to assess accumulation of elements in this species in terms of various
factors (geographic origin, berry color, chlorotype and ontogenetic/phenological stage).
In addition to this separation, we also present detailed statistical indicators allowing us
to assess the reliability of the data analyzed. As an original aspect, we provide a detailed
comparison of our authentic leaf samples of two common cultivars and their ontogenetic
stages, assess the bioaccumulation in relation to the element concentration in the respective
soil, and compare our data with data extracted from the literature. The results provide a
basis for further research into elemental contamination of grapevines from the perspective
of cultivars and time.

2. Global Overview of the Concentration of Elements in Grapevine Leaves
Analysis of 148 publications and 573 individual quantitative observations revealed that

most studies investigating the elemental composition of grapevine leaves were conducted
in Europe and Turkey, representing approximately 80% of all records included in the dataset
(Figure 1 and supplementary Excel file “Dataset S1—all quantitatively analyzed studies”).

2.1. Essential Elements

Based on the overall dataset, we conclude that the quantity of essential macroelements
in grapevine leaves is in the descending order Ca > K > Mg > P (Table 1). The concentration
of macroelements in leaves in a similar order has generally been observed in individual
studies [13–15]. Subsequent separation based on geography, cultivar and chlorotype
showed significant quantitative differences, especially in the concentration of Ca and P
depending on the continent and/or berry color (Figures S2 and S3). In contrast, ontogenetic
development exerted a significant effect on leaf macroelement concentrations, characterized
by increasing accumulation of Ca and Mg and declining concentrations of K and P during
berry ripening (Figures S2 and S3). Such changes in the concentration of macroelements

https://doi.org/10.3390/plants15132021

https://doi.org/10.3390/plants15132021


Plants 2026, 15, 2021 3 of 22

in leaves during individual phenological stages have been observed in individual studies,
which indicate a general trend [16,17]. The remobilization of individual elements is often
species-specific and influenced by multiple factors, but for example, Ca is characterized by
low mobility in plants [18].

Figure 1. World map (A) and a map of most of Europe (B) showing the geographical origin of the
grapevine cultivars whose leaves were analyzed in papers processed in this review. White = most
cultivars analyzed in that country had white berry color; red = most cultivars analyzed in that
country had red berry color; np = cultivars analyzed in that country had unspecified berry color;
white/red = an equal number of red and white cultivars were analyzed in the given country. The
number within each country indicates the total number of unique values we processed in this work
(two-letter country codes according to https://countrycode.org/, accessed on 12 March 2026). Data
from Tajikistan and Israel are not visible on the map (both countries have only one unique value).
In total, 573 unique data across the world were processed (for details, see the Supplementary File
“Dataset S1—all quantitatively analyzed studies”).
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Table 1. Descriptive statistics of concentrations of 30 selected elements in grapevine leaves extracted
from the available literature (selected according to Table S1 and Figure S1). All data are expressed per
g of leaf dry weight. Elements are sorted in descending order based on the average value (mean).
N—number of values for a given element, min./max.—range of values found, SE—standard error.
For the concentrations of individual elements with respect to world area, berry color, chlorotype and
stage of phenological development, see Figures S2–S7 and Table S4 in Supplementary Materials.

N Min. Max. Mean SE Lower
95% CI

Upper
95% CI

Ca (mg/g) 401 0.07 94.8 18.5 0.593 17.3 19.7
K (mg/g) 477 0.1 42.5 9.36 0.263 8.85 9.88

Mg (mg/g) 366 0.01 15.4 3.40 0.098 3.21 3.6
P (mg/g) 352 0.11 8.13 2.26 0.0742 2.12 2.41

Na (mg/g) 156 0.012 14.1 0.724 0.144 0.439 1.01
Fe (mg/g) 388 0.0135 2.83 0.165 0.0113 0.142 0.187
Al (mg/g) 72 0.0189 1.61 0.201 0.0361 0.129 0.273
Mn (mg/g) 331 0.0027 1.03 0.117 0.00699 0.103 0.13
Sr (µg/g) 65 3.46 381 96.2 10.8 74.6 118
Cu (µg/g) 288 0.5 619 64.3 6.41 51.7 76.9
Zr (µg/g) 11 0.052 168 44.1 19.7 0.204 87.9
B (µg/g) 206 6.4 498 37.4 3.15 31.2 43.6

Zn (µg/g) 390 0.02 596 34.4 2.59 29.3 39.5
Li (µg/g) 41 0.01 45 22.7 2.33 18 27.4
Ba (µg/g) 67 1.39 98.2 22.3 2.31 17.6 26.9
As (µg/g) 26 0.001 63 6.44 3.34 −0.431 13.3
V (µg/g) 37 0.001 130 5.70 3.4 −1.33 12.4
Rb (µg/g) 27 1.39 35 5.46 1.18 3.04 7.89
Ti (µg/g) 14 0.12 18.6 5.28 1.63 1.77 8.8
Cs (µg/g) 16 0.029 10.4 4.93 0.787 3.26 6.61
Ni (µg/g) 89 0.04 47.9 3.89 0.773 2.36 5.43
Pb (µg/g) 124 0.0043 40.5 2.88 0.545 1.8 3.96
Cr (µg/g) 64 0.001 6.19 1.77 0.28 1.21 2.34
Co (ng/g) 68 10 3220 685 110 465 904
Cd (ng/g) 133 1 3680 344 58.5 228 459
Se (ng/g) 21 10 2150 180 99.7 −28 388
Sn (ng/g) 6 35.8 180 94.2 24.6 31 157
Mo (ng/g) 26 4.02 500 92.9 25.8 39.8 146
Sb (ng/g) 14 1 51.5 17.1 3.32 9.91 24.2
Be (ng/g) 5 2.36 3.71 2.73 0.249 2.04 3.42

The concentration of microelements in leaves followed the descending order
Fe > Mn > Cu > B > Zn > Mo based on the overall dataset, although SE values were
higher for several elements compared to macroelements (Table 1). Significant differences in
Cu values can be explained by the application of conventional fungicides in some studies (as
reported, for example, in [3]). In line with these data, the application of copper fungicides
to the Sauvignon Blanc cultivar increased Cu concentration in both juice and berry skin, but
the largest differences (more than 15-fold) compared to the control group were identified in
the leaves [2]. In particular, Mn, Cu, and Fe concentrations differed based on geography or
berry color (Figures S4–S6), with red varieties typically containing more of these microele-
ments (Figures S4 and S6). Individual studies did not find such a clear trend for all three
elements, but higher Cu [1] and Fe [3] concentrations were observed in red cultivars grown
in Italy and the Balkan countries. In contrast, other studies analyzing the concentration of
microelements in red and white varieties revealed the opposite or no trend [19,20]. The lack
of consistent differences in microelement concentrations indicates that their accumulation
is likely governed by a combination of genetic, physiological, and environmental factors.
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Nevertheless, the elevated concentrations of certain microelements, especially Fe, observed
in red cultivars may be partly associated with the enhanced synthesis and metabolism of
phenolic compounds in these genotypes (e.g., flavone 3-hydroxylase [21]).

2.2. Non-Essential and Toxic Elements

Among the elements analyzed in this work, Na, Al, Sr, Zr, Li, Ba, V, Rb, Ti, Cs, Se, Sb,
and Be can be labeled as non-essential (ranked in descending order based on the mean
value, Table 1), but they are commonly found in plants in trace amounts. The mean values,
especially for Zr, V, and Se due to the wide 95% CI, require further monitoring. Sodium
deserves particular attention in continental comparisons, as desertification and increasing
aridity can reduce water availability and contribute to soil salinization. Despite the rela-
tively low mean Na concentration observed across the entire dataset (0.724 mg g−1 DW;
Table 1), European studies consistently reported several-fold lower Na accumulation in
grapevine leaves compared with studies from Asia and other continents, suggesting poten-
tial regional differences in salinity exposure and/or plant adaptation to local environmental
conditions (Figure S3A, Table S4). Conversely, further separations based on cultivar color,
chlorotype, and phenological stages did not show clear trends or significant differences
between the analyzed groups for some of these elements (Figures S3–S6), although most of
them were not analyzed due to a lack of data (Table 1).

Among the toxic elements, the concentrations of Cd, Pb, Cr or As are most often
monitored in studies with different plant matrices, and less often Sn or Co accumula-
tion. The overall dataset indicates a high variability in the concentration of most of these
elements (min/max values), and in the case of As, a wide range of CI values was also
observed (Table 1). The average concentration of these toxic elements was in the order
As > Pb > Cr > Co > Cd > Sn (Table 1), and a similar order of concentration of individual
elements was generally observed in individual studies [22,23]. Separation based on geogra-
phy, cultivar color, chlorotype and phenological stage showed differences for Pb and Cr,
especially in the latter parameter (Figure S7). Although the obtained average values can be
compared with a large amount of individual data from many papers, for comparison we
mention similar quantities of elements in leaves of different genera and families of trees
in the area of potential pollution, where Cd concentrations up to about 100 ng/g and Pb
up to 2.80 µg/g were found [12]. These data indicate similar accumulation of elements
resulting from airborne contamination in leaves of woody plants across continents (and
bioaccumulation from soil is discussed below in connection with our authentic data).

Although nickel is considered an “ultra-microelement” in plants, it is included in this
section due to its potential phytotoxicity, with concentrations above 10 µg/g DW generally
regarded as toxic [24]. Analysis of the entire dataset in grapevines showed a mean value of
3.89 µg/g (Table 1), while separation based on different parameters did not reveal clear
trends (Figure S7). However, Ni concentration seems to be significantly higher in white
cultivars (Figure S7B), which was also found in the white cultivar Italian Riesling [20] and
in our authentic data (see discussion below and Table 2).

2.3. Correlation Analyses

Correlation analyses of the literature dataset revealed several significant relationships.
We identified a negative relationship between K and Ca, as well as between Ca and P and,
conversely, a positive correlation between Mg and Ca (Figure 2).
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Table 2. Concentration of selected elements in leaves of authentic white grapevine (Rhein Riesling)
and red grapevine (Cabernet Sauvignon), and in the corresponding soils (pseudo-total concentration).
Leaf samples from both ontogenetic stages were collected during the flowering stage (May 2025). All
concentrations are expressed on a dry-weight basis (per g of leaf or soil dry weight) and represent
mean values of three independent samples. Data are presented in descending order according to
the first column on the left. For leaf data, values within a row sharing the same letter(s) are not
significantly different according to one-way ANOVA followed by Tukey’s post hoc test (p > 0.05).
Differences in soil element concentrations were assessed using a t-test, with *, **, and *** indicating
significance at p < 0.05, p < 0.01, and p < 0.001, respectively. Ratios of individual elements between
leaves and soil (bioaccumulation factors) are provided in Table S6 of the Supplementary Materials. A
comma within a number indicates tens of thousands.

White Leaves Red Leaves Soil

Young Mature Young Mature White Red

K (mg/g) 18.7 a 9.10 c 16.1 b 9.81 c 10.8 10.5
Ca (mg/g) 9.27 b 10.5 b 5.38 c 13.4 a 69.3 75.0
P (mg/g) 5.48 a 2.61 c 5.37 a 3.44 b 0.83 1.03

Mg (mg/g) 1.73 a 1.33 b 1.22 b 1.71 a 8.05 10.2
Fe (µg/g) 44.8 c 70.6 a 43.6 c 56.7 b 20,364 18,961
Zn (µg/g) 42.9 a 21.9 b 42.4 a 21.9 b 65.0 70.6
B (µg/g) 36.0 b 34.3 b 30.6 b 43.3 a 32.7 40.1

Mn (µg/g) 32.9 c 47.0 b 49.1 b 78.4 a 549.0 513.8
Rb (µg/g) 30.2 a 9.98 c 23.1 b 2.85 d 71.7 72.5
Na (µg/g) 19.6 a 11.8 b 20.7 a 10.6 b 6332 6176
Al (µg/g) 17.9 c 57.8 a 10.4 d 30.8 b 43,855 47,213
Cu (µg/g) 15.3 a 11.7 b 15.1 a 14.1 a 30.7 36.8
Sr (µg/g) 10.5 c 13.6 b 10.6 bc 29.6 a 154.9 249.9 ***
Ba (µg/g) 2.58 c 3.18 b 2.80 bc 5.04 a 306.51 349.54
Ni (µg/g) 2.08 a 1.96 a 1.39 b 0.74 c 23.9 26.4
Ti (µg/g) 0.83 b 2.16 a 0.42 c 1.92 a 2343 1898 **
Cr (ng/g) 470.5 b 932.9 a 375.0 b 432.2 b 43,852 39,735
Mo (ng/g) 273.3 b 365.9 a 237.6 b 235.4 b 736.6 1550 ***
Cs (ng/g) 103.8 a 57.1 b 60.9 b 18.4 c 3989 5639 ***
Sb (ng/g) 29.6 c 109.6 a 22.0 c 93.9 b 709.8 762.5
V (ng/g) 29.6 c 90.9 a 17.1 d 49.5 b 52,294 50,571
Pb (ng/g) 28.7 b 91.2 a 18.3 b 84.5 a 12,983 12,772
Se (ng/g) 25.1 c 31.9 b 36.4 b 58.5 a 4891 4619
Li (ng/g) 23.4 c 57.5 a 15.5 d 34.3 b 24,035 32,161 *
Co (ng/g) 23.4 b 34.8 a 19.9 b 20.6 b 7612 7980
Sn (ng/g) 10.6 b 17.8 a 8.98 b 17.6 a 2156 2459
As (ng/g) 9.89 c 18.9 a 8.43 c 12.6 b 33,130 32,332
Zr (ng/g) 9.01 c 23.9 a 7.22 c 19.0 b 21,454 22,513
Cd (ng/g) 2.33 b 3.71 a 2.13 b 3.67 a 280.5 371.8 *
Be (ng/g) 0.79 b 1.56 a 0.56 b 1.24 a 1337 1559

These correlations may partly explain the observed decrease in K and P concentra-
tions accompanied by an increase in Ca and Mg across individual phenological stages
(Figures S1 and S2). Consistent with these findings, negative correlations between K and
Ca, and positive correlations between Mg and Ca, have been reported, for example, in the
white and red cultivars Solaris and Regent [5], and similar relationships were also found
in our authentic leaf samples as discussed below (Figure 2). Most non-essential and toxic
elements also showed positive or no correlations with each other (Figure 2). We observed
no or rather positive correlations between most essential microelements (Fe, Mn, Cu, B, Zn,
Mo). The exceptions were the negative correlations between Zn and B/Mo and, conversely,
the positive relationship between Zn (an essential element) and some toxic metals (Pb
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and Cd, Figure 2). The interaction of the microelement boron with other elements and its
importance for agricultural production have recently been summarized [25]. However,
not all of these relationships were demonstrated in our authentic samples, and given the
variability of the literature data (Table 1), we advise the reader to consider the correlations
in our authentic data to be more accurate (see Section 4.4).

Figure 2. Spearman’s (top) and Pearson’s (bottom) correlation analyses between the elements using
data extracted from the available literature (“review data”) or in our authentic grapevine leaf samples
(values from Table 2). Correlations were considered significant at p < 0.05 (marked by *). The
green and red squares indicate positive or negative correlations, respectively. Combinations without
a sufficient data set (less than three) to establish a correlation are crossed out and marked with
yellow. For a separate correlation analysis of our authentic white or red grapevine leaf samples, see
Supplementary Figure S9.
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3. Slovak Data: Concentration of Elements in Grapevine Leaves
3.1. Essential Elements in Leaves

Among essential macroelements, the concentration of Ca in authentic samples of
mature leaves (in contrast to the overall data in Table 1) was only slightly higher compared
to K, followed by P and Mg (Table 2), with the quantities being in line with the literature
data from Europe and/or the color of the cultivar (Table S4). Our analyses identified a
higher concentration of K and P in young leaves of both white and red cultivars (collected at
flowering stage, see representative photo of leaves in Figure S8), which may reflect a higher
need for osmotic regulation (K) and mitotic activity (P): this is in line with the analysis of
the overall dataset, where we identified a higher concentration of these elements in leaves
at the flowering stage (Table S4). In agreement, it is known that P deficiency suppresses
mitotic activity in leaf meristems by reducing the rate of cell division [26] and that K is
typically prevalent in high concentrations in dividing tissues, where it is closely involved
in regulating turgor-driven processes [27]. On the contrary, the accumulation of Ca and Mg
was higher in mature leaves of the red cultivar (Table 2). A similar trend and therefore a
lower concentration of these elements in the flowering phase compared to later stages was
also revealed by the analysis of the literature data (Figures S2 and S3). The more intensive
mobility of P and K compared to Ca and Mg in grapevine leaves is confirmed not only by
the literature but also by our data, especially in the red cultivar (Table 2). Similar changes
in the concentration of elements in grapevine leaves during phenological stages were also
observed in plants from Spain [16] or Croatia [17].

Microelement concentrations (Fe, Mn, Cu, B, Zn, and Mo) in our authentic samples
were broadly consistent with the overall dataset, with the exception of lower mean values
for Fe, Mn, and Cu (cf. Tables 1 and 2). The concentration of elements in mature leaves
decreased in the order Fe ≥ Mn ≥ B ≥ Zn > Cu > Mo (Table 2), which is similar to the overall
dataset (Table 1). Comparison of mature leaves of cultivars revealed that the concentration
of B, Mn and Cu was higher in red grapevine and conversely the concentration of Fe and Mo
was higher in white grapevine leaves (Table 2). Higher concentrations of Cu, Mn and also
Fe in leaves of red cultivars were also revealed in the overall dataset (Figures S4 and S6).
However, individual studies generally did not find higher concentrations of all these
elements in red cultivars [28,29], which suggests that their concentration is influenced not
only by genetic differences, but probably also by environmental and cultivation factors.
Leaf age also affected elemental concentrations, as mature leaves of both cultivars exhibited
higher Fe and Mn levels (Table 2). In agreement with these findings, analysis of the
complete dataset by phenological stage showed higher Fe concentrations during veraison
than during berry set and flowering (Figure S4D).

3.2. Non-Essential and Toxic Elements in Leaves

Sodium concentrations in our authentic grapevine leaf samples were approximately
10–20 µg/g (Table 2), compared with the average values of ~120 µg/g reported for Europe
and up to ~1200 µg/g in datasets from other continents (Table S4). These discrepancies
likely reflect differences in edaphic conditions and may be influenced by regional environ-
mental factors, including climatic conditions. The results obtained in this study (Table 2)
agree with published data reporting no significant differences between white and red
cultivars (Figure S3C), and indicate that Na concentrations do not vary significantly over
the growing season (e.g., [30]) or in the total dataset (Figure S3D). Our authentic data
also revealed a lower concentration of common non-essential elements compared to the
total dataset, for example in the accumulation of Al, Sr and Ba (Tables 1 and 2). During
ontogenesis, it was shown that most non-essential elements are more accumulated in the
tissue of older leaves, and we identified the opposite trend for the elements Rb, Na and
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Cs (Table 2). Li, Zr, and Cs concentrations in our samples (7.22–103.8 ng/g; Table 2) were
markedly lower than the corresponding means in the full dataset (4.93–44.1 µg/g; Table 1).
However, the limited dataset did not allow comparison across continents, berry color, or
ontogenetic stage. It can be assumed that the low number of available data (and the wide
CI, especially for Zr) in combination with possible uncertainties in quantification in the
cited papers causes this discrepancy. Further monitoring of some elements is also necessary,
as higher accumulation of Li or Cs can be toxic to plants [7,8].

The concentrations of four toxic metals (Pb, Co, As, and Cd) were significantly lower
in the authentic samples compared with the mean values derived from the literature. The
difference reached up to 100-fold for Cd and was even greater for As (cf. Tables 1 and 2).
In accordance with our data, low Cd concentration (approx. 2–18 ng/g DW) was also
found in grapevine leaves from Africa or Europe [20,31]. On the other hand, concentrations
of Cr, Ni, and Sn, which can also be classified as potentially toxic elements, were only
moderately lower in the authentic samples (up to ~10-fold). For comparison, Co and Ni
concentrations in dill leaves from control sites (with a comparable one-year leaf lifespan, as
in grapevine), quantified using the same analytical method, were similar to those in our
grapevine samples (Table 2), whereas dill exhibited significantly higher concentrations of
Cd, Pb, As, Cr, and Sn [6]. In terms of comparing the two cultivars, we found that leaves of
the white cultivar contain higher concentrations of four toxic elements at least in the mature
stage (Ni, Cr, Co and As), while the concentration of the other three analyzed metals did
not differ between the individual cultivars (Pb, Sn and Cd, Table 2). However, previous
studies did not report higher toxic metal concentrations in white cultivars [3,10], suggesting
cultivar-specific rather than color-dependent accumulation patterns. From an ontogenetic
perspective, concentrations of some toxic elements (Cd, Pb, As; Table 2) were higher in
mature leaves irrespective of cultivar. Similar patterns have been reported in ontogenetic
comparisons of leaves from tree species across different families, suggesting that these
elements may be partly derived from atmospheric deposition [12]. The low uptake of
these elements from the soil is also reflected by the low BAF values, as mentioned in the
next chapter.

3.3. Soil Elemental Profile and Bioaccumulation

The concentrations of most analyzed elements in soil did not differ between samples
collected in the vicinity of red and white grapevine plants (Table 2), which were grown
within the same vineyard located in the peripheral area of Bratislava, the capital city of
Slovakia. The absolute amounts of macroelements and microelements in the soil reflect
the concentration identified in other recent works with the same methodology in western
Slovakia [6,32]. In comparison with other European vineyards where both investigated
cultivars were grown, our results indicate lower soil concentrations of Ni, Pb, Cd, Cu, and
Zn, comparable levels of Co, Fe, Mn, and K, and higher concentrations of Ca, Na, and
As (cf. Table 2 and [3]). However, all our values are well below “the permissible limits
of heavy metals in agricultural soil” in the EU or in other countries [33]. Compared with
other continents, calcium concentrations in our samples (~7%; Table 2) were substantially
higher than those reported, for example, in China (0.52–4.61%; [34]). These differences may
partly explain the higher Ca concentrations observed in grapevine leaves grown in Europe
compared with those from Asia (Figure S2).

The accumulation potential of plant tissues can be expressed using the bioaccumu-
lation factor (BAF), defined as the tissue-to-soil concentration ratio. BAF values for K, P,
and B were close to or above 1, with higher values typically observed in young leaves
(Table S6). In accordance with these data, similar BAF values for P or B were identified in
the leaves of several cultivars from Italy [35] and Spain [10]. Comparable BAF values were
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also observed within Slovakia, e.g., in annual plants such as dill [6] or various crops [36].
Many other essential elements (Ca, Mg, Zn, Rb, Cu, Mo) reached values in the range of ca.
0.1–0.6 (Table S6). Similar BAF values for some of these elements have also been reported
in several grapevine varieties grown in Spain [10] and Romania [37], including the same
cultivars as we examined in this study (BAF values up to 2.19, 0.74, and 1.39 for K, Mg, and
Zn, respectively [3]). Among toxic elements, the highest BAF values were observed for Ni
(ca. 0.03–0.09) and Cr (0.01–0.02). However, these values were several orders of magnitude
lower than those calculated for most essential elements, such as Zn, Co, and Mo (Table S6).
BAF values for Pb, Cd, and As were even lower, indicating limited bioaccumulation of these
elements in grapevines, consistent with their low absolute concentrations in leaf tissue.

3.4. Correlation and PCA Analyses

Correlations between elements in our authentic samples revealed more significant rela-
tionships (both positive and negative) compared to literature data on grapevine (Figure 2).
Some essential elements, especially K, P, Zn and Cu, showed negative correlations with
all toxic elements (Cd, Cr, As, Co, Pb, Sn, Figure 2). Such a clear trend was not identified
in other matrices from field conditions, e.g., in dill leaves [6], nor in literature data due
to the variability of source data (Figure 2), which suggests that this may be a relationship
typical for the analyzed varieties. In addition, individual non-essential and toxic elements
generally showed positive correlations with each other, while a similar trend for some of
these elements was also observed in the overall dataset. An unexpected finding was the
positive correlation between Fe on the one hand and Cr, Cd or Pb on the other hand in all
analyzed sets (Figures 2 and S9). Similarly, a positive correlation between Fe and Cd or
Pb accumulation in grapevine leaves was also found in a previous study [38], indicating a
common soil or anthropogenic origin and/or transport mechanisms. In contrast, Zn or Cu
showed predominantly negative correlations with toxic elements in our authentic samples
(Figure 2). These data highlight the need for further research into Fe, Zn and Cu metabolism
in grapevine in relation to the accumulation of toxic elements. The correlations in our
authentic cultivars also revealed variety-specific responses: in particular, the correlations
of Mg concentration and partly B, Mo and Co with other elements differed between the
white and red cultivars; in the case of Mg, even inverse correlations were found with most
elements (Figure S9). These data indicate the need for further research into the selection of
suitable cultivars, also with regard to the bioaccumulation of the elements described above.

Principal component analysis (PCA) of our authentic samples revealed consistent
patterns in both the elemental composition and bioaccumulation factor (BAF) datasets of
grapevine leaves (Figure 3). In both cases, the first two principal components explained
most of the total variance (up to 88%). The dominant source of variability was leaf develop-
mental stage, with a clear separation of young and mature leaves along PC1, where mature
leaves were associated with positive PC1 scores and young leaves with negative PC1 values,
indicating substantial changes in element accumulation during leaf development and nu-
trient redistribution within plant tissues [4]. Elements such as Sb, Pb, Zr, Cd, Ti, Fe, and Al
showed positive PC1 loadings, whereas K, P, Na, Zn, and Rb were associated with negative
PC1 values (Figure S10), suggesting contrasting behavior of trace elements and more mobile
nutrient elements in plant metabolism [4]. Cultivar-related differences were expressed
mainly along PC2, where elements including Ni, Mo, Co, Cr, and Cs contributed positively
to PC2, while Mn, Se, Sr, and Ba showed negative associations (Figure S10A), suggesting
cultivar-specific differences in element uptake and accumulation patterns. Comparable
trends were observed for the BAF dataset, where elements such as Ti, Pb, Sb, V, Zr, Cd,
and Fe contributed positively to PC1, whereas Na, Zn, K, and P showed negative loadings
(Figure S10B). Overall, the PCA results indicate that leaf developmental stage represents the
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primary factor shaping elemental composition and bioaccumulation behavior in grapevine
leaves, while cultivar characteristics represent a secondary source of variability.

Figure 3. Principal component analysis (PCA) biplots of our authentic grapevine leaf samples
according to cultivar (white Rhein Riesling and red Cabernet Sauvignon) and leaf developmental
stage (young and mature, see representative photo of leaves in Figure S8 and bioaccumulation
factor in Table S6 in Supplementary Materials): (A) elemental composition and (B) bioaccumulation
factors (BAF). The first two principal components explain 88.3% of the total variance in panel
(A) (PC1 = 67.2%, PC2 = 21.1%) and 87.4% in panel (B) (PC1 = 63.6%, PC2 = 23.8%). Points represent
individual samples and arrows indicate variable loadings.

4. Materials and Methods
4.1. Literature Search, Screening Process and Coding Scheme

This analysis was performed according to the main recommendations of the PRISMA
2020 guidelines for systematic reviews and meta-analyses [39]. Individual papers were
searched for in the Scopus and Web of Science databases because they represent the two
main scientific databases of peer-reviewed literature [40].

The search strategy used Boolean logic with the operators “AND” and “OR” to
scan titles, abstracts, and keywords of publications. The complete list of keywords and
their classification into topics is described in Table S1. The search approach identified
2320 records, for which exclusion and inclusion criteria were subsequently implemented.
After selection according to these criteria, 148 full-text articles remained (Figure S1) and the
PRISMA 2020 flow diagram was created using the template by Page et al. [41].
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From each study, we extracted the country in which the grapevine was grown, the
cultivar, the harvest time of the mature leaves, and the reported concentrations of indi-
vidual elements in the leaves. Only values of individual elements measured in control
(unstressed) leaves of Vitis vinifera growing in soil were included (if this was stated in
the given work). Data presented in graphical form within selected papers were extracted
using the WebPlotDigitizer software [42] as this software has been demonstrated to be a
reliable tool for extracting data from graphs [43]. The resulting dataset was then categorized
according to predefined inclusion criteria for the selected categories (Table S2). In total, we
obtained 573 individual quantitative data points on the concentration of selected elements
from 148 full-text articles. For a complete list of analyzed papers and the quantity of
selected elements, see the supplementary Excel file entitled “Dataset S1—all quantitatively
analyzed studies”.

4.2. Authentic Slovak Samples

We collected the leaves of a white cultivar (Rhein Riesling) and red cultivar (Cabernet
Sauvignon) in May 2025 (flowering stage) in a private vineyard of the Golden Horn winery
in Devín, Slovakia (https://www.zlatyroh.sk/). Leaves were collected at two ontogenetic
stages as “mature leaves” (fully developed mesophyll) and “young leaves” (about a third
of the mature leaf area), approximately the 3rd–4th and 8th–9th leaves from the shoot apex
(see representative photo of leaves in Figure S8). The leaves were not rinsed and only
leaves without visible damage were collected, which were subsequently dried in an oven at
60 ◦C to constant weight and ground with an analytical grinder. Leaves from three shoots
per plant were pooled into one sample, while leaves from three plants at least 5 m apart
were analyzed as three independent samples. Soil was collected near the stem (10–20 cm
depth), cleaned of organic and inorganic debris, and dried under the same conditions as
leaf samples.

4.3. Quantification of Elements in Authentic Samples

Grapevine samples were subjected to microwave-assisted digestion using 5 mL of
16% HNO3 and 2 mL of 30% H2O2, whereas sieved soil samples were treated with aqua
regia (7 mL of 37% HCl and 2.5 mL of 65% HNO3). Both procedures were conducted at
200 ◦C for 20 min in a Speedwave XPERT microwave system (Berghof, Eningen, Germany)
equipped with optical sensors for contactless real-time monitoring of temperature and
pressure in PTFE DAK100 vessels. The resulting grapevine digests were diluted with
deionized water to a final volume of 25 mL. Soil extracts were filtered through 0.45 µm nylon
syringe filters (Whatman Autovial) and diluted to a final volume of 50 mL. All samples were
prepared in triplicate [32]. All measurements were performed using an Agilent 7900 ICP-MS
equipped with an octopole-based collision/reaction cell to remove polyatomic interferences.
Non-spectral and matrix-related effects were corrected by the online introduction of an
internal standard solution containing 200 µg L−1 Rh. Instrumental operating conditions are
listed in supplementary Table S3. Method detection and quantification limits are reported
in Table S3, while method accuracy and precision, assessed using commercially available
certified reference materials, are summarized in Table S3. The method provided reliable
quantification across different sample matrices over a broad concentration range, from
ultra-trace to major element levels. Additional methodological details are the same as
previously published [6,44].

4.4. Statistical Analysis

GLMs (General Linear Models) were used to determine the influence of the selected
factors (world area, berry color, chlorotype and stage of phenological development) on
the concentration of elements. Separate GLMs were created for each element (with 50 or
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more observations), with all factors defined as categorical predictors. The Bonferroni post
hoc test (p < 0.05) was used to compare multiple categories (groups) of a given factor. All
GLMs were performed in the program Statistica® 14.0.0.15. (TIBCO Software Inc. 2020).
Data were also tested (at the 0.05 level) for normality using the Shapiro–Wilk test. Because
the data did not follow a normal distribution, Spearman’s correlation analyses (at the 0.05
level) were performed to examine relationships between the concentrations of individ-
ual elements in Vitis vinifera leaves. Graphs and correlation analyses were conducted in
GraphPad Prism version 10.6.1 (GraphPad Software, Boston, MA, USA). For the analysis of
authentic samples, elemental concentration data were preprocessed prior to multivariate
analysis. Each variable was transformed using the Box–Cox transformation to reduce
skewness and improve distributional symmetry. The normality of transformed variables
was evaluated using the D’Agostino–Pearson omnibus normality test. Following trans-
formation, variables were standardized using z-score normalization (mean-centering and
scaling to unit variance) to ensure comparable weighting of all variables in the multivariate
analysis. Exploratory multivariate analysis was performed using principal component
analysis (PCA). PCA reduces the dimensionality of the dataset by projecting the original
variables onto orthogonal principal components that capture the maximum variance in the
data. The relationships among samples and variables were visualized using PCA biplots,
where sample scores and variable loadings were displayed simultaneously. All statistical
calculations and data visualization related to multivariate analysis were performed using
MATLAB R2025b (MathWorks, Natick, MA, USA).

5. Conclusions and Further Perspectives
Most published grapevine leaf elemental analyses originate from Europe and Turkey,

which account for ~80% of the 573 records extracted from 148 studies in this meta-
analysis. Across studies, essential macroelements followed the order Ca > K > Mg > P
(means: 18.5, 9.36, 3.40, and 2.26 mg/g DW), while microelements followed the order
Fe > Mn > Cu > B > Zn > Mo (means: 165, 117, 64.3, 37.4, 34.4, and 0.093 µg/g DW). The
meta-analysis revealed clear temporal trends during vegetation, with Ca and Mg increasing
during leaf development, while K and P declined, reflecting shifts in nutrient allocation
and remobilization. Element concentrations also varied with continent of origin and berry
color, particularly for Ca, P, Mn, Cu, and Fe. Among toxic elements, mean concentrations
followed the order As > Pb > Cr > Co > Cd > Sn, with phenological stage being the main
factor influencing Pb and Cr levels. However, wide confidence intervals for Zr, As, Cd, V,
and Se indicate high variability among studies and possible effects of methodological or
environmental heterogeneity.

To validate the literature-derived trends, all elements identified in the meta-analysis
were quantified in authentic grapevine samples of Rhein Riesling and Cabernet Sauvignon.
Concentrations of most essential macro- and microelements agreed well with literature
averages, supporting the robustness of the compiled dataset. However, lower levels of
Ca, Mg, Fe, Mn, and Cu and higher levels of P and Mo were detected, reflecting cultivar-
and site-specific variation. In contrast, non-essential and toxic elements accumulated at
substantially lower concentrations than reported in the literature. Levels of Pb, Co, As, Cd,
Cs, Al, Sr, Ba, Li, and Zr were generally an order of magnitude lower, with Cd, As, and
Pb concentrations being approximately 100-, 300-, and 30-fold lower, respectively. These
findings indicate low environmental contamination and limited bioavailability of toxic
elements in the studied vineyard despite its proximity to Bratislava, the capital city of
Slovakia. They also highlight the potential of grapevine leaves as sensitive bioindicators of
environmental quality and trace-element pollution in viticultural regions.
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Correlation analyses showed cultivar-dependent element relationships, especially for
Mg and to a lesser extent B, Mo, and Co, indicating genotype effects on mineral uptake
and homeostasis. Mature leaves also accumulated higher levels of several non-essential
elements, suggesting progressive bioaccumulation during development. PCA identified
leaf developmental stage as the main driver of the grapevine ionome, with cultivar as a
secondary factor.

The results suggest both positive and negative interactions between essential nutrients
(notably Mg, Fe, Zn and Cu) and the uptake or retention of toxic elements, with potential
implications for vineyard management. Improved nutritional status may help reduce
accumulation of undesirable elements in grapevine tissues. Future work should clarify the
mechanisms underlying these interactions and assess their relevance under biotic stress
and climate change, supporting nutrient strategies that enhance plant health, sustainability,
and food safety.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants15132021/s1. Table S1: Terms used in database search
(Scopus and Web of Science); Table S2: Criteria for classifying selected data into specific categories of
investigated factors; Table S3: Technical details of elemental analyses by ICP-MS; Table S4: Descriptive
statistics of the concentration of analyzed elements in specific groups within examined factors (world
area, berry color, chlorotype and stage of phenological development); Table S5: Summary results
of individual GLMs examining the influence of 4 categorical variables/factors (world area, stage of
phenological development, berry color and chlorotype) on the concentration of individual elements;
Table S6: The ratio of individual elements in leaves to those in soil (so-called bioaccumulation factor);
Figure S1: Methodology for selecting appropriate data from all relevant studies published in the
Scopus and Web of Science databases; Figures S2–S7: Separation of selected elements with respect to
continent, berry color, chlorotype and stage of phenological development; Figure S8: Representative
photos of young and mature leaves of our authentic cultivars; Figure S9: Pearson’s correlation
analyses between the elements of our authentic samples: white grapevine (Rhein Riesling) and red
grapevine (Cabernet Sauvignon); Figure S10: Heatmaps of loading values for the first two principal
components obtained from PCA of grapevine leaves. Refs. [45–174] are cited in the supplementary
Excel file entitled “Dataset S1—all quantitatively analyzed studies” and ref. [175] is cited in the
supplementary PDF file.
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soil–grapevine (leaf, skin, pulp and seed) system and environmental and health risk assessment. Sci. Total Environ. 2018, 626,
528–545. [CrossRef] [PubMed]

23. Khaska, S.; Le Gal La Salle, C.; Sassine, L.; Bruguier, O.; Roig, B. Innovative isotopic method to evaluate bioaccumulation of As
and MTEs in Vitis vinifera. Sci. Total Environ. 2019, 651, 1126–1136. [CrossRef] [PubMed]

24. Hassan, M.U.; Chattha, M.U.; Khan, I.; Chattha, M.B.; Aamer, M.; Nawaz, M.; Ali, A.; Khan, M.A.U.; Khan, T.A. Nickel toxicity in
plants: Reasons, toxic effects, tolerance mechanisms, and remediation possibilities—A review. Environ. Sci. Pollut. Res. 2019, 26,
12673–12688. [CrossRef] [PubMed]

25. Riaz, M.; Rafiq, M.; Nawaz, H.H.; Miao, W. Bridging molecular insights and agronomic innovations: Cutting-edge strategies for
overcoming boron deficiency in sustainable rapeseed cultivation. Plants 2025, 14, 995. [CrossRef] [PubMed]

26. Kavanová, M.; Lattanzi, F.A.; Grimoldi, A.A.; Schnyder, H. Phosphorus deficiency decreases cell division and elongation in grass
leaves. Plant Physiol. 2006, 141, 766–775. [CrossRef] [PubMed]

27. Carvalho, M.R.; Woll, A.; Niklas, K.J. Spatiotemporal distribution of essential elements through Populus leaf ontogeny. J. Exp. Bot.
2016, 67, 2777–2786. [CrossRef] [PubMed]

https://doi.org/10.3390/plants15132021

https://doi.org/10.1007/s11356-021-14239-0
https://www.ncbi.nlm.nih.gov/pubmed/33942258
https://doi.org/10.3390/agriculture15222333
https://doi.org/10.1016/j.jes.2025.01.031
https://www.ncbi.nlm.nih.gov/pubmed/40602898
https://doi.org/10.1016/j.plaphy.2016.05.034
https://www.ncbi.nlm.nih.gov/pubmed/27262404
https://doi.org/10.1007/s42452-019-1750-3
https://doi.org/10.1111/ppl.14595
https://www.ncbi.nlm.nih.gov/pubmed/39559933
https://doi.org/10.1002/jpln.201300015
https://doi.org/10.1016/j.scienta.2014.03.055
https://doi.org/10.1016/j.ufug.2017.03.006
https://doi.org/10.1016/j.scitotenv.2014.10.057
https://www.ncbi.nlm.nih.gov/pubmed/25461075
https://doi.org/10.1002/jpln.201700446
https://doi.org/10.1016/j.scienta.2025.114036
https://doi.org/10.1016/j.foodchem.2007.10.060
https://doi.org/10.1080/00103624.2011.638557
https://doi.org/10.3389/fpls.2015.00317
https://www.ncbi.nlm.nih.gov/pubmed/26029223
https://doi.org/10.17957/IJAB/15.1552
https://doi.org/10.1016/j.chemosphere.2016.12.090
https://www.ncbi.nlm.nih.gov/pubmed/28027472
https://doi.org/10.1007/s10725-023-01098-7
https://doi.org/10.1016/j.scitotenv.2018.01.094
https://www.ncbi.nlm.nih.gov/pubmed/29353792
https://doi.org/10.1016/j.scitotenv.2018.09.222
https://www.ncbi.nlm.nih.gov/pubmed/30360244
https://doi.org/10.1007/s11356-019-04892-x
https://www.ncbi.nlm.nih.gov/pubmed/30924044
https://doi.org/10.3390/plants14070995
https://www.ncbi.nlm.nih.gov/pubmed/40219062
https://doi.org/10.1104/pp.106.079699
https://www.ncbi.nlm.nih.gov/pubmed/16648218
https://doi.org/10.1093/jxb/erw111
https://www.ncbi.nlm.nih.gov/pubmed/26985054
https://doi.org/10.3390/plants15132021


Plants 2026, 15, 2021 16 of 22

28. Porro, D.; Bertoldi, D.; Bottura, M.; Pedò, S. Five-year period of evaluation of leaf mineral concentrations in resistant varieties in
Trentino (northeastern Italy). BIO Web Conf. 2022, 44, 01002. [CrossRef]

29. Mladenova, E.; Voyslavov, T.; Bakardzhiyski, I.; Karadjova, I. From the soil to the wine—Elements’ migration in monovarietal
Bulgarian wines. Molecules 2025, 30, 475. [CrossRef] [PubMed]

30. Calzarano, F.; Amalfitano, C.; Seghetti, L.; Cozzolino, V. Nutritional status of vines affected with esca proper. Phytopathol. Mediterr.
2009, 48, 20–31.

31. Mahlungulu, A.; Kambizi, L.; Akinpelu, E.A.; Nchu, F. Levels of heavy metals in grapevine soil and leaf samples in response to
seasonal change and farming practice in the Cape winelands. Toxics 2023, 11, 193. [CrossRef] [PubMed]
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93. Kamiloğlu, Ö. Impact of rootstocks on fruit quality, mineral nutrition and leaf physiology of ‘Red Globe’ in the East Mediterranean
region. Appl. Ecol. Environ. Res. 2022, 20, 4363–4376. [CrossRef]
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affects the chemical composition of must for sparkling wine production. Horticulturae 2022, 8, 512. [CrossRef]

124. Peuke, A.D. Nutrient composition of leaves and fruit juice of grapevine as affected by soil and nitrogen fertilization. J. Plant Nutr.
Soil Sci. 2009, 172, 557–564. [CrossRef]

125. Pinamonti, F. Compost mulch effects on soil fertility, nutritional status and performance of grapevine. Nutr. Cycl. Agroecosyst.
1998, 51, 239–248. [CrossRef]

126. Porro, D.; Dallaserra, M.; Zatelli, A.; Ceschini, A. The interaction between nitrogen and shade on grapevine: The effects on
nutritional status, leaf age and leaf gas exchanges. Acta Hortic. 2001, 564, 253–260. [CrossRef]

127. Porro, D.; Ramponi, M.; Tomasi, T.; Rolle, L.; Poni, S. Nutritional implications of water stress in grapevine and modifications of
mechanical properties of berries. Acta Hortic. 2010, 868, 73–80. [CrossRef]

128. Prodanova-Marinova, N.; Staneva, I.; Tsvetanov, E. Competitive relations between young vines and weed species for mineral
nutrients uptake in the nursery. Bulg. J. Agric. Sci. 2023, 29, 458–463.

129. Quartacci, M.F.; Ranieri, A.; Sgherri, C. Antioxidative defence mechanisms in two grapevine (Vitis vinifera L.) cultivars grown
under boron excess in the irrigation water. Vitis 2015, 54, 51–58. [CrossRef]

130. Rasouli, M.; Bayanati, M.; Tavakoli, F. Improving quantitative and qualitative traits of grapes cv. ‘Fakhri’ of Iran with foliar
application of potassium silicate and humic acid. Russ. J. Plant Physiol. 2024, 71, 86. [CrossRef]

131. Reeve, J.R.; Carpenter-Boggs, L.; Reganold, J.P.; York, A.L.; McGourty, G.; McCloskey, L.P. Soil and winegrape quality in
biodynamically and organically managed vineyards. Am. J. Enol. Vitic. 2005, 56, 367–376. [CrossRef]

132. Reta, K.; Lazarovitch, N.; Fait, A. Metabolic and physiological analysis reveals distinct salinity tipping point in Vitis vinifera cv.
Syrah to enter a stress response mode. Plant Stress 2025, 16, 100864. [CrossRef]

133. Richardson, J.B.; Chase, J.K. Transfer of macronutrients, micronutrients, and toxic elements from soil to grapes to white wines in
uncontaminated vineyards. Int. J. Environ. Res. Public Health 2021, 18, 13271. [CrossRef] [PubMed]

134. Romero, I.; Benito, A.; Dominguez, N.; Garcia-Escudero, E.; Martin, I. Leaf blade and petiole nutritional diagnosis for Vitis vinifera
L. cv. Tempranillo by deviation from optimum percentage method. Span. J. Agric. Res. 2014, 12, 206–214. [CrossRef]

135. Romero, I.; García-Escudero, E.; Martín, I. Effects of leaf position on blade and petiole mineral nutrient concentration of
Tempranillo grapevine (Vitis vinifera L.). Am. J. Enol. Vitic. 2010, 61, 544–550. [CrossRef]

136. Romero, P.; Botía, P.; Gil-Muñoz, R.; Del Amor, F.M.; Navarro, J.M. Evaluation of the effect of water stress on clonal variations of
Cv. Monastrell (Vitis vinifera L.) in south-eastern Spain: Physiology, nutrition, yield, berry, and wine-quality responses. Agronomy
2023, 13, 433. [CrossRef]

137. Rozane, D.E.; Vahl De Paula, B.; Wellington Bastos De Melo, G.; Haitzmann Dos Santos, E.M.; Trentin, E.; Marchezan, C.;
Stefanello Da Silva, L.O.; Tassinari, A.; Dotto, L.; Nunes De Oliveira, F.; et al. Compositional nutrient diagnosis (CND) applied to
grapevines grown in subtropical climate region. Horticulturae 2020, 6, 56. [CrossRef]

138. Sabir, A. Vegetative and reproductive growth responses of grapevine cv. “Italia” (Vitis vinifera L.) grafted on different rootstocks
to contrasting soil water status. J. Agric. Sci. Technol. 2016, 18, 1681–1692.

139. Sabir, A.; Yazar, K.; Sabir, F.; Kara, Z.; Yazici, M.A.; Goksu, N. Vine growth, yield, berry quality attributes and leaf nutrient content
of grapevines as influenced by seaweed extract (Ascophyllum nodosum) and nanosize fertilizer pulverizations. Sci. Hortic. 2014,
175, 1–8. [CrossRef]

140. Sala, F.; Camen, D.; Herbei, M.V.; Blidariu, C. Analysis of vine nutrition and productivity based on statistical indicators.
Horticulturae 2024, 10, 397. [CrossRef]

141. Salih, Z.R.; Khudhur, N.S.; Muhammad, M.Q. Bioaccumulation of different heavy metals and toxicity assessment using different
indices in grape plants and soil around power generators in Erbil province. Environ. Monit. Assess. 2025, 197, 757. [CrossRef]
[PubMed]
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169. Yumuşakbaş, H.; Uğur, Y.; Maraş, Z.; Büyüksoylu, S.; Erdoğan, S. Assessment of heavy metal accumulation and essential nutrients
in fruits: Implications for food safety and environmental sustainability. Environ. Monit. Assess. 2025, 197, 622. [CrossRef]
[PubMed]

https://doi.org/10.3390/plants15132021

https://doi.org/10.1016/j.apgeochem.2017.06.004
https://doi.org/10.3390/agronomy9120864
https://doi.org/10.1080/14786419.2018.1457671
https://www.ncbi.nlm.nih.gov/pubmed/29600716
https://doi.org/10.5601/jelem.2013.18.1.03
https://doi.org/10.21273/HORTSCI.25.5.533
https://doi.org/10.20870/oeno-one.2020.54.4.4152
https://doi.org/10.1080/01431161.2020.1798547
https://doi.org/10.1111/j.1755-0238.2008.00040.x
https://doi.org/10.1007/s10341-024-01164-y
https://doi.org/10.1016/j.scp.2023.101362
https://doi.org/10.3390/horticulturae11050479
https://doi.org/10.3232/SJSS.2021.V11.N1.02
https://doi.org/10.20870/oeno-one.2024.58.4.8175
https://doi.org/10.1016/j.rhisph.2021.100392
https://doi.org/10.1016/j.scienta.2015.05.019
https://doi.org/10.1016/j.foodchem.2013.09.091
https://www.ncbi.nlm.nih.gov/pubmed/24176352
https://doi.org/10.1002/jsfa.10006
https://www.ncbi.nlm.nih.gov/pubmed/31483055
https://doi.org/10.1111/j.1755-0238.2004.tb00011.x
https://doi.org/10.1016/j.envpol.2022.119561
https://www.ncbi.nlm.nih.gov/pubmed/35659552
https://doi.org/10.1007/s10341-024-01030-x
https://doi.org/10.1007/s10661-025-14075-6
https://www.ncbi.nlm.nih.gov/pubmed/40323409
https://doi.org/10.3390/plants15132021


Plants 2026, 15, 2021 22 of 22

170. Zareei, E.; Zaare-Nahandi, F.; Oustan, S.; Hajilou, J.; Dadpour, M. Insight into the role of magnetic nutrient solution on leaf
morphology and biochemical attributes of Rasha grapevine (Vitis vinifera L.). Plant Physiol. Biochem. 2022, 185, 290–301. [CrossRef]
[PubMed]

171. Zhang, P.; Dong, T.; Jin, H.; Pei, D.; Pervaiz, T.; Ren, Y.; Jia, H.; Fang, J. Analysis of photosynthetic ability and related physiological
traits in nodal leaves of grape. Sci. Hortic. 2022, 304, 111251. [CrossRef]

172. Zheng, H.-J.; Wang, X.; Ma, W.-F.; Gou, H.-M.; Liang, G.-P.; Mao, J. Temporal variations in photosynthesis and leaf element
contents of ‘Marselan’ grapevines in response to foliar fertilizer application. Plants 2025, 14, 946. [CrossRef] [PubMed]

173. Zinicovscaia, I.; Sturza, R.; Gurmeza, I.; Vergel, K.; Gundorina, S.; Duca, G. Metal bioaccumulation in the soil–leaf–fruit system
determined by neutron activation analysis. J. Food Meas. Charact. 2019, 13, 592–601. [CrossRef]

174. Zufferey, V.; Spring, J.-L.; Verdenal, T.; Dienes, A.; Belcher, S.; Lorenzini, F.; Koestel, C.; Rösti, J.; Gindro, K.; Spangenberg, J.;
et al. The influence of water stress on plant hydraulics, gas exchange, berry composition and quality of Pinot Noir wines in
Switzerland. OENO One 2017, 51, 17–27. [CrossRef]

175. Cohen, J. Statistical Power Analysis for the Behavioral Sciences; Routledge Academic: New York, NY, USA, 1988; ISBN 0-8058-0283-5.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/plants15132021

https://doi.org/10.1016/j.plaphy.2022.06.017
https://www.ncbi.nlm.nih.gov/pubmed/35728421
https://doi.org/10.1016/j.scienta.2022.111251
https://doi.org/10.3390/plants14060946
https://www.ncbi.nlm.nih.gov/pubmed/40265847
https://doi.org/10.1007/s11694-018-9972-4
https://doi.org/10.20870/oeno-one.2017.51.1.1314
https://doi.org/10.3390/plants15132021

	Introduction 
	Global Overview of the Concentration of Elements in Grapevine Leaves 
	Essential Elements 
	Non-Essential and Toxic Elements 
	Correlation Analyses 

	Slovak Data: Concentration of Elements in Grapevine Leaves 
	Essential Elements in Leaves 
	Non-Essential and Toxic Elements in Leaves 
	Soil Elemental Profile and Bioaccumulation 
	Correlation and PCA Analyses 

	Materials and Methods 
	Literature Search, Screening Process and Coding Scheme 
	Authentic Slovak Samples 
	Quantification of Elements in Authentic Samples 
	Statistical Analysis 

	Conclusions and Further Perspectives 
	References

