
www.manaraa.com

agriculture

Article

Autonomous Mowing and Turf-Type Bermudagrass as
Innovations for An Environment-Friendly Floor
Management of a Vineyard in Coastal Tuscany

Simone Magni 1, Mino Sportelli 1,*, Nicola Grossi 1 , Marco Volterrani 1, Alberto Minelli 2,
Michel Pirchio 1, Marco Fontanelli 1, Christian Frasconi 1, Monica Gaetani 1 ,
Luisa Martelloni 1 , Andrea Peruzzi 1, Michele Raffaelli 1, Marco Mazzoncini 1,
Daniele Antichi 1 , Giovanni Caruso 1, Giacomo Palai 1, Alberto Materazzi 1,
Gabriele Vittori 3 and Lisa Caturegli 1

1 Department of Agriculture, Food and Environment, University of Pisa, 56124 Pisa, Italy;
simone.magni@unipi.it (S.M.); nicola.grossi@unipi.it (N.G.); marco.volterrani@unipi.it (M.V.);
michel.pirchio@for.unipi.it (M.P.); marco.fontanelli@unipi.it (M.F.); christian.frasconi@unipi.it (C.F.);
monica.gaetani@unipi.it (M.G.); luisamartelloni@yahoo.it (L.M.); andrea.peruzzi@unipi.it (A.P.);
michele.raffaelli@unipi.it (M.R.); marco.mazzoncini@unipi.it (M.M.); daniele.antichi@unipi.it (D.A.);
giovanni.caruso@unipi.it (G.C.); giacomo.palai@phd.unipi.it (G.P.); alberto.materazzi@unipi.it (A.M.);
lisa.caturegli@gmail.com (L.C.)

2 Department of Agricultural and Food Sciences, University of Bologna, 40126 Bologna, Italy;
alberto.minelli@unibo.it

3 Golf Club Livorno srl, 57128 Livorno, Italy; gabriele.vittori@virgilio.it
* Correspondence: mino.sportelli@phd.unipi.it

Received: 29 April 2020; Accepted: 23 May 2020; Published: 25 May 2020
����������
�������

Abstract: The establishment of permanent cover crops is becoming a common practice in vineyard
floor management. Turfgrass science may provide species and techniques with a high potential for
improving the sustainability of vineyard floor management. Based on this assumption, an experiment
was carried out during 2018 and 2019 at the Donna Olimpia Vineyard, Bolgheri, Italy. The trial
aimed at comparing an innovative floor management system based on a turf-type cultivar of
bermudagrass mown with an autonomous mower with a conventional floor management system.
Ground cover percentage, energy consumption, CO2 emissions, grapevine water status, leaf nitrogen
content, fruit yield and must composition have been assessed in order to perform the comparison.
The innovative vineyard floor management produced an almost complete ground cover (98%) at
the end of the second growing season, with the resident species reduced to a small percentage (4%).
Resident species growing under-trellis were efficiently controlled without herbicide applications.
A lower primary energy consumption and a reduction in CO2 emissions were observed for the
innovative management system compared to the conventional management system. Grapevine water
status, leaf chlorophyll content, soil–plant analyses development (SPAD), fruit yields and must
composition were similar between the different soil management systems. Based on results obtained
in this trial, turf-type bermudagrass and innovative mowing machines may contribute to enhance the
sustainability of vineyard floor management.

Keywords: soil protection; robotic mower; turfgrass; innovative agronomic practice; soil management

1. Introduction

Sustainable viticulture has been defined as a global strategy covering economic issues, product quality,
environmental aspects and consumer health related to grape production and processing [1]. At the
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worldwide level, energy savings and pollutant reductions are the two main actions to improve
viticulture sustainability [2]. Vineyard floor management sustainability can be improved adopting
new techniques for vegetative covers’ maintenance that require lower energetic and chemical inputs.

Cover crops have shown to improve physical and chemical soil properties, to enhance biodiversity [3]
and to help control weeds [4] and pests [5]. The establishment of permanent cover crops is becoming a
common floor management practice in vineyards, especially to prevent soil erosion and to facilitate
machinery access [6,7]. Periodic mowing carried out on resident species is a simple technique to obtain
a uniform ground cover. However, perennial or annual species may also be introduced. No matter what
species is used as a cover crop, its growth needs to be controlled in order to prevent competition with
the vine plants [8]. For the same reason, annual cover crops that grow during grapes’ dormant season
may be preferred [9–11]. Thus, conventional programs of vineyard floor management include soil
tillage and periodical mowing of the interrow aimed at maintaining nutritional balance between vines
and cover crop. Moreover, intrarow management is focused on preventing weeds growing inside vine
canopies with repeated postemergence nonselective herbicides applications [6,8,12]. Bermudagrass
(Cynodon dactylon (L.) Pers.) is not included among the list of species considered suitable as vineyards
cover crops by various authors [6,8] and is conversely indicated as one the most aggressive vineyards
weeds [4]. However, a fast establishment speed, high soil cover percentage and great persistency
make bermudagrass a desirable species when it comes to competition against weeds, soil protection
and trafficability [10,13,14]. The undesirable traits associated to bermudagrass refer mostly to the
naturally occurring wild types, while turf-type cultivars have a reduced vertical growth, an increased
density, an enhanced lateral growth, a higher wear resistance and a higher shade tolerance [15,16].
Few studies have been carried out on turf-type permanent cover crops in vineyard interrows, and this
intercropping has shown to enhance the infiltration of winter rainwater [17]. Cover crops may also
decrease vines’ vegetative vigor [17] and promote a deeper vine root system [18]. The spring-summer
vegetative cycle of bermudagrass overlaps with the vegetative cycle of the vine plants, so water may
be an issue. Indeed, the adoption of cover crops is more frequent in vineyards provided with irrigation
systems [13].

Grass mowing for agricultural purposes is commonly carried out with tractor-mounted flail
mowers. More options are available from the turfgrass industry, such as battery-powered walk-behind
rotary mowers and autonomous mowers. Battery-powered machinery has been reported to
have a superior energetic efficiency compared to the equivalent gasoline-powered machinery [19].
Autonomous mowers are battery-powered machines designed to autonomously perform lawn mowing
that offer high energy efficiency [20], with no local pollution from exhaust gasses and noise emissions,
preventing operators from coming into contact with allergens [21,22]. Although not yet designed for
agriculture purposes, autonomous mowers may improve vineyard floor management sustainability as
a consequence of their reduced ground pressure [23], their high frequency of cut [24] and their ability to
move between vine plants [25]. Continuous mowing has the potential to prevent weeds from excessive
vertical development [26] and to encourage bermudagrass lateral growth [27]. The possibility to work
both between the rows and under-trellis [25] allows to mow the entire cultivated area, reducing the
need for chemical weed control.

The aim of this preliminary study was to compare an innovative vineyard floor management
system with a conventional vineyard floor management system in terms of sustainability improvement.
For the innovative system, a turf-type cultivar of bermudagrass was used as a cover crop and mown
with an autonomous mower. The comparisons between the two management systems were based
on assessments of energy consumption, CO2 emissions and bermudagrass ground cover percentage.
Productive and qualitative aspects of the vine plants have been determined in order to detect any early
adverse effects on the cultivated plants.
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2. Materials and Methods

The experiment was conducted from 22 May 2018 to 31 October 2019 at Donna Olimpia
Vineyard, Bolgheri (Livorno), Italy (43◦12′ N, 10◦34′ E, 17 m.a.s.l.), in a flat commercial vineyard
(Vitis vinifera L., cv. Petit Manseng) established in 2007, with a plant density of 5860 vines per hectare
(0.8 × 2.2 m) and rows oriented north-south. Vines were trained on a vertical trellis with three fixed
wires and spur-pruned on a single cordon system to 6–8 nodes per vine. The experimental design was a
randomized block with two management systems (innovative and conventional) and four replications
for a total of 8 experimental plots of 14 × 2.2 m (30.8 m2). Each plot included the row and 1.1 m of the
two adjoining interrows (Figure 1)
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Figure 1. Sketch map of a single plot setup (14 × 2.2 m). Grapevines are identified as dots.

The main chemical and physical properties of the vineyard soil are shown in Table 1.

Table 1. Main chemical and physical soil properties.

Parameter Method Unit Value

Sand (20–2000 µm) Hydrometer ISSS % 84.4
Loam (2–20 µm) Hydrometer ISSS % 8.1

Clay (<2 µm) Hydrometer ISSS % 7.5
pH Extract 1:2.5 7.1

Organic Matter Walkley-Black % 1.2
Total Nitrogen Kjeldahl %� 0.9

C/N 7.6
Assimilable Phosphorus Olsen P2O5 ppm 99
Exchangeable Potassium BaCl2 K2O ppm 535

Air temperature and rainfall were recorded on a iMETOS®IMT200 (PESSL Instruments GmbH,
Weiz, Austria) weather station located in the vineyard. Monthly maximum and minimum temperatures
and monthly cumulated rainfall are reported in Figures 2 and 3.
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Figure 3. Monthly average minimum and maximum air temperatures and monthly rainfall: year 2019.

Water was supplied using drip lines (2.7 L h−1 pressure-compensated drippers spaced at 0.8 m)
based on evapotranspiration demand. No irrigation was applied in 2019 due to abundant summer
precipitations. According to vines’ vigor, fertilization was broadcast-applied only on 15 March 2018
(22.5 kg ha−1 of N, 13.5 kg ha−1 of P2O5 and 54.0 kg ha−1 of K2O from Fulet 5.3.12—Italpollina, Italia).
No fertilization was applied in 2019.
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2.1. Conventional Floor Management

Conventional vineyard management system was carried out in accordance to the vineyard
integrated management protocol issued by the Tuscany Rural Development Program, (measure 10 of
the Tuscany RDP 2014–2020). In particular, interrow rotary tillage was performed annually on alternated
rows, with plant residues incorporated into the soil. Periodic flail mowing was used to control the
development of resident species in the interrow. Flail mowing was carried out as close to the ground as
possible, in order to remove most of the resident vegetation. The intrarow management had the aim of
suppressing weeds with mechanical weeding and chemical applications of postemergence nonselective
herbicides (2 applications of glyphosate from Roundup Platinum—Bayer, Rhein, Germany, with a dose
of 0.8 kg ha−1 and one application of glyphosate from Gallup Biograde—Fitogest, Rome, Italy, with a
dose of 0.9 kg ha−1). A Spire S 105 tractor (Lamborghini Trattori SDF, Treviglio, Bergamo, Italy) was
employed. The Spire S 105 tractor is equipped with a 4-cylinder diesel engine that has a displacement
of 3849 cm3 and a maximum power output of 102 hp (75 kW). To perform the different operations,
the tractor was coupled to:

• a disc harrow with a working width of 150 cm (mod. PSME/P 17 16-51 Spedo Srl, Badia Polesine,
Rovigo, Italy),

• a rotary harrow with a working width of 130 cm (mod. DL 1300 Maschio Gaspardo, Campodarsego,
Padova, Italy),

• a flail mower with a working width of 135 cm (mod.SM135 Spedo Srl, Badia Polesine, Rovigo, Italy),
• a sprayer equipped with a 180-cm-wide spray bar (mod. PrM 800PBX Agri Perrone, Guagnano,

Lecce, Italy) and
• an on-the-row mechanical weeder equipped with two lateral blades (mod. Expo Doppio H2

Arrizza Srl, Fossacesia, Chieti, Italy).

Details regarding the average duration and number of operations carried out during the trial
period for the conventional management system are shown in Table 2.

Table 2. Average duration and number of operations carried out during the two years of the trial for
the conventional vineyard management system.

Operation Average Duration (h ha−1) Number of Operations Per Year

2018

Flail Mowing 1.53 3
Herbicide 1.40 1

Rotary Harrowing 2.21 1

2019

Mowing 1.38 4
Herbicide 1.45 2

Rotary Harrowing 2.13 2
Disc Harrowing 1.33 1

Mechanical Intrarow weeding 1.50 1

2.2. Innovative Floor Management

The innovative management system consisted of bermudagrass establishment and management
(Cynodon dactylon cv Celebration) as a permanent cover crop. Bermudagrass plants were obtained
in a greenhouse from sprigs raised in peat-filled seed trays (5-cm3 containers). On 22 May 2018,
bermudagrass plants were manually transplanted into the field along the vine rows at 80-cm centers,
with each bermudagrass plant in the middle of two vine plants (planting density of 5680 plants ha−1).
Planting bermudagrass in correspondence to the drip irrigation system ensures a fast establishment
with low inputs [28]. The transplant was fulfilled on three adjacent vine rows, as shown in Figure 1.
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From 1 June 2018, autonomous mowing of the innovative management plots was carried out
every day using a Husqvarna Automower®430X (Husqvarna, Stockholm, Sweden) set at 10 h day−1

working time. The Automower®430X is a medium-sized autonomous mower (72-cm-long, 56-cm-wide,
31-cm-high) that has a 24-cm-wide cutting disc with three small, pivoting blades. The size of this
machine allows it to pass between the vine plants of the experimental vineyard. The Automower®430X
is designed to work inside an area defined by a shallow-buried boundary wire. The maximum working
capacity of the machine is 3200 m2 for a 24 h d−1 working time [29], while the overall size of the area
managed by the autonomous mower (including the experimental plots) was 2500 m2. The charging
station was located outside the vine rows, so as not to interfere with other field operations. The working
season of the autonomous mower during the first year of the trial ended on 31 October 2018 for a total
of 153 working days. The working season of the autonomous mower during the second year of the
trial started on 1 March 2019 and ended on 31 October 2019 for a total of 245 working days.

2.3. Assessments

2.3.1. Ground Cover

During both 2018 and 2019, from May to November, the ground cover percentage of transplanted
and resident species was assessed monthly with visual assessments carried out by three expert
evaluators [30] on sampling areas of 14 × 2.2 m (Figure 1). Plots were first evaluated to assess the
total ground cover defined as the coverage given by plants as opposed to bare soil. The total ground
cover value was subsequently attributed to the two components under investigation, namely the
resident species and transplanted bermudagrass. Results are reported as ground cover percentage of
the resident species or bermudagrass and their cumulated value, where applicable.

2.3.2. Energy Consumption

In order to measure the electric energy consumption of the autonomous mower (Table 3), a power
consumption meter was used (EL-EPM02HQ; Nedis, MC, ’s-Hertogenbosch, The Netherlands). The fuel
consumption of the tractor (Table 3) was estimated using the equation of the hourly consumption of a
tractor performing a specific operation:

Ch = W · d · Cs, (1)

where Ch is the hourly consumption of the tractor (kg fuel h−1), W is the power of the tractor (kW),
d is the effort percentage of the tractor engine due to a specific operation (1 = maximum power
required) and Cs is the energetic efficiency of the tractor (kg fuel kWh−1). In this trial, considering the
mechanical characteristics of the tractor, Cs was estimated at 0.25 kg fuel kWh−1, while d was assigned
depending on the operation carried out. The primary energy requirement of the autonomous mower
was calculated considering the efficiency of the Italian National Electric System equal to 0.546 [31].
To estimate the primary energy consumption of the tractor, a conversion factor of 12.03 kWh/kg of
fuel [32] was used.

2.3.3. CO2 Emissions

To estimate CO2 emissions produced by the two management systems, the following conversion
factors were applied: 0.332 kg of CO2 emission per kWh generated from the public electricity production
in Italy [33] and 0.265 kg of CO2 emission per kWh generated by the diesel fuel [33].
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Table 3. Effect of different vineyard floor management systems on the ground cover percentage.
Total ground cover percentage and ground cover percentage attributable to resident species and
transplanted bermudagrass (Cynodon dactylon cv. Celebration) were assessed in Bolgheri during 2018
and 2019.

Management
System

Ground Cover Percentage (%)
2018 2019

Total Resident 1 Bermuda 2 Total Resident 1 Bermuda 2

22 May 15 May
Conventional 35 35 na 25 25 na
Innovative 60 58 2 74 35 39
LSD (0.05) 10 18 - 9 ns -

20 June 12 June
Conventional 12 12 na 15 15 na
Innovative 62 55 7 69 20 49
LSD (0.05) 7 10 - 11 ns -

25 July 10 July
Conventional 38 38 na 28 28 na
Innovative 63 45 18 73 15 58
LSD (0.05) 12 ns - 10 ns -

10 August 12 August
Conventional 51 51 na 34 34 na
Innovative 67 35 32 82 11 71
LSD (0.05) ns ns - 15 17 -

10 September 16 September
Conventional 55 55 na 54 54 na
Innovative 69 28 41 85 7 78
LSD (0.05) ns 16 - 20 18 -

10 October 16 October
Conventional 81 81 na 87 87 na
Innovative 67 20 47 95 5 90
LSD (0.05) 15 13 - ns 12 -

07 November 05 November
Conventional 84 84 na 94 94 na
Innovative 67 16 51 98 4 94
LSD (0.05) 12 15 - ns 15 -

1 = resident species, 2 = bermudagrass “Celebration”, ns = not significant, na = not applicable and LSD = least
significant difference.

2.3.4. Grapevine Assessments

On 28 June, 6 August and 7 September 2019, the vine plant water status was determined by
measuring the stem water potential (SWP) on four grapevines (replicates) for each soil management
treatment. The leaves were enclosed for at least 45 min in a nontranspiring, shaded bag to block
transpiration and then sampled to determine the SWP once the potential reached equilibrium with
the xylem. Leaves were excised with a razor blade and immediately put in the chamber cylinder
(PMS Instruments, Albany, Oregon, USA), which was then pressurized with nitrogen gas.

On the same dates as the SWP, the greenness index was measured on one fully expanded leaf
inserted on the median shoot for each replicate using a Minolta Soil-Plant Analyses Development—SPAD
502 portable greenness meter (Konica Minolta, Inc., Osaka, Japan).

Fruit yield per grapevine was determined on 10 September 2019. Grapevines were harvested
using a Pellenc 3050 mechanical harvester (Pellenc sas, Pertuis, France). Fruit yield per grapevine was
calculated by dividing the total yield production of each floor management system by the number of
grapevines per system.
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One homogeneous sample of berry juice was collected during harvest from each floor management
system to assess the fruit quality. Soluble solids concentration (SSC, Brix) was determined using a
refractometer. The pH was measured with a pH meter standardized to pH 7.0 and 4.0. In order to
determine titratable acidity (TA), 10 mL of juice was titrated with 0.1-N NaOH to an endpoint pH of
8.2. Titratable acidity was expressed as grams of tartaric acid per juice milliliter.

3. Results and Discussion

During 2018, bermudagrass showed an increasing ground cover percentage from the date
of transplant to the last assessments during October and November. During May and June 2018,
ground cover percentage was composed primarily of resident species, with some differences between
the two management systems due to the different operations performed (Table 3).

During June 2018 and June 2019, the decrease of ground cover percentage in the conventional
management system was due to the flail mowing. During July 2018, both management systems showed
a similar presence of resident species, while the innovative management system showed a higher
total ground cover percentage because of bermudagrass spreading. During August and September
2018, the two management systems showed a similar total ground cover percentage. During August
2018, the majority of the ground cover percentage came from resident species, while during September
2018, the percentage of resident species decreased and bermudagrass reached 41% ground cover
(Table 3). During September and October 2018, the resident vegetation cover percentage increased in the
conventional management system, because mowing was not carried out, thus becoming significantly
higher (more than 80 %) compared to the innovative management system. During the growing season
of the second year (2019), the presence of resident species was similar among both management
systems, but the innovative management system had a significantly higher total cover percentage due
to the contribution of bermudagrass. During June and July 2019, the innovative management system
continued to have a higher ground cover percentage, although the ground cover percentage of the
resident species was similar to the conventional management system. During August and September
2019, the cover percentage of the innovative system (82% and 85%, respectively) was significantly
higher than the cover percentage of the conventional system (34% and 54%, respectively). In 2018 and
2019, during October and November, the conventional system ground cover percentage increased and
equaled the ground cover percentage values of the innovative system due to the mowing suspension.
Both the autonomous mower and the mechanical weeding performed in the conventional management
system were not able to control plants growing within 10–15 cm from the grapevine trunks or the
trellis structures. In these specific areas, the resident species were observed growing into the grapevine
canopies, while the bermudagrass remained shorter than 15 cm (data not reported in the tables).

Operative characteristics, energy consumption and gas emissions of the two management systems
compared in the trial gave different values in the two years of observation (Table 4).

The large gap between the values of the two years depends on the difference of the working
seasons, which were 153 days in 2018 (1 June–31 October) and 245 days in 2019 (1 March–31 October).
The total working time was higher for the innovative management system. The random operating
pattern of the autonomous mower turned into frequent overlapping, leading to an overall higher
working time to mow a given area compared to a systematic operating pattern. The autonomous
mowers’ efficiency was close to 37% for a surface with no obstacles [34], while in an area with many
obstacles, such as the vineyard, the working efficiency of the machine results were even lower [25].
Despite a higher working time, during both years, the primary energy consumption of the innovative
management system was lower compared to the primary energy consumption of the conventional
management system. Total CO2 emissions were also lower for the innovative management system
during both years.
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Table 4. Operative characteristics, energy consumption and CO2 emissions according to different
vineyard floor management systems in Bolgheri during the two years of the trial.

Parameter Unit 2018 2019

Innovative

Daily Mowing Time (no recharging) h d−1 7.86 7.82
Total Working Time h y−1 ha−1 4810.32 7663.60

Electric Energy Consumption kWh y−1 ha−1 188.56 301.54
Primary Energy Consumption kWh y−1 ha−1 345.34 552.26

Total CO2 Emissions kg y−1 ha−1 114.65 183.35

Conventional

Total Working Time h y−1 ha−1 8.20 15.48
Total Fuel Consumption kg y−1 ha−1 59.63 111.73

Primary Energy Consumption kWh y−1 ha−1 717.40 1344.07
Total CO2 Emissions kg y−1 ha−1 190.11 356.18

Grapevines yield and physiological parameters (vine water status, SPAD, yield and fruit quality)
were not affected by the floor management systems. Grapevines showed high values of stem water
potential during all the growing periods, indicating the absence of water stress for both management
systems (Table 5).

Table 5. Stem water potential and Greenness Index with the soil–plant analyses development
(SPAD) measured on fully expanded leaves of grapevines grown according to different vineyard floor
management systems in Bolgheri. Values shown are means ± standard error of the four grapevines
(replicates) per each management system.

Management System Stem Water Potential (MPa)

28 June 6 August 7 September

Conventional −0.27 ± 0.03 −0.28 ± 0.03 −0.30 ± 0.04
Innovative −0.27 ± 0.03 −0.28 ± 0.07 −0.33 ± 0.03
LSD (0.05) ns ns ns

Greenness Index (SPAD)

Conventional 45.6 ± 2.16 48.1 ± 2.47 46.3 ± 1.59
Innovative 45.1 ± 3.29 46.3 ± 1.59 45.2 ± 5.61
LSD (0.05) ns ns ns

ns = not significant.

The fruit yield per vine was 1.07 and 1.36 kg for the conventional and innovative floor management
systems, respectively. The soluble solid content (SSC), pH and titratable acidity in the two treatments
were comprised between 24.5 and 24.8 Brix, 2.88 and 2.90 and 8.53 and 9.48 g mL−1, respectively.

The innovative floor management system increased the total ground cover percentage during
the vines’ growing season, encouraging bermudagrass spreading and reducing the presence of the
resident species. Furthermore, the innovative floor management showed an acceptable control of the
under-trellis growing plants without herbicide applications. Reduced energy requirements, lower CO2

emissions and the possibility to adopt a nonchemical weed control highlight the potential of this type
of floor management to enhance vine crops’ sustainability. These findings are in accordance with
Slaughter [35] and confirm that using small, autonomous machines for weed control helps reducing
human labor and herbicide applications. This trial showed that the different floor management
systems did not affect the grapevines’ yield and physiological parameters. The interaction between
grapevines and permanent cover crops in general increase and then level off after four years [6].
However, Ripoche et al. [36] claim that one to two years may be an adequate period for a preliminary
detection of a grapevines’ response in terms of vegetative growth and yield.
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4. Conclusions

The innovative vineyard floor management based on turf-type bermudagrass and autonomous
mowing has shown an almost complete ground cover (98%) at the end of the second growing season,
with the resident species reduced to a small percentage (4%). As expected, bermudagrass has shown
its ability to spread from under-trellis to the interrow area. Furthermore, its aggressive growth results
were competitive against the resident species. The high cutting frequency reduced the growth of
the resident plants, thereby limiting their competitiveness against the grapevines. The innovative
management system highlighted the possibility to maintain a permanent cover crop, requiring a
lower amount of primary energy and lower CO2 emissions, with no need for chemical weed control.
Despite the encouraging results obtained in this trial, the autonomous mower used was not specifically
designed to operate in field conditions. Therefore, improvements of the mowers’ performances might
be expected once purpose-built machinery becomes available.

Grapevine water status and leaf chlorophyll content (SPAD) were not affected by the different
floor management systems in 2019. In the same year, the frequent rainfalls throughout the vegetative
period probably ensured a nonlimiting soil water availability, leading to similar fruit yields and must
composition in the two soil management systems.

Further investigations are needed to assess the possible water and nutrient competitions between
grapevines and grass covers under drier climatic conditions.

Author Contributions: S.M., M.G., N.G., M.V. and L.C. conceived, designed the experiments and review the
paper, M.F., A.M., C.F., L.M., A.P., M.R., M.M., D.A., A.M., G.V. contributed the methodology and the analysis
tools, M.P., M.S., G.C., G.P. performed the experiments, analyzed the data and wrote the paper. All authors have
read and agree to the published version of the manuscript.

Funding: The present research was supported by the University of Pisa project: “Gestione sostenibile del suolo
del vigneto mediante inerbimento” (“Progetti di Ricerca di Ateneo 2018”).

Acknowledgments: Authors wish to thank Francesco Rea, Donna Olimpia Vineyard, Bolgheri (Livorno), Italy for
the great support to the operations carried out during the trial.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Corbo, C.; Lamastra, L.; Capri, E. From Environmental to Sustainability Programs: A Review of Sustainability
Initiatives in the Italian Wine Sector. Sustainability 2014, 6, 2133–2159. [CrossRef]

2. Jones, G.V. Sustainable vineyard developments worldwide. In Proceedings of the XXXIV Congress of Vine
and Wine, Porto, Portugal, 20–27 June 2011.

3. Qian, X.; Gu, J.; Pan, H.J.; Zhang, K.Y.; Sun, W.; Wang, X.J.; Gao, H. Effects of living mulches on the soil
nutrient contents, enzyme activities, and bacterial community diversities of apple orchard soils. Eur. J.
Soil Biol. 2015, 70, 23–30.

4. Hartwig, N.L.; Ammon, H.U. Cover crops and living mulches. Weed Sci. 2002, 50, 688–699. [CrossRef]
5. Song, B.Z.; Zhang, J.; Hu, J.H.; Wu, H.Y.; Kong, Y.; Yao, Y.C. Temporal dynamics of the arthropod community

in pear orchards intercropped with aromatic plants. Pest Manag. Sci. 2011, 67, 1107–1114.
6. Guerra, B.; Steenwerth, K. Influence of floor management technique on grapevine growth, disease pressure,

and juice and wine composition: A Review. Am. J. Enol. Vitic. 2012, 63, 149–164. [CrossRef]
7. De Castro, A.I.; Peña, J.M.; Torres-Sánchez, J.; Jiménez-Brenes, F.; López-Granados, F. Mapping Cynodon

dactylon in vineyards using UAV images for site-specific weed control. Adv. Anim. Biosci. Precis. Agric. ECPA
2017, 8, 267–271. [CrossRef]

8. Pardini, A.; Faiello, C.; Longhi, F.; Mancuso, S.; Snowball, R. Cover crop species and their management in
vineyards and olive groves. Adv. Hortic. Sci. 2002, 16, 225–234.

9. Grossi, N.; Gaetani, M.; Volterrani, M.; Pardini, G.; Scalabrelli, G. L’inerbimento del vigneto: Un triennio di
sperimentazione in un ambiente della Maremma toscana. Rivista Agron. 2000, 34, 41–47.

http://dx.doi.org/10.3390/su6042133
http://dx.doi.org/10.1614/0043-1745(2002)050[0688:AIACCA]2.0.CO;2
http://dx.doi.org/10.5344/ajev.2011.10001
http://dx.doi.org/10.1017/S2040470017000826


www.manaraa.com

Agriculture 2020, 10, 189 11 of 12

10. Garcia, L.; Celettec, F.; Gary, C.; Ripoche, A.; Valdés-Gómez, H.; Metay, A. Management of service crops
for the provision of ecosystem services in vineyards: A review. Agr. Ecosyst. Environ. 2018, 251, 158–170.
[CrossRef]

11. Novara, A.; Cerdà, A.; Gristina, L. Sustainable vineyard floor management: An equilibrium between water
consumption and soil conservation. Curr. Opin. Environ. Sci. Health 2018, 5, 33–37. [CrossRef]

12. Baumgartner, K.; Steenwerth, K.L.; Veilleux, L. Cover-crop systems affect weed communities in a California
vineyard. Weed Sci. 2008, 56, 596–605. [CrossRef]

13. Mercenaro, L.; Nieddu, G.; Pulina, P.; Porqueddu, C. Sustainable management of an intercropped
Mediterranean vineyard. Agr. Ecosyst. Environ. 2014, 192, 95–104. [CrossRef]

14. Caturegli, L.; Lulli, F.; Foschi, L.; Guglielminetti, L.; Bonari, E.; Volterrani, M. Turfgrass spectral reflectance:
Simulating satellite monitoring of spectral signatures of main C3 and C4 species. Precis. Agric. 2015, 16,
297–310. [CrossRef]

15. Taliaferro, C.M. Bermudagrass. In Turfgrass Biology, Genetics, and Breeding; Casler, M.D., Duncan, R.R., Eds.;
Wiley & Sons, Inc.: Haboken, NY, USA, 2003.

16. Magni, S.; Gaetani, M.; Caturegli, L.; Leto, C.; Tuttolomondo, T.; La Bella, S.; Virga, G.; Ntoulas, N.;
Volterrani, M. Phenotypic traits and establishment speed of 44 turf bermudagrass accessions. Acta Agr. Scand.
2014, 64, 722–733. [CrossRef]

17. Celette, F.; Wery, J.; Chantelot, E.; Celette, J.; Gary, C. Belowground interaction in a vine (Vitis vinifera L.)-tall
fescue (Festuca arundinacea Shreb.) intercropping system: Water relations and growth. Plant Soil 2005, 276,
205–217. [CrossRef]

18. Celette, F.; Gaudin, R.; Gary, C. Spatial and temporal changes to the water regime of a Mediterranean
vineyard due to the adoption of cover cropping. Eur. J. Agron. 2008, 29, 153–162. [CrossRef]

19. Pirchio, M.; Fontanelli, M.; Labanca, F.; Sportelli, M.; Frasconi, C.; Martelloni, L.; Raffaelli, M.; Peruzzi, A.;
Gaetani, M.; Magni, S.; et al. Energetic aspects of turfgrass mowing: Comparison of different rotary mowing
systems. Agriculture 2019, 9, 178. [CrossRef]

20. Grossi, N.; Fontanelli, M.; Garramone, E.; Peruzzi, A.; Raffaelli, M.; Pirchio, M.; Martelloni, L.; Frasconi, C.;
Caturegli, L.; Gaetani, M.; et al. Autonomous mower saves energy and improves quality of tall fescue lawn.
HortTechnology 2016, 26, 825–830. [CrossRef]

21. Hicks, R.W.; Hall, E.L. Survey of robot lawn mowers. In Proceedings SPIE 4197, Intelligent Robots and Computer
Vision XIX: Algorithms, Techniques, and Active Vision; Society of Photo-Optical Instrumentation Engineers
(SPIE): Boston, MA, USA, 2000; pp. 262–269.

22. Ragonese, A.; Marx, J. The applications of sensor technology in the design of the autonomous robotic lawn
mower, Paper No. 5094. In Proceedings of the 15th Annual Freshman Engineering Conference, Pittsburgh,
PA, USA, 11 April 2015.

23. Bechar, A.; Vigneault, C. Agricultural robots for field operations. Part 2: Operations and systems. Biosyst. Eng.
2017, 153, 110–128. [CrossRef]

24. Pirchio, M.; Fontanelli, M.; Frasconi, C.; Martelloni, L.; Raffaelli, M.; Peruzzi, A.; Caturegli, L.; Gaetani, M.;
Magni, S.; Volterrani, M.; et al. Autonomous rotary mower versus ordinary reel mower-effects of cutting
height and nitrogen rate on manila grass turf quality. HortTechnology 2018, 28, 509–515. [CrossRef]

25. Sportelli, M.; Pirchio, M.; Fontanelli, M.; Volterrani, M.; Frasconi, C.; Martelloni, L.; Caturegli, L.; Gaetani, M.;
Grossi, N.; Magni, M.; et al. Autonomous mowers working in narrow spaces: A possible future application
in agriculture? Agronomy 2020, 10, 553. [CrossRef]

26. MacLaren, C.; Bennett, J.; Dehnen-Schmutz, K. Management practices influence the competitive potential of
weed communities and their value to biodiversity in South African vineyards. Weed Res. 2019, 59, 93–106.
[CrossRef]

27. Pirchio, M.; Fontanelli, M.; Frasconi, C.; Martelloni, L.; Raffaelli, M.; Peruzzi, A.; Gaetani, M.; Magni, S.;
Caturegli, L.; Volterrani, M.; et al. Autonomous mower vs. rotary mower: Effects on turf quality and weed
control in tall fescue lawn. Agronomy 2018, 8, 15. [CrossRef]

28. Volterrani, M.; Grossi, N.; Lulli, F.; Gaetani, M. Establishment of warm-season turfgrass species by transplant
of single potted plants. Acta Hort. 2008, 783, 77–84. [CrossRef]

29. Husqvarna. Husqvarna Automower 105/310/315/320/330X/420/430X/450X Operator’s Manual. Available online:
http://www.husqvarna.com/uk/support/manuals-downloads/ (accessed on 27 April 2020).

http://dx.doi.org/10.1016/j.agee.2017.09.030
http://dx.doi.org/10.1016/j.coesh.2018.04.005
http://dx.doi.org/10.1614/WS-07-181.1
http://dx.doi.org/10.1016/j.agee.2014.04.005
http://dx.doi.org/10.1007/s11119-014-9376-3
http://dx.doi.org/10.1080/09064710.2014.955524
http://dx.doi.org/10.1007/s11104-005-4415-5
http://dx.doi.org/10.1016/j.eja.2008.04.007
http://dx.doi.org/10.3390/agriculture9080178
http://dx.doi.org/10.21273/HORTTECH03483-16
http://dx.doi.org/10.1016/j.biosystemseng.2016.11.004
http://dx.doi.org/10.21273/HORTTECH04064-18
http://dx.doi.org/10.3390/agronomy10040553
http://dx.doi.org/10.1111/wre.12347
http://dx.doi.org/10.3390/agronomy8020015
http://dx.doi.org/10.17660/ActaHortic.2008.783.7
http://www.husqvarna.com/uk/support/manuals-downloads/


www.manaraa.com

Agriculture 2020, 10, 189 12 of 12

30. Morris, K.N.; Shearman, R.C. NTEP Turfgrass Evaluation Guidelines. 2018. Available online: http://www.ntep.
org/pdf/ratings (accessed on 27 April 2020).

31. ISPRA—Istituto Superiore per la Protezione e la Ricerca Ambientale. Rapporti 280/2018. Available online:
http://www.isprambiente.gov.it/it/pubblicazioni/rapporti/fattori-di-emissione-in-atmosfera-di-gasa-
effetto-serra-e-altri-gas-nel-settore-elettrico (accessed on 27 April 2020).

32. Hoepli, Manuali Hoepli.it. 2019. Available online: http://www.manualihoepli.it/media/doc/pr243.pdf
(accessed on 27 April 2020).

33. ISPRA—Istituto Superiore per la Protezione e la Ricerca Ambientale. Italian Greenhouse Gas Inventory
1990–2015. National Inventory Report 2017. Available online: http://www.isprambiente.gov.it/files2017/

pubblicazioni/rapporto/R_261_17.pdf (accessed on 27 April 2020).
34. Martelloni, L.; Fontanelli, M.; Pieri, S.; Frasconi, C.; Caturegli, L.; Gaetani, M.; Grossi, N.; Magni, S.; Pirchio, M.;

Raffaelli, M.; et al. Assessment of the cutting performance of a robot mower using custom built software.
Agronomy 2019, 9, 230. [CrossRef]

35. Slaughter, D.; Giles, D.K.; Downey, D. Autonomous robotic weed control systems: A review.
Comput. Electron. Agric. 2008, 61, 63–78. [CrossRef]

36. Ripoche, A.; Metay, A.; Celette, F.; Gary, C. Changing the soil surface management in vineyards:
Immediate and delayed effects on the growth and yield of grapevine. Plant Soil 2011, 339, 259–271.
[CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://www.ntep.org/pdf/ratings
http://www.ntep.org/pdf/ratings
http://www.isprambiente.gov.it/it/pubblicazioni/rapporti/fattori-di-emissione-in-atmosfera-di-gasa-effetto-serra-e-altri-gas-nel-settore-elettrico
http://www.isprambiente.gov.it/it/pubblicazioni/rapporti/fattori-di-emissione-in-atmosfera-di-gasa-effetto-serra-e-altri-gas-nel-settore-elettrico
http://www.manualihoepli.it/media/doc/pr243.pdf
http://www.isprambiente.gov.it/files2017/pubblicazioni/rapporto/R_261_17.pdf
http://www.isprambiente.gov.it/files2017/pubblicazioni/rapporto/R_261_17.pdf
http://dx.doi.org/10.3390/agronomy9050230
http://dx.doi.org/10.1016/j.compag.2007.05.008
http://dx.doi.org/10.1007/s11104-010-0573-1
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.


www.manaraa.com

© 2020. This work is licensed under
http://creativecommons.org/licenses/by/3.0/ (the “License”).  Notwithstanding
the ProQuest Terms and Conditions, you may use this content in accordance

with the terms of the License.


	Introduction 
	Materials and Methods 
	Conventional Floor Management 
	Innovative Floor Management 
	Assessments 
	Ground Cover 
	Energy Consumption 
	CO2 Emissions 
	Grapevine Assessments 


	Results and Discussion 
	Conclusions 
	References

