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    Abstract

Amid growing concerns over global warming and available management strategies to reduce cluster temperature and prevent overheating and sunburn damage, there is increasing interest in sprawling, nonpositioned canopies as an alternative to traditional vertically positioned ones. However, management of sprawling canopies requires adjustments to maintain a mostly erect growth pattern during the season. A three-year study (2009–2011) was carried out to investigate the performance of 15-year-old Pinot noir grapevines trained to a single high-wire trellis subjected to prebloom shoot trimming to retain seven (T7) or eleven (T11) main stem leaves. There were significant year × treatment interactions: with a low crop and weather conducive to posttrimming lateral regrowth in 2010, trimmed vines had higher leaf area, soluble solids concentration, pH, total anthocyanins, and cluster rot incidence than control vines, whereas in 2009 and 2011, the overall must compositional pattern was reversed due to suboptimal leaf-to-fruit ratios in the trimmed plots. The effects linked to this necessary operation are highly dependent on unpredictable weather occurring after shoot trimming; hence, the milder trimming severity (T11) may more successfully balance the need to induce a still mostly erect canopy while retaining sufficient vine leaves to buffer possible weak lateral formation after trimming. This paper provides new and useful knowledge for improved canopy management in trellises with free shoot growth due to the absence of foliage wires.

	grape composition
	lateral shoot
	leaf area-to-fruit ratio
	summer pruning
	training system

Global warming is affecting both the geographical distribution of cultivars and the dynamics of berry ripening (Jones and Webb 2010, Moriondo et al. 2013). High heat summations and peak temperatures in warm areas often lead to overly rapid ripening with excessive alcohol, too low acidity (TA), and atypical or unbalanced grape and wine flavor (Jones et al. 2005). This issue is of particular concern for grapes used for sparkling wine, which notably benefit from a relatively low soluble solids concentration, high TA, and low pH. It is a scenario that poses new challenges in viticulture and that requires suitable techniques to delay ripening (Palliotti et al. 2013, Poni et al. 2013) and modify trellis design and canopy geometry. The premise is to alter cluster microclimate so that diffuse light becomes prevalent, which helps prevent berry overheating and sunburn (Wolf et al. 2003, Dry et al. 2009).
Previous work has shown that this cluster microclimate can be achieved by shifting from a traditional vertically shoot-positioned (VSP) trellis to a single high-wire (SHW) frame (Intrieri and Poni 1995, Wolf et al. 2003, Bernizzoni et al. 2009) featuring a sprawling, nonpositioned, free-growing canopy. If canopy management successfully keeps most vegetation erect, the system can ensure a prevailing regime of diffuse light to the developing clusters, which greatly limits overheating and its well-known negative effects on berry pigmentation in red cultivars (Price et al. 1995, Mori et al. 2007, Bergqvist et al. 2001) and, in white cultivars, favors the maintenance of higher acidity (Dry et al. 2009). SHW has two additional advantages over any traditional VSP: (1) planting and management costs are 20 to 30% lower due to design simplicity, i.e., no need for catch wires and compatibility with full mechanization so that total worker hours per ha drops to ≤60 (Intrieri and Poni 1995) and (2) SHW canopies have higher photosynthetic efficiency. Intrieri et al. (1997) measured whole canopy net CO2 exchange rate (NCER) of SHW vines that were then squeezed between catch wires to simulate a traditional VSP canopy. Although the leaf area per vine was identical, canopy compression resulted in 26% less NCER, suggesting that diffuse light penetrating the inner canopy layers in SHW can ensure about a quarter of total photosynthetic capacity.
The advantages described above due to SHW are retained only when upright growth is achieved, i.e., most of the growing shoots should be located 180° above the cordon. Having almost all of the wood above the cordon greatly facilitates and speeds up mechanical pruning, minimizing the need for manual follow-up (Poni et al. 2004). Moreover, upright growth is critical to maintaining cluster shading under hot summer conditions. Although varieties Cabernet Sauvignon, Cabernet franc, and Sauvignon blanc show a fairly pronounced natural tendency for erect growth, an upright growth habit needs to be induced by management practices in most cases, especially in vigorous locations with mechanical prebloom shoot tipping being a key operation. This operation should be done when most shoots are still upright and removal of the apex and some subtending young leaves will temporarily check growth before laterals inserted on the nodes underneath the pruning cut start to develop. This lag in growth can usually slow canopy bending while reinforcing the basal portion of shoots. These two mechanisms, acting together, are usually sufficient to prevent the canopy from assuming a downward orientation, which causes a marked heterogeneous cluster exposure and difficulties for effective mechanization (Cavallo et al. 2001, Tarara et al. 2005).
Mandatory early shoot trimming to promote upright shoot growth raises an important physiological issue; that is, the intensity and duration of lateral regrowth after trimming are truly unpredictable as they are primarily a function of weather conditions. No or weak regrowth can cause delayed or incomplete ripening due to source limitation and an older canopy, whereas excessive lateral regrowth would likewise endanger fruit maturation and desired grape composition while increasing disease susceptibility.
To the best of our knowledge, there is no published report on vine performance after varying severity of early shoot trimming in varieties that are also suitable for making sparkling wine. The purpose of our study was thus to determine how Pinot noir responded to prebloom shoot trimming that left a different number of main leaves on the main shoot as compared to late trimming (control).

Materials and Methods

The trial was conducted over three seasons (2009–2011) in a Pinot noir (Vitis vinifera L.) nonirrigated vineyard established in 1998 with mass selection material grafted to 161/49C rootstock on the Fratelli Fugazza farm located at Castel San Giovanni, 45°3′33″12 N; 09°26′4″20 E, Piacenza, Italy. Vines were trained to an SHW trellis raised 1.7 m from the ground and supported by a single coiled wire (Figure 1). Vine spacing was 1.1 m intrarow × 3 m interrow for a density of ~3,333 vines/ha. Pest control was standard practice scheduling for Botrytis cinerea control: one spray at cluster closure with ciprodinil and fludioxinil (Switch, Syngenta, Basil, Switzerland). Mechanical prepruning followed by a fast manual follow-up was performed to leave short spurs (two to three nodes each) on the cordon. Two workers with pneumatic shears stood on top of a platform dragged by the tractor; therefore, there was little time to perform cuts mostly aimed at removing wood inserted below the cordons.
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Figure 1 
Final vegetation pattern shown in 2009, in the control (left) and in T7 shoot-trimmed vines (right).




In a large, uniform plot, 12 adjacent rows, each ~120 m long, were selected to form four blocks of three rows each. Each row within each block was randomly assigned either to prebloom shoot trimming that retained eleven (T11) or seven (T7) main leaves per shoot or to control (C). To prevent shoot tangling and allow interrow access, the untrimmed C vines were subjected to a low canopy skirt late in the season (usually at the end of July) when shoots were notably procumbent. No significant regrowth occurred afterward. Three vines per row were randomly tagged as subreplicates and used for more detailed assessment of growth, yield, and grape composition.

Shoot trimming was performed by hand on 1 June, 28 May, and 31 May in 2009, 2010, and 2011, respectively, to ensure maximum care in treatment setting; the remaining vines were trimmed afterward by machine. Total node and shoot number per vine were counted, and total leaf area removed by trimming was estimated from the ratio of fresh weight to leaf area derived from 15 and 45 leaf disks (1.9 mm diam) per block sampled from T11 and T7, respectively. Samples of main and lateral leaves were removed from basal, median, and apical stem positions at cessation of shoot growth in late July and processed for leaf area using a LI-COR 3000 area meter (LI-COR, Lincoln, NE). To ensure a sample size proportional to the relative population weight of each treatment, the number of main/lateral sampled leaves was 80/10, 60/30, and 45/45 for C, T11, and T7, respectively.

Hand harvest occurred on 31, 28, and 24 August in 2009, 2010, and 2011, respectively. Cluster number and vine yield were determined, distinguishing between primary and secondary crop, while incidence of cluster rot was assessed on a vine basis, as the fraction of clusters showing symptoms. Two 100-berry samples were taken from the main crop of each vine at harvest, taking care to remove berries from internal, external, top, medium, and bottom positions within the cluster. The first sample was immediately crushed in the lab and the resulting must processed for soluble solids concentration (Brix), pH, titratable acidity (TA), malate, and tartrate concentrations. Brix was determined by a temperature-compensating refractometer (RX-5000, Atago U.S.A., Bellevue, WA). TA was measured by titration with 0.1 N NaOH to pH 8.2 and expressed as g/L tartaric acid equivalents. Tartrate was assessed on must via the colorimetric method based on silver nitrate and ammonium vanadate reactions (Lipka and Tanner 1974). Malate was determined with a kit (Megazyme Int., Bray, Ireland), which uses l-malic dehydrogenase to catalyze the reaction between malate and NAD+ to oxaloacetate and NADH. The second sample was stored frozen at −20°C, thawed, and processed in winter for total phenols and anthocyanins (Iland 1988).

Total node number per vine (distinguishing between main and laterals) was counted at leaf fall and the data were combined with the previously determined leaf areas to estimate final leaf area per vine. Daily records of minimum mean and maximum air temperature (T), relative humidity (RH), and rainfall (P) were recorded each year by a weather station near the vineyard. Heat summation from posttrimming to harvest was calculated after the base 10 growing degree day system (Winkler et al. 1974).

A two-way analysis of variance analysis over years (Gomez and Gomez 1984) was performed using the general linear model procedure of the SAS statistical package (SAS Institute, Cary, NC). Year was considered as a random variable and the error term for the trimming treatments was the year × pruning interaction mean square. Means separation between pruning levels was performed with the Student Newman–Keuls test. The year × treatment interaction was tested over the pooled error and discussed only in case of significance. The least significant difference (LSD) test was used to compute mean separation between year × treatment combination means at p < 0.05.


Results and Discussion

Node and shoot number per vine and budbreak rate were quite uniform across treatments, and scant variability was seen among years (Table 1). Budbreak rate consistently remained below 100%, a likely result of the high number of nodes left on the vines. Since trimming dates were fairly close across seasons and shoots had reached similar development by the time trimming was performed, the amount of leaf area removed showed little variation, settling at 0.96 m2 in T7 and 0.11 m2 in T11.
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Table 1 
Vegetative growth, bud fruitfulness, and yield components recorded over three seasons (2009–2011) in Pinot noir grapevines subjected to early shoot trimming retaining either eleven (T11) or seven (T7) primary leaves on the stem and compared to a late season trimmed control. LA: leaf area.




The significant year × treatment interaction found for total leaf area (LA) and LA accounted for by lateral nodes (Figure 2) indicates that in 2009, vine capacity was moderate and little posttrim lateral regrowth occurred. This likely correlates with the overall scarce rainfall in June and July (Table 2) and a fairly high number of days with heat waves up to 35°C recorded in July. Posttrim growth response was somewhat the opposite in 2010, when good June rainfall (2.27 mm/day) and optimal temperatures in July promoted lateral regrowth to the point that at full canopy, total LA in the trimmed plots was slightly higher than that in control. In T7, the amount of LA produced by lateral shoots was 2.3 m2 (26% of total LA), while in T11 it was 1.8 m2 (21% of total LA). A somewhat intermediate response was observed in 2011, although posttrim lateral development was not vigorous enough to allow full LA recovery in both trimming treatments (Figure 2). The trimmed canopies thus maintained their mostly erect pattern compared to the downward habit of the control in 2009 (Figure 1) and 2011. In contrast, the considerable crop load on lateral shoots induced the trimmed canopies to bend downward in 2010 and they failed to achieve the targeted geometry (Table 1).
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Figure 2 
Total (A) and lateral (B) leaf area per vine measured for three years in Pinot noir grapevines subjected to early-season shoot trimming retaining seven (T7) or eleven (T11) primary leaves on the stem or trimmed late in the season (control). Mean separation by LSD test, p < 0.05, n = 12.
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Table 2 
Weather recorded at the experimental site from posttrimming to harvest. Trimming dates were 1 June, 28 May, and 31 May in 2009, 2010, and 2011, respectively. Harvest dates were 31, 28, and 24 August in 2009, 2010, and 2011, respectively. Calculations made for the June 2010 combinations also include the contribution of 29, 30, and 31 May. T: air temperature. GDD: growing degree days.




Yield per vine and its main components showed no significant differences among treatments for data pooled over the trial (Table 1). In contrast, yield trends over years exhibited a biannual bearing pattern, with 2009 and 2011 being the “on” years and 2010 the “off” season. This response (low crop in 2010) matches the strong vegetative growth recorded during the same season that led to full LA compensation after trimming. Large interannual variation in vine vigor is also shown by the extent of crop level on laterals, which rose to 1.4 kg/vine in T7 in 2010 but was negligible in 2009 (not shown).

While Pinot noir is known for the high fruitfulness of its lateral shoots (Calò et al. 2006), it is also common knowledge that the capacity of laterals to retain their crop is linked to vigor and the attainment of good cane maturation (Poni and Giachino 2000). Crop load given as leaf area to yield (vine basis) also showed a significant year × treatment interaction (Figure 3A), indicating that, regardless of severity, trimmed vines in 2009 and 2011 did not reach the threshold of 1 m2/kg, below which a significant source limitation is thought to occur (Kliewer and Dokoozlian 2005).
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Figure 3 
Leaf area-to-fruit ratio (vine basis) (A), total soluble solids (B), total anthocyanins (C), and cluster rot incidence (D) calculated each year in Pinot noir grapevines subjected to early-season shoot trimming retaining seven (T7) or eleven (T11) primary leaves on the stem or trimmed late in the season (control). Mean separation by LSD test, p < 0.05, n = 12.




Although the factor “year” is random and cannot be chosen, differences in must composition recorded among years are of physiological interest (Table 3). For instance, the high sugar concentration and high TA in 2010 suggest that these two parameters were uncoupled. While tartaric acid formation in leaves is restricted to the early stages of growth (Williams and Loewus 1978, Ruffner 1982), we found robust lateral regrowth and, hence, pronounced canopy rejuvenation after trimming in 2010 that may explain the greater synthesis of tartaric acid. Likewise, since malic acid degradation is very sensitive to temperature and light exposure (Ruffner 1982), it is conceivable that strong lateral development provided a denser canopy above the clusters, reducing malic acid respiration.
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Table 3 
Must composition and cluster rot incidence of primary crop at harvest over three seasons (2009–2011) in Pinot noir grapevines subjected to early shoot trimming and retaining either eleven (T11) or seven (T7) primary leaves on the stem compared to a late-season trimmed control. FW: fresh weight.




Must soluble solids, pH, and total anthocyanins at harvest also showed a significant year × treatment interaction (Table 3). In 2009 and 2011, due to weak and moderate posttrim lateral regrowth, respectively, early shoot-trimmed vines consistently showed lower total soluble solids (Brix) and total anthocyanins than control (Figure 3B, 3C). Conversely, the strong lateral development recorded in 2010 reversed this grape composition. This pattern requires adequate discussion since such differences do not appear to be a consequence of within-season yield variation among treatments, which was quite small. A key factor seems to be the number of laterals replenished after trimming, which, if insufficient to bring the leaf area-to-yield ratio above the 1 m2/kg threshold, will delay ripening (Kliewer and Dokoozlian 2005).

Noteworthy too is the incidence of cluster rot estimated at harvest (Table 3 and Figure 3D). The scant rainfall between mid-July and harvest in 2011 likely inhibited the occurrence of major infections. While T7 and T11 showed a lower disease pressure than the control in 2009, both trimming severities in 2010 had higher cluster rot incidence than late-trimmed vines (Figure 3D). Once again, there is a quite straightforward interrelationship of the extent of posttrimming lateral growth, canopy geometry, and pest incidence. In fact, in 2009, trimmed canopies had a pronounced erect pattern that was very likely due to weak and mostly unfruitful lateral shoots preventing the canopy from bending downward. Indeed, this erect habit ameliorated light exposure and ventilation around clusters, which in turn limited rot attack. In contrast, the development of stronger, mostly fruitful laterals in 2010 induced canopy bending, the loss of benefits derived from a more erect pattern, and increased susceptibility to cluster rot.


Conclusions

Severe shoot trimming delayed ripening in two of the three years in comparison to the control, as shown mostly by reduced soluble solids and anthocyanins. This response may be useful in warm climates where the issue is to slow ripening but is also of concern if the target wine is a full-bodied Pinot noir suitable for aging.

A critical feature of the technique is that the extent and duration of posttrim lateral regrowth is unpredictable and, as we have shown, very much dependent upon the weather. When regrowth is too weak, supplemental irrigation may be useful for prompting resumption of secondary shoot growth.

Generally speaking, lighter trimming (T11) seems preferable as it appears to be a successful compromise between the need to induce an erect canopy to retain a sufficient vine LA that can act as a buffer if posttrim lateral formation is too weak. Note too that trimming can be slightly postponed and limited to a light shoot tipping in cultivars with a natural tendency to stay upright like Cabernet Sauvignon. Cluster rot incidence worsened when shoot trimming failed to induce an erect canopy.

As expected, despite a fairly high climatic variability over three years, untrimmed vines invariably reached a procumbent habit, suggesting that in this specific environment, reaching an upright growth pattern without trimming is an unrealistic goal.
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