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ARTICLE INFO ABSTRACT

Keywords: Soil functioning is a growing concern in intensively-managed agricultural landscapes such as vineyards. Me-
Vineyard chanical disturbance of the soil and pesticide use have deleterious impact on microbial activity, which is a key
Management

parameter for organic matter decomposition and nutrient cycling. This study aims to assess the response of soil
microbial activities under different farming systems (organic and conventional systems) and inter-rows man-
agement (grassy or tilled inter-rows). We selected 18 fields in the southwest of France, supporting tilled and
grassy inter-rows (alternating treatment) - 9 fields were managed organically and 9 were managed conven-
tionally. We assessed extracellular enzymatic activities relative to C, N, P acquisition and Microresp™, which
allows to measure catabolic capacities of soil microbial communities. Our results showed that organic systems
had a higher soil organic matter (SOM) content than conventional ones. At the inter-row scale, grassy inter-rows
of organic vineyards differed from tilled inter-rows in catabolic capacities of microbial communities; with overall
a higher complexity of C-substrates respired by microbial communities. Furthermore, N- and P-related enzymes
were positively correlated to SOM and soil pH across sites and managements, suggesting that increasing SOM
may positively impact nutrient recycling and notably NO3. Altogether, our results pointed out the importance of
soil organic matter content on soil microbial functioning in vineyards as well as the possible benefit of organic
matter inputs on nutrient recycling and nitrogen directly available in the vineyard.

Microbial respiration
Enzymatic activities
Soil health

1. Introduction

Microorganisms play a central role in soil functioning, notably
through their action on organic matter decomposition and nutrient
cycling (Burns et al., 2013). The transition from traditional farming to
intensive agriculture, coupled with the use of large amounts of pesti-
cides, has led to a loss of soil organic carbon and microbial biomass
(Okur et al., 2009). For instance, physical disturbance caused by tillage
activities has been shown to reduce carbon microbial biomass by
approximately 52 % (Cotton and Acosta-Martinez, 2018), but also
enzyme activities (Zuber and Villamil, 2016) by approximately 87 % for
pB-glucosidase (Lagomarsino et al., 2011). There is an increasing number
of studies addressing the influence of high-intensity management
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practices on the dynamics of soil organic matter (SOM) in vineyard soils
(Abad et al., 2023; Syswerda et al., 2011). However, less is known about
the potential positive effects of organic farming on soil microbial func-
tioning and whether they have beneficial effects for vines through
increasing nutrient availability in the soil.

The presence and the management of grass cover within vineyard
rows and in inter-rows significantly influence SOM dynamics and mi-
crobial communities through various direct and indirect ways (Giffard
et al.,, 2022). For instance, grass cover in vineyard inter-rows can
enhance SOM accumulation through root turnover and organic matter
deposition, contributing to an increase in soil carbon inputs (Garcia
et al., 2018; Steenwerth and Belina, 2008). Moreover, root rhizodepo-
sition can in turn stimulate soil microbial activity (Banerjee et al., 2019),
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notably by promoting the proliferation of beneficial soil microorganisms
involved in nutrient cycling and disease suppression (Giffard et al.,
2022). However, soil mechanical disturbance have detrimental effects
on microbial activities reducing their biomass and activity (Belmonte
et al., 2018). In addition, extensive management of vineyard supporting
spontaneous vegetation and limiting soil tillage may promote competi-
tion for water and nutrients between spontaneous vegetation and vines
which in turn may limit vine growth and yield (Novara et al., 2021).
Such a trade-off between soil and crop functioning requires clear in-
formation about the consequences of within-field management on crop
and soil functioning to develop management strategies optimizing soil
functioning without compromising crop productivity.

The effect of grass cover in vineyards on microbial activities is highly
context-dependent in relation with factors such as soil pH and the
quantity of organic matter (Banerjee et al., 2019; Engell et al., 2022;
Rousk et al., 2010). In situations where soil pH levels are relatively low,
grass cover may facilitate nutrient availability, thereby promoting vine
growth (Aciego Pietri and Brookes, 2009). Similarly, in environments
where vineyard soils have low initial organic matter content, grass cover
can significantly enhance SOM accumulation, fostering improved soil
structure for microbial communities (Abad et al., 2021; Bommarco et al.,
2013; Reilly et al., 2023). However, in soils with high SOM, we can
expect that the presence of grass cover might exacerbate nutrient
immobilization (Belmonte et al., 2018; Peregrina et al., 2012), but the
consequences on microbial activity and organic matter dynamics are
still relatively unknown. Therefore, considering the quantity of SOM and
the pH level is crucial for understanding the variability in responses of
grass cover on soil microbial functioning in vineyards, guiding tailored
management practices to optimize both soil health and grapevine
productivity.

In this study, our main objective was to assess the impact of man-
agement by comparing organic and conventional vineyards, and the
effect of grass cover management on soil microbial activity (i.e., en-
zymes and catabolic capacities). We evaluated the context-dependency
of these effects by using 18 sites across a wide range of soil types,
which vary strongly in their SOM and pH values. We further compared
tilled vs grassy inter-rows within each of the two types of management.
First, we hypothesized that microbial activity should be higher in
organically managed vineyards compared to conventionally managed
vineyards due to a supposed more extensive management practices and
reduced use of phytosanitary products (Hypothesis, H;) (Engell et al.,
2022; Sannino and Gianfreda, 2001). Second, we hypothesized that the
effect of vineyard management should also depend on inter-row man-
agement, with greater microbial activity and functional abilities of mi-
crobial communities in grassy inter-rows compared to tilled inter-rows
due to a lower soil disturbance coupled to higher C inputs with the
presence of an herbaceous cover (Hypothesis, Hy) (Burns et al., 2013;
Syswerda et al., 2011). Finally, we hypothesized that the effects of
management would be stronger when soil C contents and pH are low,
notably because increasing soil pH is known to increase enzymatic ef-
ficiency while increasing C inputs should stimulate microbial biomass
and activity (Maxwell et al., 2020; Sinsabaugh et al., 2008) (Hypothesis,
Hs). The main originality of our study lies in assessing the
context-dependency of vineyard management across various soil types
and environmental conditions, with the objective to assess if this may
impact soil C:N stoichiometry and nitrogen that can then be available for
plant growth and grape quality.

2. Material and methods
2.1. Study site and management characteristics

The study site was in Nouvelle-Aquitaine, in the southwest of France
in the long-term living lab BACCHUS. This represents a 910 km? area in a

vineyard-dominated landscape (Muneret et al., 2019; Ostandie et al.,
2021). Nine pairs of vineyards close to each other in the landscape were
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selected and each pair was composed of one vineyard managed organ-
ically and the other conventionally (Supplementary material, Fig. S1).
Each vineyard has an alternate row management with one row tilled out
of two, the other one is covered by spontaneous vegetation mainly
composed of ruderal and gramineous species (e.g: Agrostis stolonifera,
Cynodon dactylon, Potentilla reptans, Lolium and Trifolium species). These
vineyards presented a wide range of pH values (from 5.8 to 8.3) and
diverse soil textures (Supplementary material, Table 1). The fields were
in viticulture for a few decades to over 156 years. As they were in real
production context, tillage was superficial in tilled inter-rows with an
important variety of mechanical tools (< 10 cm). Most of the rows in
conventional vineyards were both mechanically and chemically weeded
whereas the use of herbicides was banned in organic vineyards.

2.2. Soil sampling

Vineyards were sampled during early spring 2022. Each inter-row
was sampled at three points in the middle of the field in the 0-10 cm
layer. These sampling points were distant from the edge by 15 m and
each point was 10 m apart from the next and were mixed in order to
obtain composite sample. Plant debris were removed from these com-
posite samples. The composite samples were then sieved at 5 mm and
sent to a laboratory for soil analyses (AUREA AgroSciences) to measure
pH with glass electrode (NF ISO 10390) and organic matter content
using sulphochromic oxidation of carbon followed by colorimetric
dosage (NF ISO 14235) at the inter-row level (Supplementary material,
Table S1). During the same period, we also collected and sieved soils for
enzyme activities and MicroResp™ analyses. Composite samples for
enzymatic activities were stored at —20°C, while composite samples for
MicroResp™ were stored at ambient temperature.

We assessed available NOj3 in soils through anion exchangeable (2 cm
x 5 cm) membranes following Biofunctool methodology (Thoumazeau
et al., 2019) based on Qian and Schoenau, (2002) and Saggar et al.
(1990). Briefly, exchangeable membranes were charged with NaHCO3
0.5 M solution for at least 24 h and kept at 4 °C. Then, membranes were
buried in vineyard soils the 1st or the 3rd of March, 2022 (3 replicates
per inter-row per vineyard; points were located 15 m from the, with each
point 10 m apart from the next, resulting in 108 membranes in total),
and collected two weeks later and kept at 4 °C. The collected membranes
were extracted with 35 mL of KCl 1 M solution to assess NO3 (mg/L)
through Skalar San++®.

2.3. Enzymatic activities

To measure potential enzymatic activities, we selected 7 hydrolytic
enzymes: Cellobiohydrolase (EC 3.2.1.91), a-Glucosidase (EC 3.2.1.20)
and B-Glucosidase (EC 3.2.1.21), which degrade cellulose; xylosidase
(EC 3.2.1.37), which breaks down hemicellulose; acid Phosphatase (EC
3.1.3.2), which hydrolyzes organic phosphate bounds; N-acetyl

Table 1

Effects of vineyard and inter-row managements (MNGT: 4 levels of management
corresponding to organic and conventional crossed with tilled and grassy inter-
rows plots) and of soil OM or pH on carbon (Cenz), nitrogen (Nenz), and
phosphorus (Penz) enzymatic activities, C:N stoichiometry (CNenz) and NO3.
Results (F-values) of the models with management (MNGT) and OM are shown
in the upper part and independent of the results of the models with management
(MNGT) and pH indicated in the lower part of the table. Significant effects are
shown in bold (***P < 0.001 and * P < 0.05).

Models Variables  Cepy Nenz Penz CNenz NO3
MNGT oM 0.44 56.69 19.96 3.10 14.40
+ OM ke kekek ek

MNGT 0.17 1.07 1.24 0.26 1.75
MNGT pH 1.62 67.00 33.07 21.18 15.11
+ pH ke kekek ek ek
MNGT 0.25 1.80 0.73 0.01 3.18 *
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Glucosaminidase (EC 3.2.1.52) which breaks osidic bonds and Leucine
aminopeptidase (EC 3.4.11.1) which breaks proteic bonds. Enzyme ac-
tivities were assayed using fluorochromes 7-Amino-4-MethylCoumarine
(7-AMC) for the Leucine aminopeptidase and the 4-MethylUmBellifer-
one (4-MUB) for the six other enzymes via a microplate reader (Syn-
ergy H1IM Biotek®).

Firstly, the soil samples were thawed to 4°C. Then 2.750 g of each
sub-sample (triplicate) was weighed and suspended by grinding with
91 mL of a 0.1 M Tris-HCI extraction buffer with a pH similar to the
respective soil pH, then stirred. Secondly, 800 uL of each soil solution
was added to the microplates containing 200 L of each of the 7 sub-
strates at 200 pM, which had previously been thawed in the dark to
avoid instability due to light exposure (Bell et al., 2013). Substrates were
given in excess in order to measure potential enzymatic activities
(Nannipieri et al., 2012). We also prepared 2 microplates containing
800 uL of our soil solutions and 200 uL of 4-MUB for one microplate and
7-AMC for the second at 0, 2.5, 5, 10, 25, 50 and 100 pM. Another
microplate was prepared with 800 pL of buffer solution and 200 pL of
4-MUB, and 800 uL of buffer solution and 200 pL of 7-AMC at the same
molarity range. Microplates were then placed in incubation for 3 hours
at 25°C, agitated every 30 min. After the incubation time, microplates
were centrifuged at 3000 rpm for 3 minutes and 250 L of supernatant of
each deep well were transferred to a reading microplate for measure-
ment by the microplate reader. For the calculation of enzymatic activ-
ities, soil moisture was taken into account. The excitation wavelength
was set at 365 nm and re-emission wavelength at 450 nm for both
fluorochromes.

To assess potential enzyme activities linked to C, N and P, we
selected p-Glucosidase, Cellobiohydrolase, Xylosidase and a-Glucosidase
for C potential enzyme activity. N-acetyl Glucosaminidase and Leucine
amino-peptidase for N potential enzyme activity and the value of acid
Phosphatase for P potential enzyme activity.

2.4. Respiration analyses

MicroResp™ was used to assess Community-Level physiological
profiles (CLPP) of soil microorganisms. The procedure was similar to the
one described by Campbell et al. (2003), with the exception of calcar-
eous soils. Because CaCOj interferes with respiration, it was removed by
adding 2 M HCI (instead of water) until boiling was complete, before
adding substrate solutions. Different carbon sources were used, ranging
from simple to complex, to assess the diversity of microbial commu-
nities. We used Carbohydrates: D-Glucose (CAS 50-99-7), D-Fructose
(CAS 57-48-7), D-Arabinose (CAS 10323-20-3) and D-Xylose (CAS
58-86-6); Amino acids: N-Acetyl D-Glucosamine (CAS 7515-17-6),
L-Lysine (CAS 56-87-1), L-Serine (CAS 56-45-1), y-Amino Butyric acid
(CAS 56-12-2) and L-Glutamine (CAS 56-85-9); Carboxylic acids: Malic
acid (CAS 6915-15-7), Citric acid (CAS 77-92-9) and Oxalic acid (CAS
144-62-7); and phenolic acids: Gallic acid (CAS 149-91-7), Syringic
acid (CAS 530-57-4) and Vanillic acid (CAS 121-34-6). Optical density
at 570 nm was measured and converted into substrate-induced respi-
ration (SIR) (ug C-COZ.g’l.h’l). Afterwards, we added values of the 15
SIR; to assess the total catabolic activity (SIRtot) and we calculated
Shannon catabolic diversity index (H’) for all soil samples and all these
compounds (Bourget et al., 2023; Fromin et al., 2020). H’ was calculated
to assess the soil microbial functional diversity, through the following
equation (Bourget et al., 2023):

15
H = SIRiln(SIRi) )

i=1
2.5. Statistical analyses
Firstly, we used linear models to compare if there was any difference

in C, N, P potential enzyme activities, SIRtot and H’ between organic and
conventional vineyards, whatever the management of the inter-row
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(considered as replicates of measures). The second set of analyses was
focused on the effect of inter-row management, with a comparison of C,
N, and P potential enzyme activities, SIRtot and H* between grassy and
tilled inter-rows, regardless of whether the management was organic or
conventional.

Effects of management (organic vs conventional and grassy vs tilled
inter-rows) on OM and pH were also assessed through linear models
(without interactions). Prior to linear models, we checked for correla-
tion using Pearson’s correlation test. We found that OM and pH values
were correlated (r = 0,56, P = 3,4 10™4).

The quality of substrates respired between field managements in
interaction with inter-row managements were analyzed through non-
metric multidimensional scaling analysis (NMDS) (using metaMDS
from vegan package v2.6-4) with Bray-Curtis distance matrix. PCA and
ANOVAs were then computed to quantify effects of retained soil pa-
rameters (OM, pH) on microorganism total activities: SIRtot, H’, enzy-
matic activities linked to carbon (Cep,), enzymatic activities linked to
nitrogen (N¢pz) and enzymatic activities linked to phosphorus (Pep,); and
specific potential enzymatic activities (Cellobiohydrolase, a-Glucosi-
dase, p-Glucosidase, Xylosidase, acid Phosphatase, N-acetyl Glucosa-
minidase and Leucine aminopeptidase).

Then, ANCOVAs were performed to assess the potential interactions
between qualitative (management) and quantitative (OM, pH) retained
parameters on Cepz, Nepz and Pey,. We chose to analyze the management
factor as a 4-level factor: grassy and organic inter-rows, tilled and
organic inter-rows, grassy and conventional inter-rows; and tilled and
conventional inter-rows. pH and OM effects and their respective inter-
active effects with management were assessed in different models
because they were correlated. The same procedure was repeated to
assess differences between managements in the Cep,:Nep, stoichiometry
and nitrogen availability by comparing Cep;:Nep, and NO3 between the
four different managements. When the management effect was signifi-
cant, a multiple comparison using Tukey HSD test was performed (using
TukeyHSD from stats package v4.2.2). All statistical analyses were per-
formed on R version 4.2.2 (2022-10-31-urct) (R Core Team, 2022).

3. Results
3.1. Management effects

3.1.1. Organic versus conventional

We did not find differences in pH between organic and conventional
farming (mean =+ sd: 7.03 + 0.82 and 7.06 + 0.90 for organically- and
conventionally-managed vineyards respectively) (Table S2). However,
we found that OM content was higher (t-value = 2,08; df = 34;
pP= 4,5.10’2) in organic (mean of 2.77 + 1.04 % across all sites)
compared to conventional vineyards (2.16 + 0.68 %) (Fig. 1). No sig-
nificant differences were found between organic and conventional
managements concerning potential enzymatic activities on carbon Cep,
(0.20 + 0.17 and 0.15 = 0.16 mmol.kg ! for organic and conventional
vineyards, respectively), nitrogen Ngp, (0.52+0.36 and 0.43
+ 0.26 mmol.kg_1 respectively) and phosphorus Pey, (0.59 + 0.35 and
0.62 + 0.36 mmol.kg ™! respectively) potential enzymatic activities
(Supplementary material Fig. S2, S3 and S4, S7, S8 and S9). We also
observed no significant difference in catabolic capacities between
organic and conventional vineyards regarding SIRtot (30.6 + 27.0 and
23.5 + 16.1 mmol.kg ™!, respectively) and H’ (2.41 + 0.12 and 2.38
+ 0.12, respectively) (Supplementary material Fig. S5, S6 and S10). We
also found no significant differences between organic and conventional
vineyards in Cellobiohydrolase, a-Glucosidase, p-Glucosidase, Xylosi-
dase, acid Phosphatase, N-acetyl Glucosaminidase and Leucine amino-
peptidase potential enzymatic activities.

3.1.2. Inter-row management: grassy versus tilled inter-rows
We did not find significant differences in pH between grassy and
tilled inter-rows (7.02 4+ 0.84 and 7.08 + 0.87 for grassy- and tilled-
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Fig. 1. Differences in organic matter (OM) content between organic and conventional vineyards. A significant difference was observed, with a higher OM content
among organic (2.77 + 1.04 %) fields compared to conventional ones (2.16 £ 0.68 %).

managed inter-rows respectively). The same observation was made for
OM (mean 2.66 £ 1.09 % and 2.27 + 0.69 % for grassy- and tilled inter-
rows, respectively). No significant differences were found between
grassy and tilled inter-rows concerning potential enzymatic activities for
carbon Cepz (0.17 + 0.19 and 0.17 + 0.14 mmol.kg ™! for grassy and
tilled inter-rows, respectively), nitrogen Nep; (0.49 + 0.36 and 0.45
+ 0.27 mmol.kg ™!, respectively) and phosphorus Pep, (0.65 + 0.37 and
0.57 + 0.34 mmol.kg ™!, respectively) potential enzymatic activities.
We did not observe significant differences in catabolic capacities be-
tween grassy and tilled inter-rows regarding SIR;o (22.48 + 18.73 and
31.59 + 24.92 mmol.kg !, respectively) and H’ (2.36 & 0.12 and 2.42
+ 0.12, respectively). Regarding specific potential enzymatic activities,
we found no significant differences between grassy and tilled inter-rows
on Cellobiohydrolase, a-Glucosidase, -Glucosidase, Xylosidase, acid
Phosphatase, N-acetyl Glucosaminidase and Leucine aminopeptidase.

3.2. Substrate quality and diversity

3.2.1. Management organic vs conventional

The grassy inter-rows in organic vineyards differed from those in
conventional management by the quality of C-substrates respired, with
higher levels of complex substrates such as vanillic and syringic acids
(Fig. 2). NMDS showed that grassy inter-rows of organic vineyards
respired higher complex C-substrates while grassy inter-rows in con-
ventional vineyards showed communities more oriented towards
simpler C-substrates. Cep, as well as a higher Cep,:Nep, ratio seemed to be
favored by organic management while Ng,, and NO3 were higher in
conventional vineyards.

3.2.2. Inter-row management
To observe differences in C-substrate quality between inter-rows, we
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Fig. 2. Results of the NMDS on total and specific enzymatic catabolic activities regarding Carbon-substrates respired by microbial communities (Bray-Curtis dis-
tances) in grassy inter-rows of organic and conventional vineyards. Green polygon (OIRE) corresponds to grassy inter-rows of organic vineyards. Red polygon (CIRE)
corresponds to grassy inter-rows of conventional vineyards (stress = 0.14). The different C-substrates were assessed from Microresp™. Blue axis correspond to
organic matter content (OM), N enzymatic activity (Nenz), C enzymatic activity (Cenz), C:N stoichiometry (CNenz) and NO3 (NOs3).
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separately analyzed the values obtained in organic and conventional
vineyards. In organic vineyards, NMDS analysis showed that vanillic
acid, syringic acid and GABA were more respired in grassy inter-rows,
whereas malic acid was more respired in tilled inter-rows (Fig. 3). All
C-substrates are respired in both inter-rows since H’ did not significantly
differ between grassy and tilled inter-rows. However, NMDS showed
that there was a difference in the complexity of C-substrates preferen-
tially respired by soils, with higher complexed C-substrates in grassy
inter-rows. In conventional vineyards, no difference was observed in the
quality of respired C-substrates between inter-rows managements.

3.3. Effect of OM and pH on specific enzymatic activities

We found that an increase in pH significantly decreased the activity
of N-acetyl Glucosaminidase (t-value = —3,57; df = 34; P = 1,1.10_3),
but increased those of acid Phosphatase (t-value = 5,74; df = 34;
pP= 1,9.10’6) and Leucine aminopeptidase (t-value = 8,55; df = 34;
P = 5,42.1019). The regression analysis conducted with soil OM con-
tent revealed a significant positive increase in the activity of acid
Phosphatase (t-value = 4,11; df = 34; P = 2,38.10™% and Leucine
aminopeptidase (t-value = 6,98; df = 34; P = 4,74.107%) enzymatic
activities with an increase of OM content.

3.4. Effects of management in interaction with soil parameters

We assessed for the relationships between organic matter content
levels, pH and their respective interaction with management with 4
levels (organic + grassy inter-row; organic + tilled inter-row; conven-
tional + grassy inter-row; conventional + tilled inter-row) on enzymatic
activities (C, N, and P enzymatic activities) and specific enzymatic
activities.

None of the interaction terms were significant regarding total and
specific enzymatic activities and the interaction term was then removed
from all models (all P-values > 0.05; Table 1). We found a significant and
positive effect of OM content or of pH on N, and on Pg,, (Table 1),
whatever the field and inter-row managements (Fig. 4) while there was
no significant effect observed on Cep,. There was no significant effect of
management on total and specific enzymatic activities (Table 1).
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3.5. Implications on Cepy:Nen, and NO3

We observed no differences in Cepz:Nen, Stoichiometry between
vineyards with different managements (organic and conventional)
neither between inter-row management (grassy and tilled). Linear
models indicate no significant effect on SOM content on Cepz:Nep, While
pH negatively impacted the Cepz:Nep; Stoichiometry (t-value = 4,83; df =
34; P = 2,89.10~°), favoring nitrogen enzymatic activities (Fig. 5). The
following ANCOVAs revealed no interaction effects of pH or OM with
management on Cep,:Nep, ratio. Organic vineyard management signifi-
cantly increased NO3 compared to conventional management (t-value =
2,46; df =34; P = 1,92.10’2) (Fig. 6A) while inter-row management has
no significant effect. Linear models indicate a positive effect of OM (t-
value = 4,12; df = 34; P = 2,27.10_4) and pH (t-value = 3.51; df = 34;
pP= 1,29.10’3) on NOj3 (Figs. 6B and 6C). The ANCOVAs analyses did
not show a significant interactive effect of management and OM or pH,
but we observed a significant simple effect of management on NO3
(Table 1). However, the multiple comparisons using Tukey HSD
revealed one only marginally significant difference between the values
of NO3 with a higher value in tilled inter-rows of organic vineyards
compared to grassy inter-rows of conventional vineyards (Tukey
adjusted t-value = 6.98 and P = 0058).

4. Discussion

Our study assessed the effect of soil management on soil microbial
functioning at both vineyard and inter-row scales, and whether the ef-
fects of management depended on the level of soil organic matter and pH
across 18 sites in Bordeaux vineyards. For this purpose, we measured C,
N and P enzymatic activities and catabolic capacities of soil microbial
communities in organic and conventional vineyards in interaction with
alternating inter-row management. We found that enzymatic activities
were not affected by vineyard management (i.e. organic or conven-
tional) nor inter-row management (i.e. grassy or tilled) but rather by soil
organic matter and pH. Our results contrast with previous studies, e.g.
Peregrina et al. (2014), which observed a positive effect of cover crop on
B-glucosidase activity. This opposite result could be attributed to
methodological differences between studies (i.e., differences in the
sampling depth). Positive effects of cover crop have been observed on
top-soil layers (between 0 and 2.5 cm and 2.5 and 5 cm) but not deeper
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Fig. 3. Results of the NMDS on total and specific enzymatic catabolic activities regarding Carbon-substrates respired by microbial communities (Bray-Curtis dis-
tances) in tilled compared to grassy inter-rows of organic vineyards. Green polygon (OIRE) corresponds to grassy inter-rows. Red polygon (OIRT) corresponds to
tilled inter-rows (stress = 0.13). The different C-substrates were assessed from Microresp™. Blue axis correspond to organic matter content (OM), N enzymatic
activity (Nenz), C enzymatic activity (Cenz), C:N stoichiometry (CNenz) and NO3 (NO3).
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Fig. 4. Relationships between soil organic matter (%) and (A) nitrogen (N) potential enzymatic activities (mmol/kg) and (B) phosphorus (P) potential enzymatic
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kg). Red dots represent grassy inter-rows of conventional vineyards. Green dots represent tilled inter-rows of conventional vineyards. Blue dots represent grassy inter-
rows of organic vineyards and purple dots represent tilled inter-rows of organic vineyards.

while we sampled and analyzed the 0-10 cm depth. In contrast to our
results on enzymatic activities, vineyard and inter-row managements
influence catabolic capacities. The effect of vineyard system depended
on soil organic matter (SOM) content and pH, suggesting that these
parameters are predominant for enzymatic activities, nitrogen avail-
ability and soil functionality.

4.1. Management effect on soil microbial activity

Overall, we found that SOM content was significantly higher in
organically managed vineyards than in conventional vineyards, prob-
ably because of application of organic amendments (Reilly et al., 2023)
or increased tillage frequency in some conventional vineyards aimed at
reducing weed competition (Giffard et al., 2022). Furthermore, we
found slight differences (albeit marginally significant) in SOM content
between organic grassy inter-rows compared to conventional tilled
inter-rows. These observations are in accordance with results from other
studies showing that tillage increased organic matter decomposition

(Balesdent et al., 2000; De Santiago et al., 2008; Reilly et al., 2023;
Tilman et al., 2002). Similarly, Reilly et al. (2023), found a significant
difference between organic management and conventional management
on SOM, which can be explained by tillage practices, notably because it
affected soil organic carbon distribution along the soil profile. However,
these two types of managements can also have indirect effects on soil
structure and the quantity of soil aggregates (Balesdent et al., 2000) with
further detrimental effects of tillage on fauna diversity (Ranjard and
Richaume, 2001) and activity such as that of earthworms (Capowiez
et al., 2009). Further studies should investigate the effect of tillage and
of various tools (tillage depth and frequency) to better understand its
impacts on soil communities and functioning.

Although we expected a positive effect of increasing SOM while
reducing disturbance on soil microbial activity, we did not find that
vineyard management (i.e., organic vs conventional) significantly
affected enzymatic activities (Cepz, Nenz and Pep;), thus rejecting our first
hypothesis. Contrary to our expectations, this suggests that vineyard and
inter-row managements did not influence, alone, enzymatic activities.
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decreased Cep,:Nep, stoichiometry while no interaction with any studied management method was observed (y = 410.6 — 49.8x; adjusted R? = 0.39; P = 2.89.107%;

n = 36: 18 vineyards with 2 modalities/vineyard).

We observed the same result for total catabolic activities (SIRt),
whatever the management considered. This absence of tillage effect on
enzymatic activities (Cenz, Nenz, Penz) and total catabolic activities
(SIR¢op) could be attributed to relatively shallow tillage in our study case,
instead of deeper tillage or intensive tillage that has been shown to
decreased bulk density (Zehetner et al., 2015). The sampling depth used
in our study may contribute to explain our result as changes in SOM
content and enzymatic activities could be higher in top-soil layers
(Peregrina et al., 2014) but slightly impacted at 10 cm depth (which
correspond to our sampling protocol). Furthermore, in the present study
we did not take into account the type of tool used for tillage, which can
influence microbial community and enzymatic activities (Zuber and
Villamil, 2016). For instance, Celik et al. (2011), observed significant
differences in enzymatic activities between high-tilled intensity,
reduced-tillage and no-tilled agricultural systems mainly because
mycorrhizal spore number and soil respiration were negatively affected
by high tillage intensity. This latter parameter also decreased fungal
diversity and hyphal growing (Pingel et al., 2023).

4.2. Inter-rows effect

In partial agreement with our second hypothesis, we found a sig-
nificant difference in the diversity of catabolic capacities (H’), with
higher values in conventional tilled inter-rows compared to conven-
tional grassy inter-rows. In particular, our NMDS revealed that microbial
communities in grassy inter-rows were able to respire at higher rates
using more complex C substrates as GABA, syringic and vanillic acids,
which led to a higher specialization towards complex C-substrates for
the grassy inter-row community. The observed difference between inter-
rows may reflect variations in microbial activity driven by more diverse
C inputs in grassy inter-rows (Celik et al., 2011; Pingel et al., 2023).
Alternatively, this difference could be attributed to a shift in microbial

community composition, particularly a reduction in fungal biomass due
to the negative impact of tillage on hyphal growth. Based on these ob-
servations, we hypothesize that grassy inter-rows present microbial
communities that are more specialized and potentially more efficient at
degrading specific complex substrates (Orwin et al., 2006). These results
could be also influenced by the cover and diversity of weed communities
which is also known to strongly influence the quantity and the quality of
substrates and exudates available for soil communities (Ingels et al.,
2005; McDaniel et al., 2014).

4.3. The major role of organic matter and pH

In line with our third hypothesis, we found that OM and pH had a
positive influence on nitrogen and phosphorus enzymatic activities
across the 18 sites studied. These results suggest that organic matter and
pH are primary drivers of enzymatic activities compared to soil man-
agement practices. In line with this idea, Creamer et al., 2016, found
stronger effects of OM on enzymatic activities by comparing different
land-use and suggested the positive impact of labile C on bacterial di-
versity. However, our results contrast to those of Lagomarsino et al.
(2011), who found negative effect of tillage on «-glucosidase nor
B-glucosidase. This difference can be due to the fact that they exported
pruning residues in tilled management and left the residues in grassy
cover, suggesting that beyond grass cover or tillage, other management
methods such as residues management and the choice of cover crop
(instead of spontaneous grass) must be taken into account. Nonetheless,
it is important to mention that not all enzymatic activities did response
the same way to OM and pH. Indeed, we observed a significant decrease
in N-acetyl Glucosaminidase activity in vineyards with higher soil pH
values (Creamer et al., 2016), probably because soil pH can shape
community composition. For instance, it has been shown that Bacter-
oidetes are predominant at high pH in agricultural soils (Acosta-Martinez
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et al., 2008; Lauber et al., 2009), and take over Acidobacteria that are
known to be more oligotrophic and contribute less to organic matter
decomposition. Alternatively, the observed effects could result from the
co-variation between organic and pH, although disentangling the effects
between these two factors will require further investigations.

4.4. Consequences on nitrogen availability

The Cepz:Nenz stoichiometry did not differ between the different
managements tested. Moreover, we did not observe significant interac-
tive effect between management and OM or pH. This suggests that
increasing OM would increase enzymatic activities overall, without

specifically promoting N related enzymatic activities. Our results
regarding pH followed a similar trend, with no effect of pH on Cepz:Nenz
stoichiometry.

We observed significantly higher rates of NO3 in organic vineyards
compared with conventional ones, which suggests that the management
is important to increase N availability for plants. This result was unex-
pected, as mineral fertilization, which is not allowed from organic
viticulture, would lead to a higher level of nitrogen availability in con-
ventional vineyards (Peregrina et al., 2012). This can be due to the
presence of higher SOM content and potential fresh organic matter in-
puts, which may contribute to a “priming effect” that enhances nitrogen
availability in the studied organic vineyards (Kuzyakov et al., 2000).
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However, at the site scale, there was no differences in NO3 between
inter-row managements (grassy, tilled) while previous studies, generally
reported lower rates of NO3 due to the competition for resources be-
tween cover crop and vines (Peregrina et al., 2012; Pérez-Alvarez et al.,
2015, 2013). Such a difference can be due to the higher rates of SOM we
observed in organic management, enhancing N availability, while we
did not observe significant differences in SOM between inter-row man-
agements. This result could be also due to the an increased water infil-
tration under cover crop, and of nitrogen mineralization (Celette et al.,
2009), which can dampen the observed effects reported in the previous
studies (Peregrina et al., 2012; Pérez-Alvarez et al., 2015, 2013). Thus,
increasing soil organic matter enhances N and P potential enzymatic
activities, highlighting the importance of maintaining high OM level in
soils is essential to preserve microbial communities and their activity.
This is possible and recommended by organic viticulture certification
and by preserving grassy-inter-rows in vineyards, which efficiently
respire more complex C-substrates. In this regard, further studies should
focus on the effects of soil properties and agricultural practices on water
infiltration between inter-rows, and on microbial activities at different
samplings depths.

5. Conclusion

This study investigated the impacts of vineyard and inter-row man-
agements as well as the effect of pH and OM on soil microorganism
activities. We highlighted the benefits of organic management over
conventional practices, as it is associated in our study sites with higher
soil organic matter content. Organic matter is a major driver of enzy-
matic activities, particularly those related to N and P related enzymatic
activities. pH was also an important parameter to control to ensure
sufficient enzymatic activities. The presence of grassy inter-rows in
vineyards contributed to enhanced soil functionality by promoting the
respiration of complex C-substrates, in contrast to tilled inter-rows.
Organic viticulture and grassy inter-rows appeared to not affect the
Cenz:Nenz stoichiometry and enhanced nitrogen availability in vineyard
soils. Further analyses such as phospholipid fatty acid (PLFA) could
provide insight into whether community composition is impacted by soil
management. Additional studies focusing on vineyards transitioning to
organic management would also be valuable. Moreover, it would be
beneficial to examine the resilience of microbial communities and ac-
tivities after tillage operations, by analyzing microbial functions at
different periods during the growing season.
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