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10Abstract

11Low-input training systems, such as minimal pruning (MP) and the semi-minimal pruned
12hedge (SMPH), require less working hours as a result of fewer viticultural process steps and
13permit a higher degree of mechanisation. However, their effect on viticultural costs and per
14litre costs on both flat terrain and steep slopes has not yet been analysed. This study quantifies
15the viticultural costs of vertical shoot positioning (VSP) and low-input training systems for
16standard processes on different types of flat terrain and steep slope vineyards. The costs were
17obtained from a dataset of 1,519 working time records of labour and machine hours from 20
18vineyards belonging to five German wine estates over three years. The costs for standard
19viticultural processes were compared across three pairs of VSP and low-input training site
20types with different mechanisation intensities. The comparison was carried out by univariate
21analysis of variance with fixed and random effects, and by descriptive analysis of mean

22values.

230n flat terrain, SMPH significantly decreased the costs for the viticultural steps of winter
24pruning, tying, shoot positioning and defoliation, but it increased the cost for pest control.
25Hence, the total cost on flat terrain decreased marginally, but still significantly, by 46 %. The
26cost effects on steep slopes were similar, decreasing by 34 % for SMPH in unsupported steep
27slope harvester sites and by 46 % for MP rope and winch-supported steep slope sites. The per-
28litre costs were calculated for different yield levels. Since the yield in low input systems is

29higher than in VSP, the production costs per litre further decreased.

30The study confirmed the high cost-saving potential for wine growers of the mechanisation of
31canopy management and the omission of winter pruning in low-input systems. Combined with
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32higher yields, the cost savings from low-input systems are particularly suitable for producers
33of bulk wine and market entry and mid-level wine profiles. By converting to low-input
34systems, the costs associated with mechanisable steep slope vineyards can be reduced to
35amounts approximating VSP on flat terrain. For certain wine profiles, low-input systems
36should therefore constitute an integral part of strategies to increase the economic
37sustainability of steep slope viticulture. The estimated cost benchmarks provide critical input
38for the cost-based pricing policy of steep slope growers. These benchmarks also give
39agricultural policy reliable indicators of the subsidies required for preserving steep slope
40landscapes.
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46Introduction

47The wine sector generally suffers from insufficient economic sustainability (Loose
48et al., 2021). Profitability is particularly low for bulk wine producers (Strub et al.,
492019), who have to act as price-takers in a globally oversupplied bulk wine
50market (Capitello et al., 2015; Loose and Pabst, 2018). Bulk wine producers
51cannot differentiate themselves through image building and value-adding
52branding, and they rarely benefit from higher product quality. Production cost and
53production volume are the two main drivers of the profits made by bulk wine
54producers (Couderc and Marchini, 2011).

55Since the 1950s, viticultural costs have been significantly reduced through
56mechanisation (Schreieck, 2016). However, on flat terrain the potential for further
57mechanisation and cost reduction is unlikely for traditional viticultural systems.
58For the most common training system in Germany, vertical shoot positioning
59(VSP), winter pruning and canopy management require a substantial amount of
60manual labour. These two sets of processes each represent one-third of the total
61lviticultural cost and are therefore important cost drivers for standard flat terrain
62sites (Strub and Loose, 2021).

63In addition, steep slope wine producers suffer from viticultural cost
64disadvantages. New developments in viticultural mechanisation, such as steep
65slope harvesters and rope and winch systems, can only partially reduce
66viticultural costs (Strub and Loose, 2021). The total viticultural cost of
67mechanisable VSP on steep slope sites is still 60 to 110 % higher than that of
68standard VSP on flat terrain sites (Strub and Loose, 2021). Any option that would
69further offset this cost disadvantage could contribute to the sustainability and
70preservation of steep slope viticulture.

71Low-input training systems permit the full mechanisation of viticultural processes
72(i.e., pruning), and thus substantially reduce the demand for labour. Switching
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73from a VSP to a low-input training system may therefore be a viable option for
74further reducing the cost of manual labour for viticultural winter pruning and
75canopy management. However, there is a clear lack of empirical studies on the
76effects of low-input training on viticultural costs. The aim of the present study
77was therefore to empirically assess the cost-saving potential of low-input training
78systems taking into account single or total viticultural processes on both flat
79terrain and steep slope sites. More than 1,500 working time records from 36
80German vineyard observations of five different regions were used to estimate
81lviticultural costs. Such cost benchmarks are of interest to wine growers in order
82to make cost-effective viticultural decisions. In addition, public agricultural policy
83could benefit from insights into how to reduce costs and hence the subsidies
84required to preserve steep slope viticulture.

851. Training of vines with vertical shoot positioning (VSP) systems

86Growing vines on a trellis with VSP is the most common training system in
87German viticulture (Maller et al., 2000); vines are either cane or spur pruned in
88winter, leaving one or two canes intact and tied to a wire prior to budburst. This is
89a labour-intensive process, in which the pruning of vines, removal of canes from
90the wireframe and tying of the remaining canes are all done manually. Such
9lintensive labour (total labour demand of approximately 100 h/ha/year) entails
92high costs of 1,520 € per hectare, or 26 % of the total cost of manual labour at
93VSP sites (Strub et al., 2021). Because pruning requires skilled workers who are
94becoming increasingly scarse (Botelho et al., 2020), their labour is likely to
95become even more costly in the future.

96Attempts have been made to mechanise winter pruning, at least in part.

97Mechanisation is commonly used to pre-cut the very top of canes and to shred

98the removed parts. Canepruner® or vinestripper® have recently started to be

99used to remove canes from their wireframe. However, because these machines
100are very expensive and prone to malfunction (Walg, 2016a, Walg, 2016b), they
101lare not widely used. For cordon systems, which is a special kind of VSP pruning
102system, specific mechanisation options are available for winter pruning and cane
103removal. However, these systems are primarily employed in countries bordering
104the Mediterranean Sea, as well as in countries in the Southern and Western
105Hemispheres, and they are rarely used in Germany.

106After winter pruning, in most VSP systems canes need to be tied manually. In the
107summer, all VSP systems involve shoot thinning and shoot positioning, whereby
108excessive shoots are removed and the remaining shoots are positioned upright
109and disentangled between pairs of wires or strings. While shoot removal and
110shoot positioning can be partly mechanised, such mechanisation has not become
111firmly established in Germany. The processes of tying canes, thinning shoots,
112lowering wires and positioning shoots jointly account for 32 % of the total
113viticultural costs on flat terrain sites (Strub and Loose, 2021). This cost does not
114differ significantly on steep slope sites because, like flat terrain sites, viticultural
115processes are mainly performed manually (Strub and Loose, 2021).

1162. Training of vines in low-input systems

117In low-input systems, vines are also trained to a trellis, but they are grown in the
118form of hedges and are cut using a mechanical trimmer. Because the canopy
5 3
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119persists as a hedge, the process steps of cane tying, shoot thinning, wire lowering
120and shoot positioning are usually not required.

121Low-input systems were first developed in the 1970s in Australia in the form of a
122minimal pruning (MP) system. In MP vineyards, the hedges are only trimmed at
123the bottom to prevent the canes from touching the ground, but otherwise they
124are left unpruned, resulting in very wide canopies which become bare inside. For
125MP, vineyards with wide inter-row distances of approximately 3 m are needed to
126allow a wide canopy to develop and a tractor to pass through. Currently, 65 % of
127all viticultural sites in Australia are managed using MP systems, particularly in
128warm and well-irrigated regions conducive to vigorous vine growth (Clingeleffer
129et al., 2005).

130Since the beginning of the 21 century, low-input systems have become
131lincreasingly employed in European viticulture as well as in Australia, due to
132climate change and the corresponding increases in average temperatures.
133Furthermore, in Europe, low-input trained vineyards are often created through the
134conversion of an existing VSP system with a standard 2 metre inter-row distance.
135Such SMPH systems combine features of traditional VSP-type trellising systems
136with the concept of minimal pruning (Intrieri et al., 2011), whereby instead of
137canes from the previous vegetation period being pruned in the winter, they are
138tied to a wireframe and mechanically pruned in winter into a hedge shape using
139normal grapevine hedging machines. Consequently, in spring, a high number of
140buds will burst all over the canopy, creating a green hedge. During the
141vegetation period mechanical leaf trimming is required two to three times per
142season. Because of their identical inter-row distance and heavily trimmed canopy,
143SMPH vineyards look similar to VSP vineyards once the canopy has developed;
144the only obvious difference is that grapes in SMPH are distributed over the entire
145canopy, rather than within a defined grape zone, and such vines differ widely in
146their leaf area to fruit weight range (Molitor and Junk, 2019).

147For low-input systems, all pruning and canopy management processes are
148performed mechanically. While the cost savings from mechanical canopy
149management are obvious, there is limited empirical research on the effect of
150such management on the total viticultural cost. So far, only the costs for selected
151processes have been analysed. Archer and van Schalkwyk (2007), for example,
152reported that MP decreased labour hours by 100 % for pruning and 85 % for
153canopy management. Likewise, Bates and Morris (2009) reported that
154mechanical pruning and fruit thinning led to a cost reduction of 80 %. No such
155research, however, has been conducted on the effect of different training
156systems on all viticultural processes or on total viticultural cost.

157The cost benefits of low-input systems cannot be assessed without considering
158the potential drawbacks of these systems; for example, the possibility of lower
159wine quality resulting from higher yields (Deloire et al., 2016), increased demand
160for water for MP, and compulsory machine harvesting. Compared to VSP systems,
161llow-input systems generate canopies that produce a considerably higher number
1620f buds and shoots, generally resulting in higher yields. This effect is strongest in
163the first years after conversion if no counter measures, such as thinning, are
164taken. Regarding non-thinned SMPH systems, Molitor et al. (2019) reported an
165average yield increase of 78 % for the second to sixth years after conversion,
166when the self-regulation of vines occurs. Particularly in the first years after
167conversion, yield regulation is essential in low-input systems to achieve a
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168satisfactory leaf area to fruit ratio and to enhance phenolic maturation (Schultz
169et al., 2000).

170For yield regulation in low-input systems grape harvesters mainly are used (Walg,
1712013). However, the intensity of yield reduction generated by a grape harvester
172is difficult to control and can range from subtle to extreme reduction with the
173same machine and in identical settings (Molitor et al., 2019). Alternative thinning
174measures in low-input systems, such as bioregulators, have been found to
175frequently produce unsatisfying results (Weyand and Schultz, 2006), while
176rotating brush systems may cause too much damage to the vine (Walg, 2013).

177Moderate yield increases can be desirable for producers and can reduce cost per
178litre through economies of scale. Depending on the availability of water, the
179intensity of hedging and the thinning measures used, long-term yields can
180increase by 35 % to 74 % when VSP systems are converted to SMPH systems
181(Intrieri et al., 2011; Molitor et al., 2019). Similar average yield increases of
182between 25 % to 56 % were reported for MP systems (Schultz et al., 2000; Zheng
183et al., 2017). A different long-term study at Geisenheim University that directly
184compared MP and VSP training in the same vineyard revealed average yields of
18575 hl/ha for VSP and 145 hl/ha for MP, as well as different average must weights
186(TSS: 21 % Brix (VSP) compared to 18,5 % Brix (MP); data not shown; Stoll et al.,
187unpublished). The effect of yield on cost per litre thus represents an important
188economic consideration.

189Besides yield and quality issues, low-input systems require further viticultural
190considerations, in particular the suitability of the variety. In Germany, for
191example, SMPH is mostly recommended for white varieties (DLR Rheinpfalz,
192Research Institute Geisenheim, 2011). Under such climatic conditions, MP for red
193varieties often results in unsatisfactory ripening and higher incidences of bunch
194rot. However, in SMPH, due to a lower leaf area to fruit weight ratio, phenological
195stages and thus ripening are delayed, and the looser bunch architecture is less
196susceptible to bunch rot (Molitor et al., 2019).

197Due to the larger canopy associated with low input systems, they also entail
198increased water demand, MP in particular (Schultz et al., 2000). Without
199irrigation, the potentially higher incidence of drought caused by climate change
200can become more problematic at MP sites than at VSP or SMPH sites, particularly
201on steep slopes (Hofmann and Schultz, 2015).

202Low-input systems require compulsory machine harvesting, because grapes do
203not grow in a delimited grape zone, but rather all over the canopy (Archer and
204van Schalkwyk, 2007). This implies that low-input sites must be accessible to a
205standard harvester on flat terrain or a steep slope harvester on steep slopes
206(Strub and Loose, 2021). Traditional selective manual harvesting is impossible at
207low-input trained sites and must instead be accomplished by modern sorting
208technology, such as optical sorting tables (Weber et al., 2020). The potential
209disadvantages and limitations of low-input systems must therefore be taken into
210account well in advance of conversion, because reverting back to a manual
211pruning system is difficult, if not impossible (Molitor, 2010).

212The conversion of a VSP to a MP system requires about 50 labour hours per
213hectare. This includes the fastening of canes and the reinforcement of the trellis
214system to withstand the pressure of the large canopy. In MP training systems in
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215particular, every second row has to be removed, because the space between
216rows is usually too narrow (Molitor, 2010). To convert VSP into SMPH systems, the
217labour demand is therefore lower, because the same number of rows is kept and
218the trellis does not need to be reinforced.

2193. Research questions

220The aim of this study was to analyse the cost structures of the management
221processes in vineyards which apply VSP and low-input training (MP and SMPH) to
222determine their cost-saving potential. The study focused on how low-input
223training affects the costs of particular viticultural processes, as well as the total
224annual viticultural costs for either standard flat terrain sites or two different types
2250f steep slope sites. Because low-input systems can differ with respect to yield, it
226was also important to analyse the cost per litre differences between the training
227systems.

228+ RQ1: What is the cost advantage of low-input training compared to VSP
229 training on flat terrain sites?

230 RQ2: What is the cost advantage of low-input training compared to VSP
231 training on steep slope sites?

232+ RQ3: How do differences in yield impact cost differences between low-input
233 and VSP systems?

234Materials and methods

235The underlying framework of this study comprised the definition of specific
236vineyard site types and their optimal degree of mechanisation, as well as all
237process steps executed throughout the vegetation period. The viticultural costs
238were determined from labour and machine costs, whereas cost estimates were
239assigned to labour and machine hours (for details, see Strub et al., 2021).

2401. Site types

241The six site types analysed in this paper are a sub-selection from a complete
242vineyard typology derived from Strub et al. (2021). The site types were
243characterised by external factors (Columns 1 to 3 in Table 1) and, consequently,
244by corresponding levels of mechanisation (Columns 4 to 6 in Table 1). The six site
245types cover flat terrain sites (types 1la and 1b) and steep slope sites, with both
246unsupported mechanisation (types 2a and 2b) and rope support (types 2c and
2472d).

248The comparison of production costs between VSP and low-input systems was
249conducted pairwise per site type, with VSP and low-input trained sites differing in
250degree of mechanisation of all processes related to pruning (Column 4 in Table 1).
251The sample size per site type reflects prevailing German viticulture methods;
252since low-input training is still relatively uncommon, there were less sampled low-
253input trained sites than sampled VSP sites. Likewise, because steep slope
254mechanisation is a recent development (Strub and Loose, 2021), low-input
255trained sites on steep slopes are still exceedingly rare, and therefore only one
256site was available for MP (type 2d). Differences per site type between the distinct
257low-input forms MP and SMPH cannot be analysed from the available data.
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258Table 1. Framework of three pairs of vineyard site types with VSP and low-input
259training under optimal mechanisation of viticultural processes dependent on
260external factors and corresponding sample sizes (modified based on Strub and
261Loose, 2021).

External factors

Mechanisation of viticultural

Determined Determined by processes Site types Sample sizes
by nature winegrower
Slope and Orientation General
access to of rows Training Pruning  manage- Harves- n n n n
vineyard towards system g mengt ting 2017 2018 2019 total
sites the slope
VSP Manual ~ Unsupp. SH la VSP SH 3 5 6 14
No
limitation ) LI :
(SMPH) Mechanical Unsupp. SH 1b LI (SMPH) SH 2 2 2 6
VSP Manual  Unsupp. SSH  2a VSPunsupp SSH — 2 3 5
Limited L1 Mechanical Unsupp.  SSH 2b LI (SMPH) 1 1 2
access for DSS (SMPH) bp unsupp SSH
machines VSP Manual Rope SSH  2c VSP Rope 1 4 3 8
LI(MP) Mechanical Rope SSH  2d LI (MP) Rope — 1 — 1

Sum 6 15 15 36

262DSS = direction of steepest slope; VSP = vertical shoot positioning; LI = low-input
263system (referred to as MP in Strub et al. (2021)); MP = minimal pruned; SMPH =
264semi-minimal pruned hedge; Unsupp. = unsupported; SH = standard harvester;
265SSH = steep slope harvester. Corresponding site types in Strub et al. (2021): 1a =
2661b; 1b = 1a; 2a = 2¢; 2b = 2a; 2c = 2f; 2d = 2b.

267

268Pair 1 (site type 1la versus site type 1b): vineyards on flat terrain managed using
269standard narrow-track tractors and standard grape harvesters (SH). Type la:
270manual pruning for VSP; type 1b: mechanical pruning for low-input systems
271(SMPH).

272Pair 2 (site type 2a versus site type 2b): vineyards with slopes above a 35 % to
27340 % gradient, depending on soil structure and infrastructure, in which standard
274narrow-track tractors can be used for mechanical pruning and general
275management. However, an SSH consisting of a crawler tractor equipped with a
276harvesting head is needed for harvesting on the slope (Walg, 2007). Type 2a:
277manual pruning for VSP; type 2b: mechanical pruning for low-input systems
278(SMPH).

279Pair 3 (site type 2c versus site type 2d): vineyards with a slope above 40 %.
280Standard narrow-track tractors must be replaced by crawler tractors secured with
281winch-and-rope support systems that prevent the machines from sliding down the
282hill (GrecCenko, 1984; Walg, 2007; Yisa et al., 1998). The crawler tractors are used
283for general management and harvesting, as described above, in combination
284with a harvester head. Type 2c: manual pruning for VSP; type 2d: mechanical
285pruning with a crawler tractor for low-input system (MP).

286The details of the low-input sites included in the sample are listed in Table 2. All
287but one vineyard was planted with white grape varieties, which were considered
288to be more suitable for low-input systems in cool to moderate climate. All the

289sites were converted from VSP to SMPH or MP several years ago and have since
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290adjusted to the new training system. None of the sites were irrigated, nor are
291there any plans to irrigate them in the future. At all sites, except for site type 2d,
292the initial VSP row spacing was retained and the low-input system now in place is
293the SMPH. During transformation to MP, every second row was removed for the
294site type 2d observation, because the initial inter-row spacing of 1.6 m prevented
295mechanised vineyard management. The wines produced from these sites were all
296designated for lighter-style market entry and mid-level wines.

297Table 2. Details of the low-input sites included in the study.

Site . Planting Year of Low-input Ro.w Yield
Years observed Grape variety . spacing

type year conversion system [m] [hl/ha]
1b 2017 /2018 /2019 Riesling 2007 2016 SMPH 2.0 68 - 80
1b 2018 /2019 Riesling 1985 2008 SMPH 2.0 110
1b 2017 Miiller-Thurgau 1989 2015/2010 SMPH 2.0 95-111
2b 2018 /2019 Pinot Noir 1978 2016 SMPH 1.8 106
2d 2018 Riesling 1976 2007 MP 3.2 111

298None of the sites were irrigated, nor is irrigation planned; all sites were used for
299the production of basic wines. SMPH = semi-minimal pruned hedge; MP =
300minimal pruning. (Site types modified based on Strub et al., 2021).

301

3022. Database of labour and machine time records

303The dataset for this study consisted of 1,519 working time records from 20
304different vineyards representing the six vineyard types shown in Table 1. The
305labour and machine times were recorded in daily diaries throughout 2017, 2018
306and 2019 in five management-led wine estates comprising between 50 and 230
307hectares of vineyards from five different German wine-growing regions. The data
308collection was based on an extensive list of number-coded viticultural activities
309(Strub and Loose, 2021). For comparability, the time records were standardised
310to per-hectare values.

3113. Selection of process steps for analysis

3120ut of all viticultural activities (Strub and Loose, 2021), only those that are
313performed on a regular, annual basis were selected for the comparative cost
314analysis. The viticultural processes Mineral fertilisation, Organic fertilisation,
315Straw application, Replanting of missing vines, New planting, Maintenance work
316and Irrigation were exempted, because they are less frequently performed. In this
317sample, these seven processes only represent about 1 % of the total viticultural
318cost, because they were rarely ever performed. Instead of including process steps
319Under-vine cultivation (code 1500) and Chemical weed control (code 1600)
320separately, they were combined to make a single process: Weed removal (code
3211500+). This was a sensible choice, because these two initial processes are
322complementary for removing weeds from underneath the vines and are rarely
323performed jointly. The process steps considered for the comparative cost analysis
324are shown in Table 3, along with the corresponding sample sizes per site type.
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325Table 3. Viticultural processes - number of observations per vineyard site type
326(1la to 2d).

Site types
2d
la 1b 2a b 2c
Code Process LI N Total
LI VSP (SMPH)unsu LI
VSP (SMPH)S unsupp SSH P ysp MP)
SH H SSH P Rope
Rope
n 14 6 5 2 8 1 36
100 Winter pruning 14 5 5 - 8 - 32
200 Tying 14 - 5 - 8 - 27
300 Shoot thinning 13 - 5 - 6 - 24
400  Lowering the wires 3 - 1 - - - 4
500 Shoot positioning 14 - 5 - 8 - 27
600 Trimming 14 5 5 2 8 1 35
700 Defoliation 12 - 4 - 6 - 22
800 Yield regulation 3 3 2 2 - - 10
900 Harvesting 14 6 5 2 8 1 36
1000 Pest control 14 6 5 2 8 1 36
1300 Cultivation 12 5 5 2 8 1 33
1400 Cover crop 13 5 5 2 6 1 32
management

1500+ Weed removal 14 6 5 2 8 1 36

327VSP = vertical shoot positioning; SH = standard harvester; LI = low-input system;
328SMPH = semi-minimal pruned hedge; MP = minimal pruning; SSH = steep slope
329harvester. (Site types modified based on Strub et al., 2021).

330

3314. Transformation of labour and machine hours into cost estimates

332The original working time records were prized with cost estimates for labour and
333machine hours, full details of which are provided in Strub et al. (2021). For labour
334costs, union wage agreements and federal minimum wage provisions, including
335non-wage labour costs, were used based on the process type and the
336qualifications of the workers employed (AGV Hessen e.V. and IG BAU, 2010;
337Federal Ministry of Labour and Social Affairs Germany, 2019). The machine cost
338was calculated according to Walg (2016a), Becker and Dietrich (2017) and OKL
339(2020), and was based on expenditure for depreciation, interest for tied-up
340capital, maintenance, repair and storage as well as fuel consumption and
341linsurance and taxes. Pest control by helicopter and harvesting by SSH is usually
342performed by contractors, and therefore the cost of these machines was
343calculated from contractor prices, which include personnel costs and the
344expected profit margin.

345As this study focused on costs associated with the external conditions of
346vineyards, the total viticultural cost only took into account labour and machine
347costs. Costs of materials, capital costs of the vineyards and the cost of
348transporting workers to the vineyards were therefore excluded. For more details
3490n other cost components, see Strub and Loose (2021).
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3505. Statistical analysis to determine cost effects of low-input and VSP training (RQ 1+2)

351The dataset contained related observations from five wine estates across three
352vintages. To account for this interrelatedness, univariate analysis of variance with
353fixed and random effects was conducted for flat terrain site types 1la and 1b, for
354which sufficient observations were available. Site type served as a fixed effect,
355while Year and Estate served as random effects. A series of univariate models of
356variance with fixed and random effects were estimated in SPSS for relevant
357process steps to test whether the dependent variables, total viticultural cost and
358process-related costs, differed significantly between site types. The limited
3590bservations for steep slope sites types 2a to 2d did not provide sufficient
360degrees of freedom, and therefore only a descriptive analysis was conducted in
361these cases.

3626. The effect of yield on cost per litre (RQ 3)

363The limited observations did not provide sufficient data to empirically model the
364effect of yield on cost per litre. Therefore, the effect of yield on costs per litre was
365analysed hypothetically by dividing the total cost per hectare of every site type
366by plausible yield levels of between 50 hl/ha and 150 hl/ha. It was assumed that
367process costs do not depend on yield levels. The absolute values in €/L and
368relative factor multiples were analysed descriptively comparing the site types.
369Here, a factor of 2 represented a 100 % higher cost per litre. The analysis did not
370take into account planting density, which is lower for MP sites with wider row
371spacing.

372Results
3731. Cost differences between low-input and VSP systems on flat terrain (RQ1)

374The results of the statistical analysis for the comparison of type 1a and 1b flat
375terrain sites are given in Table 4. Columns lll to V show the F-statistics and
376significance levels of the univariate model of variance. Columns VI to IX contain
377the mean values and absolute and percentage differences.

378When analysing the cost differences for viticultural processes and the total
379viticultural costs, the univariate model of variance revealed five strongly
380significant effects for the fixed factor Site type. Low-input (SMPH) training
381significantly reduced the costs of the Tying, Winter pruning, Shoot positioning and
382Defoliation processes by -80 % to -100 % on average. The high cost reductions of
383-100 % for Shoot thinning and Lowering the wires (rarely performed on the
384sampled VSP sites) were not significant. Similarly, the cost reduction of -82 % for
385Yield regulation was not significant, probably because few cases were conducted
3860n VSP sites. The cost for Pest control increased significantly by an average of
387146 %. The cost for Trimming increased by 158 % for low-input (SMPH) trained
388sites, although this increase was not statistically significant. Small, insignificant
389increases in Cultivation, Cover crop management and Weed removal costs of
390between 26 % and 47 % were identified.

391Total cost was on average 46 % lower for flat terrain low-input (SMPH) trained
392sites, although this difference was only marginally significant (p = 0.051). In total,
393the Tying, Shoot thinning, Lowering the wires, Shoot positioning and Defoliation
394processes - which did not have to be performed at low-input trained sites -
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395represented 35 % of the total viticultural cost of VSP sites. Because of
396mechanisation, the high cost for Winter pruning (32 % of the total cost on VSP
397sites) could be substantially reduced at low-input (SMPH) trained sites by 80 %.
398The cost savings of 2,860 € for these six processes more than compensated for
399the higher costs of Pest control and Trimming (700 €) at low-input (SMPH) trained
400sites. Further information on the data distribution of the total viticultural cost are
401provided in Appendix 1 and Appendix 2.
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402Table 4. Univariate model of variance with fixed and random effects and mean values to analyse the cost effect of the training
403systems for flat terrain sites (site type 1a and 1b).

I II I v ’ \' VI vl VI IX
Univariate model of variance Means
Process steps Site type (F) Estate (R) Year (R) 1la Vz/[l: :H in (SN}B}IE)I SH Alzbs:l;ll:e Al ;e‘l];:ti\lz)e

F* F F in €/ha in €/ha in %

100 Winter pruning 17.9 HAokok 1.2 1.0 1,520 307 -1,213 -80%
200 Tying 25.2 eokokok 1.0 2.9 * 271 0 -271 -100%
300 Shoot thinning 0.9 9.1 ootk 0.4 465 0 -465 -100%
400 Lowering the wires 0.3 0.7 0.6 168 0 -168 -100%
500 Shoot positioning 13.3 Aok 6.7 Aok 1.3 622 0 -622 -100%
600 Trimming 2.6 2.6 * 1.6 130 336 206 158%
700 Defoliation 12.7 Aok 0.3 0.9 121 0 -121 -100%
800 Yield regulation 0.6 34 ok 3.9 ok 501 88 -413 -82%
900 Harvesting 2.1 10.8 ootk 1.1 608 428 -180 -30%
1000 Pest control 37.8 HAkK 4.3 Hok 1.0 338 832 494 146%
1300 Cultivation 2.5 6.4 Aok 2.2 159 233 74 47%
1400 Cover crop management 1.1 8.4 wAk 5.0 wok 163 206 43 26%
1500+ Weed removal 1.5 0.2 0.0 264 358 94 36%
‘ Total cost 4.7 * 4.8 *ok 0.7 4,720 2,559 -2,161 -46%

404F = fixed effects; R = random effects; LI = low-input system; SMPH = semi-minimal pruned hedge; SH = standard harvester; VSP
405= vertical shoot positioning; Columns C-E: univariate model of variance with fixed effect (Site type) and random effects (Estate,
406Year); Columns F-I: mean values for dependent variable ‘total cost per process step’ per site type; **** p < 0.001; *** p < 0.01;
407** p = 0.05; * p = 0.1. (Site types modified based on Strub et al., 2021).
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409In total, there were seven significant effects for the random factor Estate. Of
410these, the cost variance related to individual viticultural decisions by the wine
411businesses was highest for Harvesting, Shoot thinning and Cover crop
412management.

4130nly two significant effects for Cover crop management and Yield regulation
414could be observed for the random factor Year. These were related to strong
415annual differences in external factors (e.g., precipitation, which was low, with
416drought risk in 2018) and low yields due to a spring frost event in 2017. Overall,
417the weak effect of the random factor Year suggests that cost estimates are only
418slightly affected by annual differences.

4192. Cost differences between low-input and VSP systems on steep slopes (RQ2)

420Because of the limited number of observations, only descriptive average cost
421values could be analysed for steep slope sites. Differences in the impact of Estate
422and Year could not be separated, and therefore the analysis could only provide
423explorative results. The results for the type 2d site should be interpreted with
424caution, as they were based on a single MP observation.

425Generally, cost differences similar to those of flat terrain sites can be observed
426for steep slope sites (Table 5). The six process steps that are not required for low-
427input trained sites result in a similarly strong cost reduction of 34 % (type 2b) and
42846 % (type 2d). The absolute cost savings from low-input MP training were higher
429for type 2d, where limited mechanisation requires rope support. Similar to flat
430terrain sites, Winter pruning was the process demonstrating the highest absolute
431cost savings. Also similar to flat terrain sites, the costs for Pest control and
432Trimming increased for type 2b low-input trained sites, although not as much.
433Aside from flat terrain sites, the costs for Cultivation, Cover crop management
434and Weed removal decreased slightly for type 2b low-input training, which could
435be related to Estate and Year effects.

436The single MP observation for type 2d is different from all other types, as low-
437input training reduced the costs for Pest control and Trimming compared to VSP.
438This reduction could be related to MP training and the wider row spacing of 3 m
4390n the type 2d site versus 2 m on the type 2c site, which leads to a significantly
440lower number of vines per hectare and hence reduces the distance covered when
441carrying out vineyard management. In addition, the absolute cost values for type
4422d differed from those for type 2b, with Pest control being less expensive and
443Cultivation, Cover crop management and Weed removal being more expensive.
444The reduction in the cost of Pest control could be related to the annual effect of
445|ow precipitation, while cost increases in the latter three can be clearly attributed
446to the higher machine cost for rope-supported systems (Strub and Loose, 2021).
447The single available observation for type 2d MP training resulted in a similar total
448cost to type 2b (5,137 € versus 4,944 €). The observations available here, albeit
449limited, suggest that a change from VSP to low-input systems can reduce the
450total cost of limited mechanisation on steep slope sites to an amount similar to
451the absolute cost of flat terrain VSP sites (4,720 €/ha in Table 4).



452Table 5. Mean values and percentage differences for all processes for low-input
453training and VSP steep slope sites with limited mechanisation.

1 II 111 v \Y VI VII VIII IX X
A A %
Mean values Mean values absolute 2dvs
2c vs 2d 2b
A A %
2a 2b absolute | 2cvs 2¢ 2d
2avs2b 2a
vsp LI LI
(SMPH) VSP
unsupp unsupp Rope (MP)
SSH SSH Rope
Code Process step cost/ha in € in € cost/ha in € in €
100 Winter pruning 1,858 0 -1,858 | -100% | 1,951 0 -1,951 -100%
200 Tying 289 0 -289 -100% | 353 0 -353 -100%
300 Shoot thinning 326 0 -326 -100% | 206 0 -206 -100%
400 Lowering the wires 168 0 -168 -100% 0 0 0 0%
500 Shoot positioning 389 0 -389 -100% | 609 0 -609 -100%
600 Trimming 258 414 156 60% 734 661 -73 -10%
700 Defoliation 343 0 -343 -100% | 474 0 -474 -100%
800 Yield regulation 454 103 -351 -77% 0 0 0 0%
900 Harvesting 2,250 2,250 0 0% 2,250 2,250 0 0%
1000 Pest control 1,069 1,803 734 69% | 1,683 706 -977 -58%
1300 Cultivation 152 85 -67 -44% 506 673 167 33%
1400 Cover crop 161 123 -38 24% | 407 526 119 29%
management
1500+ Weed removal 203 167 -36 -18% 617 321 -296 -48%
Total cost [€/ha] 7,446 4,944 -2,502 -34% | 9,519 5,137 -4,382 -46%

454VSP = vertical shoot positioning; unsupp = unsupported; SSH = steep slope
455harvester; LI = low-input system; SMPH = semi-minimal pruned hedge; MP =
456minimal pruning. Cost for harvesting is based on contractor invoicing and is
457therefore identical across all four site types. (Site types modified based on Strub

458et al., 2021).

4593. Influence of yield level on cost per litre (RQ3)

460The analysis of the effect of yield on cost per litre took into account the generally
461higher yield of low-input trained sites compared to VSP sites which was mainly



462due to the higher number of buds. Table 6 provides cost per litre for the six site
463types analysed for a yield range between 50 hl/ha and 150 hl/ha. Cost per litre
464decreased with higher yield when the total viticultural cost was assumed to be
465independent of yield. In the selected yield range, the total cost was reduced from
466the maximum value of 1.90 €/L for type 2c to 0.17 €/L for type 1b.



467Table 6. Per litre costs in €/Litre for the different site types at yield levels between 50 hl/ha and 150 hl/ha.

2b

1a 1b 2a 2c 2d
VSP SH LI (SMPH) SH VSPunsupp SSH 1 (SMIS’IS{I){““S“I’I’ VSP Rope LI (MP) Rope
Total cost per ha
4,720 € 2,559 € 7,446 € 4,944 € 9,519 € 5,137 €
Yield

50 hl/ha 0.94 0.51 1.49 0.99 1.90 1.03
60 hl/ha 0.79 0.43 1.24 0.82 1.59 0.86
70 hl/ha 0.67 0.37 1.06 0.71 1.36 0.73
80 hl/ha 0.59 0.32 0.93 0.62 1.19 0.64
90 hl/ha 0.52 0.28 0.83 0.55 1.06 0.57
100 hl/ha 0.47 0.26 0.74 0.49 0.95 0.51
110 hl/ha 0.43 0.23 0.68 0.45 0.87 0.47
120 h/ha 0.39 0.21 0.62 0.41 0.79 0.43
130 h/ha 0.36 0.20 0.57 0.38 0.73 0.40
140 hi/ha 0.34 0.18 0.53 0.35 0.68 0.37
150 hi/ha 0.31 0.17 0.50 0.33 0.63 0.34

468VSP = vertical shoot positioning; SH = standard harvester; LI = low-input system; SMPH = semi-minimal pruned hedge; MP =
469minimal pruning; SSH = steep slope harvester; bold numbers indicate yield levels for which the cost of site types are close to
470identical to the reference type 1la VSP SH (0.52 €/Litre). (Site types modified based on Strub et al., 2021).



471Table 6 and Figure 1 show the effect of low-input training on cost per litre. The
472average German yield of 90 hl/ha (Federal Statistical Office Germany, 2015-2019)
47 3resulted in a total cost of 0.52 €/L for the most common site, type 1a (VSP with
474SH). At this average German yield level, compared to standard type 1a, the cost
475per litre for low-input trained sites was 46 % lower for the flat terrain site (type
4761b) and only 5 % and 9 % higher for steep slope types 2b and 2d respectively. At
477a constant yield, this cost per litre difference is identical to the cost per hectare
478difference. If yields at steep slope low-input trained sites were to be increased
479slightly to 100 hl/ha cost per litre would be similar to that of the flat terrain VSP.
480Further increases in yield will reduce the cost per litre accordingly. For VSP at
481steep slope sites, a similar cost reduction can only be achieved by substantial
482yield increases to 140 hl/ha (type 2a) and 190 hil/ha (type 2c), which, however,
483will almost certainly have a negative effect on quality.
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488The y-axis indicates the factor multiple, by which cost increases compared to the
489reference value of 0.52 €/L. For instance, with a factor of 2.02 at the reference
490yield the costs of the VSP rope-supported steep slope site are almost double. Two
491effects become obvious from Figure 1: first, introducing low-input training on flat
492terrain can provide a significant cost savings potential indicated by the distinctly
493lower per litre cost curve. Second, both dotted steep slope low-input curves (type
4942b and 2d) are very close to the common flat terrain VSP (type 1a) curve,
495supporting the notion that a change in the viticultural system can overcome
496steep slope cost disadvantages. The cost curves for traditional VSP systems on
497steep slopes are clearly above and only cut the horizontal 1.0-cost factor-line at
498very high yields.

499Discussion

500This paper provides the initial results of a field study on the effects of low-input
501training systems on viticultural costs of individual processes and the total
502viticultural costs of both flat terrain and limited mechanisation steep slope sites.
503These findings thereby contribute to identifying options for increasing the
504economic sustainability of the wine industry (Corbo et al., 2014; Falcone et al.,
5052015; Martins et al., 2018; Pannell and Glenn, 2000).

5061. Cost advantage of low-input training on flat terrain sites

507Total viticultural costs can be reduced by using low-input training systems without
508further investment just based on savings made in certain management
509processes, such as Tying, Shoot thinning, Lowering the wires, Shoot positioning
510and defoliation, as well as by implementing the full mechanisation of otherwise
511labour-intensive process steps, such as Winter pruning. For flat terrain sites, low-
512input SMPH training can result in average cost savings of 2,161 €/ha or 46 % of
513the total cost.

514The labour and machine costs of the pest control and trimming processes
515consistently increased for low-input SMPH training, although only significantly for
516pest control. While thus far not reported elsewhere in the literature, this effect
517could be related to slower-paced machinery operating in larger and unordered
518canopies. To verify this, however, further research is required. In this study,
519differences in material costs, such as pesticide cost, were not taken into account.
520Due to the larger canopy, it is likely that a higher amount of pesticides for MP
521training would be required, which could further increase costs for pest control.
522The sample was dominated by older, less vigorous vineyards, which might
523explain why only a half of them required yield regulation. The limited availability
5240f water in 2018 and 2019 due to drought, coupled with the inability to irrigate
525these sites, might also explain why less than expected yield regulation was
526conducted. The total viticultural cost might be slightly higher when extensive
527yield regulation is required directly after conversion to low-input training (Molitor,
5282010; Schultz et al., 2000; Weyand and Schultz, 2006). The cost of labour for
529converting sites from an existing training system to an MP system (about 627 €,
530less for conversion to SMPH) must be added for new conversions. This cost,

27 50 h/ha * 12.54 €/ha German minimum wage (Federal Ministry of Labour and Social Affairs
28Germany (2019)
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531however, is more than compensated for by the cost reduction achieved during
532the first year post-conversion.

533The large number of significant Estate effects suggests that further research is
534required to better understand the complexity of the influencing parameters. On
535the one hand, differences in vineyard management between the estates could be
536related to external viticultural factors (Bramley, 2010; Bramley and Hamilton,
5372004), such as differences in soil conditions, differences in precipitation (van
538Leeuwen et al., 2016), differences in the age of the vineyards, and differences in
539site topography (e.g., longer or shorter rows impacting processing or distances
540covered during site management); on the other hand, the observed variance
541could be related to internal factors within the estates, such as management
542decisions (Mesiti and Vanclay, 2006), personnel management, risk aversion and
543the estate’s philosophy in terms of product quality (Mota et al., 2021; Sharp,
5441991). More information about the impact of these factors could help wine
545estates to correctly benchmark their viticultural costs and improve their
546economic performance.

5472. Cost advantage of low-input training on steep slopes

548The limited number of observations only permitted an exploratory descriptive
549analysis of the total cost for mechanisable steep slope low-input trained sites.
550The overall findings largely agree with those for flat terrain sites. Total cost could
551be reduced to a similar extent by about 34 % (SMPH) to 46 % (MP), and thus
552result in absolute cost values similar to those of flat terrain VSP systems (type
5531a). The preliminary findings suggest that a change in the viticultural training
554system can overcome a major share of the cost disadvantage of mechanisable
555steep slopes. While mechanisation on its own cannot - at least thus far -
556sufficiently improve the economic sustainability of steep slopes (Strub and Loose,
5572021), the conversion to low-input training could further reduce manual labour
558and expensive machine time of specialised steep slope equipment. Further
559research is required to substantiate these preliminary findings.

5603. Cost effects of higher yield

561Low-input trained sites generally result in higher yields (Intrieri et al., 2011;
562Molitor et al., 2019; Schultz et al., 2000; Zheng et al., 2017) that reduce the per
563litre cost of wine. This represents a second cost-saving factor besides the
564generally lower absolute viticultural cost of low-input trained sites. The
565advantage of higher yields and lower total cost are of particular interest for
566market entry to medium-level producers, as well as bulk wine producers that
567represent a substantial share of the wine market (Loose and Pabst, 2018). Wine
568estates have to determine optimal yield levels by designating their vineyards to
569certain wine profile targets (Mora, 2006; Spawton, 1990). For steep slope wine
570growers, the cost effect of higher yields may provide a second important
571opportunity to reduce cost disadvantages compared to common VSP flat terrain
572sites, if the availability of water is sufficient. The analysis did not include the
573effect of different planting densities, which differ between low imput systems
574SMPH and MP.
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5754. Outlook

576The findings of this study are related to current wine market conditions ceteris
577paribus that are unaffected by decisions made by individual wine growers. That
578said, it should be noted that overall market prices will fall, if many or all
579producers convert to low-input training and produce higher yields at lower cost.
580This would further escalate the global oversupply of wine (Loose and Nelgen,
5812021). In the end, production costs are lowest on warm, flat terrain sites that can
582be easily irrigated and for which low-input training is suitable, cementing their
583advantage in terms of viticultural cost efficiency (Archer and van Schalkwyk,
5842007; Clingeleffer et al., 2005). Economic history shows that producers can only
585temporarily benefit from innovations like low-input training systems, as any
586advantages are eventually offset by their wider adoption (van der Veen, 2010).

587The current analysis was limited to monetary costs; it did not consider potential
588positive and negative external effects. True cost accounting (Falcone et al., 2015)
589that also prices external effects, such as the full cost of water usage and
590irrigation, biodiversity, pesticide use and soil carbonisation, as well as the
591benefits for biodiveristy and tourism from steep slopes (Cox and Underwood,
5922011; Job and Murphy, 2006; Tafel and Szolnoki, 2020) would be required to make
593a cost-efficient decision for society at large. Irrigation costs were not included in
594this study because the analysed sites were not irrigated. Fungus-resistant grape
595varieties (i.e., progressive vines; so called PiWi), would not only reduce pesticide
596use, but would also further decrease viticultural costs by reducing the pest
597management process and improve the overall sustainable developmental goals
598(Loose and Remaud, 2013; Pomarici and Vecchio, 2019).

599Climate change could both favour or penalise the wide adoption of low-input
600training systems. Due to its capacity for delaying maturation, low-input training
601has been identified as a possible strategy for reducing the velocity of ripening
602processes caused by climate change (Molitor et al., 2019; Zheng et al., 2017).
603The higher demand for water (Schultz et al., 2000) in MP trained systems can be
604problematic in many wine-growing regions in which precipitation patterns
605frequently change, thereby necessitating irrigation to sustain viticulture in these
606areas (Costa et al., 2019). The breeding and adoption of drought-resistant
607rootstocks may be one possible medium- to long-term solution to this problem
608(Duchene, 2016; Cornelis van Leeuwen and Destrac-Irvine, 2017).

6095. Limitations and future research

610Even though the data for this study were limited to Germany, field data were
611lobtained from five different growing regions. However, the number of
612observations for low-input trained steep slope sites did not allow for a robust
613statistical inferential analysis. Because of data limitations the cost differences
61l4between SMPH and MP low-input training could not be sufficiently separated for
615the different site types. More data must be collected to better differentiate both
616systems, to generate more precise cost estimates for steep slope sites and to
617empirically validate the effect of yield on cost with actual yield observations,
618thereby also taking into account the planting density. Whilst SMPH and VSP have
619the same planting density, it is reduced by approximately 25 % in MP compared
620to the other training systems. In the future, digital SmartFarming software, such
621as Vineyard Cloud®, will likely provide more extensive datasets with features to
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622better organise work tasks. Furthermore, the cost analysis should be extended to
623other wine-growing regions and growing conditions. The effect of water
624availability, as well as vine water status, on resulting wine quality and yield
625should ideally be included in the analysis to better understand the limitations and
626constraints of low-input systems.

627Conclusion

628This study showed that low-input training systems increase the degree of
629mechanisation in viticulture and reduce production costs, even in cool to
630moderate climates such as Germany. The adoption of low-input systems could
631constitute an important contribution to improving the economic sustainability of
632growers for the substantial market volume of entry- and medium-level wines, as
633well as steep slope sites.

634
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