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Abstract

Pesticide use in agriculture can have negative collateral effects on the environment. In this
study, two groups of treatments (G1 and G2) based on active substances (ASs) with different
mobility were evaluated in order to determine pesticide residues in the soil and their impact
on soil microbial populations in two vineyards located in two Denominations of Origin
(D.O.). Soil samples were collected in July, October, and the following March over two
consecutive years. Pesticide residues were analyzed by liquid chromatography-tandem
mass spectrometry (LC-MS/MS) after QUEChERS extraction. Microbial genera were iden-
tified by the amplification of the fungal ITS regions with the universal primers ITS86F
and ITS4R, and the bacterial 165 rRNA gene (V4 region) with primers 515F and 806R.
Although G1 consistently showed higher residues, primarily attributable to azoxystrobin,
no significant differences were observed between the two pesticide groups in the total
pesticide residues or diversity of microbial communities. The factors D.O., campaign, and
sampling month influenced the concentration of residues. Several ASs exhibited different
dissipation dynamics depending on the D.O. Azoxystrobin and metrafenone were the most
persistent in soil. The LEfSe analysis associated four beneficial fungal genera with the G2
group. The judicious selection of ASs can help to minimize the pesticide residues in soil
and their harmful effects on beneficial genera.

Keywords: active substance; azoxystrobin; bacteria; fungi; metrafenone; pesticide pollution;
soil diversity; vineyard

1. Introduction

The utilization of plant protection products (PPPs) is imperative to control pests and
diseases, thereby facilitating the attainment of substantial yields and enhanced crop quality.
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It has been estimated that more than 45% of global food production is lost due to pest
and disease pressure [1]. According to the Food and Agriculture Organization (FAO),
the global utilization of pesticides in agricultural contexts attained 3.73 million tons in
2023 (https:/ /www.fao.org/). In the European Union, approximately 292,000 tons were
sold, of which 39% corresponded to fungicides and bactericides. France and Spain were
the primary purchasers in terms of volume, accounting for 23% and 18%, respectively
(https:/ /ec.europa.eu/).

It is estimated that less than 5-15% of applied PPPs reach the target organisms, while
the remainder is deposited in the environment, contributing to pollution [2]. Indeed, ap-
proximately 80% of European agricultural soils contain pesticide residues [3,4], contributing
with the largest spatial footprint to land degradation—approximately 52% of the cumula-
tive agricultural area [5]. Spain, in particular, has one of the largest land areas in Europe
(0.19 million km?) at high risk of pesticide pollution [6].

The fate of pesticides in the environment is significantly influenced by their intrinsic
properties, soil characteristics, and climatic factors [7,8]. These factors determine their
persistence in soil or their mobility to other environmental compartments. Major off-target
processes include adsorption—desorption, dissipation and degradation, leaching or infiltra-
tion, runoff, and volatilization. Pesticide half-life is contingent upon moisture, temperature,
and soil type [9]. High levels of organic matter, moisture, and cation exchange capacity
in soil, as well as neutral-to-alkaline soil pH, promote pesticide degradation. Conversely,
acidic, nutrient-poor soils exhibit diminished degradation capacity [10]. Evidence of their
persistence is observed, as some long-banned pesticides are still found in soils [4].

Soil microbial communities play a fundamental role in soil health and fertility. Specifi-
cally, they influence plant health and growth, soil texture and structure, nutrient cycling,
and biodiversity [11]. These communities are modulated by multiple factors, including
the climate, soil management practices, and soil chemical and physical properties [12-14],
among others.

Pesticides exert a substantial influence on the diversity and functionality of the soil
microbiome, leading to a decline in diversity and impacting pivotal organisms, such as
nitrogen-fixing bacteria, ultimately lowering soil fertility [6,15,16]. Exposure to multiple
pesticides can produce synergistic effects on microbial soil communities, resulting in a
decrease in litter decomposition rates and soil aggregation [17]. Furthermore, soil fauna
communities are also negatively affected [18]. Runoff and leaching have the potential to
contaminate surface and groundwater, thereby impacting aquatic ecosystems and drinking
water, and thus posing risks to animal and human health [19]. Human exposure may also
occur through direct contact or the consumption of contaminated agriculture products,
including wine. Indeed, associations between pesticide exposure and cancer, as well
as other chronic human diseases, have been reported [20]. The aforementioned effects
underscore the necessity of meticulously selecting ASs that guarantee crop protection while
concurrently minimizing ecological disruption.

The grapevine is a crop with particularly high PPP demands, using a greater diversity
of ASs than most other perennial crops [21,22]. Tang et al. [6] evaluated the residues in soil
in nine cropping systems worldwide, reporting that orchards and vineyards exhibited the
highest levels of soil pesticide residues and the greatest number of detected compounds.

Synthetic pesticide applications in viticulture have demonstrated negative effects on
soil fertility and microbiota, as well as on water quality and wines [23]. In recent years, the
prohibition of numerous ASs due to their adverse environmental impacts, together with an
increasing interest in sustainable practices from grape growers and wine consumers, has
fostered a shift toward low-risk and biocontrol products. However, in regions experiencing
high pest and disease pressure, these alternatives may prove insufficient for achieving
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adequate control, making chemical pesticides necessary. Consequently, it is essential to
select ASs that effectively protect the crop while minimizing environmental contamination.

Galicia, an autonomous community located in northwestern Spain, comprises five
wine Denominations of Origin. The coastal zones are predominantly influenced by an
Atlantic climate, which gradually transitions to intermediate or Mediterranean conditions
in inland areas. These climatic gradients shape wine profiles and cultivars selection;
additionally, they modulate the selection of ASs and their application rates.

The Rias Baixas Denomination of Origin (D.O.) is characterized by a strongly oceanic
climate with mild temperatures and abundant rainfall [24]. These conditions result in
a high pressure for fungal diseases, particularly downy mildew, endemic in this region,
typically requiring, on average, 16 phytosanitary treatments per year. In contrast, the
Ribeiro D.O. presents an oceanic-Mediterranean transitional ecoclimate, with lower rainfall
and higher temperatures, being classified as temperate-warm and sub-humid, with notably
cold nights [24,25].

In this study, two phytosanitary treatment programs—each involving different ASs
currently used in grapevine cultivation in Galicia, with different mobilities in soil—were
selected to evaluate their residues in soil, their dissipation over time, and their impact
on soil microbiota in two experimental plots located in the above-described regions. The
objective was to obtain verified data concerning the behavior and effects of these ASs in
these regions, with the ultimate goal of providing winegrowers with recommendations
about their use to minimize soil pollution.

2. Materials and Methods
2.1. Location and Experimental Design

The study was conducted between 2023 and 2025 in two vineyards located in the Rias
Baixas (Val do Salnés sub-area, Pontevedra, Spain, 42°31'23.4” N 8°44/32.7" W, 71 m a.s.l.)
and Ribeiro (Ourense, Spain, 42°21'36.8"” N 8°07/06.4” W, 116 m a.s.l.) Denominations of
Origin (D.O.s). The Rias Baixas vineyard was established in 2001 with the Albarifio variety
grafted onto 196-17 Castel rootstock, trained on a modified vertical trellis system (VSP),
and pruned to a single Royat Cordon. Vine spacing was 1.25 m x 3.35 m, with spontaneous
vegetation maintained as a cover crop. The experimental design consisted of a randomized
block layout with three replications of 40 plants per treatment.

The Ribeiro vineyard was established in 2006 with the Brancellao variety grafted onto
196-17 Castel rootstock, trained on a vertical trellis system (VSP), and pruned to a single
Royat Cordon. Plant spacing was 2.5 m x 1 m. Tillage was performed prior to budburst
and twice during the growing season. This vineyard also followed a randomized block
design with three replications of 28 plants per treatment. Climatic data were obtained
from meteorological stations near the vineyards through the MeteoGalicia network (https:
//www.meteogalicia.gal/).

Two groups of phytosanitary products (G1 and G2) were applied according to risk-
based criteria in both vineyards to control fungal diseases. The active substances (ASs)
were selected based on those most commonly used in both regions. The ASs of G1 are
catalogued as slightly-to-moderately mobile, while those of G2 are catalogued mostly as
non-mobile. The products applied, and their application dates, are summarized in Table S1,
while Table 1 provides the properties of each AS.
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Table 1. Properties of the studied active substances used in each group of treatments, according to the Pesticide Properties Database [26].

. . . . Solubility in Water
-1
Group  Active Substance Family Mode of Action DT 50 (Field) Koc (mL g—1) at 20 °C (mg/L) Gus Index
Amisulb Triazole- Qil (Quinone inside inhibitor) action. 8.6 284 0.11 —0.21
usuibrom Sulfonamide Respiration inhibitor. Non-persistent Moderately mobile Low Low
. o P - 180.7 589 6.7 3.10
Azoxystrobin Strobilurin Respiration inhibitor (QoL fungicide) Persistent Slightly mobile Low High
Dif ) C ) Disrupts membrane function. Inhibition of 91.8 ) 15.0 0.89
a1 tenoconazole onazole demethylation during ergosterol synthesis. ~ Moderately persistent Moderate Low
Fenh d Anilid Disrupts membrane function, inhibits ; 475 24.0 —0.42
enhexamt niide spore germination. Slightly mobile Moderate Low
. . 15.5 106 17.8 2.35
Iprovalicarb Carbamate Cellulose synthesis inhibitor. Non-persistent Moderately mobile Moderate Transition state
Metalaxyl-M Anilide-ac{yloamino Disrupts fungal nucleic acid synthesis-RNA 14.1. ; 26(000 .2.'64
acid polymerase 1. Non-persistent High Transition state
A i Triazolopyrimidine Mitochondrial respiration inhibitor by 19.7 7713 0.15 0.55
metoctradin Py interfering with complex III Non-persistent Non-mobile Low Low
. Disrupts fungal nucleic acid synthesis-RNA 44.0 7175 33 0.36
Benalaxyl-M Acylalanine polymerase 1 Moderately persistent Non-mobile Moderate Low
Fenpyrazamine Pvrazole Sterol biosynthesis inhibitor. Inhibits germ 20.5 } 20.4 1.98
Py y tube and mycelium elongation. Non-persistent Moderate Transition state
. . Binds to Qo site, blocking electron transfer 1.0 ) 2.0 0.00
. Krexosim-methyl Strobilurin and respiration in the fungi Non-persistent Low Low
. . . S 13.6 ) 42 1.22
Mandipropamide Amide Cellulose synthesis inhibitor. Non-persistent Low Low
. . 62.0 7061 0.492 0.91
Metrafenone Benzophenone Interferes with hyphal morphogenesis. Moderately persistent Non-mobile Low Low
. L T - 33.3 9304 1.9 0.08
Pyraclostrobin Strobilurin Respiration inhibitor (QoL fungicide). Moderately persistent Non-mobile Low Low
7z d B d Inhibition of mitosis and cell division 6.0 1224 0.681 0.71
oxamide cenzamide (Beta-tubulin assembly in mitosis) Non-persistent Slightly mobile Low Low
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2.2. Soil Samplings

At the beginning of the study, soil samplings were analyzed for physicochemical pa-
rameters, including texture, pH, organic matter, assimilable elements, and cation exchange
capacity, as well as soil microbiota composition.

Three additional soil sampling events were conducted each year to determine pesticide
residues and microbial community dynamics: during the period of maximum phytosanitary
treatment application (summer: July 2023 and 2024), after harvest (autumn: October 2023
and 2024), and prior to the beginning of the subsequent treatment campaign (spring: March
2024 and 2025).

Phytosanitary treatments were applied at the same phenological stages in both regions.
Due to climatic differences between the two D.O.s, phytosanitary treatments in the Ribeiro
vineyard were carried out several days later than in the Rias Baixas one. Consequently,
samplings in Ribeiro D.O. were also delayed to ensure the same interval between the last
application of PPPs and soil sampling.

Each sample consisted of five subsamples taken from the same predetermined points
within each repetition using an Edelman simple fixed-handle auger. The first and last
subsampling points were located 4 m from the beginning and end of each plot, and the
remaining three points were located equidistantly between them. Soil from the five points
was composited into a single sample of approximately 1 kg. Sampling was performed 20 cm
from the vine row—where pesticide runoff from the canopy typically accumulates—at two
depths: 0-10 cm and 10-20 cm.

2.3. Pesticide Analysis

Soil samples were air-dried, sieved to 2 mm, and homogenized prior to physicochem-
ical characterization and pesticide analysis. QUEChERS extraction, without additional
clean-up steps, was employed as a sample preparation technique. Extraction conditions
were adapted from a previous study, using 2.5 g of sieved soil, 2.5 mL of ultrapure water,
and 5 mL of acetonitrile, with 2.5% in formic acid, in the process. Magnesium sulphate (6 g)
and sodium acetate (1.5 g) were combined as salting-out sorbents during the QUEChERS
extraction [27]. A fraction of the organic extract was filtered (a 0.22 um hydrophobic syringe
filter was used) and stored at —20 °C until analysis.

Compounds were determined by liquid chromatography-tandem mass spectrome-
try (LC-MS/MS) using a Waters Acquity LC system, connected to an XEVO TQD mass
spectrometer (Waters, Milford, MA, USA). LC separations were carried out using a C18-
type reversed-phase column (Zorbax Eclipse Plus, 50 mm x 2.1 mm, 1.8 um) provided
by Agilent (Wilmington, DE, USA). Acetonitrile and ultrapure water, both 0.1% in formic
acid, were employed as mobile phase [28]. Target compounds were determined in the
multiple reaction monitoring (MRM) mode, considering two transitions per compound.
The LC-MS/MS method covered the determination of organic fungicides employed in
field experiments, except Folpet and Dithianon. Limits of quantification for the rest of the
compounds varied between 1 ng/g and 2.5 ng/g.

2.4. Microbial Population Analysis

Soil samples were stored at —70 °C until analysis. DNA was extracted from 250 mg
of thawed soil samples using the DNeasy® PowerSoil® Pro Kit (Qiagen GmbH, Hilden,
Germany) following the manufacturer’s protocol. DNA concentration in each sample was
quantified using a NanoDrop One spectrophotometer (Thermo Fisher Scientific, Verona,
MA, USA). The final DNA extract was adjusted to 10-15 ng/pL.
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The first PCR was carried out in a final volume of 12.5 pL, containing 1.25 uL of
template DNA, 0.5 uM of each primer, 3.13 uL of Supreme NZYTaq 2 x Green Master Mix
(NZYTech, Lisboa, Portugal), and ultrapure water to the final volume.

For DNA Library preparation and sequencing, separate libraries were generated for
each target taxonomic group using specific primer sets and reaction conditions.

Bacterial library preparation: A ~300 bp fragment of the 16S rRNA gene (V4 region)
was amplified using the following primers that included Illumina sequencing primer
sequences at their 5" ends:

Forward-515F-Y (5" GTG YCA GCM GCC GCG GTA A 3') [29].

Reverse-806R (5" GGA CTA CNV GGG TWT CTA AT 3') [30].

Thermal cycling conditions for the bacterial library preparation were as follows: initial
denaturation at 95 °C for 5 min; 25 cycles of 95 °C for 30 s, 47 °C for 45 s, and 72 °C for 45 s;
followed by a final extension at 72 °C for 7 min.

Fungal library preparation: A ~300 bp fragment of the ITS2 region was amplified
using the following primers, with [llumina sequencing primer sequences at their 5’ ends:

Forward-ITS86F (5 GTG AAT CAT CGA ATC TTT GAA 3') [31].

Reverse-ITS4R (5" TCC TCC GCT TAT TGA TAT GC 3') [32].

Thermal cycling conditions in this case were as follows: 95 °C for 5 min; 30 cycles of
95 °C for 30 s, 49 °C for 45 s, and 72 °C for 45 s; with a final extension at 72 °C for 7 min.

A subsequent PCR step was performed, adding tailed primers with indexed adapters
for multiplexing different libraries in the same sequencing pool. This reaction was carried
out under identical conditions to the first PCR but limited to 5 cycles with an annealing
temperature of 60 °C. A negative control without DNA (BPCR) was included in each PCR
reaction to monitor for potential contamination.

The size of the libraries was assessed on 2% agarose gels stained with GreenSafe
(NZYTech, Lisboa, Portugal) and visualized under UV light. Libraries were purified using
Mag-Bind RXNPure Plus magnetic beads (Omega Biotek, Norcross, GA, USA), according
to the manufacturer’s protocol.

Final libraries were pooled in equimolar concentrations based on quantification with a
Qubit dsDNA HS Assay (Thermo Fisher Scientific, Waltham, MA, USA) and sequenced on
a portion of a NovaSeq PE250 flow cell (Illumina, San Diego, CA, USA), targeting a total
output of 16 gigabases.

2.5. Data Analysis

Pesticide concentrations below their limits of quantification (LOQs) were assigned
a value of zero for statistical analysis, since the products had been applied but their
concentrations were below detectable levels.

Pesticide concentration data were analyzed using the XLSTAT-Pro 201610 statistical
package (Addinsoft 2009, Paris, France). Data normality and homogeneity of variances
were evaluated using the Shapiro-Wilk and Levene tests, respectively. Group comparisons
were conducted using Student’s t-test or the Mann—-Whitney U test when parametric
assumptions were not met. Additionally, a multifactorial ANOVA was applied, considering
D.O., campaign, sampling depth, and sampling month as fixed factors, including their
interactions, and post hoc comparisons were performed using Tukey’s HSD (« = 0.05).

Concerning bioinformatic analysis, FastQC-0.10.1 was used to visualize the ITS2
sequence quality [33]. Data were processed in SEED v2.0.3 [34], and raw paired-end
reads were joined by the usage of fastq-join [35]. Extraction using ITSx v1.1.2 was used to
cover the full-length ITS2 region [36]. Analysis of fungal diversity was performed by the
clustering of all ITS2 sequences into operational taxonomic units (OTUs) [37] at a similarity
of 97%, by USEARCH v11.0.667. Removal of chimeric sequences was carried out by the
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UPARSE method [38]. The most abundant sequences were selected to represent each OTU
for identification by BLASTn search implemented in BLAST + 2.5.0 against UNITE version
8.1, released 2.2.2019 [39]. Sequences with non-fungal hits, without hits, or with e-values
BLASTn search result > 10~ were excluded for increasing chances for obtaining only taxa
belonging to the fungal kingdom [40,41].

A total of 84 soil samples were analyzed using the Microbiomeanalyst.ca platform.
Microbial abundance and diversity metrics were assessed. Alpha diversity indices (Chaol
and Shannon) were analyzed across strata, defined by D.O., sampling depth, campaign,
and sampling month. Differences between treatment groups were evaluated using the
non-parametric Mann-Whitney U test, with p-value adjustment for multiple comparisons.

Beta-diversity was evaluated through Principal coordinate analysis (PCoA) based on
the Bray—Curtis dissimilarity index, using PERMANOVA with Benjamini-Hochberg false
discovery rate (FDR) correction. Linear Discriminant Analysis Effect Size (LEfSe) was used
to identify genera that differed significantly in relative abundance across the evaluated
factors (sampling month, campaign, D.O., and treatment group).

3. Results
3.1. Edaphoclimatic Characterization of the Vineyards

Soil from the Rias Baixas vineyard exhibited higher organic matter content and pH,
as well as greater concentrations of phosphorus and calcium than that from the Ribeiro
vineyard. Soil texture was similar between both sites, although sand content was higher
and clay content was lower in the Rias Baixas D.O. (Table 2).

Table 2. Physicochemical characterization of vineyards.

Parameter Ribeiro Rias Baixas
Clay (%) 16.1 7.1
Silt (%) 222 14.6
Sand (%) 61.7 78.3
USDA classification Sandy-loam Sandy-loam
pH (water) 5.4 6.7
Organic matter (%) 3.29 4.54
Total carbon (%) 1.10 2.10
Total nitrogen (%) <0.15 0.16
C/N ratio 11.7 13.5
Available phosphorus (mg kg~! DM) 25 43
Available potassium (mg kg~! DM) 288 173
Available magnesium (cmol (+)/kg) 1.17 0.69
Available calcium (cmol (+)/kg) 418 5.51
Cation exchange capacity (cmol (+)/Kg) 6.64 6.71

Regarding climatic conditions across sampling periods, Rias Baixas, with an Atlantic
climate, generally showed higher precipitation levels, as expected, except during the period
between the onset of the treatment applications and the second sampling (October). This
second sampling in Rias Baixas was carried out before the heavy rainfall that affected both
regions in late October 2023. In Ribeiro, however, samples were collected in November, as
continuous rain prevented access to the vineyard. Across the two years of study, average
soil temperature at —0.1 m depth was higher in Ribeiro than in Rias Baixas, except during
winter, when this pattern was reversed (Figure 1).
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Precipitation and soil temperature between samplings
1200

1000
800
600

400

Preciptiation (L/m?)
Soil temperature (°C)

200

From 1st July to October October to March| MarchtoJuly  July to October October to March
treatment to July

2023-2024 2024-2025

mmm Ribeiro precipitation s Rias Baixas precipitation =@==Ribeiro soil temperature == Rias Baixas soil temperature

Figure 1. Precipitation and soil temperature between samplings in Ribeiro and Rias Baixas.
3.2. Pesticide Residues in Soil Samples

The comparison of the two groups of ASs revealed that total G1 residue concentrations
were consistently higher than those of G2 in all sampling events in the Ribeiro D.O. A
similar pattern was observed in Rias Baixas, except during the second sampling (October
2023), when residues showed the opposite trend (Table 3, Figure 2). However, significant
differences in the total residue concentrations between the two treatment groups were only
detected in Ribeiro in March 2024 in the upper layer, as well as in the July 2024 sampling in
the lower layer in both Rias Baixas and Ribeiro. When considering total residues at each
sampled depth, the proportion of residues in the upper layer was higher in Ribeiro than in
Rias Baixas, except for the first sampling (summer of year 1) in the G1 group (Figure S1).

Total concentration of pesticides in upperand lower layers

Concentration (ng/g soil)

Ribeiro Rias [Ribeiro Rias |Ribeiro Rias |Ribeiro Rias |Ribeiro Rias |Ribeiro Rias [Ribeiro Rias |Ribeiro Rias [Ribeiro Rias |Ribeiro Rias |Ribeiro Rias [Ribeiro Rias
i Baixas Baixas Baixas Baixas Baixas Baixas Baixas Baixas

Baixas Baixas Baixas
G1 G2 G2 G1 G2 G1 G2
October

October

2023-2024 2024-2025

Figure 2. Total residues (ng/g soil) in each sampling, for each group of AS and D.O. Darker color
indicates residues in upper layer (0-10 cm), lighter color indicates those in lower layer (10-20 cm).

Residues of all ASs in the G1 group, except difenoconazole, exhibited significant
differences between D.O.s. Difenoconazole and the metalaxyl-M soil metabolite CGA62826
were also significantly affected by the sampling month and depth. Metalaxyl-M and
CGA62826 were further influenced by the sampling campaign. Several significant inter-
actions were detected, particularly between D.O. and the other evaluated factors. Indeed,

significant interactions between D.O. and sampling month were found for all the ASs
residues (Table S2).
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Table 3. Average values (ng/g soil) for each individual active substance and total of each group in each D.O., campaign, depth, and sampling month.
= o B ] s
£ 5 S e 2 =S £ = £ = - g £ ~
. B s < £ £ % ¢ E 3 I 8§ 5 T % i g 2 § £ & gz ¢
o 5 E = e =2 £ g g = g = 2 £ & S : & & & E =
8 e E 8 S B 2 g g s =2 < g O s = s £ g, ¥ & 3 g
E = a h 2 & p= 5 S = O S 0 k] P a 2 5 & & g o
O < £ 5 £ g B g O < E & § § & 5 b N F
&
A = ¢ 3
July upper 73 3544 723 3775 104 34 8253 2559 37 39.6 56.7 69.3 92 51 439.6
October  upper 47.8 2.3 1.3 1.6 15 545 41 51 2.0 13.1 24.3
March upper 83.1 3.6 4.8 6.4 97.8 4.5 4.0 5.3 23.0 36.7
2023-2024
July lower 55 2117 320 2373 85 26 4975 1499 21 23.3 23.0 34.8 29 25 2385
October lower 8.8 1.1 1.0 14 12.3 2.0 3.8 5.8
March lower 11.6 52 16.8 2.5 2.5
Ribeiro
July upper 175.7 49 7.1 496 142 251.5 229 47 260 262 467 24.8 54 156.7
October  upper 39.3 1.9 2.6 6.9 50.7 2.5 2.5
March upper 32.6 1.3 0.9 1.3 36.1 42 42
2024-2025
July lower 335 6.5 40.0 3.1 5.8 43 13.1
October  lower 49 6.2 11.1
March lower 2.0 2.0
Gl G2
July upper 136.9 7.3 29.0 81 93 1907 37.6 45 50.3 251 37.0 28 40 1613
October  upper 43.7 2.5 2.4 20 14 521 3.2 3.0 291 14.5 430 25 95.3
March upper 112.2 5.5 2.5 4.0 4.0 128.3 2.0 28 122 5.1 44.6 66.5
2023-2024
July lower 68.9 13.9 36 53 91.6 46.2 2.0 22.0 20.8 42.6 22 1358
October  lower 17.0 1.0 1.0 1.0 200 1.3 139 5.3 17.3 37.8
March lower 56.3 43 2.5 2.4 4.0 69.5 21 6.1 2.0 16.7 26.8
Rias Baixas
July upper 3216 126 120 4.0 8.3 358.5 29 164 81.4 29.8 130.5
October  upper 151.5 6.3 4.0 3.4 165.2 40.4 7.2 46.7 94.3
March upper 214.7 8.8 4.5 33 2.5 233.8 2.0 2.6 7.3 10.8 37.0 59.7
2024-2025
July lower 147.5 6.5 7.3 161.3 12.8 8.1 19.5 40.4
October lower 423 2.6 449 12.7 3.7 13.6 30.0
March lower 72.5 3.4 2.5 1.8 1.7 81.8 4.4 4.6 155 24.5

Empty cells correspond to non-detected compounds.
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Regarding G2 residues, fewer significant differences were detected. Benalaxyl-M,
fenpyrazamine, and pyraclostrobin were significantly influenced by sampling depth; ame-
toctradin and total G2 by month of sampling; ametoctradin, benalaxyl-M, and total G2
by campaign; and ametoctradin, pyraclostrobin, and total G2 residues by D.O. In this
group, only significant interactions between the D.O. and sampling month were detected
for ametoctradin (Table S2), although in the post hoc test, it was detected that all the ASs in
Ribeiro presented several significant differences between sampling months. While in Rias
Baixas, metrafenone, pyraclostrobin, and total G2 showed no significant temporal variation
(Table S3).

Considering the sum of residues of both soil layers (0-20 cm), the pesticide dissipation
over time was faster in the Ribeiro vineyard (Figure 2). Indeed, significant differences were
observed between D.O.s for azoxystrobin, fenhexamid, metalaxyl-M, and total G1 residues.
For the G2 group, significant differences related to D.O. were detected for total G2 residues,
benalaxyl-M, fenpyrazamine, mandipropamide, and metrafenone. Dissipation over time
was also influenced by the campaign for fenhexamid, iprovalicarb, and metalaxyl-M in G1,
and for benalaxyl-M in G2. Several significant interactions were also found (Table 54).

Within the G1 group, azoxystrobin was consistently detected in all sampling events in
both D.O.s and exhibited the highest concentrations among all ASs in both years. Iprovali-
carb reached levels comparable to azoxystrobin during the summer 2023 sampling in
Ribeiro, and the sum of these two ASs accounted for approximately 90% of total residues
at that time. The remaining ASs were residual. Amisulbrom was detected exclusively in
the summer 2023 sampling in Ribeiro. Metalaxyl-M was present in nearly all sampling
events, although always at low concentrations, while its acid metabolite CGA62826 was
only detected in the first two samplings in both D.O.s. The data further showed that,
although summer 2023 concentrations of azoxystrobin, fenhexamid, and iprovalicarb were
noticeably higher in Ribeiro than in Rias Baixas, subsequent samplings revealed similar
concentrations in both D.O.s, or even lower levels in Ribeiro, particularly for azoxystrobin,
that persisted through time in Rias Baixas. Metalaxyl displayed a relatively balanced
distribution between the upper and lower soil depths, whereas the other ASs accumulated
primarily in the upper layer (Table 3).

Regarding the G2 ASs, ametoctradin appeared at a high concentration in the summer
2023 sampling in Ribeiro, but it was present only at residual levels thereafter. Metrafenone
residues persisted over time, mainly in Rias Baixas. Kresosim-methyl was only detected in
one sampling in Ribeiro. Benalaxyl-M, pyraclostrobin, and zoxamide remained at residual
levels throughout all sampling events (Table 3). To sum up, azoxystrobin and metrafenone
were identified as the most persistent ASs within the G1 and G2 groups, respectively, in
both experimental plots.

3.3. Microbial Communities in Soil
3.3.1. Fungal Communities

A total of 174 fungal genera were identified. In both D.O.s, Ascomycota was the
dominant phylum, followed by Basidiomycota in Ribeiro. In Rias Baixas, a higher actual
abundance of Zoopagomycota and Not-Assigned phyla was observed compared with
Ribeiro. The G2 treatment group showed slightly higher overall fungal abundance than G1
in both D.O.s (Figure 3a). In general, fungal actual abundance was higher in Ribeiro and
reached its maximum in March (Figure 3b).
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Figure 3. Actual abundance of fungal phyla in every D.O. according to: (a) treatment group; and
(b) sampling month.

Among the identified genera, Fusarium, Saytozima, Humicola, and Penicillium were the
most abundant in both D.O.s (Figure 4). Inocybe spp. exhibited low levels in G2, but showed
abundance values up to 1000-fold higher in G1 in both D.O.s. In contrast, Clonostachys,
Naganishia, Purpureocillium, and Trichoderma genera were more abundant in G2 than in G1.
Saccharomyces spp. displayed high abundance in Ribeiro, but only residual abundance
in Rias Baixas (Figure 4a). When abundance patterns were examined across sampling
months, Inocybe exhibited contrasting trends between D.O.s; this genus sharply increased
in March in Rias Baixas, but nearly disappeared in Ribeiro. Lypomyces increased markedly
in October but had declined again in March. In Ribeiro, Humicola, Paraphoma, Saitozyma,
and Solicoccozyma showed pronounced increases in March, while Saccharomyces peaked in
October (Figure 4b).

Alpha-diversity indices (Chaol and Shannon) did not show significant differences
(p < 0.05) between G1 and G2 for the fungal community; therefore, both treatment groups
were pooled for subsequent analysis.

The Chaol index remained stable over time in Rias Baixas, whereas in Ribeiro, with
lower values in all the samplings, experienced great fluctuations. Significant differences
between the two D.O.s were detected across all sampling dates (Figure 5a). Concerning
the Shannon index, it was also lower in Ribeiro, except in the second sampling, but the
significant differences were lower (Figure 5b, Table S5).

When comparing the same sampling month across different campaigns, significant
differences in Chaol were found for the July and October samplings in Ribeiro. The
Shannon index differed significantly for the March (2023 vs. 2024, and 2023 vs. 2025) and
July samplings in Ribeiro, and the October samplings in Rias Baixas (Table S5).

Temporal comparisons between the three samplings within the same campaign re-
vealed significant differences in the Chaol index between July and October of the 2023-2024
campaign, and between July and March, as well as between October and March in
2024-2025 for Ribeiro. In Rias Baixas, significant differences were observed between
July—October and October-March in 2023-2024. For the Shannon index, significant differ-
ences were detected between July and March in the 2023-2024 campaign, and between
October and March 2024-2025 in Ribeiro. In Rias Baixas, significant differences were found
between October and March 2023-2024 and between July and October 2024-2025 (Table S5).
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Figure 4. Actual abundance of the most frequent fungal genera for (a) each D.O. and group of
treatments, and (b) each D.O. in every sampling month.

Linear discriminant analysis effect size (LEfSe) revealed significant differences in
several fungal genera. When analyzing differences across months, eight genera showed
significant differences, with Fusarium being predominant, along with several other genera,
in July. Grongonella, Malbranchea, and Scedosporium increased in October, whereas Clarireedia
was more abundant in March (Figure 6a). Eight genera also differed significantly between
treatment groups, with Inocybe and Pseudosigmoidea significantly more abundant in G1
compared to G2, while the remaining genera showed higher abundance in G2 (Figure 6b).
When the LEfSe was conducted by D.O. and campaign, the analysis identified a larger set
of more than 20 differential genera (Figure 6¢,d). The top 20 genera distinguishing Rias
Baixas and Ribeiro are shown in Figure 6¢, with Penicillium and Purpureocillium standing
out in Rias Baixas, and Saytozima and Humicola in Ribeiro. Differences among campaigns
were also evident, with Cladosporium exhibiting the greatest LDA score in the 2022-2023
campaign (Figure 6d).

Beta diversity analysis using a PCoA plot, based on the Bray—Curtis index and PER-
MANOVA, demonstrated a clear separation between Rias Baixas and Ribeiro, as well as
the grouping by month (Figure 7). Indeed, D.O. explained 65.8% of the total variability.
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Figure 5. Chaol (a) and Shannon indices (b) of fungal diversity in every sampling date and D.O. An
asterisk indicates significant differences between D.O.s in the month of sampling.
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Figure 6. LEfSe dot plots showing differences for some fungal genera between (a) sampling months,
(b) groups of treatments, (c) D.O.s, and (d) campaigns.
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The analysis of the fungal core microbiome detected a dominance of Fusarium, Penicil-

lium, Humicola, and Purpureocillium genera (Figure 8).
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Figure 8. Heatmap of the fungal core microbiome at the genus level.
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3.3.2. Bacterial Communities

A total of 227 bacterial genera were identified. The most abundant phyla were Acti-
nomycetota and Pseudomonadota. The Verrucomicrobiota phylum greatly increased in
Ribeiro in March. This phylum, together with Bacillota (syn. Firmicutes), was more
abundant in Ribeiro. Actual abundance was not influenced by treatment group (Figure 9).
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Figure 9. Actual abundance of bacterial phyla in every D.O. according to (a) treatment group and
(b) sampling month.

Among the identified genera, Rubrobacter was the most abundant in both D.O.s,
followed far behind by Bradyrhizobium, Bacillus, Pseudarthrobacter, and others. Bacillus had
a greater abundance in Ribeiro. A high abundance of unidentified genera was detected.
Actual abundance greatly increased in March; Bacillus, Pseudarthrobacter, and Acidobacterium
stood out that month (Figure 10).

The Chaol index for Rias Baixas remained stable across time. The experiment began
with similar Shannon index values in both D.O., but from here on, the index experienced
great fluctuations in Ribeiro (Figure 11). Significant differences in both diversity indices
between D.O.s, between campaigns, and between the different sampling months were
found. Chaol was higher in almost all of the samplings for Rias Baixas, with significant
differences in March and October 2023 compared to Ribeiro. Ribeiro surpassed Rias Baixas
in July 2024, also being significant in this sampling (Table S6).
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Figure 10. Actual abundance of bacterial genera in every D.O. according to (a) treatment group and
(b) sampling month.

Linear discriminant analysis effect size (LEfSe) revealed significant differences in a
great number of bacterial genera, particularly when the D.O. (minimum of 100 genera) and
sampling campaign (78 genera) were considered (Figure 12). When analyzing differences
across D.O.s, Rias Baixas presented a high LDA score for Nocardioides, Pedomicrobium,
Afipia, and Bosea, and Ribeiro for Bacillus, Acidobacterium, and Pseudarthrobacter (Figure 12a).
Twelve genera differentiated between months, with Sphingomonas standing out in July, and
Paenibacillus in March (Figure 12b). Rubrobacter stood out in the 2022-2023 campaign, and
Pseudoarthrobacter in the 2024-2025 one (Figure 12c). No genus differentiated between the
two groups of phytosanitary treatments.

Beta diversity analysis using a PCoA plot based on the Bray—Curtis index and PER-
MANOVA demonstrated a clear separation between Rias Baixas and Ribeiro, as well as a
certain grouping by month, as seen for fungi (Figure 13).

The analysis of the bacterial core microbiome showed a dominance of several genera,
mainly Rubrobacter, Bradyrhizobium, Bacillus, Streptomyces, and Sphingomonas (Figure 14).
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Figure 11. Chaol (a) and Shannon indices (b) of bacterial diversity in every sampling month and
D.O. An asterisk indicates significant differences between D.O.s in the sampling month.
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Figure 12. LEfSe dot plots showing differences for some bacterial genera between (a) D.O.s, (b) sam-

pling months, and (c) campaigns.
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Figure 13. Principal coordinate analysis (PCoA) plot based on the Bray—Curtis index with the
PERMANOVA statistical method for the Rias Baixas and Ribeiro D.O.s’ bacterial communities.
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Figure 14. Heatmap of the bacterial core microbiome at the genus level.

4. Discussion
4.1. Differential Behavior of the Active Substances in Soil

Maximum residue limits (MRLs) for pesticides are established for food and drinking
water. However, despite their negative effects on soil health and fertility, no legal thresholds
currently exist for pesticide residues in soils within the European Union.
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The grapevine is among the crops with the highest demand for plant protection treat-
ments, particularly in humid and temperate regions, such as Galicia, leading to pesticide
contamination in soils. In fact, copper contamination—stemming from its extensive use in
conventional and organic viticulture and its strong capacity to accumulate in soils—has
been documented in vineyards in this region [42], along with its negative impacts on
soil enzymatic activity [43]. Additional studies in the region have reported pesticide
contamination in soils, bodies of water, and wines [44—46].

In this study, the combined effect of several pesticides and their dynamics under real
field conditions was assessed in two vineyards with contrasting edaphoclimatic charac-
teristics. Rias Baixas is distinguished by higher precipitation and lower soil temperatures
during the period of maximum pesticide accumulation, while soil from this Denomination
of Origin (D.O.) exhibited higher pH and organic matter content compared to the Ribeiro
D.O. These differences can significantly influence pesticide persistence and mobility, as
reported by Barmettler et al. [27]. These authors observed regional differences in total
pesticide residues in Swiss vineyard soils that were attributed to soil organic carbon content
(affecting sorption processes), temperature regimes (affecting microbial degradation), and
disease pressure.

Pesticide residues were most detected in periods of high application frequency, as
expected. Overall, the G1 group exhibited higher residue levels than the G2 group. In the
case of G1, the greatest concentrations were observed for azoxystrobin and iprovalicarb,
both of which were the most frequently applied, with three treatments per year. Azoxys-
trobin, an AS for controlling black rot and powdery and downy mildews, was the sole AS
classified as persistent among those utilized in this study. It exhibits low water solubility
and slight mobility, which explains its persistence over time, and the consistently higher
residues observed in the G1 group compared to G2. These findings are consistent with
those of Barmettler et al. [27], who detected azoxystrobin in vineyard soils despite it not
having been applied in the preceding five years, pointing to its strong sorption to the soil
as the most probable explanation for its presence.

Iprovalicarb, an AS against downy mildew, was applied a few days prior to the July
sampling. This, in conjunction with the high frequency of applications, was responsible
for the elevated residues detected in that sampling. This compound was classified as
non-persistent in soil, with moderate water solubility and mobility, which was consistent
with the very low residues detected in subsequent samplings (October and March).

Metalaxyl-M was detected in nearly all samplings, albeit at low concentrations. This
AS has been reported as one of the most frequently detected in vineyards [27,47]. Manjarres-
Lopez et al. [47] evaluated pesticide residues in both water and vineyard soils in La
Rioja (Spain) over a three-season period, encompassing spring, summer, and autumn.
They detected metalaxyl and its metabolite CGA-62826 at maximum concentrations in
groundwater from vineyard wells; however, CGA-62826 was not detected in soil samples.
Metalaxyl was detected in spring and summer water samples; however, its presence in soil
was less ubiquitous, attributable to its classification as leachable, a classification based on
its high water solubility and GUS index. Significant correlations were also found between
certain pesticide concentrations and soil properties, such as the organic matter and clay
content in that study. Metalaxyl has also been noticed in groundwater samples at levels that
exceeded environmental quality standards in the Tidone viticultural area [48]. Furthermore,
in 50% of wells and springs in La Rioja, metalaxyl was identified, along with two of its
degradation products (CGA-62826 and CGA-92370) in over 30% of the samples [49]. In
the present study, CGA-62826 was detected in the soil during the initial year, albeit at low
concentrations. It has been reported that the degree of degradation of metalaxyl-M to CGA-
62826 exhibits significant variation, with levels ranging from 89% in a German soil sampling
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to less than 1% in a Cameroonian soil sampling after a 90-day period. This discrepancy is
likely attributable to the presence of distinct microbial degradation communities [50].

Regarding the G2 active substances (ASs), ametoctradin demonstrated a high con-
centration in the Ribeiro D.O. in the summer sampling in both soil layers during the first
year. This observation is likely attributable to its application five days prior. This AS has
a low water solubility and is classified as non-mobile and non-persistent, which explains
why only residual levels were detected in subsequent samplings. Zoxamide appeared at
low concentrations in July and became virtually undetectable thereafter, which is consis-
tent with its classification as a non-persistent and slightly mobile AS. Indeed, zoxamide
residues were not detected in November samplings conducted in several Swiss vineyards
where it had been applied [27]. Several ASs exhibited contrasting behaviors depending on
the D.O. Benalaxyl-M, fenpyrazamine, and metrafenone almost completely disappeared
over time in Ribeiro, whereas in Rias Baixas their concentrations declined more gradually,
particularly for metrafenone. It is worth noting that metrafenone was among the pesticides
that contributed most to the overall pesticide residue burden in a study conducted across
62 vineyards in Switzerland [27].

Overall, ASs persisted longer in Rias Baixas than in the Ribeiro D.O. This could be
attributed to the higher organic matter content in the Rias Baixas vineyard, which likely
enhanced AS sorption, thereby slowing their downward leaching, as well as the lower soil
temperature in the months with the highest concentration of residues. The vineyard soils
in both D.O.s had a texture conducive to pesticide transport to water, characterized by clay
contents below 20% and sand contents above 45% [7]. The transmission-to-water risk values
calculated based on soil permeability and adsorbency, combined with AS solubility and
half-life, indicated that metalaxyl-M maintained consistently high transmission risk values
across different soil textures. In contrast, azoxystrobin exhibited the lowest transmission-
to-water risk values, suggesting that it may be preferable when aiming to reduce the risk
of water contamination [7]. These findings are consistent with the results of our study, as
azoxystrobin was detected at relatively high concentrations in soil, whereas metalaxyl-M
was present only at residual levels.

Residues were predominantly detected in the upper soil layer (0-10 cm), with the
Ribeiro D.O. exhibiting higher percentages compared to the Rias Baixas D.O.—an exception
being observed in the first sampling (July 2023), where both D.O.s exhibited almost equal
distribution for G1 residues. This may be associated with the higher precipitation levels
that occurred between the onset of treatments and the July 2023 sampling in Ribeiro, in
conjunction with the greater mobility of G1 substances. In this regard, a study conducted
in two Swiss viticultural regions with contrasting edaphoclimatic conditions revealed that
differences in pesticide residues were attributed to different sorption capacity in the humic
layer, and to different precipitation patterns [27].

Residues of the ASs examined in this study are frequently detected in finished wines,
mainly fenhexamid, iprovalicarb, and metalaxyl, among others. These compounds were
detected at concentrations below the maximum residue limits (MRLs) established for
grapes, since no MRLs exist specifically for wines [51]. A recent study revealed that wines
produced in Galicia exhibited AS levels below their respective grape MRLs, with the
highest detection frequencies in the Rias Baixas D.O. for iprovalicarb, mandipropamide,
and metalaxyl, and in Ribeiro for metalaxyl, dimetomorph, and mandipropamide. The
highest concentrations in wine corresponded to iprovalicarb and fenhexamid in Rias Baixas,
and metalaxyl and fenpyrazamine in Ribeiro. Overall, wines from Rias Baixas presented a
noticeably higher total pesticide concentration than those from Ribeiro [44], likely due to
the higher number of phytosanitary treatments typically applied in this D.O.
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4.2. Effect of Pesticides and Location on Soil Microbiome
4.2.1. Impact on Fungal Communities

Environmental stressors such as pesticides may drive microbial community differen-
tiation, altering microbial interactions, reducing diversity, and ultimately compromising
agroecosystem sustainability.

Concerning the fungal communities, Ribeiro exhibited a slightly higher abundance
compared to Rias Baixas, with a peak observed in March and a significant decline in Octo-
ber. Ascomycota was the most abundant fungal phylum, followed by Basidiomycota, a
finding that aligns with the results of previous vineyard studies [52,53]. Zoopagomycota,
comprising species that are primarily mycoparasites as well as parasites and pathogens of
small animals [54], was more abundant in Rias Baixas. This phylum has been correlated
with higher nitrogen, organic matter, and C/N ratios in a vineyard study comparing two
different soil profiles [14], which aligns with the soil characteristics of Rias Baixas. The most
frequent genus was Fusarium, identified together with Cladosporium, as the dominant taxa
across vineyards in Australia, Denmark, Germany, Portugal, and South Africa in a global
microbiome survey of 200 vineyards in 13 countries. This genus encompasses numerous
plant pathogens and fruit-spoilage species [55]. In vineyards, it has been observed to
exacerbate the severity of grapevine trunk diseases [56]. Other prevalent genera included
Saitozyma (associated with Ribeiro), Humicola, and Penicillium. Saitozyma, which has been
demonstrated to be positively correlated with the available soil potassium in a study with
rainfed rice—potato cropping systems [57], has also been shown to inhibit Fusarium oxys-
porum infection in brinjal [58]. Indeed, the Ribeiro soil contained higher potassium levels
than that of Rias Baixas. The core microbiome was dominated by Fusarium, Penicillium, and
Humicola, genera that were likewise identified as core constituents in the global vineyard
study previously cited [55].

Multiple factors shape microbial communities, including soil management practices
and climatic parameters, with seasonality (winter, spring, summer, and autumn) exerting
the greatest impact on fungal communities in a study conducted in two vineyards with
different soil management practices [59]. In our study, several parameters were assessed.
No significant differences were detected in fungal richness or diversity among the two
groups of ASs evaluated. Nevertheless, the influence of the D.O. was significant. The
fungal richness (Chaol index) differed consistently between Rias Baixas and Ribeiro across
all the samplings. Additionally, the diversity (Shannon index) was also significant in the
March samplings collected in the 2023 and 2024 campaigns. Rias Baixas exhibited higher
fungal richness and diversity, possibly due to contrasting edaphoclimatic conditions.

Although no significant differences were found in the fungal richness of diversity
between the two groups of treatments, the LEfSe analysis identified eight discriminating
genera that distinguished G1 from G2, with six genera exhibiting higher abundance under
the G2 treatment, and two under G1. It has been established that certain species of Lachancea
and Clonostachys function as biocontrol agents against plant pathogens [60,61], whereas
Aspergillus and Lipomyces are known pesticide-degrading organisms [62]. These species
exhibited higher abundance in G2. Future studies should be conducted to evaluate the
potential harmful effects of each individual AS on these differential species.

Several fungal genera also differentiated the two D.O.s in the LEfSe analysis. Rias
Baixas showed a high abundance of several beneficial genera, including Purpureocillium,
Trichoderma, and Metarhizium. These genera include species known as having the capac-
ity for phosphate solubilization, major decomposition activity, and antagonism against
pathogens [63,64], as well as for their ability to degrade herbicides [65,66]. The increased
presence of Metarhizium, an entomopathogenic genus, has been associated with high C/N
ratios in soil [67]. In our study, this genus was more abundant in Rias Baixas, which
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displayed a slightly higher C/N ratio than Ribeiro. Conversely, this D.O. also harbored
pathogenic genera, such as Dactylonectria, which includes species responsible for grapevine
trunk diseases [68], and Penicillium, a major grapevine pathogen. In the global study of
vineyard soils across four continents, Penicillium and Trichoderma were identified as part of
the core microbiome [55].

With regard to the sampling months, several genera showed higher abundance in
July, including Fusarium, Plectosphaerella, Rhodotorula, and Phaeosphaeria, but declined in
subsequent months. Rhodotorula is a genus of basidiomycete yeasts commonly found in soil,
air, water, and on plant surfaces. R. mucilaginosa has been shown to stimulate arbuscular
mycorrhizal colonization in soybean and red clover [69]. Plectosphaerella species have
been associated with root and collar rots in various horticultural crops [70]. However, P.
cucumerina has been successfully tested as a biocontrol agent against Alternaria spp. [71].

4.2.2. Impact on Bacterial Communities

With regard to bacterial communities, no significant differences were attributable to
the different treatment groups. As observed for fungal communities, the bacterial richness
in Rias Baixas was more stable and generally higher than in Ribeiro. This may be attributed
to the tillage practice, which has been demonstrated to disrupt the microbiome, with a
particular impact on fungal communities [72].

The most abundant phylum was Actinomycetota (syn. Actinobacteria, Actinobacteri-
ota, and Actinomycetes), followed by Pseudomonadota (syn. Proteobacteria). The present
findings contrast with findings from other studies; for example, Gobbi et al. [55], in a global
vineyard survey, reported Proteobacteria, followed by Actinobacteria, as the most abundant
phyla worldwide, consistent with results from Malla et al. [73]. The latter study indicated
that Proteobacteria were predominant in pesticide-contaminated agricultural soils, possibly
due to their adaptive capacity to pesticides.

Ni et al. [23] demonstrated, in steppe grassland soils, a positive association between
pesticide diversity and bacterial richness, driven by the enrichment in neutral and specialist
taxa capable of degrading or resisting pesticides. Malla et al. [73] also reported a signifi-
cantly higher abundance of Pseudomonas, Bradyrhizobium, Paenibacillus, and Nocardioides
genera in pesticide-contaminated agricultural soils compared to natural soils, suggesting
their potential role in pesticide degradation. In our study, several genera reported as
pesticide degraders were identified, including Nocardioides, Bacillus, Bosea, Streptomyces,
Sphingomonas, and Paenibacillus [62].

Rubrobacter, followed by Bradyrhizobium, Bacillus, and Pseudarthrobacter, were the
most abundant genera. The first three were core microbiome members. Rubrobacter spp.,
reported as playing a vital role in nutrient cycling and adaptation to extreme conditions,
were abundant in a topsoil from three commercial apple orchards in Tunisia, as well as
in a study conducted in a landscape with vascular plants, biocrust, and bare substrate
in Spain, with both locations presenting a semiarid Mediterranean climate [74,75]. This
genus has also been detected in Mediterranean vineyards exposed to dry, hot summers [76].
Indeed, the order Rubrobacteridae is highly represented in extremely hot and/or acidic
ecosystems characterized by severe desiccation conditions [77]. Despite the more arid
conditions in Ribeiro, both D.O.s may experience summer drought. For instance, during
June and July 2024, precipitation levels in Ribeiro amounted to a mere 6.8 L/ m?, compared
with 135.2 L/m? in the previous year; in Rias Baixas, rainfall reached 81.2 L/ m? in 2023
and 103 L/m? in 2024 during the same period. However, no differences between sampling
periods were found for Rubrobacter. Bradyrhizobium, a nitrogen-fixing bacterium, has also
been reported as adaptive to biotic and abiotic stresses [78].
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A large number of genera differentiated the two D.O.s. Indeed, the PCoA revealed a
clear clustering by D.O., which was particularly pronounced for Rias Baixas. Nocardioides
spp., previously reported as pesticide-degrading organisms [62], were particularly promi-
nent in Rias Baixas. A study conducted in the Ribeiro D.O. identified this genus as a core
member under transitional and conventional management, although it was not important
under organic management [79]. Nocardioides was also associated with a specific vineyard
in a study of three vineyards in the Lambrusco D.O.C. region [80]. Members of this genus
have been reported to degrade a wide range of pollutants, including aromatic compounds,
hydrocarbons, haloalkanes, nitrogen heterocyclics, and polyester pollutants [81].

Sphingomonas, another genus cited as pesticide-degrading [62], was prominent in
July. Wei et al. [82] observed that, on berries, this genus was negatively correlated with
sunshine hours and positively with precipitation. Furthermore, it was enriched at mid-
maturity compared with other genera; this latter pattern is consistent with our findings
in soil. This genus is a grape epiphyte involved in litter decomposition in ecosystems; it
can depolymerize lignin, degrade polycyclic aromatic hydrocarbons, and enhance plant
growth under stressful conditions. Furthermore, it has also been consistently detected in
all stages of must fermentation [83,84].

5. Conclusions

Despite the greater mobility of the ASs of the G1 group, few significant differences
in total soil residues were found between the two treatment groups. However, a clear
influence of the D.O. was detected on the total soil residues, as well as on the residues of
the individual ASs, with Rias Baixas presenting a slower dissipation rate. It is noteworthy
that azoxystrobin, which also presented the highest residue levels, and metrafenone were
the most persistent ASs, which suggests negative implications associated with soil health.

Four beneficial fungal genera were present in a significantly high abundance in the
G2 group. This observation suggests that some of the ASs of the G1 group may exert a
negative effect on these genera. Subsequent studies involving the ASs of this group should
be performed to ascertain the ASs implicated, so as not to recommend their use to the grape
growers in order to preserve soil health.
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