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Abstract
1.	 Nitrogen (N) availability is crucial to maintaining crop productivity in agroecosys-

tems, driven primarily by soil microbial processes such as nitrification and denitri-
fication. Weeds are an integral part of agroecosystems and are involved in many 
processes related to the N cycle, but how weed management could shift plant–
microbe interactions, and thus, N-cycling is yet to be determined.

2.	 Using a network of 15 Mediterranean vineyards, we quantified the effect of 
5 years of different weed management practices (chemical weeding, tillage, mow-
ing) on the above-ground and below-ground functional properties of weed com-
munities and soil microbial N-cycling.

3.	 Specific root length (SRL) of the tilled and mowed weed communities were 30% 
and 44% lower than in the herbicide-treated weed communities.

4.	 Soil pH and texture were the main drivers of soil microbial activity as quantified 
by substrate-induced respiration (SIR), potential denitrifying enzyme activities 
to SIR ratio (PDEA:SIR) and potential nitrifying and denitrifying enzyme activity 
ratio (PNEA:PDEA).

5.	 SIR was also impacted by the management: Mowed weed communities had 58% 
higher SIR compared to herbicide-treated communities. Weed communities with 
high SRL were associated with soils with a higher nitrifying enzyme efficiency per 
unit of respired carbon.

6.	 Synthesis and applications. Overall, our findings indicate that vineyard weed man-
agement influences the potential nitrifying enzyme activities by modifying the 
root strategies of weed communities. This study highlights that the design of 
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1  |  INTRODUC TION

Plant–microbe interactions greatly impact soil nitrogen (N) avail-
ability in agroecosystems (Drinkwater & Snapp,  2007; Henneron 
et al., 2020). In addition to mineralization of organic forms of N, two 
major microbial processes drive plant-available N: nitrification and 
denitrification. Plant communities can significantly influence both ni-
trifier and denitrifier communities through different mechanisms, in-
cluding depletion of mineral nutrients (Cantarel et al., 2015; Grigulis 
et al., 2013; Nuñez et al., 2022), soil moisture (Abalos et al., 2019) or 
the release of root exudates used as a carbon source by soil microor-
ganisms (Li et al., 2021; Moreau et al., 2019).

Weed communities support many agroecosystem processes 
like soil stabilisation (Garcia et  al.,  2019) and water replenishment 
(Garcia et al., 2020) but how they influence soil N cycle is yet to be 
determined. Perennial cropping systems, such as vineyards, present 
an interesting opportunity to investigate the influence of weeds on 
soil N-cycling because weed communities are less intensively man-
aged and more abundant than in annual cropping systems (Meiss 
et al., 2010). The main weed management strategies in vineyards are 
tillage, chemical weed control or mowing or a combination of these 
three (Fernández-Mena et al., 2021). Therefore, it is essential to ex-
plore the unintended effects of these weed management strategies 
on soil nutrient cycling directly and indirectly through changes in 
weed communities.

Trait-based approaches offer a useful framework to better un-
derstand the interactions between plant and microbial communities 
that drive soil N-cycling (Abalos et al., 2019; Bardgett et al., 2014; 
Henneron et al., 2020). For plants, there is a fundamental trade-off 
between the rapid acquisition of resources and the efficient conser-
vation of resources (Wright et al., 2004). These resource-use strat-
egies are reflected in above-ground characteristics such as specific 
leaf area or leaf N content (Reich, 2014) and by below-ground traits 
such as root N content or root tissue density (Bergmann et al., 2020). 
Recently, Bergmann et al. (2020) discovered an additional trade-off 
below-ground based on interactions between plants and mycorrhi-
zal fungi, which they termed the fungal collaboration gradient and is 
orthogonal to the conservation gradient. On the one side of the fun-
gal gradient, species follow a ‘do-it-yourself’ strategy relying on soil 
exploration by their extensive root system (high specific root length, 
SRL). On the other side of the gradient, plants rely on ‘outsourcing’ 
to fungal partners for their acquisition of nutrients, which is char-
acterised by a wide root diameter to provide habitat to arbuscular 
mycorrhizal fungi (AMF).

Trait-based studies have demonstrated that linking nitrification 
and denitrification by soil microbes to plant functional properties 
is not straightforward, showing few (Cantarel et  al., 2015) or sev-
eral and strong (Laughlin, 2011) relations with above-ground plant 
traits, as well as no link (Orwin et al., 2010), or several and strong 
links (Cantarel et al., 2015) with root traits. Acquisitive plant species 
have been associated with soils with higher nitrification potential 
(Cantarel et al., 2015; Laughlin, 2011; Orwin et al., 2010), explained 
by faster N-cycling and reduced N immobilisation in microbial bio-
mass compared to conservative plants (Henneron et  al.,  2020). 
Some studies demonstrated that conservative species had neg-
ative impacts on denitrification potential (Abalos et al., 2019), but 
few studies also found positive effects (Cantarel et al., 2015; Legay 
et  al.,  2020). Recently, a growing number of studies explored the 
links between the collaboration gradient of the root economic spec-
trum and nutrient cycling (Ao et al., 2023; Han et al., 2022, 2023). 
However, no studies have yet shown how weed communities could 
influence N-cycling microbial activities through their root traits.

Management practices can impact N-cycling properties of mi-
crobial communities such as potential nitrifying and denitrifying en-
zyme activity (PNEA; PDEA) that can be considered as proxies of the 
soil enzyme pools involved in these processes (Fromin et al., 2010) 
or substrate-induced respiration (SIR) that evaluates soil hetero-
troph microbial activities (Beare et  al.,  1990). For example, tillage 
was shown to decrease the soils' PDEA (Wang & Zou, 2020) and SIR 
(Andrade et al., 2002; Hashimi et al., 2020). Mowing has been shown 
to have no significant impact on PNEA (Robson et al., 2007; Song 
et al., 2022) and PDEA (Song et al., 2022) or to increase PDEA due to 
higher nitrate content in soils after the mowing (Robson et al., 2007; 
Zhang et al., 2018). Glyphosate increases SIR in the short term (Duke 
et al., 2012) but decreases it in the long term (Nguyen et al., 2016). 
Weed management can also shape weed community functional com-
position in vineyards (Bopp, Kazakou, et al., 2022; Hall et al., 2020; 
MacLaren et al., 2019), which could indirectly impact the N-cycling 
of the soil. However, studies on root responses to weed manage-
ment are lacking. Considering that root traits play a key role in 
ecosystem functioning (Bardgett et  al.,  2014; Freschet, Roumet, 
et  al.,  2021; Laliberté,  2016) and particularly in soil N-cycling and 
N use efficiency in agroecosystems (Abalos et al., 2019), there is a 
growing need to quantify the unintended effects of intensive (chem-
ical weeding, tillage) and extensive weed management (mowing) on 
nutrient cycling through their influence on weed root traits.

The objective of this study is to explore, for the first time, the ef-
fects of weed management on microbial N-cycling through changes 

sustainable weed management strategies should incorporate unintended effects 
on soil microbial communities and N-cycling.

K E Y W O R D S
denitrifying enzyme activity, nitrifying enzyme activity, root traits, soil microbial activities, 
substrate-induced respiration, trait-based approach, weed communities
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in weed communities (Figure  1). We expected that climate, soil 
abiotic conditions and management influence N-cycling properties 
of microbial communities directly and indirectly through modify-
ing weed functional properties. We hypothesized that soil abiotic 
conditions would be the main direct driver of microbial N-cycling 
properties. We expected management to have an indirect impact 
on microbial N-cycling properties by modifying weed traits. We 
hypothesized that tillage and chemical weeding would select more 
acquisitive weed communities than mowing and would enhance soil 
microbial activities and N-cycling.

2  |  MATERIAL S AND METHODS

2.1  |  Climate and Management of the Vineyard 
Network

We studied 15 vineyards in Southern France (43.62505, 3.862038, 
40 km radius from East to West coast) near Montpellier (Figure 2), 
characterised by a mean annual temperature of 14.8°C, irregular 
rainfall (801 mm with 38% of rainfall occurring in autumn) and a 
mean aridity index of 0.66 (i.e. the ratio between annual rainfall 
and potential evapotranspiration) (Table  S1). The soil textures 
ranged from sand–loamy soils around Montpellier (maximum: 
70% of sands) to clay–loamy soils in the Northern part of the net-
work (maximum 34% of clay) (Table  S1). Vineyards located near 
the coastline of the Mediterranean Sea had clay and loamy soils. 
The soil samples had an average of 2% organic matter content 
with high variability across the different vineyards (from 0.7% to 
5%) (Table S1).

Information about weed management and fertilisation practices 
from 2015 to 2020 was collected from farmer interviews (Table S2; 
Section  S1). After describing our project, all farmers gave their 

written consent for the interviews and sampling in their field. We 
selected the practice variables that described the level of distur-
bance and nutrient resource management and averaged them over 
2015–2020 to consider the possible effect of management history 
on plant and microbial communities (Gulden et al., 2015). The fre-
quency and the type of disturbance were described by six variables 
(Table  S2): the frequency of chemical weeding and tillage of rows 
and interrows per year (interrows are the free spaces between the 
rows of the vines), the frequency of mowing of interrows per year 
and the annual longest period of weed presence between tillage or 
chemical weeding events. All farmers used glyphosate as an active 
herbicide substance. Nutrient resource management was character-
ised by two variables: NPK (kg ha−1) and vinasse (i.e. residuum after 
wort distillation) annual input (% of amended area).

2.2  |  Above- and below-ground functional 
properties of weed communities

To characterise the weed communities in each vineyard, we 
randomly placed four quadrats (60 × 60 cm2) in neighbouring in-
terrows (Figure  3; Figure  S1) and identified weed species and 
their percentages of cover in March 2020 (4 quadrats × 15 vine-
yards = 60 sampling plots). For each sampling plot, we quantified 
the percentage of soil covered by vegetation and the percentage 
covered by legumes using visual estimation. We removed the 
above-ground biomass of weed communities for each quadrat, 
oven-dried it (60°C, 48 h) and weighed it. On the most dominant 
weed species (i.e. covering at least 80% of each quadrat), four 
above-ground traits were measured: specific leaf area (SLA), leaf 
dry matter content (LDMC), leaf carbon-to-nitrogen ratio (C:N) 
and height. SLA, LDMC and height were measured following 
Pérez-Harguindeguy et al. (2016) on eight distinct individuals per 
species collected near the quadrats in the interrows. For the leaf 
C and N analysis, we pooled the dried leaves of the eight individu-
als per plant species to obtain sufficient biomass for the analysis. 
The C and N content of the leaves was subsequently measured by 
elemental analysis (NF ISO 10694) using a FlashSmart 2000NC 
HPAR analyser (ThermoFisher Scientific, Mylan, Italy). To scale 
up from species to communities, we calculated the community-
weighted means (CWM) of the leaf traits (see the equation in 
Section S2) (Garnier et al., 2004).

Four root traits were measured at the plant community level. 
Roots were extracted from one soil core (diameter 8 cm, 10 cm deep) 
sampled in each quadrat (Figure S1). The roots were washed with tap 
water and fine roots were selected (<2 mm in diameter) and scanned 
at 800 dots per inch (Epson Expression 1680; Epson, Ontario, 
Canada). The root scans were processed with digital image analy-
sis software (WinRhizo Pro, v.2009c; Regent Instruments, Quebec, 
Canada). For each scanned root sample, the total root length and 
root volume per diameter class were determined using WinRhizo 
software. Then, the root samples were dried in an oven (60°C, 
48 h) and weighed. The C:N of the roots (root C:N) was quantified 

F I G U R E  1  Analytical framework linking agroenvironmental 
filters to weed and microbial N-cycling communities. First, we 
explored how these filters impacted weed functional properties 
at the plot sampling level (arrow 1). Second, we investigated 
how weed functional properties related to microbial N-cycling 
properties (arrow 2). Third, we tested the response of microbial 
N-cycling properties to climate, soil abiotic characteristics, 
management and weed functional properties (arrows 3).

MANAGEMENTCLIMATE SOIL ABIOTIC CONDITIONS

FILTERS

1

2

3

3

WEED FUNCTIONAL 
PROPERTIES

MICROBIAL N-CYCLING
PROPERTIES
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following the same methodology as for the leaves. The mean diam-
eter (D), the SRL (total root length to dry root mass ratio) and the 
density of the root tissue (RTD; root mass to root volume ratio) were 
calculated based on the scan and dry root mass analyses.

2.3  |  Soil abiotic characteristics and potential 
microbial activities

To assess the abiotic characteristics of the soil in each vineyard, we 
sampled 10 cores per vineyard (0–10 cm top soil layer), using a soil 
auger (diameter 8 cm), in March 2020. The 10 cores were collected 
within the four neighbouring interrows near the sampling plots 
(Figure S1). We pooled the 10 soil samples into one soil sample per 
vineyard for physico-chemical analyses to obtain the average soil 
abiotic characteristics for each vineyard (Table S1).

To characterise the potential microbial activities of the soil, 
three soil additional cores were sampled within each quadrat on 
the same days (diameter 8 cm, 10 cm depth), near the cores sam-
pled to extract roots (Figure S1). Three potential microbial activ-
ities were measured: (i) SIR, (ii) nitrifying enzyme activity (PNEA) 
and (iii) denitrifying enzyme activity (PDEA). These variables in-
dicate the potential activities of different enzyme pools with no 
limiting factors (Fromin et al., 2010). SIR was measured following 
Beare et al. (1990) and was expressed as the amount of C-CO2 pro-
duced per gram of dry soil per hour (see more details in Section S3). 
PDEA was measured following Smith and Tiedje (1979) and PNEA 
following Lensi et  al.  (1986) (see more details in Section  S3). 
Four microbial variables were used to characterise the microbial 
N-cycling properties. First, SIR was selected as a proxy for het-
erotrophic microbial activity. Second, the ratios of PDEA:SIR and 

PNEA:SIR were calculated to estimate the efficiency of the en-
zyme pools to convert N forms per respired carbon unit. Finally, 
PNEA:PDEA was calculated the balance between nitrification and 
denitrification.

2.4  |  Data analyses

To identify the groups of vineyards with similar weed management 
practices, we first performed a principal component analysis (PCA), 
based on Euclidean distances, on management practice variables 
extracted from farmer interviews from 2015 to 2020 (Figure S2A) 
and then a hierarchical ascendant clustering based on the PCA co-
ordinates of the 15 vineyards (Figure S2B). Vineyard management 
was classified into three groups (Figure S1B; Table S2): (i) highly fer-
tilised vineyards with tilled interrows and herbicide-treated rows 
(‘Till&N’, five vineyards), (ii) vineyards with herbicide-treated rows 
and interrows (‘Chem’, six vineyards) and (iii) vineyards with inter-
rows with a long period of weed cover presence and vinasse inputs 
(‘Mow’, four vineyards). We checked the dependency of pedocli-
mate characteristics and management groups, but no significant 
relations were found (Figure S3).

In the present study, two data sets were used: the plot-level 
data set (n = 60 sampling plots with their plot-level pant commu-
nity) and the vineyard-level data set (n = 15 vineyards). To charac-
terise the covariations between above-ground and below-ground 
plant traits at the community level, we calculated a PCA based on 
the data set at the plot level of the plant functional traits (n = 60 
sampling plots). We then used ANOVA (type III) to test whether 
weed management (Till&N, Chem, Mow), climate (aridity index 
was selected as this index captured most of the climatic variation) 

F I G U R E  2  Location of the 15 vineyards 
around Montpellier, Southern France and 
their management. Each dot is a vineyard 
whose colour refers to weed management 
applied by the farmers: Green, vineyards 
with herbicide-treated rows and interrows 
during 5 years; light green, vineyards with 
interrows with a long period of weed 
cover presence and inputs of vinasse 
during 5 years; blue, highly fertilised 
vineyards with tilled interrows and 
herbicide-treated rows during 5 years. 
The blue lines represent the main rivers 
of the region. The dark lines represent the 
outlines of the departments.
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and soil parameters (pH, soil organic matter, % sand, soil C:N) sig-
nificantly affected the functional properties of weed communities 
(CWM, community-level root traits) based on their CWM coordi-
nates along the first three axes of the functional traits PCA and 
root biomass. To test whether the microbial N-cycling properties 
(SIR, PNEA:SIR, PDEA:SIR, PNEA:PDEA) were related to the func-
tional properties of the weeds, we performed mixed linear mod-
els using the plot-level data set (n = 60). In each model, we added 
metrics of functional properties of the weeds as fixed effects and 
the ‘vineyard identity’, that is, the vineyard site where the com-
munities were sampled, as a random effect. As the above-ground 
biomass and the root biomass were positively correlated (ρ = 0.34, 
p = 0.01), we chose to only keep the root biomass in the mod-
els. To explore the effect of management, soil, climate and weed 
functional properties that were significantly related to microbial 
N-cycling properties (SIR, PNEA:SIR, PDEA:SIR, PNEA:PDEA), we 
performed linear models using the vineyard-level data set (n = 15). 
For each model presented in this paper, we checked that the varia-
tion inflation factor was less than five. Then, we selected the best-
explaining model using the corrected Akaike information criterion 
(AICc <2). All data analyses were carried out using R version 4.1.1 
(R Core Team, 2021).

3  |  RESULTS

3.1  |  Management effects on weed traits

Management had strong effects on weed biomass, richness, compo-
sition and some weed traits. The above-ground dry biomass of the 
mowed weed communities (147 g m−2) was significantly higher than 
the biomass of herbicide-treated communities (59 g m−2) (Figure S4A). 
Also, the root biomass of the weed communities in mowed vine-
yards was significantly higher (15.6 g m−2) than the root biomass of 
herbicide-treated (5.8 g m−2) or tilled (6.6 g m−2) vineyards (Figure S4F). 
The percentage of vegetation cover of the mowed communities (91%) 
was also significantly higher compared to the tilled and herbicide-
treated communities (59%) (Figure  S4B). The mowed communities 
counted significantly more species (37 species m−2) than the tilled and 
herbicide-treated communities (20 and 14 species m−2, respectively) 
(Figure S4C). The legume species were significantly more abundant in 
the mowed and tilled communities (representing 36% and 29% of the 
vegetation cover, respectively) compared to the communities under 
chemical weeding (0% legume cover) (Figure S4E). Perennial species 
were significantly more abundant in herbicide-treated vineyards (48%) 
than in vineyards managed with tillage (7%) (Figure S4D).

F I G U R E  3  Pictures of vineyards, weed communities (sampling plots) and their roots managed with herbicides (a), tillage & high N 
fertilisation rates (b) and mowing with vinasse inputs (c). Top panels show the interrows of the vineyards where one weed community was 
sampled, middle panels are pictures of the sampling plots, below panels are the scans of roots that were sampled within the quadrats of 
weed communities shown in the middle panels.
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Fifty-five per cent of the functional trait variability across plant 
communities (Figure 4A) was explained by the first two axes of the 
PCA exploring above-ground and root trait covariations. The first 
axis was driven by root traits at the community level (30.6% of the 
explained variation). This axis opposed weed communities with high 
SRL to communities with high root diameters (D) and high RTD. 
SRL correlated negatively with the diameter of the roots (r = −0.72, 
p < 0.001) and the RTD (r = −0.71, p < 0.001) (Table S3). The second 
PCA axis was explained by above-ground CWM parameters (23.8% 
of explained variation). This axis discriminated weed communi-
ties dominated by species with high LDMC and high SLA from tall 
plants. SLA and LDMC were positively correlated (r = 0.63, p < 0.001) 
(Table S3). The third PCA axis was driven by SLA, height, root C:N 
and leaf C:N and explained 16% of the variance in the functional 
traits (Figure S5A). Leaf C:N was positively correlated with root C:N 
(r = 0.44, p = 0.02) and with SRL (r = 0.44, p = 0.01) (Table S3).

The root traits of the weed communities in the herbicide-treated 
vineyards contrasted with those of the tilled or mowed weed 

communities, as evidenced by the position of the root trait values 
along the first axis of the PCA functional traits (Figure 4B,C). Weed 
communities controlled by chemical weeding had significantly higher 
SRL (282 m g−1) than weeds subjected to tillage (196 m g−1) or mowing 
(157 m g−1) (Figure 5E; Table S4). Weed communities in vineyards sub-
jected to chemical weeding had higher CWM leaf C:N (17.4) than tilled 
(13.2) and mowed communities (13.5) (Figure 5D, Table S4). The weed 
communities in sandy soils had higher leaf C:N than the communities 
in silty soils (Table S4). SLA.CWM, LDMC.CWM, Height.CWM, root 
diameter, RTD and root C:N were not significantly different between 
weed management treatments (Figures 4D and 5A–C,F–H).

3.2  |  Weed traits associated with N-cycling 
properties of microbial communities

Only one root trait was associated with N-cycling properties of micro-
bial communities, while no above-ground plant traits were selected in 

F I G U R E  4  (A) First two axes of a principal component analysis (PCA) based on the weed community above-ground community-weighted 
means (CWM) traits and community-level root traits. (B) Weed community properties as projected in trait space according to the first two 
axes of the functional traits PCA. Each dot is a weed community whose colour and form refer to weed management of the corresponding 
vineyard; the larger sized symbols indicate the centroid per treatment. (C) Boxplot of weed community coordinates along the first axis of the 
functional traits PCA according to weed management. (D) Boxplot of weed community coordinates along the second axis of the functional 
traits PCA according to weed management. C:N.CWM, leaf carbon to nitrogen ratio; C:N_root, carbon to nitrogen ratio of the roots; Chem, 
vineyards with herbicide-treated rows and interrows during 5 years; D, root diameter; LDMC.CWM, leaf dry matter content; Mow, vineyards 
with interrows with a long period of weed cover presence and inputs of vinasse during 5 years; RTD, root tissue density; SLA.CWM, specific 
leaf area; SRL, specific root length; Till&N, highly fertilised vineyards with tilled interrows and herbicide-treated rows during 5 years. 
Different letters indicate significant differences of PCA coordinates according to weed management.
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the models. Weed communities with high SRL were associated with 
vineyard soils with high PNEA:SIR (β: 0.48, p = 0.016, Table 1). SIR, 
PDEA:SIR and PNEA:PDEA were not significantly explained by the 
above-ground CWM traits, the root traits or the root biomass. Most 
of the variances of SIR, PDEA:SIR and PNEA:PDEA were explained 
by the ‘vineyard’ random effect (78% for PDEA:SIR, 86% for SIR and 
67% for PNEA:PDEA), suggesting that pedoclimatic conditfamions 
and management could strongly impact these biochemical variables 
of the soil. The coordinates of the weed communities in the first three 
dimensions of the functional trait PCA did not explain the N-cycling 
properties of microbial communities (Table S5).

3.3  |  Effects of management, soil, climate and 
weed traits on N-cycling properties of microbial 
communities

N-cycling properties of microbial communities were explained primar-
ily by abiotic conditions in the soil. Among all the variables tested, only 
the abiotic characteristics of the soil (pH and % sand) and the manage-
ment of weeds were selected in the models explaining the variation in 
SIR (Table 2). Acidic soils with a low sand content had a high SIR. The 
SIR was highest in mowed vineyards (17.2 μg C-CO2 g−1 h−1), lowest in 
tilled vineyards (7.1 μg C-CO2 g−1 h−1) and in herbicide-treated vineyards 

F I G U R E  5  Boxplot of weed above-ground community-weighted means (CWM) traits and root traits at the community level according 
to the weed management practices : SLA (A), LDMC (B), Height (C), Leaf C:N (D), SRL (E), Root diameter (F), RTD (G) and Root C:N 
(H). Acronyms are specified in Figure 4. Different letters indicate significant differences of trait values according to weed management.
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(8.3 μg C-CO2 g−1 h−1) (Figure  6A). Weed communities with do-it-
yourself strategies (high SRL) were associated with microbial communi-
ties with higher efficiency of nitrification per unit of respired carbon (β: 
0.53, p = 0.041; Table 2). The PDEA:SIR ratio was best explained by pH 
and % sand, and alkaline soils with low sand content had a higher ef-
ficiency of denitrification per unit of respired carbon. The PNEA:PDEA 
ratio was negatively related to soil pH, indicating a relatively higher ni-
trification activity in more acidic soil. Management did not explain the 
PNEA:SIR, PDEA:SIR and PNEA:PDEA variabilities (Figure 6B–D).

4  |  DISCUSSION

This study aimed to determine the unintended effects of weed man-
agement on N-cycling properties of soil microbial communities in 
vineyards through changes in weed traits (Figure 1). We found that 
management influenced weed traits and the activities of N-cycling 
enzymes in soil (Figure 7). However, soil abiotic conditions (pH and 
soil texture) were also important drivers.

4.1  |  Management effects on weed 
above-ground and below-ground traits

We hypothesized that tillage and chemical weeding would se-
lect for more acquisitive weed communities than mowing. Five 
years of chemical weeding selected weed communities with 
long-lasting and tough leaves (23% higher leaf C:N ratio than 
tilled and mowed communities) and do-it-yourself strategies, 
based on root systems with efficient soil exploration to capture 
nutrients (30% and 44% higher SRL compared to tilled commu-
nities and mowed communities, respectively). In contrast to our 
hypotheses, herbicides selected for conservative above-ground 
strategies, while chemical weeding is usually conceptualised as a 
disturbance that would favour acquisitive plant strategies (Gaba 
et al., 2014). The high leaf C:N might be due to the presence of a 
thick cuticle or a high wax content of the leaves that decreased 
glyphosate absorption (Santier & Chamel,  1992). Regarding the 
below-ground effects, glyphosate, which was the main active 
ingredient in herbicides used by farmers, has been shown to 

TA B L E  1  Standardised estimates of the weed functional properties (above-ground community-weighted means, CWM; community-level 
root traits and root biomass) explaining microbial N-cycling properties (SIR, PNEA:SIR, PDEA:SIR and PNEA:PDEA) (n = 60 sampling plots).

Explained variables Explaining variables β Std. err. t p R
2

marg
R
2

cond
AICcfull AICcsel

SIR Root biomass −0.04 0.03 −1.19 0.241 1% 87% 106.6 54.9

PNEA:SIR SRL 0.48 0.19 2.50 0.016 12% 39% −91.6 −319.9

RTD 0.34 0.18 1.93 0.060

PDEA:SIR - - - - - 0% 78% 147.3 103.4

PNEA:PDEA - - - - - 0% 67% 35.2 −30.5

Note: Significant p-values (p < 0.05) are in bold. Full model: Explained variable ~ SLA + LDMC + height + leaf C:N + SRL + root diameter + RTD + root 
C:N + root biomass + (1|Vineyard).
Abbreviations: AICcfull, corrected Akaike information criterion of the full model; AICcsel, AICc of the selected model; p, p-value; PDEA, potential 
denitrifying enzyme activity; PNEA, potential nitrifying enzyme activity; R2

cond
, conditional R2; R2

marg
, marginal R2; RTD, root tissue density; SIR, 

substrate-induced respiration; SRL, specific root length; Std. err., standardised errors; t, t-value; β, standardised beta estimates.

TA B L E  2  Standardised estimates of climate, soil, management and weed functional properties explaining the microbial functional 
properties (n = 15).

Explained variables Explaining variables β Std. err. t p R2 AICcfull AICcsel

SIR pH −0.28 0.07 −4.07 0.001 74% 48.8 37.3

% sand −0.27 0.07 −3.13 0.002

Weed management ‘Mow’ 
compared to ‘Chem’

0.36 0.16 2.36 0.040

Weed management ‘Till&N’ 
compared to ‘Chem’

0.12 0.14 0.31 0.762

PNEA:SIR SRL 0.53 0.23 2.27 0.041 8% −58.8 −99.4

PDEA:SIR pH 0.24 0.08 4.95 <0.001 68% 56.1 32.4

% sand −0.21 0.08 −2.57 0.024

PNEA:PDEA SRL 0.43 0.22 1.99 0.07 49% 24.4 −7.4

pH −0.68 0.22 −3.16 0.008

Note: Significant p-values (p < 0.05) are in bold. Acronyms are specified in Table 1 and Figure 2. Full model: Explained 
variable ~ management + pH + organic matter + % sand + aridity index + SRL.
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strongly decrease root colonisation by AMF and the viability of 
AMF spores (Druille et al., 2013). As high SRL indicates a low de-
pendence on AMF (Bergmann et  al.,  2020), our results suggest 
that the application of glyphosate has filtered out species that 
collaborate with AMF.

4.2  |  Response of microbial activity to root traits of 
weeds and soil abiotic conditions

The soil microbial parameters SIR and PDEA:SIR were mainly ex-
plained by soil pH and sand content. Alkaline soils with a low sand 

F I G U R E  6  Microbial community 
properties of vineyard soils according to 
weed management : SIR (A), PNEA:SIR 
(B), PDEA:SIR (C) and PNEA:PDEA 
(D). Acronyms are specified in Table 1 
and Figure 2. Different letters indicate 
significant differences of microbial 
properties according to weed 
management.
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F I G U R E  7  Main results of the study. 
First, we demonstrated that weed 
management was the main driver of weed-
specific root length at the community 
level. Second, we showed that specific 
root length was positively related to 
the potential nitrifying enzyme activity 
(PNEA) to substrate-induced respiration 
(SIR) ratio (PNEA:SIR) while no functional 
property of weed communities correlated 
significantly with SIR or to the potential 
denitrifying enzyme activity (PDEA) to 
SIR ratio (PDEA:SIR). Third, we found that 
SIR and the PDEA to SIR ratio (PDEA:SIR) 
were explained by pH and the percentage 
of sand in the soils and PNEA:PDEA was 
driven by pH.
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content had a higher PDEA:SIR. Denitrification potential was found 
to be negatively related to the percentage of sand in soils, likely due 
to better drainage and lower water-holding capacity that decrease 
anoxic conditions (Matson & Vitousek,  1987). Furthermore, deni-
trification is known to be higher in neutral or alkaline soils than in 
acid soils, which could be due to the indirect effect of nitrification 
that is reduced in acidic soils (ŠImek & Cooper, 2002). This reason-
ing can also explain the negative relation we found between pH 
and the PNEA:PDEA ratio if PDEA is more sensitive to low pH than 
PNEA. Acidic soils with a low sand content had high SIR. In fact, fine-
textured soils low in sand content have more numerous and smaller 
pores that physically protect microbial biomass (Hassink et al., 1993).

We hypothesized that acquisitive weed communities would fa-
vour higher soil microbial activities and faster N-cycling. SRL was the 
only trait that related significantly to an N-cycling microbial property 
of the soils. Do-it-yourself weed communities (high SRL) with a re-
source strategy based on extensive root systems and soil exploration 
were associated with a higher PNEA:SIR. Resource-acquisitive plant 
species (high SRL, low root diameter, low RTD) are characterised by a 
high N uptake (Abalos et al., 2019), high root turnover (Freschet, Pagès, 
et al., 2021) and a high carbon rhizodeposition (Henneron et al., 2020). 
This strategy has been shown to induce faster soil N-cycling due to the 
release of easily degradable rhizodeposits that improve N mineraliza-
tion and therefore increase the soil ammonia concentration available 
for nitrification (Henneron et al., 2020). At the species level, with pe-
rennial species grown in pots, Cantarel et al. (2015) found that PNEA 
was negatively related to SRL. This contrasting result could be due to 
the different study scales (species vs. community), the dominance of 
annual weeds in the communities of our study, which occupied a dif-
ferent place in the root economics spectrum than perennials (Roumet 
et al., 2016), or the multiple environmental constraints in our in situ 
study that are excluded in controlled pot experiments. This highlights 
the need for field studies linking plant traits and soil N-cycling pro-
cesses at the community level that integrate plant–plant and plant–soil 
microbial interactions within communities and pedoclimate conditions.

Our study did not integrate the temporal dynamics of weeds and 
microbes, and therefore the dynamics of their interactions which 
varies over time (Hannula et  al.,  2019). Depending on the pheno-
logical stage, plants can affect microbial communities differently 
(Moreau et al., 2019). For instance, Kumar et al. (2018) showed that 
the roots of maize in the early development stage stimulated soil en-
zyme activity while this effect was reduced at maize maturity, most 
likely due to changes in the quality and quantity of root exudation. 
Incorporating a temporal dimension through various measurements 
throughout the seasons can provide deeper insights into how the 
timescale influences interactions between weeds and microbes.

4.3  |  Implications for the management of weeds to 
improve N-cycling in vineyards

There is an urgent need to limit the use of herbicides in agroeco-
systems and to adopt more diverse weed management practices 

(Liebman et  al.,  2016). Achieving this change requires a deep 
understanding of how different practices affect agroecosystem 
functions, particularly soil functions. Our results suggest that 
herbicides indirectly increase soil nitrifying enzyme activities, by 
increasing SRL of the weed communities. However, we observed 
this as a trend and were unable to prove this statistically (e.g. using 
path analyses) due to our limited number of samples. However, 
the increased microbial nitrifying enzyme activity associated with 
weed communities with high SRL, favoured by herbicides, could 
result in increased mineral N availability for crops in the short 
term. Yet, at longer timescales, weed communities with high SRL 
could favour fast N re-mineralization (Abalos et  al.,  2019) and 
thus potentially higher N losses and lower N use efficiency (de 
Vries & Bardgett,  2016). In this study, we showed that mowing 
favoured low SRL, high RTD and high root diameter of weed com-
munities. Therefore, mowing selected weeds with a conservative 
strategy and high associations with AMF, which are more likely to 
mitigate N losses, especially in low-fertilised agrosystems such as 
vineyards (Grigulis et al., 2013). This study also shows that mow-
ing directly favoured high SIR, indicating larger soil microbial bio-
mass, in comparison with tillage and chemical weeding. Hashimi 
et al. (2020) also found that no-tillage favoured higher SIR due to 
higher plant biomass and input of organic matter into soils (weed 
mulch). Our study showed that mowed weed communities pro-
duced high above-ground and below-ground biomass and were 
characterised by high species richness compared to weed com-
munities managed by tillage and herbicides, also in line with the 
results found in orchards (Mia et  al.,  2020). Furthermore, using 
almost the same network of vineyards, Bopp, Fried, et al.  (2022) 
demonstrated that mowed weed communities were more decom-
posable than herbicide-treated communities and had a higher N 
content within their above-ground biomass. Therefore, mowing 
could represent both a means to control the competition of weeds 
with the main crops, a way to promote interrow plant diversity and 
a means to serve as an amendment practice, promoting weed bio-
mass production with high N content, favouring high soil microbial 
biomass and N retention in the soil.

5  |  CONCLUSION

This study improves our understanding of the interactions between 
weed communities and soil N-cycling microbial communities in 
Mediterranean vineyards. We demonstrated the distinct effects of 
herbicides versus mowing on the biomass and functional traits of the 
weed community and the functioning of their associated soil micro-
organisms. Our study highlights how weed management indirectly 
affects soil N-cycling through its impact on the soil microbial com-
munities and the benefits of mowing as compared to herbicides or 
tillage in weed management. We demonstrate the need to measure 
the root traits of weeds to unravel how weed communities influence 
soil processes and to consider the effect of the abiotic environment. 
Additionally, in  situ studies are required to account for temporal 
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variations in interactions between weed and microbial communities 
throughout the seasons and the effect of soil abiotic conditions.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
Figure S1. Example of location for soil samples (10 samples pooled 
in one per vineyard), weed communities (4 samples), and soils 
to measure the potential for microbial activities (4 samples) in a 
vineyard.
Figure S2. (A) First two axes of a principal component analysis (PCA) 
based on management variables on the first two axes of the PCA. All 
the management variables are averaged over the 2015–2020 period. 
(B) Clustering of vineyards according to their positions in the first 
two dimensions of the PCA based on the management variables.
Figure S3. Soil characteristics of vineyards per management type.
Figure S4. Biomass, percentage of soil cover, richness and 
composition of weed communities.
Figure S5. (A) First and third axis of a PCA based on the aboveground 
community weighted means (CWM) and the root traits on the first 
and third dimensions of the functional PCA. (B) Weed community 
projection in the first and third axes of the functional PCA.
Table S1. Climate and soil characteristics of the vineyard network.
Table S2. Range of values of practice variables for the vineyards of 
the three main management types.
Table  S3. Pairwise correlations between aboveground and 
belowground functional metrics at the community level.
Table S4. Standardised estimates of the soil abiotic characteristics 
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