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Abstract

:

In the Mediterranean area, vineyard soils are often characterized by a high stone content. In these contexts, where tools commonly adopted for under-row weed control are frequently damaged, the utilization of a chain mower could be a preferable alternative. This research aims to compare a modified mower with chains with other tools commonly employed that control weeds through tillage, such as motorized discs, blade weeder, and rotary star hoe. Weed control effectiveness, effects on weed flora composition, soil compaction, and operative efficiencies were evaluated. The chain mower allowed us to obtain encouraging results of weed biomass reduction (55.4 and 25.4%, between and around vine trunks, respectively), weed height reduction (35.9%), and weed cover reduction (79.2%), comparable to the other tools. All the tools showed a lower weed control efficacy around vine trunks rather than between them (weed biomass reductions of 24.8% and 52.6%, respectively). Results regarding the effect on weed flora composition seem to confirm this trend. Despite the higher chain mower field time (3.78 h ha−1) and fuel consumption (24.24 kg ha−1) compared to the blade weeder and the rotary star hoe, its versatility in stony soil and its lower impact on soil (soil penetration resistances of 1602.42 and 2262.83 kPa in 2022 and 2023, respectively) compared to the other tools make it a potentially advantageous implement for under-row weed management in vineyards. Further studies could be useful to improve chain mower performance, particularly around vine trunks, by evaluating in different planting layouts different dimensions of both the cutting element and feeler, which allows the vine-skipping mechanism.
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1. Introduction


Vineyards are the prevalent crop in various regions over the Mediterranean basin, representing a significant economic pursuit. In particular, Spain, France, and Italy are the European countries with the largest vineyard area and the greatest wine production [1]. Adapting to climate change while maintaining both the quality and sustainability of production poses a significant challenge for viticulture [2]. In recent years, organic farming has been experiencing rapid growth in the vineyards of the southern European Mediterranean region, driven by growing social interest and supportive legislation promoting environmentally friendly and sustainable production systems [3]. However, organic farmers still rely on conventional intensive tillage to carry out various agricultural operations [4]. Among the various challenges, weed presence can substantially impact vineyard performance due to their competitive interaction with the crop for crucial resources like water and nutrients [5]. Regarding inter-row management, there has been a transition from practices involving bare soil management to the adoption of approaches that promote increased plant coverage [6]. However, tillage remains the most traditional weed control strategy in organic farming [7], especially with regard to the management of the area under the rows.



1.1. Under-row Weed Control with Tillage


There are various means available for under-row weed control with tillage. Among these, there are tools such as discs, blade weeders, and rotary star hoes. Discs can be used with motorized plow heads or with filler heads with idle spinning discs. The motorized plow disc head, equipped with a vine-skipping mechanism with a feeler, operates between the vines at a depth of 10–15 cm with a working speed of approximately 2 km⋅h−1. It controls weeds by loosening the soil, which is partially turned over and moved towards the inter-row. The filler head, not equipped with a feeler, moves the soil toward the row [8]. The blade weeder is a horizontal blade that superficially penetrates the soil, cutting weed roots from their shoots. This tool is equipped with a vine-skipping mechanism by means of a feeler and operates at a speed of approximately 3–7 km⋅h−1 [9,10]. The rotary star hoe is a ground-driven star-shaped hoe not equipped with a vine-skipping mechanism that operates with a working speed of 6–8 km⋅h−1 [10,11]. Despite their effectiveness, tillage practices can lead to various negative effects. They can bring new weed seeds onto the soil surface and tend to boost the mineralization of soil nitrogen, creating favorable conditions for weed flushes [12]. Furthermore, they can favor soil compaction, loss of soil structure, soil erosion, and relevant reductions in soil organic matter and fertility [13]. Vineyards in Mediterranean regions experience considerable soil degradation issues, leading to a growing public concern [14]. This is due, in addition to intensive tillage, to the planting of vineyards on poor soils with coarse texture, high stone content, limited organic matter, steep slopes, and the highly non-uniform rainfall characteristic of the Mediterranean climate, which contributes to promoting further soil degradation [15].




1.2. Under-Row Weed Control with Mowing or Shredding


Mechanical weed control methods also include mowing and shredding weeds. Although this strategy has been shown to be less effective than tillage, requiring a greater number of treatments during the year, it presents positive environmental implications. Indeed, mowing results in minimal soil disruption, contributing to the preservation or enhancement of soil structure and overall health [16]. Moreover, mowing and shredding have been shown to effectively reduce the competitive ability and lifespan of perennial weeds and prevent seed production in various weed species, limiting their spread [17,18]. For this purpose, tools such as a brush weeder can be used. This tool consists of a horizontal rotor equipped with wires usually made of synthetic material such as polypropylene, which allows the cutting of weeds’ epigeal portion effectively also around vines [19]. The most recent models of this tool are equipped with a vine-skipping mechanism. To be effective, it must be used when weeds do not exceed a height of 30–40 cm [8]. This tool is usually employed with a working speed of approximately 3 km⋅h−1. However, brush weeders have the critical disadvantage of being able to damage trunks, thereby promoting the onset of diseases [9,20]. Another tool commonly applied to cut weed is the under-vine mower. This tool, also equipped with a vine-skipping mechanism, consists of a horizontal disc case of various diameters (from 40 to 80 cm) equipped with radial blades. It presents a working speed ranging from 2 to 6 km⋅h−1. Under-vine mowers enable the cutting of invasive biomass at a specific height while leaving the underlying portion untouched, thereby allowing the preservation of a soil cover that protects against erosive phenomena [9]. However, the control of weeds around trunks can be limited as the disc has a diameter that does not allow the blades to come into contact with trunks [8].




1.3. Impact of Weed Control Methods on Weed Flora Composition


Concerning the impact on biodiversity, plant communities in vineyards can be significantly influenced by the type and intensity of management practices [21,22]. Vineyards managed with tillage exhibit a higher frequency of annual species that reproduce by seed compared to vineyards managed through mowing [23]. Instead, it was observed that mowing was linked to increased biodiversity values and greater ground cover compared to tillage and herbicide use. Furthermore, mowing promoted the growth of shorter plants, potentially less competitive with vines [24]. The higher occurrence of annual species in tillage-managed vineyards is attributed to the substantial soil disturbance caused by tillage, resetting the ecological succession from the soil seed bank [25]. This disturbance triggers extensive weed emergence. On the contrary, mowing tends to favor perennial forms due to incomplete plant destruction, allowing re-sprouting from vegetative organs [21].



In the Mediterranean area, vineyards are often characterized by a high stone content. In these conditions, tools such as brush weeders are subject to wire breakage and, therefore, to frequent replacement, as well as the blades of under-vine mowers. Chain mowers are suitable for stony soils, considering that chains bend over stones [26,27,28]. Therefore, the utilization of a chain mower could be a preferable alternative for under-row weed management of stony vineyards. In this study, the performance of a modified mower with chains previously successfully tested for under-row weed control in an agroforestry farming system [29] was evaluated in a vineyard. Therefore, this research aims to compare the chain mower with other tools that control weeds under-row through tillage. In the comparison, the performance of the tools is evaluated in terms of weed control effectiveness, effects on weed flora composition, soil compaction, and operative efficiencies.





2. Materials and Methods


2.1. Site Characteristics


A three-year field trial (2021–2023) was conducted at the Ornellaia winery, Castagneto Carducci (Livorno), Italy (43° 14′ 19.1″ N, 10° 37′ 35.3″ E, 129 m a.s.l.). The vineyard (cv: Petit Manseng) was planted in 2003 and trained with spurred cordon. The planting layout was 2.00 m between the rows and 0.8 m within the rows. The cordons were 1.00 m in height. The soil texture was sandy clay (54% sand, 16% silt, and 30% clay). Soil organic matter corresponded to 1.3%, and pH was 8.0. Electrical conductivity was 140 μS cm−1, and cation-exchange capacity was 18.93 meq 100 g−1. The soil bulk density in the under-row area before the start of the trial corresponded to 1.36 g cm−3. The soil penetration resistance in the under-row as an average value between depths from 0 to 25 cm was equal to 1625.82 kPa, with a soil moisture content equal to 13.8%. The weather follows a Mediterranean pattern, featuring seasonal peaks of rainfall in spring and fall. The experimental area’s average minimum and maximum air temperatures and total monthly rainfall (mm) during the three-year trial are shown in Figure 1.




2.2. Experimental Layout


This trial was conducted during the growing seasons 2021, 2022, and 2023 to compare the under-row weed control performance of the modified mower with chains with other tools commonly adopted for this purpose, such as motorized discs, blade weeder, and rotary star hoe. Two under-row weed control interventions were carried out during each growing season. In 2021, the first intervention was performed on 23 April, and the second on 2 July. In 2022, the interventions were performed on 14 April and 5 July. In 2023, the first treatment was performed on 28 April, and the second on 4 July. The implements were compared according to a randomized complete block design with three replications. Twelve rows were selected within the same vineyard, and each row was split into three blocks, each spanning 50 m. Every year, before the first under-row weed control treatment performed with the previously mentioned tools, an intervention was carried out with rotary star hoe in February on the entire vineyard involved in the trial. During the trial, the soil in the inter-row area was maintained with a permanent cover consisting of resident species managed with periodic shredding.




2.3. The Tools Employed


The modified mower with chains (Figure 2a) is powered by the power take-off and features a separate hydraulic system. The mowing implement consists of a horizontal disc case (with a diameter of 0.40 m) equipped with grade-8 chains in tempered steel (EN 818-2) driven by a hydraulic motor. The chains mow the weeds by rubbing lightly on the soil surface. The characteristics of the commercial version of the mower (Dondi, Bastia Umbra, Italy) and the modifications made are reported in [29]. The cutting width of the mowing implement equipped with chains was 0.32 m. The machine is equipped with a vine-skipping mechanism; thus, the mowing implement enters the row and exits when the feeler perceives vine trunks. The chain mower was mounted in the rear part of the tractor and is a one-sided type.



The Radius SL blade weeder (Clemens, Wittlich, Germany) (Figure 2b) is operated by the tractor’s hydraulic system. The tool consisted of a horizontal blade designed to be inserted just beneath the soil surface, facilitating the cutting of weed shoots from their root. The blade used in the trial was equipped with clearing shares. Also, in this case, the tool was equipped with a vine-skipping mechanism by means of a feeler. In the trial, the tool holder was mounted on the rear part of the tractor and was a two-sided type; thus, there was a blade weeder on each side of the tool holder. During the trial, the tool holder was equipped with a cage roller. Motorized discs (Figure 2c) are mounted on a tool holder Marte (A. Spedo, Badia Polesine, Italy) and are driven by an independent hydraulic system operated by the tractor power take-off. The tool is represented by a motorized plow head made up of three discs with smooth profiles and concave facing the inter-row that digs the soil under the vine and moves it in the inter-row area. The tool was equipped with a vine-skipping mechanism by means of a feeler. For this trial, the tool holder was mounted in the rear part of the tractor and was equipped with motorized discs on only one side. The rotary star hoe (Braun, Landau in der Pfalz, Germany) (Figure 2d) is a ground-driven rotary hoe with two discs. The tool loosens the soil, eradicating weeds near the row, and redistributes a volume of soil beneath the row, suppressing weeds in that position. The tool was positioned on a vertical hydraulic lifter in the mid-axel area of the tractor. The tractor was equipped with a rotary star hoe on each side. The main parameters of the employed tools are shown in Table 1. During the trial, the different tools used were mounted on 210 v Vario tractors (Fendt, Marktoberdorf, Germany) powered with a 73 kW diesel engine, with the exception of the motorized discs for which a T 4050 N tractor (CNH Industrial Capital, New Holland, Basildon, UK) with a 71 kW diesel engine was used. Figure 3 shows the positioning of tools and their respective tool holders on the tractors.




2.4. Data Collection


Weed biomass, weed cover, and weed height were evaluated before each treatment and four days later. Measurements before treatments were performed on 23 April and 1 July 2021, 14 April and 4 July 2022, and 27 April and 3 July 2023. Measurements after treatments were carried out on 27 April and 6 July 2021, 18 April and 9 July 2022, and 2 May and 8 July 2023. Weed cover, consisting of soil weed coverage, was assessed by capturing images within a square frame measuring 0.075 m2 using a Nikon Coolpix 7600 camera (Nikon Corporation, Tokyo, Japan). The Canopeo app was employed for image analysis, wherein the weed cover percentage was determined by evaluating the proportion of green pixels in each image. Weed height was assessed using a folding ruler inside the same square frame. Two measurements and three measurements for each replicate were collected before and after each intervention for weed height and weed cover, respectively. Weed cover was assessed between vine trunks, while weed height was recorded between and around vine trunks. The same square frame was also used to determine weed biomass, where the live above-ground weed biomass was cut and collected. Dry biomass was then determined following oven-drying at 100 °C for 3–4 days until constant weight was achieved. One weed biomass measurement for each replicate was collected both between and around trunks before and after each intervention.



The efficacy of the tools tested during each weed control treatment in terms of weed biomass, height, and cover was determined as the percentage of reduction (R) of parameters initial values assessed on each plot with the following Equation (1):


  R    %  =      x  b     −  x a       x b    × 100  



(1)




where xb and xa represent the parameter amount (weed biomass, weed height, or weed cover) recorded before and after interventions, respectively.



In 2022 and 2023, weed species were recognized and counted, and the ground cover of each one was visually estimated both between and around vine trunks before and four days after the weed control intervention. Species richness, Shannon diversity index, evenness, and annual and perennial species coverage were then determined. The estimate of the Shannon diversity index was carried out using the following Formula (2):





  H = −   ∑   i = l  S   p i  × l n (  p i  )  



(2)




where H is the Shannon diversity index, pi is the proportion of individuals belonging to the ith species, and S is the total number of species (species richness). For the estimation of evenness, the following formula was used (3):


  E =  H  l n  S     



(3)




where H is the Shannon diversity index, and S is species richness. One measurement of the aforementioned parameters for each replicate was carried out. Soil penetration resistance was assessed between vine trunks using a Fieldscout SC 900 Soil Compaction Meter (Spectrum Technologies Inc., Aurora, IL, USA) before weed control treatments on 14 April 2022 and 27 April 2023, and during the harvest period; thus, after the weed control interventions, on 8 September 2022, and 27 September 2023. Data on soil penetration resistance were collected between depths of 0 and 25 cm at 2.5 cm intervals. Operative parameters, such as working speed, theoretical field times, and turning times, were taken into account. Theoretical field times represent the period during which the tools operate at an optimal working speed, covering their entire width of action. To determine the working speeds of the tractors equipped with the different tools, the time taken to travel a straight section of 50 m within the experimental area was measured. The time required to perform the turning at the end of the rows was timed. Working speed, theoretical field time, and turning time were used to measure the total field time per unit area for the tractor equipped with each tool. The estimation of the total field time was carried out by referring to the single tool, therefore considering the tractor equipped with only one tool for each type. Fuel consumption per unit area was calculated using the formula for hourly consumption:


  C h = W × d × C s  



(4)




where Ch denotes the tractor’s hourly fuel consumption (kg fuel h−1); W is the tractor power (kW); d is the engine effort percentage of the tractor, which varies based on the tool employed; and Cs stands for the tractor’s energy efficiency (kg fuel kWh−1). In this investigation, the tractor’s energetic efficiency (Cs) was assumed to be 0.25 kg fuel kWh−1. Working speed, turning time, total field time, and fuel consumption per unit area collected over the three years of the trial during the treatments for each tool tested were then averaged.




2.5. Statistical Analyses


Data analysis was carried out using the statistical software R version 4.3.2. [30]. The Shapiro–Wilk test and Bartlett test were performed to assess data normality and homoscedasticity, respectively. Data underwent arcsine or square root transformations when necessary to meet the normality assumption. Weed biomass and weed height reduction were modeled with a linear mixed effect model, and data were processed with a four-way ANOVA using the R software extension package ‘lme4′ [31]. For these parameters, tool, position, year, and the treatment of the year (whether the first or second treatment) were fixed factors, while blocks were randomized effect factors. Weed cover reduction data were processed with a linear mixed effect model three-way ANOVA, with tool, year, and treatment of the year as fixed factors and blocks as randomized effect factors. Species richness, the Shannon diversity index, evenness, and annual and perennial weed species coverage were modeled with a linear mixed effect model, and data were processed with a five-way ANOVA. Tool, position, year, time of the survey (if performed before or after the treatment), and treatment of the year were considered as fixed factors, while blocks were treated as randomized effect factors. Soil penetration resistances were modeled with a linear mixed effect model, and data were processed with a four-way ANOVA. Tool, depth, time of the survey (if performed at the beginning of the vine growing season before the treatments or after the treatments), and year were considered as fixed factors, while blocks were treated as randomized effect factors. Mean comparisons were performed using Tukey’s HSD (honestly significant difference) post hoc test (p < 0.05). The “ggplot2” extension package was used to generate graphs [32].





3. Results


3.1. Tools’ Under-Row Weed Control Performance


Four-way ANOVA revealed that the tool employed (p < 0.001), the position (p < 0.05), and their interaction (p < 0.05) had a significant effect on weed biomass reduction, while the year and the treatment of the year did not affect the parameter. Weed height reduction was affected by the tool employed (p < 0.001) and position (p < 0.001), while neither their interaction nor the year and the treatment of the year had a significant effect on the parameter. Three-way ANOVA highlighted that the tool employed (p < 0.001) and year (p < 0.001) affected weed cover, while the treatment of the year did not affect the parameter. The interaction between toll employed and year had no significant effect on weed cover reduction (p = 0.053). Results of the four-way and three-way ANOVAs conducted regarding the weed biomass, weed height, and weed cover reduction are reported in Table 2.



As the data are presented as a percentage of the reduction from the initial values of the parameters rather than in absolute values, Table 3 displays the average weed biomass, height, and cover values recorded prior to each under-row weed control intervention performed during the trial.



Concerning weed biomass reduction, lower values of reduction were recorded around vine trunks (24.8%) rather than between vine trunks (52.6%). The rotary star hoe obtained a significantly lower reduction between vine trunks (23.4%) compared to the blade weeder (70.2%) (p < 0.05) and, in absolute values, compared to motorized discs (61.2%) and chain mower (55.4%), even if there were no statistically significant differences. No significant differences in terms of weed biomass reduction between trunks emerged between the chain mower, the motorized discs, and the blade weeder. No significant differences emerged even in the comparison between the tools tested in terms of weed biomass reduction around vine trunks, with values in the range from 18.5 to 31.1% (Figure 4).



Overall, the chain mower (40.4%) achieved similar results compared to the other tools employed, while the rotary star hoe (23.8%) achieved lower values compared to the motorized discs (46.1%) and the blade weeder (44.4%) (p < 0.05) (Figure 5).



A lower weed height reduction was observed around vine trunks (25.5%) compared to between vine trunks (46.7%). The blade weeder achieved the best results in terms of weed height reduction (50.6%), while the chain mower (35.9%), the motorized discs (33.6%), and the rotary star hoe (24.1%) obtained lower results and similar to each other (p < 0.05) (Figure 6).



Higher weed cover reduction values were recorded in 2021 (79.7%) and 2022 (78.7%) rather than in 2023 (56.7%) (p < 0.05). The rotary star hoe achieved lower weed cover reduction (53.0%) compared to the blade weeder (79.2%), the chain mower (79.2%), and the motorized discs (75.6%), which yielded similar results (p < 0.05) (Figure 7).




3.2. Effect of the Under-Row Weed Control Treatments on Weed Flora Composition


Five-way ANOVA analysis revealed that year (p < 0.01), time of the survey (p < 0.001), and the treatment of the year (p < 0.001) had a significant effect on species richness, while the tool, the position, and their interaction had no significant effect on the parameter. The interaction between machine and year (p = 0.887) and between position and year (p = 0.123) had no significant effect on the parameter. The Shannon diversity index was affected by position (p < 0.05) and treatment of the year (p < 0.001). The tool employed, year, time of the survey, and the interaction between tool and position had no significant effect on the parameter. None of the factors evaluated nor their interaction significantly influenced evenness. Annual species coverage was significantly affected by position (p < 0.05) and time of the survey (p < 0.05), while tool employed, year, treatment of the year, and the interaction between tool and position did not affect the parameter. Perennial species coverage was affected by position (p < 0.05), year (p < 0.001), time of the survey (p < 0.001), and treatment of the year (p < 0.001), while tool and the interaction between tool and position did not affect the parameter. The interaction between machine and year (p = 0.496) and between position and year (p = 0.867) had no significant effect on the parameter. Results of the five-way ANOVA performed regarding species richness, the Shannon diversity index, evenness, and annual and perennial species coverage are shown in Table 4.



Regarding species richness, higher values were observed in 2023 (2.35) rather than in 2022 (1.87). Lower values of species richness were observed after the treatment (1.77) compared to before treatment (2.46) and during the second treatment of the year (1.28) compared to the first one (2.95). Concerning the Shannon diversity index, higher values were observed between vine trunks (0.32) rather than around them (0.25) and during the first treatment (0.35) compared to the second one (0.22). Annual species coverage was higher around vine trunks (18.8%) rather than between vine trunks (9.8%) and before the weed control intervention (2.5%) compared to after the intervention (1.8%). Perennial species coverage was higher around vine trunks (19.8%) than between vine trunks (13.8%) and in 2023 (27.0%) compared to 2022 (6.6%). Higher values of the parameter were observed before the weed control treatment (22.6%) compared to after (11.0%) and during the first treatment (23.9%) compared to during the second one (9.7%).




3.3. Effect of the Under-Row Weed Control Treatments on Soil Penetration Resistance


Soil penetration resistance was affected by the tool (p < 0.001), the depth (p < 0.001), and the year (p < 0.001), while the time of the survey (if performed at the beginning of the vine growing season before the treatments, or after the treatments) had no significant effect on the parameter (p = 0.522). The interaction between tool and year also had a significant effect on the parameter (p < 0.001). Therefore, the three-way ANOVA analysis was conducted separately for the data collected in 2022 and 2023. In 2022, soil penetration resistance was affected by the tool (p < 0.05), the depth (p < 0.001), and the time of the survey (p < 0.001). In 2023, the tool (p < 0.001), the depth (p < 0.001), and the time of the survey (p < 0.001) had significant effects on the parameter. Results relating to soil penetration resistance analysis for 2022 and 2023 are shown in Table 5.



The values of the soil water content percentage at the times of the analysis carried out with the penetrometer are reported in Table 6.



In 2022, a lower soil penetration resistance was recorded on plots managed with the chain mower (1602.42 kPa) and the rotary star hoe (1573.38 kPa) compared to plots managed by the blade weeder (1920.21 kPa) (p < 0.05). No difference emerged in the comparison of the chain mower, the rotary star hoe, and the motorized discs (1711.21 kPa). No difference emerged between the motorized discs and the blade weeder.



In 2023, in the plot managed by the chain mower, the lowest soil penetration resistance (2262.83 kPa) was recorded compared to plots managed with the other tools (p < 0.05). In plots managed with motorized discs (2927.95 kPa), a higher penetration resistance was recorded compared to plots managed with the blade weeder (2556.77 kPa) (p < 0.05), while in those managed with the rotary star hoe, similar results were observed (2733.56 kPa) compared to both the motorized discs and the blade weeder. Soil penetration resistance values relatives of each depth in 2022 and 2023 are shown in Table 7.



Over the two years of the trial, 2022 and 2023, a similar trend was observed regarding the soil penetration resistance recorded for each depth. In 2022, greater resistance to penetration was found at depths of 22.5 and 25 cm, while in 2023, higher values were found at depths of 20 and 22.5 cm.



In 2022, a higher soil penetration resistance was recorded before the under-row weed control interventions (1921.53 kPa) compared to after the interventions (1482.08 kPa) (p < 0.05), while in 2023, the opposite trend was observed with values of 2874.11 kPa after the interventions, and 2366.44 kPa before the interventions (p < 0.05).




3.4. Tools’ Operative Performances


The average operative parameters of each tool per treatment, such as average working speed, total turning time, total field time, and fuel consumption per unit area, are shown in Table 8.



The rotary star hoe presented a higher working speed compared to the blade weeder, the chain mower, and the motorized discs, with an average increase of 179.3%. The chain mower presented a lower working speed compared to the blade weeder and the rotary star hoe, with decreases of 20.2% and 62.9%, respectively, while it showed a slightly higher working speed compared to the motorized discs with an increase of 30.7%. The chain mower showed a slightly higher total turning time compared to the motorized discs and the rotary star hoe, with increases of 36.8% and 73.3%, respectively, and similar values to the blade weeder. The motorized discs showed the highest total field time compared to the other machines tested, with an average increase of 104.9%, while the rotary star hoe presented the lowest total field time, with an average decrease of 61.2%. The chain mower and the blade weeder showed similar values of total field time. The motorized discs showed the highest fuel consumption value, with an average increase of 269.07%, followed by the chain mower, the blade weeder, and the rotary star hoe. The rotary star hoe obtained the lowest fuel consumption, with an average decrease of 78.54%.





4. Discussion


4.1. Weed Control


Concerning weed biomass reduction between vine trunks, the chain mower (55.4%) achieved similar results to the motorized discs (61.2%) and the blade weeder (70.2%), while the rotary star hoe achieved lower results (23.4%). This is in agreement with Berk et al. [33], according to which higher yield losses were recorded when the vineyard under-row area was managed with a rotary star hoe rather than a blade weeder. Results obtained by the chain mower between vine trunks align with the observations made by Pergher et al. [9] for an under-vine mower, which achieved reductions in weed biomass ranging from 40.3% to 68.0%. Instead, chain mower results around vine trunks (25.4%) are lower than those obtained by the same authors for the under-vine mower, with values in the range of 37.0 to 47.6%. This may be due to the distance between the cutting elements and the horizontal disc case necessary to avoid damage to trunks [8]. In this case, the chain mower horizontal disc case was 0.40 m wide, and the cutting width was 0.32 m [29]. The blade weeder achieved a higher weed height reduction (50.6%) compared to the chain mower (35.9%), the motorized discs (33.6%), and the rotary star hoe (24.1%), which yielded similar results to each other. Nonetheless, the results of weed height reduction for the latter tools are considered satisfactory. Indeed, their weed height reduction allows the reduction in weed competitiveness [24,34] and the maintenance of weeds below the bunch height, thus preventing the creation of humid conditions that could favor the onset of diseases [35]. Furthermore, these reductions allow for the prevention of weed interference with vineyard operations [36]. Overall, better weed biomass and height reduction results were observed between vine trunks (with values of 52.6% and 46.7%, respectively) compared to around vine trunks (with values of 24.8% and 25.5%, respectively). This confirmed what was observed by Lanini et al. [37], according to which most of the tools used to control weeds under-row have limited effectiveness around vine trunks. The chain mower, the blade weeder, and the motorized discs obtained weed cover reduction results similar (with values of 79.2, 79.2, and 75.6%, respectively) and higher compared to the rotary star hoe (53.0%). Results obtained by chain mower are slightly lower compared to those observed by Manzone et al. [38] for a brush weeder with a resulting weed cover reduction of approximately 95%. However, brush weeder wires in soil with high stone content tend to be damaged frequently, and their replacement can lead to a reduction in the working capacity of the weed control intervention. In contrast to what other authors observed [24], according to which mowing is associated with greater plant coverage compared to tillage, in this case, the chain mower obtained weed cover reduction results similar to those achieved by tools that perform weed control with tillage. This is probably due to the chain mower’s mechanism of action, whose chains operate by abrasion, therefore with light contact on the soil surface.




4.2. Effect on Weed Flora Composition


A slightly higher weed species richness was recorded in 2023 (2.35) rather than in 2022 (1.87). This could be due to the higher precipitations in the months of March, April, May, and June in 2023 compared to 2022. This is in agreement with what was observed by Hu et al. [39], according to which, as rainfall increases, plant species richness can increase. In fact, the increase in precipitation improves the availability of water and nutrients, allowing more species to better tolerate environmental conditions. Moreover, higher values of species richness were observed in the first treatment of the year (2.95), performed during spring, compared to the second treatment (1.28) carried out during summer. This could be related to the higher temperatures and reduced water availability in the summer period [40]. No significant differences emerged between the tools used in terms of species richness, Shannon diversity index, evenness, and annual and perennial plant species coverage. Concerning the position, no differences emerged either for species richness or evenness, while the Shannon diversity index was slightly higher between vine trunks (0.32) rather than around them (0.25). Therefore, between vine trunks, there may have been a slightly greater number of weed species, or a more uniform distribution of these, or both. This could be associated with the tools’ higher work effectiveness between trunks rather than around them. The greater intensity and frequency of disturbance between trunks may have allowed more weed species to develop by promoting access to limited resources (water, light, and nutrients), thus limiting their interspecific competition [41]. The Shannon diversity index was greater in the first treatment of the year (0.35) compared to the second one (0.22). This could be associated with spring temperatures and water availability more favorable to the development of different plant species [40]. Both annual and perennial species coverage was greater around vine trunks (with values of 18.8 and 19.8%, respectively) rather than between them (with values of 9.8 and 13.8%, respectively). This may also be explained by the lower disturbance of weeds around trunks, which would have allowed greater growth and, therefore, greater coverage of weed species present in this position. Therefore, these results seem to confirm the limits of the effectiveness of these tools in controlling weeds in the position around trunks [37].




4.3. Soil Penetration Resistance


Regardless of the tool employed, in both 2022 and 2023, values of resistance to soil penetration increased as the depth increased, with values from 113.33 to 3112.71 kPa in 2022 and from 483.88 to 4304.38 kPa in 2023. In 2022, higher soil penetration resistance values were found before the under-row weed control interventions were carried out (1921.53 kPa) rather than after them (1482.08 kPa). This could be explained by the lower soil moisture content when the survey was carried out before the treatments compared to the survey carried out after the treatments. Instead, in 2023, a greater value of soil penetration resistance was observed after the two interventions were carried out (2874.11 kPa) rather than before the two interventions (2366.44 kPa). This result can also be explained by the different soil moisture content at the times in which the surveys were carried out. Impediments of grapevine root penetration can be observed above penetrometer readings of 2000 kPa [42,43]. Overall, lower soil penetration resistances were observed in plots managed with chain mower (1602.42 and 2262.83 kPa in 2022 and 2023, respectively) compared to plots managed with tillage, particularly compared to blade weeder in 2022 (1920.21 kPa) and compared to all other tools tested in 2023 (with values equal to 2556.77, 2733.56, and 2927.95 kPa, for the blade weeder, the rotary star hoe, and the motorized discs, respectively). This would confirm that tillage can promote soil compaction [13]. Soil compaction negatively influences the crop-producing role of soil, water and nutrient availability, vulnerability to soil erosion, and natural biological activity of soil [44]. Therefore, the mechanism of action of the chain mower, i.e., operating by abrasion with light contact on the soil surface, seemed to have a lower impact on soil health compared to tillage interventions. Furthermore, compared to tools that control under-row weeds with tillage, the chain mower’s mechanism of action does not involve the risk of damaging vine roots [7].




4.4. Operative Performances


Regarding the tools’ operative performances, the average working speed of the rotary star hoe is higher compared to the other tested tools, with an average increase of 179.3%, also recording the shorter average field time (1.45 h ha−1). Indeed, the rotary star hoe is one of the tools employed for under-row weed control in vineyards with the highest working speed [8] and, therefore, very advantageous in terms of timeliness of intervention. The motorized discs, on the other hand, presented a lower average working speed (2.18 km h−1) compared to the other tools tested and, therefore, the highest field time (4.79 h ha−1). The chain mower and the blade weeder recorded intermediate values of working speed and field time (with values equal to 2.85 and 3.57 km h−1 and 3.78 and 3.04 h ha−1 for the chain mower and the blade weeder, respectively). The same trend was observed for average fuel consumption, with the motorized discs obtaining the highest values 36.72 kg ha−1, followed by the chain mower (24.24 kg ha−1), the blade weeder (16.59 kg ha−1), and the rotary star hoe (5.00 kg ha−1).



Therefore, overall, the chain mower achieved satisfactory results, proving to be a reliable tool for the management of weeds under the rows in vineyards. Indeed, its weed control performance is comparable to the other tool tested, commonly used for this purpose in the vineyard. Despite the higher fuel consumption than rotary star hoe and blade weeder, the availability of a chain mower could bring significant management advantages for viticulturists who work in vineyards with a high stone content where commonly used tools can encounter issues such as damage [45,46]. Moreover, as evidenced by the obtained results, the chain mower, resulting in a less impactful action on the soil compared to other tested tools that perform tillage, tends to a greater preservation of soil health. In this regard, using mowing for under-row management or other alternative strategies to tillage, such as mowing cover crops in the inter-rows and conveying biomass under the vines as mulch, can increase soil conservation. This is a critical aspect, especially considering the severe soil degradation conditions experienced by vineyards in the Mediterranean region [14].





5. Conclusions


In this study, the chain mower obtained encouraging results in terms of weed control, particularly in terms of weed biomass reduction (55.4 and 25.4%, between and around vine trunks, respectively), weed height reduction (35.9%), and weed cover reduction (79.2%). The results are, in fact, comparable or higher with respect to those obtained by the other tools tested commonly used for under-row weed management in the vineyard. All the tools evaluated showed limits of effectiveness in the control of weeds around vine trunks rather than between them, with values of weed biomass and height reductions of 24.8% and 25.5% and 52.6% and 46.7%, respectively. Results regarding the evaluation of the effect of the tools on weed flora composition seem to confirm this trend. The chain mower obtained higher field time and fuel consumption results compared to the blade weeder and the rotary star hoe. Nevertheless, its versatility of use even in soils with a high stone content where commonly used tools can be damaged, and the lower impact on the soil compared to tools that operate tillage make it a potentially very advantageous means for under-row weed management in the vineyard. Further mechanical and agronomic studies could be useful to improve the performance of the chain mower both between vine trunks, in particular, around them, evaluating in different planting layouts, different dimensions of both the cutting element and the feeler, which allows the vine-skipping mechanism.
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Figure 1. The experimental area’s average minimum and maximum air temperatures and total monthly rainfall (mm) during the three-year trial. 
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Figure 2. Tools employed in the trial: chain mower (a), blade weeder (b), motorized discs (c), and rotary star hoe (d). 
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Figure 3. Positioning of tools on the tractor: chain mower (a), blade weeder (b), motorized discs (c), and rotary star hoe (d). 
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Figure 4. Effects of the interaction between tool employed and position on weed biomass reduction. Means distinguished by different letters indicate statistically significant differences at p < 0.05 (HSD test). Blade—blade weeder; chain—chain mower; discs—motorized discs; star—rotary star hoe. 
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Figure 5. Effects of the tools employed on weed biomass reduction. Means distinguished by different letters indicate statistically significant differences at p < 0.05 (HSD test). Blade—blade weeder; chain—chain mower; discs—motorized discs; star—rotary star hoe. 






Figure 5. Effects of the tools employed on weed biomass reduction. Means distinguished by different letters indicate statistically significant differences at p < 0.05 (HSD test). Blade—blade weeder; chain—chain mower; discs—motorized discs; star—rotary star hoe.
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Figure 6. Effects of the tools employed on weed height reduction. Means distinguished by different letters indicate statistically significant differences at p < 0.05 (HSD test). Blade—blade weeder; chain—chain mower; discs—motorized discs; star—rotary star hoe. 
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Figure 7. Effects of the tools employed on weed cover reduction. Means distinguished by different letters indicate statistically significant differences at p < 0.05 (HSD test). Blade—blade weeder; chain—chain mower; discs—motorized discs; star—rotary star hoe. 
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Table 1. Tools’ technical parameters.






Table 1. Tools’ technical parameters.





	Tool
	Working Elements
	Tractor Attachment Configuration
	Vine-Skipping Mechanism
	Power Transmission
	Working Width (cm)





	Chain mower
	Horizontal disc case with chains
	Three-point hitch rear
	Feeler
	PTO1-powered independent hydraulic system
	32



	Motorized discs
	Plow head with three concave discs
	Three-point hitch rear
	Feeler
	PTO-powered independent hydraulic system
	45



	Blade weeder
	Horizontal blade
	Three-point hitch rear
	Feeler
	Tractor hydraulic system
	34



	Rotary star hoe
	Double star-shaped hoe
	Mid-mounted
	Absent
	Ground-driven
	36







PTO—power take-off.













 





Table 2. Results of the four-way ANOVA analysis assessing the effect of tool, position, year, treatment of the year, and the interaction between tool and position on weed biomass and weed height reduction. Results of the three-way ANOVA analysis evaluating the effect of tool, year, and treatment of the year on weed cover reduction.






Table 2. Results of the four-way ANOVA analysis assessing the effect of tool, position, year, treatment of the year, and the interaction between tool and position on weed biomass and weed height reduction. Results of the three-way ANOVA analysis evaluating the effect of tool, year, and treatment of the year on weed cover reduction.











	Factors
	Weed Biomass Reduction
	Weed Height

Reduction
	Weed Cover

Reduction





	
	p-value
	p-value
	p-value



	Year
	0.248
	0.200
	***



	Treatment 1
	0.242
	0.155
	0.132



	Tool
	***
	***
	***



	Position
	*
	***
	-



	Tool × Position
	*
	0.109
	-







1 Treatment of the year, i.e., whether the first or second treatment of the year; *** p < 0.001, * p < 0.05.













 





Table 3. Average values of weed biomass, height, and cover recorded prior to each under-row weed control intervention performed during the trial (standard error).
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Year

	
Data

	
Weed Biomass

	
Weed Height

	
Weed Cover




	

	

	
Values (SE)




	

	

	
g d.m.⋅m−2

	
cm

	
%






	
2021

	
23 April

	
244.11 (3.91)

	
55.49 (0.31)

	
47.3 (0.45)




	

	
1 July

	
97.42 (3.50)

	
19.19 (0.21)

	
15.1 (0.27)




	
2022

	
14 April

	
144.3 (3.56)

	
26.33 (0.19)

	
42.9 (0.54)




	

	
4 July

	
82.51 (3.0)

	
19.37 (0.17)

	
20.6 (0.30)




	
2023

	
27 April

	
304.34 (4.94)

	
32.54 (0.22)

	
52.2 (0.50)




	

	
3 July

	
62.79 (2.38)

	
18.04 (0.13)

	
21.4 (0.33)











 





Table 4. Results of the five-way ANOVA evaluating the effect of tool employed, position, year, time of the survey, treatment of the year, and the interaction between tool and position on species richness, Shannon diversity index, evenness, annual and perennial species coverage.
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	Factors
	SR
	SDI
	Evenness
	Annual Species Coverage
	Perennial Species

Coverage





	
	p-value
	p-value
	p-value
	p-value
	p-value



	Tool
	0.083
	0.440
	0.617
	0.338
	0.641



	Position
	0.082
	*
	0.282
	*
	*



	Year
	**
	0.559
	0.393
	0.265
	***



	Time of the Survey 1
	***
	0.991
	0.051
	*
	***



	Treatment 2
	***
	***
	0.394
	0.229
	***



	Tool × Position
	0.132
	0.227
	0.351
	0.523
	0.132







1 Time of the survey, i.e., performed before or after the treatment; 2 treatment of the year, i.e., whether the first or second treatment of the year. *** p < 0.001, ** p < 0.01, * p < 0.05. SR−species richness; SDI—Shannon diversity index.













 





Table 5. Results of the three-way ANOVA analysis evaluating the effect of tool, depth, and time of the survey on soil penetration resistance in 2022 and 2023.
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Factors

	
Soil Penetration Resistance




	

	
2022

	
2023






	

	
p-value

	
p-value




	
Tool

	
*

	
***




	
Depth

	
***

	
***




	
Time of the Survey 1

	
***

	
***








1 Time of the survey, i.e., if performed at the beginning of the vine growing season before the treatments or after the treatments; *** p < 0.001, * p < 0.05.













 





Table 6. Soil water content percentage at the times of the assessments carried out with the penetrometer.
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	Date
	
	Soil Water Content (%)





	14 April 2022
	Chain Mower
	11.9



	
	Motorized Discs
	12.9



	
	Blade Weeder
	12.5



	
	Rotary Star Hoe
	12.7



	8 September 2022
	Chain Mower
	15.9



	
	Motorized Discs
	16.7



	
	Blade Weeder
	16.3



	
	Rotary Star Hoe
	14.5



	27 April 2023
	Chain Mower
	8.8



	
	Motorized Discs
	9.4



	
	Blade Weeder
	9.3



	
	Rotary Star Hoe
	9.2



	27 September 2023
	Chain Mower
	7.9



	
	Motorized Discs
	6.2



	
	Blade Weeder
	8.7



	
	Rotary Star Hoe
	7.5










 





Table 7. Soil penetrati