agronomy

Article

Heavy Metal-Based Fungicides Alter the Chemical Fractions of
Cu, Zn, and Mn in Vineyards in Southern Brazil

Guilherme Wilbert Ferreira

1

, Samya Uchoa Bordallo !, Edenilson Meyer !, Zayne Valéria Santos Duarte ?,

Josué Klein Schmitt !, Luana Paula Garlet 2(7, Allan Augusto Kokkonen da Silva 2, Jean Michel Moura-Bueno 2(7,

George Wellington Bastos de Melo 3, Gustavo Brunetto 2(”, Tales Tiecher *

check for
updates

Citation: Ferreira, G.W.; Bordallo,
S.U.; Meyer, E.; Duarte, Z.V.S.;
Schmitt, ].K.; Garlet, L.P.; Kokkonen
da Silva, A.A.; Moura-Bueno, ].M.;
Bastos de Melo, G.W.; Brunetto, G.;
et al. Heavy Metal-Based Fungicides
Alter the Chemical Fractions of Cu,
Zn, and Mn in Vineyards in Southern
Brazil. Agronomy 2024, 14, 969.
https://doi.org/10.3390/
agronomy14050969

Academic Editor: Agnieszka

Klimkowicz-Pawlas

Received: 2 April 2024
Revised: 24 April 2024
Accepted: 1 May 2024
Published: 5 May 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Cledimar Rogério Lourenzi 1*

1 Department of Rural Engineering, Federal University of Santa Catarina (UFSC), Florian6polis 88034-000, Brazil;
guilhermewferreira@hotmail.com (G.W.F.); samyauchoa2000@gmail.com (S.U.B.);
edenilsonmeyer@hotmail.com (E.M.); duartezayne@gmail.com (Z.V.S.D.); josueschmitt@outlook.com (J.K.S.)

2 Department of Soil Science, Federal University of Santa Maria (UFSM), Santa Maria 97105-900, Brazil;

garleteng.florestal@gmail.com (L.P.G.); kokkonenallan@gmail.com (A.A. K.d.S.);

bueno.jeanl@gmail.com (J.M.M.-B.); brunetto.gustavo@gmail.com (G.B.)

Embrapa Uva e Vinho, Bento Gongalves 95701-008, Brazil; wellington.melo@embrapa.br

4 Department of Soil Science, Federal University of Rio Grande do Sul (UFRGS), Porto Alegre 91540-000, Brazil;
tales.tiecher@gmail.com

*  Correspondence: lourenzicr@gmail.com

Abstract: This study aimed to evaluate Cu, Zn, and Mn fractions in vineyard soils in two important
wine-growing regions in Latin America, which have soils with different soil organic matter (SOM)
and clay contents. Soils were collected from vineyards aged 35, 37, and 39 years (Serra Gaticha) and
13,19, and 36 years (Campanha Gatcha). In each region, soils were collected from a non-anthropized
area, and in the oldest vineyards, the collection was conducted on and between the planting lines. The
available and total Cu, Zn, and Mn contents were analyzed in addition to the chemical fractions. The
ACu, AZn, and AMn were also calculated by subtracting the contents of each fraction of the vineyards
from the reference areas. The use of fungicides promotes increased metal contents in vineyard soils.
In soils with high SOM contents, Cu tended to increase in the organic fraction in surface and depth.
In contrast, Zn increased in the residual fraction, and Mn increased in most bioavailable fractions. Cu
and Zn increased their contents in soils with low SOM and clay contents in the organic and mineral
fractions. Mn accumulated in the mineral and residual fractions.

Keywords: heavy metals; Vitis vinifera; environmental contamination; chemical contamination; pesticides

1. Introduction

Soil pollution refers to the presence of a chemical or substance outside its natural
environment and/or present at a higher concentration than normal, adversely affecting
non-target organisms [1,2].

This issue has become a global concern [3,4]. It has been identified as the third most
significant threat to soil functions in Europe and Eurasia, fourth in North Africa, fifth in
Asia, seventh in the Northwest Pacific, eighth in North America, and ninth in sub-Saharan
Africa and Latin America [1]. Although most pollutants, such as the heavy metals Cu
and Zn, have anthropogenic origins, some contaminants can occur naturally in soils as
components of minerals and may become toxic at high concentrations [1,5,6].

In the state of Rio Grande do Sul, Southern Brazil, there are two traditional grape-
growing regions, Serra Gaucha and Campanha Gatcha. These regions have a humid
subtropical climate, and frequent precipitation occurs throughout the growing cycle, which
tends to favor the emergence of fungal diseases [7].

Thus, grapevines undergo successive applications of Cu-based fungicides, such as
Bordeaux mixture [Ca(OH), + CuSOy], copper oxychloride [CuCl,.3Cu(OH);], and Zn
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and Mn, found in Mancozeb (C4HgMnN,S, x Zn) [8,9], which can increase the levels of
these metals in soils over the years [10-12]. Another factor to consider is that recent studies
indicate that the increase in Cu and Zn in vineyard soils tends to increase the absorption
of Mn by grapevines, which can be another concerning factor in the management of these
agroecosystems [13,14]. This is because, in soils with high levels of Cu and Zn, there are
changes in the rhizosphere through the exudation of organic acids, which alters the pH
values in this region, favoring the solubilization of insoluble Mn compounds, which, when
in solution, can be absorbed by crop plants, potentiating the symptoms of toxicity in these
areas [15].

Bordeaux mixture, which is traditionally used as a fungicide and has been applied
to vineyards in a proportion of 1 kg CuSO4 + 1 kg CaO in 100 L of water, has resulted
in quantities of Cu added to the agroecosystem ranging from approximately 3.13 and
3.28 kg ha~! year~! of Cu in the Bordeaux cultivar (Vitis labrusca). For the Cabernet Sauvi-
gnon and Isabel cultivars, these values jump to 6.76 and 6.20 kg ha—! year—! of Cu, respec-
tively, as reported for Southern Brazil [16]. On the other hand, Mancozeb has resulted in
annual additions of up to 2 kg of Zn ha~1 [17]. Therefore, it is expected that, as the age of
the vineyard increases, so will the total levels of these elements in the soil.

Although an increase in Cu, Zn, and Mn is expected in these two regions, the con-
trasting soils present will cause these elements to behave differently. The Serra Gatcha
region has predominantly naturally fertile, acidic soils with medium to high soil organic
matter (SOM) content [18], reflecting a high capacity for retaining these metals and a lower
potential for environmental contamination. In contrast, the soils of the Campanha Gaticha
region have a sandy texture; a predominance of 1:1 clay; low organic matter content; acidic
soil; low natural fertility [18,19]; and, consequently, a low capacity for retaining Cu, Zn,
and Mn and a higher potential for environmental contamination [20-22].

Given the above, studies that assess the forms, distribution, and accumulation of heavy
metals in soils over the years, in different climate scenarios, soil types, and management
systems, are becoming increasingly important in evaluating their impact on agroecosys-
tems [23], especially vineyards. Globally, such research can assist in decision-making for
the United Nations’ sustainable development agenda [24], which includes ending hunger;
achieving food security; improving nutrition; promoting sustainable agriculture; ensuring
sustainable consumption and production patterns; protecting, restoring, and promoting
the sustainable use of terrestrial ecosystems; the sustainable management of forests; com-
batting desertification; halting and reversing land degradation; and protecting biodiversity.
Therefore, this work presents the following hypotheses: (i) High levels of Cu and Zn in
vineyard soils in the southern region of Brazil alter the forms of Mn in these soils and,
thereby, increase their bioavailability. (ii) The longer the vineyard cultivation time, the
greater the changes in the forms of Cu, Zn, and Mn in the soil, with a more significant
increase in the potentially bioavailable forms, contributing to an increased risk of contami-
nation/pollution in these agroecosystems. To test these hypotheses, this study aimed to
evaluate the fractions of Cu, Zn, and Mn in vineyard soils in Southern Brazil, which present
different levels of SOM, clay, and management systems.

2. Material and Methods
2.1. Characterization of Study Sites and Soil Sampling

Vineyard areas were selected in the regions of Serra Gatcha (municipality of Bento
Gongalves) and Campanha Gatcha (municipality of Santana do Livramento) in the state of
Rio Grande do Sul, Southern Brazil. The Serra Gatcha region is located at an altitude of
600-800 m and has annual averages of precipitation, temperature, and relative humidity
of 1700 mm, 17.2 °C, and 76%, respectively. The predominant soil is Litholic Entisol [25].
The Campanha Gatcha region is located at an altitude of 100-300 m and has annual
averages of precipitation, temperature, and relative humidity of 1370 mm, 18.4 °C, and
75%, respectively [26]. The predominant soil is Sandy Typic Hapludalf [25]. In each
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of these regions, three vineyards were selected that had different cultivation times and,
consequently, different histories of applications of Cu-, Zn-, and Mn-based fungicides.

In Serra Gaticha, the three selected vineyards were 35 (V35,29°09'50” S and 51°32'03” O),
37 (V37,29°09'48" S and 51°31'45"” W), and 39 years old (V39, 29°09'42"” S and 51°31'44” W).
In addition, soil samples were collected in a forest area (F, 29°09'46” S and 51°31'49” W)
adjacent to the vineyards. In the V35 and V37 vineyards, soil was collected in the planting
rows. In V39, soil was collected in both planting rows and interrows (V39BL). The cultivar
in all three vineyards was Isabel (Vitis labrusca L.), planted on its roots. The training system
was a trellis. The main fungicides used in the vineyards were Delan®, Captan®, Folpan®,
Manzate®, and Curzate®. There were 16 annual applications of these products, in addition
to 3 applications of the Bordeaux mixture. At the time of soil collection, it had been five
years since fertilizers and acidity correctives had been applied to the vineyards.

In Campanha Gaticha, the three selected vineyards were 13 (V13, 30°46'39” S and
55°22/35" W), 19 (V19, 30°46/38" S and 55°21'59” W), and 36 years old (V36, 30°46'50" S
and 55°21'07" W). In addition, soil samples were collected in a native grassland area (NG,
30°47'26"" S and 55°22'04"” W) adjacent to the vineyards. The cultivar in all three vineyards
was Cabernet Sauvignon (Vitis vinifera), grafted onto rootstock SO4 (Vitis berlandieri x
Vitis riparia). The training system was the Geneva Double Curtain (GDC). The main
species found in the NG were Paspalum notatum, Paspalum plicatulum, Desmodium incanum,
Ageratum conyzoides L., Chevreulia acuminata Less, and Cyperus brevifolius. In the V13 and
V19 vineyards, soil was collected in the planting rows, whereas, in the V36 vineyard, soil
was collected in the planting rows and interrows (V36BL). In each vineyard, 9.0 kg ha™!
year~! of copper sulfate and 8.0 kg ha~! year™! of copper hydroxide were applied, totaling
8.8 kg ha~! year~! of Cu.

The collection of soil in the oldest vineyards of each region, in the planting rows
and interrows, was due to the presence of cover crops in the interrows favoring the
immobilization of these metals in the SOM, while in the planting rows, the spontaneous
vegetation is desiccated, favoring the mineralization of SOM, consequently keeping these
metals in more labile fractions in the soil. Thus, the oldest vineyards were chosen to
perform this differentiation, as the differences would be more evident in areas with a long
history of vineyard management.

In all areas in Serra Gatcha, soil samples were collected in July 2017 at layers of
0.00-0.05, 0.05-0.10, 0.10-0.15, and 0.15-0.20 m. In Campanha Gaticha, soil samples were
collected at layers of 0.00-0.05, 0.05-0.10, 0.10-0.20, and 0.20-0.40 m. Soil samples were
collected from six points in each area [10].

2.2. Preparation of Soil Samples and Chemical Analyses

The soil samples were air-dried, ground, and passed through a 2 mm mesh sieve. The
clay content was determined by the pipette method [27]. The total organic carbon (TOC)
content was determined using an auto-analyzer (LECO, TruSpec CHNS, St. Joseph, M1,
USA). pH value in water (1:1 soil-water ratio); SMP index; available P, K, Cu, Zn, and Mn
contents (extracted by Mehlich-1); and exchangeable Al, Ca, and Mg contents (extracted
with 1.0 mol L~! KCI) were determined according to the soil analysis manual used in
Southern Brazil [28]. In the obtained solution, the available P content was determined by
colorimetry using a UV—visible spectrophotometer (UV—1600, Pro-Analise, Porto Alegre,
Brazil) [29]. The K content was determined using a flame photometer (DM-62, DIGIMED,
Séo Paulo, Brazil). All values were obtained by titration with 0.0125 mol L~! NaOH.
The Ca, Mg, Cu, Zn, and Mn contents were determined using an Atomic Absorption
Spectrophotometer (Aanalyst 200, PERKIN ELMER, Waltham, MA, USA). With the obtained
data, the H + Al contents, potential (CECpp7,0) and effective (CEC,) cation exchange
capacity, saturation of CECpp7,0 by Ca + Mg + K, and saturation by Al were calculated [30]
(Table A1).

The chemical fractionation of Cu, Zn, and Mn was performed through a sequential
extraction, obtaining the following chemical fractions: soluble (extracted with Milli-Q
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water—Cug,), Zng,), and Mng,); exchangeable (extracted with MgCl,—Cug, Zng, and
Mng); extracted with NH,OHHCI + CH3COOH, commonly called the fraction associated
with clay minerals (Cupmin, Znmin, and Mnyin ); extracted with HNO3 + HyO,, commonly
called the fraction associated with SOM (Cupng, Znonm, and Mngpy); and residual (extracted
with HF + HClOy) [31]. In this study, the same nomenclature was used, although we
understand that the extractors used for the extraction of the fractions said to be associated
with clay minerals and SOM do not exclusively extract the metals associated with these
soil particles.

For this purpose, in triplicate, 1.0 g of soil was weighed in Falcon tubes with a capacity
of 50 mL, to which the following extractors were applied in sequence: (1) soluble fraction,
extracted with 8 mL of Milli-Q water; (2) exchangeable fraction, bound to the negative
charges of the soil, extracted with 8 mL of 1.0 mol Lt MgCl, solution at pH 7.0; (3) fraction
bound to clay minerals, extracted with 20 mL of 0.04 mol L~! NH,OHHCI solution in 25%
(v/v) CH3COOH at pH 2.0; (4) fraction bound to SOM, extracted with 3 mL of 0.02 mol L~!
HNO; solution + 8 mL of 30% H,O, adjusted to pH 2.0 with HNO3; and (5) residual fraction,
which was extracted from total digestion with HF and HCIOy. After each extraction, the
samples were centrifuged at 3500 rpm for 30 min, and an aliquot of the supernatant was
filtered for the determination of Cu, Zn, and Mn contents.

The total Cu, Zn, and Mn contents (Curytal, ZNTota), and Mnreg,)) Were obtained by
digestion with HF and HCIO; in a 5:1 ratio [31] from a new soil sample from the same
soil collection carried out in each study area. The Cugg, Zng,), and Mng, contents were
determined by Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-OES)
(Perkin Elmer, Optima 2100 DV, Waltham, MA, USA), and the content of the other fractions
(CuE ’ ZnE ’ MnE ’ CuMm, ZnMin, Man, CuOM ’ ZHOM ’ MDOM ’ CuRes ’ ZnRes ’ and Ml‘lReS) and
the total contents (Curotal, ZnTota1, and Mnyya)) were determined by Atomic Absorption
Spectrometry (AAS).

2.3. Statistical Analysis

The metal contents in each fraction of the vineyard areas were compared with the frac-
tions of the reference areas with the calculation of ACu, AZn, and AMn using Equation (1):

M = MVFraction — MRFraction (@)

where AM is the metal to be calculated (Cu, Zn, or Mn); MVFraction is the Cu, Zn, or Mn
content obtained in the fraction (soluble, exchangeable, associated with SOM, associated
with minerals, or residual), in mg kg’l, in each vineyard area; MRFraction is the Cu, Zn, or
Mn content obtained in the fraction (soluble, exchangeable, associated with soil organic
matter, associated with minerals, or residual), in mg kg’l, in each reference area.

The available Cu, Zn, and Mn contents for each obtained fraction among the areas were
subjected to the homoscedasticity test (F-max test). When the variances were homogeneous,
they were subjected to parametric analysis for two situations using the t-Student test.
The same data, when compared between the evaluated layers, were also subjected to a
homoscedasticity test, and the variances, when homogeneous, were subjected to the Tukey
mean separation test (p < 0.05) using the software Sisvar (v. 5.6).

The data were standardized and subjected to principal component analysis (PCA),
with the help of R Statistic software v. 3.6.2 [32], using the packages “FactorMinerR” [33]
and “factoextra” [34], to evaluate the similarity between the data for TOC; clay; pH in
water; available P; CTCpHy.O ; available and total Cu, Zn, and Mn levels; and fractions of Cu,
Zn, and Mn.

3. Results
3.1. Available and Total Cu, Zn, and Mn Contents in Soils
The soils of Serra Gaticha showed the highest available Cu contents in the 0.00-0.10 m

layer in all evaluated areas, with emphasis on the F and V35 areas (Figure 1A). The same
pattern was applied to the highest available Zn contents in the 0.00-0.05 m layer, with the
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V39BL area being an exception. In the other layers, the F area had the highest contents
(Figure 1B). In the case of available Mn, most vineyards showed the highest contents in
the 0.00-0.05 m layer, except for the F area, where the highest contents were observed in
the 0.10-0.20 m layer (Figure 1C). For the total Cu and Zn contents, areas V39 and V39BL
exhibited higher values across all the soil layers evaluated (Figure 1D or Figure 1E). For
total Mn, the highest contents were observed in the deeper layers, with the F area being
an exception, having the highest Mn contents compared with the vineyards in all layers,
except in the 0.05-0.10 m layer (Figure 1F).

Serra Gaucha Campanha Gaticha
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Figure 1. Available contents, extracted by Mehlich-1, and total contents, extracted by digestion with
HF and HCIOy, respectively, for Cu (A,D), Zn (B,E), and Mn (C,F) in soils of vineyards in the Serra
Gatucha region and Cu (G/J), Zn (HK), and Mn (I.L) in the soils of vineyards in the Campanha
Gatcha region. F: forest; V35: vineyard with 35 years of cultivation; V37: vineyard with 37 years of
cultivation; V39: vineyard with 39 years of cultivation; V39BL: vineyard with 39 years of cultivation,
with soil collected in planting interrows; NG: native grassland; V13: vineyard with 13 years of
cultivation; V19: vineyard with 19 years of cultivation; V36: vineyard with 36 years of cultivation;
V36BL: vineyard with 36 years of cultivation, with soil collected in planting interrows. * indicates a
significant difference between the evaluated depths based on the Tukey test at a 5% significance level.
The bars represent the standard error of the mean.

In the Campanha Gatcha, there was no difference in the available Cu and Zn contents
in the 0.00-0.05 m layer. However, in the deeper layers, from 0.05 to 0.40 m, the vineyards
showed higher Cu and Zn contents compared with NG (Figure 1G,H). For available Mn,
there was no difference between the areas in the 0.00-0.05 m layer, but in the deeper layers,
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NG presented the highest contents (Figure 1I). The total Cu, Zn, and Mn contents were
higher in the 0.00-0.10 m layer in the vineyards, with these values being higher in the older
vineyards. In the other layers, the total Cu contents did not show differences between the
vineyards and NG (Figure 1J), whereas, for the Zn and Mn contents, there was no difference
between vineyards V19, V36, and V36BL and the NG (Figure 1K,L).

3.2. Cu: Contents and Distribution in Fractions

In the Serra Gaticha areas, the highest percentages of Cu in the reference area (F) were
observed in the Cuges fraction, with percentages ranging from 68% to 79% in the evaluated
layers (Figure 2). However, with the cultivation of grapevines over the years, there has
been a reduction in the proportion of Cu in the Cuges fraction, ranging from 44% in V35
to 11% in V39BL in the 0.00-0.05 m layer. Nevertheless, the percentage of Cu in the Cuom
fraction increased, especially in V35 and V37, with values of 43% and 65%, respectively, in
the 0.00-0.05 m layer, occurring similarly in the other layers. Therefore, with the increased
cultivation time of the vineyards, there has been a reduction in the percentage of Cu in the
Cuges fraction in favor of Cupy (Figure 2). The Cu contents in the fractions in the soils of
Serra Gaticha can be observed in Table A2.

Serra Galicha Campanha Gaucha

(b) ®
I
(9

V39BL

Areas

Areas

V39

=T .

T .
v . vie

T .

[ I

Areas

V35

V39BL -}

V39

Va7

Areas

V35

F

(d)

T .
[T .
[T .
[
[

—_—
0 20 40 60 80 100

V36BL

V36

V19

V13

NG

0 20 40 60 80 100

- Cug,
. Cuc

[ Cuy,
[ Cugy
I Cug,,

Percentage of fractions Percentage of fractions

Figure 2. Percentage distribution of Cu fractions for the 0.00-0.05 (a), 0.05-0.10 (b), 0.10-0.15 (c), and
0.15-0.20 m (d) layers for the areas of the Serra Gaticha region and the 0.00-0.05 (e), 0.05-0.10 (f),
0.10-0.20 (g), and 0.20-0.40 m (h) layers for the areas of the Campanha Gaticha region. F: forest; V35:
vineyard with 35 years of cultivation; V37: vineyard with 37 years of cultivation; V39: vineyard with
39 years of cultivation; V39BL: vineyard with 39 years of cultivation, with soil collected between
planting lines; NG: native grassland; V13: vineyard with 13 years of cultivation; V19: vineyard with
19 years of cultivation; V36: vineyard with 36 years of cultivation; V36BL: vineyard with 36 years
of cultivation, with soil collected between planting lines; Cug,: copper in the soluble fraction; Cug:
exchangeable fraction copper; Cupin: copper from the fraction bound to clay minerals; Cugps: copper
from the fraction bound to soil organic matter; Cuges: copper from the residual fraction.



Agronomy 2024, 14, 969

7 of 26

In the Campanha Garticha region, a similar behavior was observed, with a reduction
in the percentages of Cu in the Cuges fraction and an increase in the Cugy fraction. The
distribution of Cu fractions observed in the 0.00-0.05 and 0.05-0.10 m layers shows that, for
the NG, there is a higher percentage of Cu in the Cuges fraction (52 and 41%, respectively).
In the vineyards, however, the percentage of Cu in the Cuge, fraction decreased, whereas
the Cupwm (39, 32, and 23%) and Cupin (37, 60, and 60%) fractions increased for vineyards
V13, V19, and V36 in the 0.00-0.05 m layer. In V36BL, the percentages of Cu in the Cupges
fraction were higher (42 and 28%) than those observed in V36 (23 and 7%) in the 0.00-0.05
and 0.05-0.10 m layers, respectively. In the 0.10-0.20 and 0.20-0.40 m layers, the highest
percentages of Cu were observed in the Cuges and Cupgy, fractions (Figure 2). The Cu
contents in the fractions in the soils of the Campanha Gatcha region are shown in Table A2.

The PCAs distinguished the vineyards from reference areas F and NG in Serra Gatcha
and Campanha Gatcha, with this distinction occurring mainly between the reference areas
and V39 and V36, respectively. In the Serra Gatdcha region, Dim1 was responsible for
explaining 44.3% of the variance, indicating that clay and the Curg,), Cuge, Cuom, and
Cuges fractions are positively correlated with each other and have a negative correlation
with Cuay contents. On the other hand, Dim2, which explains 22.1% of the data variation,
shows that TOC, pH, CTCp 7,0, and Pay are positively correlated with each other (Figure 3a).
In Campanha Gatcha, Dim1, which is responsible for explaining 45.1% of the variance,
shows that the Cupin, Cupm, and Curyy fractions are positively correlated. Meanwhile,
Dim?2, which explained 16.0% of the data variation, showed that the Cuges and Cupy
contents had a positive correlation but a negative correlation with the contents of clay
(Figure 3b).
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Figure 3. Principal component analysis (PCA) for available and total Cu levels and levels of Cu chemical
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fractions in areas of Serra Gatcha (a) and Campanha Gaticha (b) vineyards with different years of
cultivation. F: forest; V35: vineyard with 35 years of cultivation; V37: vineyard with 37 years of
cultivation; V39: vineyard with 39 years of cultivation; V39BL: vineyard with 39 years of cultivation,
with soil collected between planting lines; NG: native grassland; V13: vineyard with 13 years of
cultivation; V19: vineyard with 19 years of cultivation; V36: vineyard with 36 years of cultivation;
V36BL: vineyard with 36 years of cultivation, with soil collected between planting lines; Cug,;: copper
in the soluble fraction; Cug: exchangeable fraction copper; Cupin: copper from the fraction bound to
clay minerals; Cugyy: copper from the fraction bound to soil organic matter; Cugeg: copper from the
residual fraction; Cury,: total copper; Cuay,: available copper extracted by Mehlich-1 extractor, Pay,:
available phosphorus extracted by Mehlich-1 extractor; CECppy.0: cation exchange capacity at pH 7.0;
TOC: total organic carbon; clay: clay content.

3.3. Zn: Contents and Distribution in Fractions

In the soils of Serra Gaticha, the highest percentages of Zn were observed in the Znges
fraction in all layers of the vineyards and area F (Figure 4a—d). With the increase in the
cultivation time of the vineyards, there was a reduction in the percentages of Znges and an
increase in Znyyip, in the 0.00-0.10 m layer (Figure 4a,b). In V39BL, the highest percentage of
Znyin Was observed compared with V39, especially in the 0.00-0.10 m layer (Figure 4a,b).
The Zn contents in the fractions in the soils of Serra Gaticha can be observed in Table A3.

Serra Gaucha Campanha Gaucha
(@) (e)
V39BL V36BL
V39 V36
]
o Va7 V19
<
V35 V13
F NG
(b) ]
V39BL V36BL
V39 V36
8
o Va7 V19
<
V35 V13
F NG

V36BL

V36

V19

V13

NG

Figure 4. Cont.
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Figure 4. Percentage distribution of Zn fractions for the 0.00-0.05 (a), 0.05-0.10 (b), 0.10-0.15 (c), and
0.15-0.20 m (d) layers in the Serra Gatcha region and the 0.00-0.05 (e), 0.05-0.10 (f), 0.10-0.20 (g) and
0, 20-0.40 m (h) layers in the Campanha Gaticha region. F: forest; V35: vineyard with 35 years of
cultivation; V37: vineyard with 37 years of cultivation; V39: vineyard with 39 years of cultivation;
V39BL: vineyard with 39 years of cultivation, with soil collected between planting lines; NG: native
grassland; V13: vineyard with 13 years of cultivation; V19: vineyard with 19 years of cultivation;
V36: vineyard with 36 years of cultivation; V36BL: vineyard with 36 years of cultivation, with soil
collected between planting lines; Zng;: zinc from the soluble fraction; Zng: exchangeable fraction
zing; Znyfin: zine from the fraction bound to clay minerals; Zngy: zinc from the fraction bound to
soil organic matter; Zngeg: zinc from the residual fraction.

In Campanha Gaucha, the highest percentages of Zn were found in the Znys, and
Znges fractions in all layers, both in the NG and V13 (Figure 4e-h). With the increase in
the cultivation time of the vineyards, there was a reduction in the percentages of Zngeg
and an increase in the Zng,), Zng, and Znpy fractions, especially in the 0.00-0.10 m layer
(Figure 4e,f). In the deeper layers of vineyards V19, V36, and V36BL, the highest percentages
of Zn were observed in the Znyi, and Zngeg fractions (Figure 4g,h). The Zn contents in the
fractions in the soils of Campanha Gaticha can be observed in Table A3.

The PCAs conducted for the Zn contents in the areas evaluated in Serra Gaticha and
Campanha Gatcha helped to explain the total variability of the data (Figure 5). In Serra
Gaticha, there is a strong correlation between the F area and V39. In this area, Dim1, respon-
sible for explaining 36.1% of the variance, shows that TOC, Py, and Znpy were positively
correlated with each other and negatively correlated with Zn,,. Meanwhile, Dim2, which
explained 22.6% of the data variation, showed a positive correlation between the Zng, Znge,
ZnTeta, and clay fractions and that these same fractions had a negative correlation with
the Zng,, fraction (Figure 5a). In Campanha Gaucha, there is no clear distinction between
the reference area and the vineyard areas. In this area, Dim1, responsible for explaining
47.2% of the variance, showed that the Zng, Znyjin, Zn1ota1, and CECpp7 fractions were
positively correlated with each other and negatively with Zna,. Meanwhile, Dim2, which
explained 16.7% of the data variation, demonstrated a positive correlation between clay,
TOC, and the Zngeg fraction, and that these same fractions had a negative correlation with
the Zng,, fraction (Figure 5b).

(a) Serra Galcha

Areas
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Figure 5. Cont.
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Figure 5. Principal component analysis (PCA) for available and total Zn levels, levels of chemical
fractions of Zn, TOC levels, and clay contents in areas of Serra Gaticha (a) and Campanha Gatcha (b)
vineyards with different years of cultivation conduction. F: forest; V35: vineyard with 35 years of
cultivation; V37: vineyard with 37 years of cultivation; V39: vineyard with 39 years of cultivation;
V39BL: vineyard with 39 years of cultivation, with soil collected between planting lines; NG: native
grassland; V13: vineyard with 13 years of cultivation; V19: vineyard with 19 years of cultivation; V36:
vineyard with 36 years of cultivation; V36BL: vineyard with 36 years of cultivation, with soil collected
between planting lines; Zng;: zinc in the soluble fraction; Zng: exchangeable fraction zinc; Znyin:
zinc from the fraction bound to clay minerals; Znops: zinc from the fraction bound to soil organic
matter; Zngeg: zinc from the residual fraction; Znqey,: total zinc; Znyy: available zinc extracted by
Mehlich-1 extractor; P ay.: available phosphorus extracted by Mehlich-1 extractor; CECppy o: cation
exchange capacity at pH 7.0; TOC: total organic carbon; clay: clay content.

3.4. Mn: Contents and Distribution in Fractions

In Serra Gatcha, the highest percentage of Mn was observed in the Mny, fraction,
followed by Mnges and Mng, in all areas and layers. In the V35 and V37 vineyards, it was
noted that the proportion of Mn in the Mnges fraction was higher than in V39 and V39BL,
mainly in the 0.00-0.15 m layer (Figure 6). The Mn contents in the fractions in the soils of
Serra Gatcha can be observed in Table A4.

Serra Gaticha Campanha Gautcha
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V39BL V36BL
V39 V36
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<
V35 V13
F NG
(©) @
V39BL V36BL
V39 V36
8
8 var V19
<
V35 V13
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Figure 6. Cont.
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Figure 6. Percentage distribution of Mn fractions for the 0.00-0.05 (a), 0.05-0.10 (b), 0.10-0.15 (c), and
0.15-0.20 m (d) layers in the Serra Gatcha region and the 0.00-0.05 (e), 0.05-0.10 (f), 0.10-0.20 (g)
and 0.20-0.40 m (h) layers in the Campanha Gatcha region. F: forest; V35: vineyard with 35 years of
cultivation; V37: vineyard with 37 years of cultivation; V39: vineyard with 39 years of cultivation;
V39BL: vineyard with 39 years of cultivation, with soil collected between planting lines; NG: native
grassland; V13: vineyard with 13 years of cultivation; V19: vineyard with 19 years of cultivation;
V36: vineyard with 36 years of cultivation; V36BL: vineyard with 36 years of cultivation, with soil
collected between planting lines; Mng,| = manganese in the soluble fraction; Mng: exchangeable
fraction manganese; Mnyyjn: manganese from the fraction bound to clay minerals; Mngys: manganese
from the fraction bound to soil organic matter; Mnges: manganese from the residual fraction.

In the Campanha Gaucha region, the highest percentages of Mn in the vineyards
were found in the Mnyg, fraction in all layers. In the NG, the highest percentages of Mn
were observed in the Mng,) and Mny;y, fractions in the superficial layers and in the Mnyin
fraction in the deeper layers. In V36BL, the highest percentage of Mn was verified in
the Mnges fraction, especially in the 0.00-0.05 m layer (Figure 6). The Mn contents in the
fractions in the soils of Campanha Gatcha can be observed in Table A4.

In Serra Gatcha, PCA separated the F area from the vineyard areas (Figure 7). PCA
showed that Dim1 is responsible for explaining 34.0% of the variance and that the Mng,;,
Mnyin, Moy, and Mny, fractions are positively correlated with each other, especially
in the F area. Meanwhile, Dim2 explained 30.0% of the data variation and showed that
TOC, CECphy.0, pH, and Pay presented a positive correlation with each other and that
they negatively correlated with the clay contents and Mng, especially in the V35 and V37
vineyards. In the V39 and V39BL vineyards, the opposite of what was observed in the
other vineyards can be observed (Figure 7a). In Campanha Gatcha, there is no clear
distinction between the vineyard areas and the NG. PCA showed that in Dim1, responsible
for explaining 38.1% of the variance, pH, TOC, CECpn7.0, and the Mng and Mnrqy,) fractions
had a positive correlation with each other and a negative correlation with Mny,. Dim2
explained 16.1% of the total variation of the data and showed that the Mng,;, Mnpin, Mnowm,
and clay fractions were correlated with each other and negatively correlated with the Mnges
fraction (Figure 7b).

(a) Serra Galcha

Dim2 (30%)

Dim1 (34%)

Figure 7. Cont.
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Figure 7. Principal component analysis (PCA) for available and total Mn contents, Mn chemical
fraction contents, TOC contents, and clay contents in areas of Serra (a) and Campanha Gatcha (b)
vineyards with different years of cultivation conduction. F: forest; V35: vineyard with 35 years of
cultivation; V37: vineyard with 37 years of cultivation; V39: vineyard with 39 years of cultivation;
V39BL: vineyard with 39 years of cultivation, with soil collected between planting lines; NG: native
grassland; V13: vineyard with 13 years of cultivation; V19: vineyard with 19 years of cultivation; V36:
vineyard with 36 years of cultivation; V36BL: vineyard with 36 years of cultivation, with soil collected
between planting lines; Mng,: manganese in the soluble fraction; Mng: exchangeable fraction
manganese; Mnyin: manganese from the fraction bound to clay minerals; Mngys: manganese from
the fraction bound to soil organic matter; Mnges: manganese from the residual fraction; Mntq,: total
manganese; Mny,, : available manganese extracted by Mehlich-1 extractor; Py : available phosphorus
extracted by Mehlich-1 extractor; CECpy7o: cation exchange capacity at pH 7.0; TOC: total organic
carbon; clay: clay content.

3.5. Values of ACu, AZn, and AMn in Vineyard Soils

In Serra Gatcha, the values of ACu—the difference between the vineyards and the
reference area (F)—were positive in all fractions and layers, with a significant increase in the
values of Cupy in V39BL. For the V39 and V39BL areas, there was also an increase in the
values of Cupgin, mainly in the 0.00-0.50 and 0.05-0.10 m layers (Figure 8a). In Campanha
Gatcha, the values of ACu were positive, especially in the 0.00-0.05 m layer, indicating
an increase in Cu in fractions such as Cuppys and Cuges due to the cultivation of vineyards
and the use of Cu-based fungicides over time. The Cug,, Cug, and Cupin contents also
increased, mainly in the 0.00-0.10 m layer (Figure 8d).
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Figure 8. Cont.
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Figure 8. ACu, AZn, and AMn values of the fractions in the soils of the vineyard areas of the Serra
Gatcha region (a—c) and of Campanha Gatucha region (d—f) in comparison with the reference areas.
V35: vineyard with 35 years of cultivation; V37: vineyard with 37 years of cultivation; V39: vineyard
with 39 years of cultivation; V39BL: vineyard with 39 years of cultivation, with soil collected between
planting lines; V13: vineyard with 13 years of cultivation; V19: vineyard with 19 years of cultivation;
V36: vineyard with 36 years of cultivation; V36BL: vineyard with 36 years of cultivation, with soil
collected between planting lines; Cug,: copper in the soluble fraction; Cug: exchangeable fraction
copper; Cupin: copper from the fraction bound to clay minerals; Cuppn: copper from the fraction
bound to soil organic matter; Cugeg: copper from the residual fraction; Curg,: total copper; Zng,: Zn
in the soluble fraction; Zng: exchangeable fraction zinc; Znyy: zine from the fraction bound to clay
minerals; Zngps: zinc from the fraction bound to soil organic matter; Zngeg: zinc from the residual
fraction; Zny,: total zinc; Mng,: manganese in the soluble fraction; Mng: exchangeable fraction
manganese; Mnyi: manganese from the fraction bound to clay minerals; Mng)s: manganese from
the fraction bound to soil organic matter; Mngeg: residual fraction manganese.

The values of AZn in the vineyards of Serra Gaticha were negative only for the Zng
fraction in V35 (0.00-0.10 m). For V39, AZn was negative in the Znpy fraction in the
0.00-0.05 and 0.15-0.20 m layers, whereas, for the V39BL area, these values were negative
for the Znygi, and Znoy fractions (0.15-0.20 m). The cultivation time influenced the increase
in the Znyin, and Zngy contents in the V39 and V39BL areas (Figure 8b). In Campanha
Gatcha, the values of AZn were positive, mainly in the Zny, fraction. However, some
of the other fractions showed negative deltas in all layers evaluated in the vineyards
(Figure 8e).

The values of AMn in the soils in Serra Gaticha were negative in almost all fractions,
except Mng, which showed positive deltas in all areas and layers. The Mny;, fraction was
higher in the F area than in the vineyards (Figure 8c). In the soils of Campanha Gaticha, the
Mnyi, fraction showed high values of AMn in the 0.00-0.05 m layer, along with a slight
increase in Mngy contents. In the older vineyards, there was a significant increase in Mn in
the MnRges fraction, but a decrease in the Mn contents in the Mng; (0.00-0.05 m) and Mnop
(0.10-0.20 m) fractions (Figure 8f).

4. Discussion
4.1. Available and Total Cu, Zn, and Mn Contents in Soils

The higher amounts of available and total Cu and Zn in the vineyard soils of Serra
Gatcha and Campanha Gaticha are a consequence of successive applications of foliar
fungicides that contain these elements in their composition [8,35,36]. The same can happen
to Mn according to [37]. According to these authors, the use of fungicides that contain Mn
in their composition, such as Mancozeb, can increase the availability of this element to the
point of becoming toxic to plants over the years. The application of copper fungicides has
added approximately 6.76 and 6.20 kg ha~! year ! of Cu to the Cabernet Sauvignon and
Isabel cultivars, respectively, in Southern Brazil [16]. For Zn, the use of fungicides such
as Mancozeb [(CgH12MnN4SgZn)] and Propineb [(CsHgN»S4Zn)] has resulted in annual
additions of up to 2 kg ha~! of Zn [17]. Therefore, it is expected that, with the increase in
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vineyard cultivation time, the available and total contents of these elements in the soil will
also increase.

The higher amounts of available Cu, Zn, and Mn in areas with cover crops grown
in the interrows (V39BL—Serra Gaucha and V36BL- Campanha Gatcha) along the soil
profile can be attributed to the greater migration of these elements to deeper soil layers.
This can happen because cover crops can accumulate these elements in the root system
tissue [38], which grows in depth. Thus, as the roots senesce, they are decomposed, and
with mineralization, these elements tend to pass into the soil, increasing their contents in
depth. Also, the roots of cover crops can create biopores in the soil, which can facilitate the
downward flow of water [39], stimulating the migration of these elements to subsurface
layers. Another point is that plants stressed by excess metals can exude low-molecular-
weight organic acids, such as citric, oxalic, and succinic acids, which can play a critical role
in alleviating the phytotoxicity of these elements [40]. In other cases, the stresses caused by
the excess of these metals in the soil are so great that the plants can release other types of
root exudates, such as phytosiderophores and phenolic compounds [41], which increase
the concentration of these metals in solution, stimulating migration along the soil profile.

The available Cu, Zn, and Mn contents in the 0-0.10 m layer in the vineyards of Serra
Gatcha varied from 3.96 to 5.70; 0.41 to 2.34; and 8.05 to 13.30 mg kg’l, while in Campanha
Gatcha, they varied from 0.14 to 7.10; 0.90 to 2.00; and 9.28 to 47.09 mg 1<g’l (Table A1).
According to the “Manual de Calagem e Adubagao para os estados do Rio Grande do Sul e
Santa Catarina” (Liming and Fertilization Manual for the States of Rio Grande do Sul and
Santa Catarina) from Southern Brazil [30], when Cu, Zn, and Mn contents are above 0.4,
0.5, and 5.0 mg kg1, respectively, they are considered high.

The total Cu, Zn, and Mn contents in the soils of Serra Gaticha exceeded the reference
values for Cu and Mn established by Brazilian environmental agencies for agricultural soils,
which are 200 mg kg~! Cu, 450 mg kg~! Zn, and 400 mg kg~ Mn in the 0.00-0.20 m layer
(USEPA 3050b) [42,43]. On the other hand, the continuous application of metal-based fungi-
cides did not increase the total Cu and Zn contents over the years in Campanha Gaticha, to
the point of exceeding the values established by Brazilian environmental legislation and
other countries with a tradition of vine cultivation. The USEPA sets a maximum limit of
1500 and 2800 mg kg~ ! of Cu and Zn, respectively, but does not determine the values for
Mn [44]. The European Community allows 50 to 140 mg kg ! of Cu and 150 to 300 mg kg !
of Zn for agricultural soils with a pH between 6.0 and 7.0. However, it does not present
values for Mn [45]. In Australia and New Zealand, total contents of 2 to 100 mg kg ! of Cu,
10 to 300 mg kg ! of Zn, and 850 mg kg ! of Mn indicate the need for an environmental
assessment [46].

The observed difference between the two regions is associated with the types of soils
found in these locations. The Serra Gaticha region presents a predominance of fertile
soils, with organic matter content ranging from medium to high and with higher clay
contents [18], leading to the increased adsorption of these elements in the soil’s colloidal
system, thus reducing the potential for transfer to the environment [10,47]. In contrast,
the soils of the Campanha Gaticha region have a sandy texture, a predominance of 1:1
clay, low organic matter content, and low natural fertility [18,19]. These characteristics
result in the metals added via fungicide applications being poorly adsorbed by the colloidal
system, thus increasing the potential for transfer to the environment, especially by surface
runoff [20].

4.2. Cu, Zn, and Mn Contents in Chemical Fractions

The highest Cu contents bound to the Cuges fraction, extracted with HF + HC1,O,,
in the superficial layers in the vineyards in the Serra Gaticha region may occur due to the
presence of recalcitrant organic carbon, given that Cu has an electronic configuration of
[Ar] 3d10 4s! and, thus, high reactivity with the functional groups of SOM that contain S,
N, carboxylic, and phenolic groups [48,49]. This phenomenon decreases the desorption of
Cu and, consequently, its mobility in the soil [50]. In the deeper layers, the highest contents
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occur due to clay and silt, amorphous organic matter, and clay minerals, as well as reaction
time [31]. In the soils of Campanha Gaticha, this occurs more quickly. Due to the lower
SOM contents, and as a consequence a rapid saturation of the SOM functional groups, other
fractions become responsible for absorbing this element, such as the Cupyin, Cug, and Cugg
fractions (Figure 2).

The highest Cu contents in V39 were observed in the Cupn fraction, extracted with
NH,OHHCI + CH3COOH, followed by Cuppy and Cuges, which agrees with results ob-
tained in other studies conducted in vineyards [17,51]. With the increase in Cu contents
in the soil, the saturation of the functional groups of reactive particles, such as SOM, is
expected, and redistribution of Cu in the soil tends to occur, causing clay minerals to
be responsible for adsorbing the largest amounts of this element. When this occurs, the
remaining Cu can be adsorbed by functional groups of inorganic particles, mainly clay
and 2:1 and 1:1 minerals, such as the OH group of kaolinite and oxides of Fe, Al, and Mn;
oxyhydroxides and hydroxides; and amorphous silicates [52,53]. In a study conducted
in the Campanha Gatcha region, the authors, when evaluating two vineyards of 14 and
31 years in an Ultisol, reported that the largest proportion of Cu was present in SOM [17].
Similar results were obtained in vineyards located in Spain [54,55] and Italy [56].

In this study, part of the total Cu was found in the residual fraction in the vineyard
soil profile, possibly as a Cu-containing precipitated mineral [57]. When Cu or Zn are
applied to agroecosystems, in this case, through metal-based fungicide use, and enter the
soil system, they first occupy the most avid loading sites and are then retained in forms
with lower binding energy. Although studies indicate that, over time, ionic forms assume
greater stability in the soil [58], which suggests that the Cu applied at the beginning of
vineyard cultivation more than a century ago would be more recalcitrant, and the capacity
of the soil to retain this ion with higher binding energy is limited. The redistribution of
subsequent fractions occurs with lower binding energy in the mineral and organic phases
of the soil and then in highly soluble and bioavailable phases.

The highest Zn contents in the Znyji, and Znges fractions in the soils of vineyards
in Serra Gatcha can be attributed to the greater affinity and reactivity between Zn and
the constituents of the mineral solid phase of the soil [7,19]. Among these clay minerals,
we can mention the OH group of kaolinite; oxides of Fe, Al, and Mn; oxyhydroxides and
hydroxides; and amorphous silicates [50]. Similar results have been observed by other
authors in Southern Brazil [10,51]. The Zn present in the Znyin and Znges fractions has low
mobility and a low potential for toxicity to grapevines and cover crop species that cohabit
the vineyards [7]

In the soils of Campanha Gaticha, which have low SOM contents, the mineral fraction
is very important to retaining this metal since there has been an increase in Zn levels in this
fraction over the years of vineyard cultivation. This can be attributed to the high affinity
and reactivity between Zn and the mineral solid phase constituents of the soil [19,59]. These
fractions are more stable and feature low Cu availability and mobility in the soil [60]. In
the presence of high Cu content, Zn remains mainly adsorbed on the functional groups
of the mineral fraction as iron oxides and at the edges of phyllosilicate clay minerals [61].
Such a feature can minimize the environmental contamination potential of Zn in the soil
but also reduce its toxicity in plants, for example, in grapevines or even in implanted soil
cover species or in species coexisting in vineyards [7,10]. However, Zn has migrated to the
deepest layers (0.10-0.40 m), and it has mainly increased in the Znges fraction.

The Increase in the contents of bioavailable Cu and Zn (Cug, + Cug and Zng, + Zng)
observed in the 0-0.10 m layer in the vineyards of Serra Gatuicha and Campanha Gatucha
can enhance the transfer of these elements to surface waters adjacent to the vineyards,
reducing water quality, the contamination/pollution of aquatic environments, and a loss
of biodiversity [18,62]. The decrease in Cu and Zn contents in the residual fraction may
have occurred due to redistribution to the soluble (Cug, and Zng,)) and exchangeable (Cug
and Zng) fractions, which are bioavailable, and the fraction associated with clay minerals
(Cumin and Znyin), which is potentially bioavailable [31], especially in the most superficial
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layer of the soil. The highest percentage of these elements in the residual fraction occurred
in the NG, which has the lowest total Cu and Zn content, corroborating the data obtained
in Spain in [54]. According to these authors, the accumulation of Cu in the residual fraction
occurs through occlusion and/or co-precipitation processes, especially in vineyard soils
with a long history of management, where a large amount of Cu accumulates in soils with
pH > 6.0.

The lower Mn contents in all fractions in the vineyard soils may occur because excess
Cu and Zn can enhance the exudation of organic acids from plants, such as grapevines
and cover crop species. In addition, plants can modify the pH of rhizosphere soil [63]. All
of this can enhance the solubilization of compounds containing Mn in their composition.
As a result, there is an increase in Mn in the soil solution, enhancing its absorption by
cultivated plants, such as grapevines and cover crops [13,15,64,65]. If the concentrations
of Mn are high in the aerial part, this could enhance the toxicity of the element to the
plants, especially if it is not compartmentalized in organelles like vacuoles, which are the
organelles responsible for compartmentalizing excess metals in plants [66].

In both Serra and Campanha Gaticha, there was a higher availability of Mn extracted
by Mehlich-1 in the V39BL and V36BL areas. In these areas, we find the presence of
spontaneous plants that form a large amount of root mass. Thus, there is a greater release
of root exudates, characterized by low-molecular-weight organic solutes, which, among
their functions, act as phytoavailability agents for Mn [67].

When observing the behavior of AMn, it can be seen that, in-depth, both in Serra and
Campanha Gaucha, there is a reduction in Mn bound to SOM in the vineyards. This can
occur because of the lower TOC content of this layer when compared with reference areas F
and NG (Table Al). In addition, the organic complexes formed with Mn are of low stability
since the complex formed with humic acid has an entirely electrostatic character, and fulvic
acids have a limited number of specific complexation sites for the element [67].

In general, the results show that metal-based fungicides increase the levels of Cu,
Zn, and Mn in soils over the years. In soils with lower levels of organic matter and clay,
this represents a potential risk to the health of the soil and plants and the sustainability of
agroecosystems. Thus, future studies should evaluate products that allow for more targeted
and judicious use. However, more sustainable practices can be adopted to minimize this
problem, such as the rotation and alternation of active ingredients to prevent the excessive
accumulation of a single metal in the soil; dosage optimization, always applying the
minimum dose of the product and respecting the number of applications per harvest;
soil monitoring to understand the levels of these metals over the years; and the use of
biodegradable and less persistent products when possible.

5. Conclusions

The continuous use of Cu, Zn, and Mn-based fungicides in vineyard soils in Southern
Brazil, both clayey and sandy, with different ages, results in an increase in the total contents
of these elements and in changes in the distribution of the soil’s chemical fractions, mainly
in the superficial layers.

In Serra Gatucha, where the training system is the trellis, the increases in Cu especially
occurred in the planting interrows, while in Campanha Gaticha, where the training system
is Geneva Double Curtain (GDC), it occurred in the planting rows. For Zn and Mn,
regardless of the training system, the highest contents for these elements occurred in the
planting rows.

In soils rich in organic matter, Cu tends to accumulate in fractions bound to SOM, in
the superficial layers, and in fractions associated with clay minerals, in-depth, reducing
the risk of toxicity to plants. In soils with low SOM and clay contents, the Cu contents
associated with the residual fraction decrease, while the fractions bound to SOM and clay
minerals increase. For Zn, in soils with high SOM contents, the highest concentration of
these metals is in the residual fraction, reducing the pollution potential. In soils with low
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SOM and clay contents, there is a reduction in the contents in the residual fraction and an
increase in the fractions bound to organic matter and clay minerals.

The behavior of Mn in vineyard soils is influenced by various factors, including the
use of metal-based fungicides. In soils rich in SOM, Mn becomes more available to plants,
potentially representing a risk of toxicity, in addition to Cu and Zn. In soils with low SOM
and clay contents, there is a reduction in the available fractions, such as the soluble fraction,
in favor of more stable fractions, such as the fraction bound to clay minerals and residual.
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Appendix A

Table A1. Physical and chemical characterization of the 0.00-0.10 m and 0.10-0.20 m layers of soils from reference areas and vineyards with different cultivation
times in Serra Gatcha and Campanha Gatcha.

Clay TOC SMP Cu Zn Mn P K Ca Mg Al H+Al CECy CECpuzg m v
Area Layer(m) ——— pHmo
gkg1 Index mg kg1 cmol kg1 %
Serra Gatcha
F 0.00-0.10 261 62.27 6.32 6.75 4.38 2.34 13.12 12.46 215.33 3.74 0.99 0.00 1.77 5.19 6.96 0.00 74.49
0.10-0.20 2472 6.20 6.77 0.27 2.06 27.09 4.40 48.00 2.62 0.37 0.00 2.05 3.05 5.10 0.00 59.42
V35 0.00-0.10 182 51.64 6.94 7.24 5.70 0.41 12.56 232.47  339.50 2.99 1.02 0.00 1.11 4.79 5.89 0.00 81.15
0.10-0.20 2849 6.76 6.83 1.34 0.84 6.35 79.20 264.83 2.32 1.16 0.00 1.71 4.23 5.93 0.00 70.92
V37 0.00-0.10 340 7320 7.00 7.16 5.16 0.68 13.30 212.11 233.17 4.87 1.42 0.00 1.23 6.94 8.17 0.00 84.65
0.10-0.20 2383 6.87 6.87 1.94 0.48 6.31 13.19 180.33 3.00 1.41 0.00 1.68 4.80 6.48 0.00 74.01
V39 0.00-0.10 301 2924  6.23 6.73 3.96 1.94 8.05 26.95 176.84 1.62 1.09 0.00 1.95 1.75 3.70 0.00 40.22
0.10-0.20 1397  6.17 6.92 1.35 0.12 4.06 14.11 109.34 1.33 1.08 0.00 1.54 1.46 2.99 0.00 39.71
Campanha Gatcha

NG 0.00-0.10 74 2555 557 6.71 0.14 0.90 47.09 6.69 36.09 0.61 1.05 0.13 1.95 1.88 3.70 7.35 47.10
0.10-0.20 18.28  5.02 6.47 0.16 1.05 67.90 4.19 25.50 0.27 0.33 0.50 2.55 1.17 3.23 42.69 20.86
Vi3 0.00-0.10 20 30.75  6.30 6.86 0.16 1.51 10.46 66.47 47.84 3.16 4.60 0.03 1.67 7.90 9.54 0.68 78.24
0.10-0.20 16.79 5.70 6.64 0.22 3.00 15.22 45.81 37.67 1.34 1.73 0.10 2.14 3.27 5.30 3.14 59.93
V19 0.00-0.10 74 2284 633 6.86 1.11 2.00 9.28 89.51 45.25 1.91 1.49 0.03 1.70 3.55 521 1.01 67.95
0.10-0.20 1572 6.07 6.88 2.09 3.88 18.79 69.15 27.33 1.22 1.16 0.05 1.65 2.50 4.10 2.16 60.30
V36 0.00-0.10 54 2371 6.24 6.89 7.10 1.34 11.63 60.45 48.29 2.57 4.36 0.07 1.61 711 8.66 2.79 77.34
0.10-0.20 14.08 5.96 6.89 13.85 20.49 37.81 30.97 28.84 1.29 1.86 0.06 1.64 3.27 4.85 1.98 66.27

F: forest; V35: vineyard with 35 years of cultivation; V37: vineyard with 37 years of cultivation; V39: vineyard with 39 years of cultivation; NG: native grassland; V13: vineyard with 13
years of cultivation; V19: vineyard with 19 years of cultivation; V36: vineyard with 36 years of cultivation; contents of total organic carbon (TOC); pHp0 (1:1 v/v); available P, K*, Cu*?,
Zn*2, and Mn*? contents extracted with Mehlich-1 extractor; exchangeable Al*3, Ca*2, and MgJr2 contents extracted by 1 mol L~! KCI [28]. With the obtained data, the potential cation
exchange capacity (CECpny) and effective (CEC,y ) saturation by Ca + Mg + K+Na and Al were calculated [30].
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Appendix B
Table A2. Cu fractions in vineyard soils with different cultivation times in Serra Gaticha and Campanha Gaticha.
Serra Gaticha Campanha Gaticha
Layer (m) F V35 V37 V39 V39BL V. % Layer (m) NG V13 V19 V36 V36BL V. %
mg kg~ mg kg~
Cusol
0.00-0.05 0.3 aE 0.5cD 1.0 bC 2.4 aB 2.6 aA 6.6 0.00-0.05 0.09 aD 0.32aC 0.69 bB 3.94aA 0.84 aB 7.49
0.05-0.10 0.3 aE 1.3aC 23 aA 0.8 cD 2.0bB 9.7 0.05-0.10 0.03 bE 0.26 bD 0.90 aB 2.35bA 0.84 aC 2.96
0.10-0.15 0.2aD 1.0 abC 2.6 aA 1.9bB 1.2cC 12.8 0.10-0.20 0.03bB 0.12 cB 0.82aA 0.89 cA 0.78 aA 14.71
0.15-0.20 0.3aC 0.9bB 1.1bA 0.8 cB 0.7dB 15.0 0.20-0.40 0.03bC 0.08 dC 0.50 cA 0,30 dB 0.29bB 15,39
CV, % 17.15 11.36 13.21 6.18 6.40 CV, % 7.70 9.44 5.44 4.52 15.02
CuE
0.00-0.05 0.9bE 1.3aD 2.1aC 3.7 cB 20.8 aA 1.68 0.00-0.05 1.1bC 1.3aC 2.2bB 5.6 bA 2.0bB 6.7
0.05-0.10 0.8 cC 1.3aC 2.1aC 8.7bB 18.3 bA 12.01 0.05-0.10 1.1bD 1.0bD 5.0aB 122 aA 3.1aC 15.5
0.10-0.15 0.9bC 1.1 abC 1.7bC 21.9 aA 10.6 cB 15.66 0.10-0.20 2.4 aA 0.9 cC 2.5bA 2.3 cA 1.5 bcB 11.1
0.15-0.20 1.1aD 1.0bD 1.7bC 52cA 2.6 dB 3.92 0.20-0.40 1.0 bA 0.8 cB 12cA 12cA 1.0 cA 8.9
CV, % 3.9 45 39 12.4 7.0 CV, % 3.1 4.8 8.2 14.8 10.2
Cumin
0.00-0.05 3.6aD 21.6 bC 15.8 cC 508.8 bB 632.1 aA 1.40 0.00-0.05 1.7 cE 16.2aD 69.2 aB 81.1aA 28.4 aC 5.7
0.05-0.10 2.0bE 20.0bD 95.9 aC 290.2 cB 524.4bA 5.66 0.05-0.10 2.3bD 7.8bC 27.6 bB 499 bA 26.3 aB 9.5
0.10-0.15 1.6 cE 32.4 aD 84.2 bC 544.7 aA 106.8 cB 5.94 0.10-0.20 4.8 aC 39cC 12.2 cB 16.6 cA 6.0 bC 17.9
0.15-0.20 1.3cE 22.1bD 80.2bB 150.4 dA 38.3dC 7.01 0.20-0.40 0.9 dE 2.8cD 91cA 4.0dC 6.9 bB 7.6
CV, % 7.8 47 5.0 29 3.7 CV, % 3.0 8.3 7.9 7.0 9.3
CUOM
0.00-0.05 22.2aE 78.0aD 336.7 aB 256.2 aC 800.8 aA 1.67 0.00-0.05 0.9cD 16.8 aC 36.3 aA 30.9 aB 32.9 aB 7.6
0.05-0.10 14.0 cD 81.2aC 160.5 bB 142.7 bB 433.2bA 7.69 0.05-0.10 1.2bD 8.7bB 7.3bC 12.2bA 12.1aA 9.0
0.10-0.15 14.1cE 784 aD 156.0 bB 101.6 cC 244.7 cA 3.87 0.10-0.20 2.7 aC 1.7 cD 4.9 bcB 6.2 cA 2.8bC 14.0
0.15-0.20 17.6 bE 45.6 bD 83.2cC 94.6 cB 1241 dA 4.44 0.20-0.40 0.6 dE 1.1cD 2.6cB 2.1dC 3.6 bA 3.3
CV, % 21 7.2 14 22 3.8 CV, % 4.6 12.0 11.0 8.2 8.8
Cuges
0.00-0.05 56.4 abc 79.1bC 160.1 aA 126.0 aB 175.1 aA 13.29 0.00-0.05 4.2 abD 8.9 abB 6.2aC 13.5aA 15.0 abA 2.8
0.05-0.10 51.1cC 100.7 aB 137.9 abA 96.8 aB 1442 bA 6.33 0.05-0.10 3.2bC 13.3 aB 5.7 aC 5.4dC 16.7 aA 19.5
0.10-0.15 62.4aC 94.9 aB 129.7 abA 121.7 aA 106.5 cB 7.50 0.10-0.20 4.7 abD 6.3 bBC 5.1aCD 7.1cB 14.8 abA 10.9
0.15-0.20 57.4 abD 80.6 bC 117.4 bA 106.5 aA 94.1dB 7.18 0.20-0.40 52aB 12.1aA 49 aB 12.5bA 13.0 bA 5.7
CV, % 6.8 59 9.4 14.8 32 CV, % 16.3 17.8 11.3 3.5 6.1




Agronomy 2024, 14, 969

20 of 26

Table A2. Cont.

Serra Gatcha Campanha Gaticha
Layer (m) F V35 V37 V39 V39BL v, % Layer (m) NG V13 V19 V36 V36BL v, %
mg kg mg kg
Sum of fractions
0.00-0.05 83.5 aE 180.5bD 515.6 aC 897.1 aB 1631.3 aA 2.88 0.00-0.05 8.0 bE 43.5aD 114.7 aB 135.0 aA 79.0 aC 4.4
0.05-0.10 68.2bE 204.4 aD 398.7 bC 539.2 cB 1122.0 bA 1.63 0.05-0.10 7.8 bE 31.0bD 46.4bC 81.9bA 59.0 bB 74
0.10-0.15 79.1aE 207.9 aD 374.2bC 791.9 bA 469.8 cB 3.83 0.10-0.20 14.6 aC 13.0dC 25.5cB 33.0cA 25.8 bB 8.3
0.15-0.20 77.7 abE 150.2 cD 283.5cB 3574 dA 259.8 dC 4.07 0.20-0.40 7.8 bE 16.9 cD 18.3 cC 20.0 dB 248 bA 3.3
CV, % 4.9 2.7 3.6 3.7 3.3 CV, % 7.1 5.3 7.1 5.4 44
F: Forest; V35: vineyard with 35 years of cultivation; V37: vineyard with 37 years of cultivation; V39: vineyard with 39 years of cultivation; V39BL: vineyard with 39 years of cultivation,
with soil collected between planting lines; NG: native grassland; V13: vineyard with 13 years of cultivation; V19: vineyard with 19 years of cultivation; V36: vineyard with 36 years of
cultivation; V36BL: vineyard with 36 years of cultivation, with soil collected between planting lines; Cug,;: copper in the soluble fraction; Cug: copper in the exchangeable fraction;
Cupin: copper in the fraction bound to clay minerals; Cugm: copper in the fraction bound to soil organic matter; Cuges: copper in the residual fraction. CV: coefficient of variation.
Means followed by the same lowercase letter in the column do not differ from each other in the Tukey test (p < 0.05). Means followed by the same uppercase letter in the row and within
each region do not differ from each other in the t-test (LSD) (p < 0.05).
Appendix C
Table A3. Zn fractions in vineyard soils with different cultivation times in Serra Gaticha and Campanha Gatcha.
Serra Gaucha Campanha Gaicha
Layer (m) F V35 V37 V39 V39BL CV, % Layer (m) NG Vi3 V19 V36 V36BL CV, %
mg kg1 mg kg
Zng,|
0.00-0.05 0.00 aC 0.00 cC 0.02 dB 0.07 cA 0.00 cC 31.94 0.00-0.05 1.3aC 0.6 bD 3.9aA 2.2bB 0.3bD 13.0
0.05-0.10 0.00 aE 0.32bB 0.61 bA 0.04 dD 0.25bC 8.83 0.05-0.10 0.5bC 0.5bC 3.0bB 3.9aA 0.3bC 20.6
0.10-0.15 0.00 aE 0.18 bcD 0.80 aA 0.28 aC 0.46 aB 13.07 0.10-0.20 0.2 cE 1.0 aB 25cA 0.4 cD 0.7 aC 59
0.15-0.20 0.00 aB 1.40 aA 0.15cB 0.10 bB 0.00 cB 26.33 0.20-0.40 0.3cC 0.0cD 09dA 0.6 cB 0.0cD 18.7
CV, % 0.00 20.39 12.33 10.70 14.21 CV, % 9.7 9.2 4.5 245 17.3
ZHE
0.00-0.05 0.03dC 0.00 cC 0.08 cC 5.19 aB 6.84 aA 8.44 0.00-0.05 0.58 aD 522 aAB 3.53 aC 5.85aA 4.51 aB 12.23
0.05-0.10 0.23 cD 0.21 cD 0.63 bC 1.48 bB 4.82bA 717 0.05-0.10 0.57 aC 1.95bB 2.63 bA 2.31 bAB 2.40 bA 10.15
0.10-0.15 0.49 bD 1.47 bC 1.21 aC 5.66 aA 2.33 cB 10.98 0.10-0.20 0.35bC 0.50 cB 0.47 cB 0.64 cA 0.07 cD 14.76
0.15-0.20 0.82aD 2.41aA 1.34aC 1.68 bB 0.85dD 11.11 0.20-0.40 0.21 bB 0.46 cA 0.03 cCD 0.01dD 0.05 cC 9.92
CV, % 13.70 9.15 17.26 7.83 6.92 CV, % 14.92 441 12.17 10.12 28.01
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Table A3. Cont.
Serra Gaucha Campanha Gaucha
Layer (m) F V35 V37 V39 V39BL CV,%  Layer(m) NG V13 V19 V36 V36BL v, %
mg kg1 mg kg1
Zn\in
0.00-0.05  49.9aE 72.9 D 1904aA  1142aC  120.7aB 24 0.00-0.05 32bE 76.7 aA 20.6 aD 59.0 aB 36.5aC 45
0.05-0.10  38.4bE 127.0 aA 89.6 bB 49.6 cD 69.0 bC 2.9 0.05-0.10 24cC 8.8bB 11.4bA 10.5bA 11.4bA 9.3
0.10-0.15 30.6 cE 109.3 bA 68.7 cC 88.7 bB 40.9 cD 2.3 0.10-0.20 3.4 aB 5.8 bcA 3.4 Bc 6.3 cA 2.4 cC 10.4
0.15-020 314D 49.0 dA 409 dB 349 dC 29.9dD 3.9 0.20-0.40 23 cE 2.8 cB 35cA 2.6dC 24D 2.1
CV, % 4.2 2.3 1.9 3.4 3.2 CV, % 2.7 6.0 13.4 3.0 7.5
ZHOM
0.00-0.05 3.0aC 8.0 aB 17.2 aA 2.7 aC 3.7 aC 9.2 0.00-0.05 0.1 bE 0.9 aB 2.1aA 0.6 aD 0.7 aC 4.1
0.05-0.10 1.1cE 5.5bA 3.1bB 1.5bB 1.8 bC 4.7 0.05-0.10 0.1 bE 0.5bA 0.2bC 0.4bB 0.5bA 4.7
0.10-0.15 1.3cD 43 cA 3.1bB 2.5aC 1.3cD 5.6 0.10-0.20 0.2bB 0.3 cA 0.2bAB 0.3cA 0.3cA 20.4
0.15-0.20 1.7bB 2.1dA 2.0 bA 1.2bC 1.1cC 4.8 0.20-0.40 0.2 aB 0.1dC 0.2 bBC 0.1dC 0.4 bcA 20.4
CV, % 5.5 4.6 10.6 8.4 5.29 CV, % 7.0 9.2 2.8 11.5 13.5
ZNRes
0.00-0.05 75.5 aD 80.0 aC 110.6 aB 306.3 aA 109.1 aB 1.6 0.00-0.05 4.7 cB 23.9 aA 1.8bB 3.2 bcB 6.5 aB 7.0
0.05-0.10 77.6 aD 83.4 aCD 96.2 bAB 90.6 bBC 103.9 aA 6.1 0.05-0.10 3.3cB 11.4 aA 14.9 aA 2.4 cB 1.6 bB 57.9
0.10-0.15 79.0 aD 85.8 aCD 93.8 bBC 95.1 bB 103.8 aA 49 0.10-0.20 11.7 aA 8.6 aB 3.0bC 4.8 abC 7.4 aB 16.2
0.15-0.20 70.1 aC 89.7 aB 93.5 bAB 107.4 bA 94.2 aAB 9.6 0.20-0.40 7.5bC 24.4 aA 3.1bD 5.1aCD 11.0aB 14.5
CV, % 8.6 55 2.0 52 5.9 CV, % 11.2 47.7 10.8 17.1 26.7
Sum of fractions
0.00-0.05 128.4 aE 160.9 cD 318.3 aB 428.4 aA 240.3 aC 1.2 0.00-0.05 9.9 bE 107.2 aA 31.9aD 70.8 aB 48,5 aC 13.2
0.05-0.10 117.4 abD 216.4 aA 190.3 bB 143.2 cC 179.8 bB 3.8 0.05-0.10 6.8 cD 23.1bB 32.2 aA 19.5bAB 16,2 bC 18.9
0.10-0.15 111.4 abD 201.1 bA 167.7 cB 192.3bA 148.7 cC 3.2 0.10-0.20 15.8 aA 16.1 bA 9.7 bB 12.3 cB 10,8 bAB 9.7
0.15-0.20 104.0 bC 144.6 dA 1379 dAB 145.3 cA 126.1 dB 6.9 0.20-0.40 10.4 bC 27.7 bA 7.7 bD 8.5dCD 13.8 bB 10.9
CV, % 59 2.6 15 3.6 4.3 CV, % 7.0 19.6 7.9 4.8 114

F: Forest; V35: vineyard with 35 years of cultivation; V37: vineyard with 37 years of cultivation; V39: vineyard with 39 years of cultivation; V39BL: vineyard with 39 years of cultivation,
with soil collected between planting lines; NG: native grassland; V13: vineyard with 13 years of cultivation; V19: vineyard with 19 years of cultivation; V36: vineyard with 36 years of
cultivation; V36BL: vineyard with 36 years of cultivation, with soil collected between planting lines; Zng,: Zinc in the soluble fraction; Zng: zinc in the exchangeable fraction; Znyin: zinc
in the fraction bound to clay minerals; Znopm: zinc in the fraction bound to soil organic matter; Znges: zinc in the residual fraction. CV: coefficient of variation. Means followed by the
same lowercase letter in the column do not differ from each other in the Tukey test (p < 0.05). Means followed by the same uppercase letter in the row and within each region do not
differ from each other in the t-test (LSD) (p < 0.05).
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Appendix D
Table A4. Mn fractions in vineyard soils with different cultivation times in Serra Gaticha and Campanha Gaticha.
Serra Gaucha Campanha Gaucha
Layer (m) F V35 V37 V39 V39BL CV,%  Layer (m) NG V13 V19 V36 V36BL CV, %
mg kg~ mg kg~
Mng,)
0.00-0.05 3.8bA 0.2cC 0.1cC 2.1¢B 0.2cC 20.6 0.00-0.05 47.5aA 5.8 cBC 9.3¢B 6.4bC 4.8 bC 11.4
0.05-0.10 4.0bB 0.5 abD 0.4 cD 1.9 cC 8.7 aA 20.7 0.05-0.10 15.5cC 12.4aC 20.6 bB 30.3 aA 5.5bD 14.3
0.10-0.15 31.2aA 0.4bC 1.2bBC 5.6 bB 3.0bBC 33.4 0.10-0.20 22.6 bB 7.6 bC 44.0 aA 11.8bC 12.9 aC 15.1
0.15-0.20 5.1DbB 0.7 aD 2.4 aC 10.1 aA 2.6 bC 20.4 0.20-0.40 24.0 bA 29dD 8.7 cB 8.2bB 4.6 bC 3.7
CV, % 28.2 16.4 15.1 18.4 19.9 CV, % 73 8.7 15.2 19.2 9.8
MI‘IE
0.00-0.05 222.8 bC 1751 cD 95.8 cE 457.2 aB 511.5bA 6.2 0.00-0.05 18.8 aB 19.7 aB 13.0 aC 17.1 aB 31.9aA 8.9
0.05-0.10 231.8 aC 390.2 aB 261.0 aC 259.1dC 7359 aA 5.6 0.05-0.10 9.4bD 13.3bB 14.3 aB 11.4bC 20.2 bA 5.7
0.10-0.15 207.0 abD 93.4 dE 274.2 aC 310.3 cB 416.2 cA 32 0.10-0.20 4.8 cB 73 cA 6.6 bA 5.0cB 44 cB 79
0.15-0.20 94.1cD 310.1 bB 202.6 bC 380.2 bA 205.3 dC 8.0 0.20-0.40 2.8dD 9.9 cA 5.8 bB 22cE 3.4cC 55
CV, % 4.0 10.8 9.5 3.2 3.3 CV, % 5.6 8.5 14.8 12.9 3.1
Mnygin
0.00-0.05 2465.6 bA 766.7 bD 623.0 cE 1494.1 bB 1135.8 bC 3.5 0.00-0.05 50.5 cE 146.6 aC 232.7 aA 179.0 aB 122.2 aD 4.0
0.05-0.10 17829 cA 773.9bD 1153.9 bC 1842.7 bA 1478.6 aB 52 0.05-0.10 79.6 bD 76.8 bD 149.1 bA 116.8 bB 97.6 bC 8.3
0.10-0.15  2756.2abA  1071.4 aD 1254.3aC 17122 abB 917.0 cE 3.6 0.10-0.20 73.8 bBC 92.5 bBC 157.2 bA 101.5 bcB 67.3dC 17.9
0.15-0.20 3045.6 aA 1053.8 aC 1131.9bC 1935.9 aB 582.3 dD 12.6 0.20-0.40 96.0 aB 93.5 bBC 109.4 bA 85.8 cCD 77.8 cD 5.8
CV, % 8.6 4.5 3.0 53 43 CV, % 4.0 6.5 13.2 5.1 4.0
MHOM
0.00-0.05 256.2 aA 62.6 aD 74.6 aC 103.2 bB 93.5 aB 54 0.00-0.05 8.1dE 14.4 aD 24.6 aB 40.9 aA 16.5aC 3.5
0.05-0.10 107.9 bA 42.2bD 73.1aB 78.9 cB 56.3 bC 6.8 0.05-0.10 9.6 cD 13.1 aB 10.9 cC 24.7bA 13.4bB 3.4
0.10-0.15 111.7 bB 53.1aD 75.6 aC 156.9 aA 47.1cD 8.9 0.10-0.20 48.0 aA 11.0bC 12.3bB 10.8 cC 11.5bC 24
0.15-0.20 271.1 aA 36.2bD 68.9 aB 722 cB 42.7 cC 3.3 0.20-0.40 13.1bA 13.4 aA 10.8 cB 10.9 cB 11.6 bB 5.0
CV, % 5.4 7.8 59 5.6 3.8 CV, % 1.6 5.0 3.06 29 5.6
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Table A4. Cont.

Serra Gaucha Campanha Gaucha
Layer (m) F V35 V37 V39 V39BL CV,%  Layer(m) NG V13 V19 V36 V36BL v, %
mg kg~ mg kg1
Mnges

0.00-0.05 768.6 aA 633.6 aB 727.2 aA 525.8 aC 516.7 aC 6.4 0.00-0.05 37.8aC 39.6 bC 32.7 abD 62.1 bB 112.6 aA 4.7
0.05-0.10 682.0 aA 707.9 aA 527.1 bB 407.2 bB 445.5 bB 13.0 0.05-0.10 38.3aC 73.4 aB 41.7 aC 37.7 cC 104.2 aA 10.6
0.10-0.15 812.0 aA 709.2 aA 753.3 aA 503.6 aB 418.8 bcB 9.1 0.10-0.20 35.1aC 52.1bB 27.4bC 451 cB 110.2 aA 9.1
0.15-0.20 805.1 aA 561.3 aB 555.1 bB 478.4 abC 383.2cD 6.3 0.20-0.40 23.5bC 71.0 aB 31.5abC 78.7 aB 97.4 aA 11.3

CV, % 10.8 12.0 2.0 6.1 35 CV, % 8.6 11.0 15.97 6.2 7.0

Sum of fractions

0.00-0.05 3717.0 aA 1638.2 bD 1520.6 cE 2582.3 bB 2257.7 bC 2.0 0.00-0.05 162.7 bD 226.2 aC 312.2aA 305.4 aA 288.0 aB 29
0.05-0.10 2808.5 bA 1914.7 aC 2015.6 bC 25899bB  2725.0 aAB 49 0.05-0.10 152.3 cC 189.0 bB 236.5bA 221.0 bA 240.9 bA 5.8
0.10-0.15 3918.0 aA 1927.5 aD 2358.6 aC  2688.5 abB 1802.0 bE 2.7 0.10-0.20 184.2 aBC 170.4 bC 247.5 abA 174.2 ¢cBC 206.3 cB 10.0
0.15-0.20 4221.0 aA 1962.0 aC 1960.9 bC 2876.8 aB 1216.0 cD 8.6 0.20-0.40 159.4 bcB 190.7 bA 166.1 cB 185.8 cA 1949 cA 54

CV, % 6.6 39 1.9 4.0 3.7 CV, % 2.2 5.0 10.4 29 3.6

F: Forest; V35: vineyard with 35 years of cultivation; V37: vineyard with 37 years of cultivation; V39: vineyard with 39 years of cultivation; V39BL: vineyard with 39 years of cultivation,
with soil collected between planting lines; NG: native grassland; V13: vineyard with 13 years of cultivation; V19: vineyard with 19 years of cultivation; V36: vineyard with 36 years of
cultivation; V36BL: vineyard with 36 years of cultivation, with soil collected between planting lines; Mng,: manganese in the soluble fraction; Mng: manganese in the exchangeable
fraction; Mnyin: manganese in the fraction bound to clay minerals; Mnpy: manganese in the fraction bound to soil organic matter; Mnges: manganese in the residual fraction. CV:
coefficient of variation. Means followed by the same lowercase letter in the column do not differ from each other in the Tukey test (p < 0.05). Means followed by the same uppercase letter
in the row and within each region do not differ from each other in the t-test (LSD) (p < 0.05).
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