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Introduction 
Looking at the factors that more than others have influenced viticulture over the last decade, the 

effects of climate change on grapevine physiology and the spread of precision farming emerge as 

the most relevant. Precision viticulture (PV) is a precious tool aiming at describing within-field 

variability and, through variable rate technologies (VRT), delivering inputs (i.e. water or fertilizers) 

proportionally to real vine needs. Since vineyards are often “variable”, a rising interest in this issue 

is occurring and several links to grapevine physiology can be discussed. Geological and pedological 

origins are certainly the main reason of this phenomenon; in effect, variations in soil texture and 

water holding capacity, soil depth, slope and aspect are just an example of factors that naturally 

modulate vine performance. Conversely, variability may also arise from questionable agronomical 

decisions as concerning drainage, land preparation, young vines training, canopy management, 

shoot positioning and training system selection. A typical example is given by the high variability in 

shoot growth that typically occurs along a long cane-pruned Merlot that almost disappears when 

converted to a spur-pruned cordon. So, PV appears as a valid tool that growers can use aiming to 

manage the natural variability even if it does not represent a solution to a rough vineyard 

management. 

 

Although the majority of PV experiences are still based on remotely sensed multispectral images by 

using satellites, aircrafts and unmanned aerial vehicles (generally known as drones), over the last 

years different manufacturers patented more flexible new devices for proximal sensing based on 

vision systems, laser scanning, ultrasonic and spectral acquisitions (Wei and Salyani, 2004; Llorens 

et al., 2011; Tagarakis et al., 2013). 

 

Post-processing is commonly based on the calculation of the NDVI index (Normalized Difference 

Vegetation Index) allowing vineyard mapping as a function of a variable number of classes (2, 3, 5 

or 10) within which vine performance is assumed to be similar. NDVI is based on the sunlight 

reflectance in red (R) and infrared (IR) wavelength according to the equation (IR-R)/(IR+R); it 

represents a good indicator of the photosintetically active biomass (PAB) that is related to canopy 

size (vigor) as well as health and stress status of grapevines (Bramley, 2010). As PV is a relatively 

new science, its agronomical ground-truthing is still implementing and the closeness of correlations 

between the more common parameters used in vigor assessment and NDVI values is quite variable 

and, for instance, sensitive to trellising (Hall et al., 2008). Working on VSP (Vertical Shoot 

Positioning) trained vines, NDVI was correlated with the leaf area index (Johnson et al., 2003), whilst 

Dobrowsky et al. (2003) reported medium-high coefficient of determination between pruning weight 

and PCD (IR/R) that, in turn, is well correlated with NDVI. Preliminary studies have showed that 

remote sensing might be useful at predicting fruit composition although correlations with color and 
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phenolics are still poor (Lamb et al., 2004). Most recently, characterizing the spatial and temporal 

changes in Sauvignon blanc fruit composition, Trought and Bramley (2011) reported that PCD index 

was positively correlated with TA and negatively correlated with total soluble solids and must pH. 

 

As a general approach, it is important that the biological meaning of “vigor” is verified despite that, 

according to the standard PV protocol, vigor classes are generally labelled as “low”, “medium” and 

“high”. For example, in a relative low vigor Sangiovese vineyard (Tuscany, Italy) the pruning weight 

in high vigor blocks was about 500 g per meter of cordon meter (Fiorillo et al., 2012), a value that is 

agronomically associated to medium-low vigor vines. Conversely, under the high vigor conditions of 

Marlborough (New Zealand), the PCD was poorly related to Sauvignon blanc yields so that low and 

high vigor classes showed similar crop load (Bramley et al., 2011). 

 

Besides the characterization of within-field variability, PV offers bases for a targeted vineyard 

management aiming to a most efficient and sustainable viticulture. In case of selecting harvest, this 

variability is exploited in order to split the picking of grapes from two areas showing different 

vegetative and ripening patterns. Accordingly, the selected grapes are processed differently 

obtaining two wine styles and a potential increase in the retail value (Bramley et al., 2005). As 

discussed by Bramley et al., (2005), the application of selective harvest is not just limited to 

mechanized systems but can be also adopted in case of hand picking. Additionally, this strategy may 

not be appropriated everywhere like in case the product typicality is related to a blend of different 

ferments (Bramley 2010). Although their diffusion is currently limited, the variable rate applications 

(VRA) can be used in order to reduce the within-field variability like in case of targeted fertilization, 

spray, irrigation or canopy management. Proffitt and Malcolm (2005) have reported a reduction in 

canopy management costs as following the adoption of VRA-irrigation that induced a more balanced 

vigor, whilst Liakos et al. (2013) assessed the application of variable rate fertilization in a commercial 

apple orchard describing a 32.4% reduction of fertilizers and a 21% farmer’s profit increase vs. 

traditional fertilization. 

 

The present study aims to: i) describe within-field variability in a vineyard sited in the NW of Italy 

through a standard NDVI approach; ii) provide agronomical ground truthing on a two year basis 

(2012-2013) of the NDVI vigor levels; iii) evaluate mid-term effects of VRT-assisted N-supply. 

 

Materials and methods 

 

Plant material, vigor map and experimental layout.  

 

The trial was carried out in 2012 and 2013 in a commercial, non-irrigated vineyard of Vitis vinifera L. 

cv. Barbera standard material grafted onto Kober 5BB established in 1990 at Ziano Piacentino, Colli 

Piacentini DOC area, Malvicini Paolo Estate, (44°59’ N, 9° 22’E, 262 m a.s.l.), Italy. The vineyard is 

located on a East-facing site having 15% maximum slope with East-West oriented rows; vine spacing 

is 2.4 m x 2.0 m (inter- and intra-row) with two vines coupled at each position within the row, for a 

resulting density of 4,167 plants/ha. The parcel area was of about 6404 m2.Vines were single-cane-

pruned Guyot trellis with a bud-load of about 10 nodes per vine and trained by vertical shoot 

positioning (VSP). The cane was raised 70 cm from the ground with three catching wires for a canopy 

wall extending approximately 1.3 m above the cordon.  
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The minimum, mean and maximum daily air temperatures (°C) and daily rainfall (mm) from 1 April 

to 31 October were measured in each season by a nearby weather station. 

 

A multispectral remotely-sensed image was taken on a clear day in July 2010 by using a satellite 

belonging to the RapidEye constellation and equipped with a 5x5m resolution sensor. The NDVI 

index was consequently calculated as reported by Rouse et al. (1974) and a vigor map was built 

according to the “equal area” algorithm developed by an engineering company (Studio TerraDat, 

Paderno Dugnano (MI), Italy) resulting in the breakdown of the parcel in three vigor classes. In detail, 

the following NDVI ranges 0.301-0.348, 0.348-0.394 and 0.3940.443 were associated to the low, 

medium and high vigor, respectively (Fig. 1). Subsequently, the VRT-assisted fertilization was set 

up and a prescription map was defined by associating a specific nitrogen supply to each vigor level. 

The whole parcel was considered in the experiment and the 24 adjacent rows were included in a 

complete randomized-block design (CRD) while vigor level (V) and nitrogen-supply strategy (S) were 

considered as the main factors in a factorial experimental layout. Three vigor levels (low-LV, 

medium-MV and high-HV) were derived from the NDVI map, whereas the N strategy included 

traditional, VRA and control. The N-supply (kg of N/ha) varied as it follows: control (0 kg/ha), 

traditional (60 kg/ha), VRA (0, 60 and 120 kg/ha in HV, MV and LV vigor blocks, respectively). A pre-

blooming nitrogen fertilization was applied 11 May 2012 and 19 June 2013 distributing urea (46%) 

through a variable-rate fertilizer spreader (Casella Macchine Agricole S.r.l., Carpaneto Piacentino, 

Italy) equipped with an automatic weighing system and a GPS receiver. The granular fertilizer was 

grounded at 15 cm depth by two 130 cm spaced plowshares each one operating at 55 cm from the 

row axis. The experimental layout was spread in two blocks (12 rows each) encompassing all vigor 

levels and, within each block, 4 adjacent rows were randomly associated to one of the three 

fertilization strategies. Within each Vigor x Strategy (VxS) treatment combination, four vines were 

tagged and used for subsequent assessment. In both seasons, the vineyard was managed according 

to the standard regional protocol for sustainable viticulture. The canopy was trimmed when shoots 

outreached the top wire, i.e. 22 June 2012 and 5 July 2013 by retaining 16-17 primary leaves per 

shoot. No additional fertilizer supply was performed as well as no spray against bunch rots was 

included in the plant protection strategy. 

 

Figure 1 : NDVI map based on three vigor classes derived from a multispectral remotely-sensed image (a) and 

the variable-rate fertilizer spreader used during the research (b). 
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Nutritional status and bunch rot assessment 

 

In both seasons, the nutritional status was determined at veraison for the eighteen “treatment x 

block” combinations. According to Bavaresco et al. (2010), 50 leaves were randomly collected from 

the node opposite to the basal cluster of medium-vigor shoots. Leaves were then taken to the 

laboratory, blades were cut from the petiole and dried at 75 °C until constant weight. Nitrogen, 

phosphorus, potassium, magnesium, calcium, sulfur, iron and boron concentrations were 

determined by an external laboratory according to official methods. 

 

At harvest, bunch rot incidence was visually assessed on all bunches of each tagged vine on the 

basis of the following fractions of damage: healthy (0%), 1-5%, 6-25%, 26-50%, 51-75% and 76-

100%. The bunch rot severity was then calculated by multiplying mean fractional damage within 

class by frequency. 

 

Vegetative growth, yield and fruit composition 

 

Each season, when inflorescences were clearly visible (stage 53, BBCH scale) the total number of 

shoots and inflorescences per plant were calculated in order to determine the shoot fruitfulness.  

 

On 13 September 2013, two 30-leaf samples from each “VxS” combination were separately collected 

from main and lateral shoots and the area of each leaf determined with a leaf area meter LI-COR 

3000 (LI-COR Bioscience, Lincoln, NE). At leaf fall, main and lateral nodes were separately counted 

and then multiplied by the mean leaf area in order to determine the total leaf area on each tagged 

vine. At the same time, the pruning weight was recorded separately for main and lateral canes.. Vine 

balance was given as the yield-to-pruning weight ratio (Ravaz index) and the leaf-to-fruit ratio. 

 

At harvest, 11 September 2012 and 25 September 2013, all clusters per vine were counted and their 

total weight was immediately recorded; mean cluster weight was than calculated. A three-basal-

clusters sample was collected from each tagged vine, transported to the laboratory and processed 

for subsequent determinations.  

 

All berries per cluster were counted and rachis length was measured to assess cluster compactness 

expressed as total berry fresh mass/ rachis plus main wing length ratio (g/cm). Two sub-samples 

were separated by grouping healthy and whole berries then processed as it follows. A 21-berry sub-

sample was collected from the three clusters and, after recording fresh weight of each individual 

berry, immediately frozen at -20 °C. Then, each berry was sliced in half with a razor blade, the seeds 

and flesh carefully removed from each berry half using a small metal spatula without rupturing any 

pigmented hypodermal cells and the seeds then carefully separated by hand from the flesh. Both 

skins and seeds were rinsed in de-ionized water, blotted dry and weighed. A second 50-berries sub-

sample was processed for total anthocyanins and phenols concentration after Iland (1988). Total 

anthocyanins and phenolics were expressed as mg per g of fresh berry mass. 

 

The remainder of each three-bunch sample was crushed and the concentration of total soluble solids 

(Brix) was determined by a temperature-compensating refractometer (RX-5000 ATAGO U.S.A., 

Bellevue, WA). Titratable acidity (TA) was measured by titration with 0.1 N NaOH to a pH 8.2 end-

point and expressed as g/L of tartaric acid equivalents. Tartrate was assessed on must by the 
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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 

reaction products were measured spectrophotometrically by the change in absorbance at 340 nm 

from the reduction of NAD+ to NADH. 

 

Ripening curves of berry weight, must total soluble solids (°Brix), titratable acidity, pH, malic and 

tartaric acid concentration were also built each season by processing, according to the methods 

described above and at weekly intervals beginning from veraison, a 100-berry sample per each 

“vigor x strategy” combination.  

 

Data treatment 

 

Vine performance data were subjected to a three-way analysis of variance using the SigmaStat 

software package (Systat Software, Inc. San Jose, CA, USA). Year was considered as a random 

variable. When significant at ANOVA, treatment comparison was performed by Student-Neuman-

Keuls test at P ≤ 0.05. Vigor x Strategy, Vigor x Year and Strategy x Year interactions was partitioned 

only in case of F test significance and mean values compared by standard error. Visual ratings of 

bunch compactness, rot incidence and severity were subjected to square root transformation prior 

to ANOVA. 

 

 

Results 

 

Showing a Winkler index of 1895°C and seasonal rainfall of 256 mm, the 2012 season was the 

warmest and driest. In 2013, the growing degree days cumulated from April to October was slightly 

lower (1799°C) as compared to 2012, and total rainfall from April to September, the highest (340 

mm). Despite this trend, in 2012 some rainstorms occurred late in the summer bringing 64 mm of 

rain from 30 August to 5 September whilst just moderate rainfall was recorded in 2013 prior harvest, 

24 and 26 August (13 and 19 mm, respectively), 11 and 15 September (8 and 18 mm, respectively). 

The nitrogen and calcium leaf content in LV blocks was the lowest (1.36% and 3.09%, respectively) 

whilst the phosphorous (0.13%) and sulphur (0.4%) content was lower than HV (Tab. 1). The 

potassium and magnesium content were unaffected by vigor even though the first one stood at 

optimal levels and the second one showed a general deficiency status especially in LV (0.16%). The 

fertilization strategy (S) did not affect leaf mineral nutrition as assessed at veraison. In detail, the 

nitrogen supply significantly reduced the leaf potassium concentration in both traditional (0.9%) and 

VRA (0.81%) protocols in comparison with control (1.04%). Iron and boron were unaffected by all 

sources of variation (Tab. 1). 
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Tab. 1 – Leaf blade mineral composition of Barbera vines determined at veraison as a function of vigor level 

(V) and nitrogen-supply strategy (S). (Data 2012-2013) 

 

 N 

(%) 

P 

(%) 

K 

(%) 

Mg 

(%) 

Ca 

(%) 

S 

(%) 

Fe 

(ppm) 

B 

(ppm) 

Vigor         

HV 1.59 a 0.20 a 0.99 0.19 3.58 a 0.50 a 92 60 

MV 1.50 a 0.16 b 0.89 0.18 3.50 a 0.44 b 98 54 

LV 1.36 b 0.13 b 0.87 0.16 3.09 b 0.40 b 87 55 

Strategy         

Control 1.45 0.19 a 1.04 a 0.16 3.44 0.49 a 90 59 

Traditional 1.52 0.16 b 0.90 b 0.18 3.43 0.43b 94 52 

VRA 1.49 0.15 b 0.81 b 0.19 3.30 0.43 b 93 58 

ANOVA         

Vigor (V) ** ** n.s. n.s. ** ** n.s. n.s. 

Strategy (S) n.s. * ** n.s. n.s. * n.s. n.s. 

Year (Y) ** ** ** n.s. n.s. ** n.s. n.s. 

S x Y n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

V x Y n.s. * n.s. n.s. n.s. n.s. n.s. n.s. 

V x S n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

Within each column means are separated by Student Newman Keuls test (P<0.05). *,**, ns: Significant per p 

≤ 0.05, 0.01, or not significant, respectively. 

 
 

 

The pruning weight was different in all vigor classes ranging between 485 g/vine (LV) and 895 g/vine 

(HV) (Tab. 2). Accordingly, both components referred to main and lateral canes increased from LV 

(420 and 65 g/vine, respectively) to HV (706 and 189 g/vine). Total leaf area was higher in HV and 

MV (4.54 and 4.35 m2/vine) as compared to LV vines (3.45 m2/vine). Lateral leaf area was different 

among treatments and almost doubled from LV (0.61 m2/vine) to HV (1.32 m2/vine). The above 

mentioned variables were unaffected by the N-supply strategy as reported in table 2. Shoots per 

vine were similar among treatments (data not reported) and their fruitfulness, quantified at 1.8 

inflorescences per shoot, was steady over years, vigor and N-supply strategy (Tab. 3). 

 

Yield per vine increased according to vigor showing the lowest level in LV (3.2 kg) and the highest 

in HV (5.9 kg). Such figures corresponded to an estimated yield per hectare ranging from 13.3 to 

24.6 t/ha, respectively. Although HV and MV showed similar yield per vine, cluster and berry weights 
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were positively correlated to vigor showing significant differences among treatments. LV vines had 

the smallest berries (2.3 g) and clusters (181 g), HV the biggest (3 g and 291 g, respectively), whilst 

MV gave an intermediate response (Tab. 3). Accordingly, the highest the vigor the highest the cluster 

compactness that ranged from 17.5 (LV) to 23.5 g/cm (HV). 

 

 

Tab. 2 – Vegetative growth of Barbera vines as a function of vigor level (V) and nitrogen-supply strategy (S). 

(Data 2012-2013).  

 
 Main canes 

pruning wt. 
(g/vine) 

Lateral 
pruning 

wt. 
(g/vine) 

Total 
pruning 

wt. 
(g/vine) 

Main LA 
 

(m2) 

Lateral 
LA 

    (m2) 

Total LA 
 

(m2) 

LA/Yield 
 

(m2/kg) 

Ravaz 
index 

(kg/kg) 

Vigor         

HV 706 a 189 a 895 a 3.214 a 1.321 a 4.535 a 0.99 7.9 

MV 607 b 147 b 754 b 3.247 a 1.098 b 4.345 a 1.03 7.5 

LV 420 c 65 c 485 c 2.846 b 0.605 c 3.451 b 1.29 7.2 

         

Strategy         

Control 573 131 704 3.208 0.930 4.138 1.20 7.0 b 

Traditional 569 124 693 3.014 1.003 4.017 1.20 7.0 b 

VRA 590 146 736 3.086 1.089 4.175 0.92 8.5 a 

ANOVA         

Vigor (V) ** ** ** ** ** ** * n.s. 

Strategy (S) n.s. n.s. n.s. n.s. n.s. n.s. n.s. * 

Year (Y) ** ** * n.s. ** n.s. ** ** 

S x Y n.s. n.s. n.s. n.s. n.s. n.s. n.s. * 

V x Y n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

V x S n.s. n.s. n.s. n.s. n.s.    

Within each column means are separated by Student Newman Keuls test (P<0.05). *,**, ns: Significant per p 

≤ 0.05, 0.01, or not significant, respectively. 
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The N-supply strategy did not affect bunch count per vine whilst VRA showed the highest yield per 

vine (5.5 kg/vine) and cluster compactness (22.7 g/cm) due to increased cluster (277 g) and berry 

(2.8) weight as compared to other treatments. The VxS interaction was significant for yield per vine, 

cluster weight and compactness (Fig. 2). Although in MV cluster weight increased in response to N-

supply, in HV and LV blocks it was smaller than control. Nitrogen fostered yield and bunch 

compactness in MV vines (traditional and VRA approach), the latter decreased in HV as a response 

to traditional strategy. Surprisingly, the same response was observed in LV blocks where vines were 

subjected to a rising dose. The leaf-to-fruit ratio was 1.5 m2/kg in control MV vines and decreased 

according to the N-supply in traditional and VRA strategies. The same index increased according to 

traditional N-fertilization of HV vines, whilst it was unaffected by the increasing N-dose in LV vines 

(Fig. 2d). The strategy (S) also affected the Ravaz index that was higher in VRA (8.5) as compared 

to control and traditionally fertilized vines (Tab. 3). 

 

Tab. 3 – Yield components and cluster compactness of Barbera vines as a function of vigor level (V) and 

nitrogen-supply strategy (S). (Data 2012-2013) 

Within each column means are separated by Student Newman Keuls test (P<0.05). *,**, ns: Significant per p 

≤ 0.05, 0.01, or not significant, respectively. 

 

 
  

 Shoot 
fruitfulness 

Clusters/vine Cluster wt. 
(g) 

Berry wt. 
(g) 

Yield 
 

(Kg/vine) 

Cluster 
compactness 

(g/cm) 

Vigor       

HV 1.8 19.9 a 291 a 3.0 a 5.9 a 23.5 a 

MV 1.8 19.8 a 265 b 2.6 b 5.3 a 21.5 b 

LV 1.7 17.0 b 181 c 2.3 c 3.2 b 17.5 c 

Strategy       

Control 1.8 19.1 234 b 2.5 b 4.6 b 20.1 b 

Traditional 1.8 18.4 226 b 2.5 b 4.3 b 19.6 b 

VRA 1.8 19.3 277 a 2.8 a 5.5 a 22.7 a 

ANOVA       

Vigor (V) n.s. ** ** ** ** ** 

Strategy (S) n.s. n.s. ** ** ** ** 

Year (Y) n.s. ** ** ** ** ** 

S x Y n.s. n.s. n.s. n.s. n.s. ** 

V x Y n.s. n.s. * n.s. ** n.s. 

V x S n.s. n.s. ** n.s. ** ** 
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Fig. 2 : Variation over vigor level of cluster weight (a), yield per vine (b) cluster compactness (c) and leaf-to-

fruit ratio (d) of Barbera vines as a function of nitrogen-supply strategy (S). Mean value ± se for each 

combination VxS (n=16). 

 
 

 

 

 

Must soluble solids at harvest (°Brix) ranged between a minimum of 22.0 in HV up to 24.9 in LV, with 

MV having similar values than those measured in HV (Table 4). Despite the highest titratable acidity 

(11.3 g/L) was registered in HV, the corresponding juice was the richest in K+ (1805 ppm) and, in 

turn, had the highest must pH (3.11). Malate was higher in HV and MV areas (>4.5 g/L). Moreover, 

in LV vines TA was 10.1 g/L (expressed as tartaric acid equivalents) as well as tartrate and malate 

concentration was 7.2 and 3.3 g/L, respectively.  

 

The musts from the three N-fertilization strategies were similar having a soluble solids concentration 

of about 23.5 °Brix. Must pH and malate concentration were around 3 and 4-to-4.3 g/L, respectively. 

The total antocyanins grape concentration showed a negative response to the increased vigor and 

varied between 0.89 g/kg to1.56 g/kg whereas phenols ranged from 1.67 to 2.66 g/kg in HV and LV 

blocks, respectively (Tab. 4). Both parameters were lower in areas where a VR nitrogen fertilization 

was applied even though a significant VxS interaction was described (Fig. 3). In MV vines, nitrogen 

distribution (traditional and VRA) decreased the anthocyanins and phenols berry concentration; this 

effect was also described for VRA in HV conditions whilst the traditional approach did not differ to 

the control. As reported in figures 3, both traditional and VRA strategies were similar to the control 

in the low vigor areas for anthocyanin and phenols concentration. 
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Tab. 4 – Fruit composition of Barbera vines as a function of vigor level (V) and nitrogen-supply strategy (S). 

(Data 2012-2013) 

 
 TSS 

(°Brix) 
pH TA 

(g/L) 
Tartrate 

(g/L) 
Malate 
(g/L) 

K+ 

(ppm) 
Anthocyanins 

(g/kg) 
Phenols 

(g/kg) 

Vigor         

HV 22.0 b 3.11 

a 

11.3 

a 

6.4 b 4.7 a 1805 a 0.893 c 1.674 c 

MV 22.5 b 3.07 

a 

11.2 

a 

5.9 c 4.5 a 1622 b 1.060 b 1.888 b 

LV 24.9 a 3.01 

b 

10.1 

b 

7.2 a 3.3 b 1470 c 1.560 a 2.656 a 

Strategy         

Control 23.5 3.07 10.6 6.3 4.0 1585 1.300 a 2.188 a 

Traditional 23.4 3.08 10.8 6.6 4.1 1635 1.192 a 2.130 a 

VRA 22.6 3.03 11.2 6.6 4.3 1679 1.021 b 1.901 b 

ANOVA         

Vigor (V) ** ** ** ** ** ** ** ** 

Strategy (S) n.s. * n.s. n.s. n.s. n.s. ** ** 

Year (Y) n.s. ** ** ** ** ** ** ** 

S x Y n.s. n.s. n.s. n.s. n.s. ** n.s. n.s. 

V x Y * n.s. * ** n.s. ** * ** 

V x S n.s. ** n.s. n.s. n.s. ** ** ** 

Within each column means are separated by Student Newman Keuls test (P<0.05). *,**, ns: Significant per p 

≤ 0.05, 0.01, or not significant, respectively. 

 

 

 

Fig. 3 : Variation over vigor level of total anthocyanins (a) and phenols (b) of Barbera vines as a function of 

nitrogen-supply strategy (S). Mean value ± se for each combination VxS (n=16). 
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Fig. 4 : Ripening curves referred to berry weight (a), soluble solids (b), total anthocyanins (c) and malate 

degradation (d) of Barbera vines as a function vigor (V). Mean value ± se (data 2013, n=4). 

 

 
Ripening curves referred to the 2013 season are reported in figure 4. From pre-veraison to harvest 

the berry weight in HV was significantly higher that LV as previously described in 2012 (data not 

reported). Sugar accumulation patterns were similar in HV and MV vines and different to LV 

conditions; the latter was always the highest in sugar fostering a final concentration of 24.7 °Brix 

(slightly higher than 22 °Brix in HV and MV). The anthocyanins accumulation varied within vigor 

classes according to soluble solids even though differences between LV and HV were grater in 

proximity of harvest. In both seasons, HV had a significantly higher malate concentration than LV at 

the onset of veraison that was kept over time until harvest. According to the final fruit composition 

described for main factors at harvest, the N-supply strategy showed similar patterns between 

treatments as concerning all variables describing the technological maturity. According to data 

reported in table 4, the final anthocyanin concentration in VRA was lower than control but differences 

were built over time just late in the season. 

 

Vigor affected the berry morphology as expressed as single components of berry growth (skin, flesh 

and seeds). The relative skin weight increased according to a decreasing in vine vigor and values 

ranged between 7.5% in HV and 11.4% in LV (Tab. 5). Consequently, the relative flesh weight varied 

the opposite way scoring the highest value in HV (88.7%). Any fertilization strategy did not result in 

any significant variation in the growth of berry organs and the relative skin weight was settled at 

9.6%. 

 

At harvest, the bunch rot infections varied as a function of both factors (Tab. 5). The rot incidence 

increased according to the vigor producing significant differences among all classes. The percentage 

of infected clusters was the lowest in LV blocks (11.6%) rising up to 56.9% in HV. Consequently, the 

highest the vigor, the highest the bunch rot severity (0.9 and 9.3% in LV and HV, respectively). The 

N-supply strategy affected both infection incidence and severity scores that increased in VRT and 

traditional protocols as compared to the unfertilized control vines. 
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Tab. 5 – Relative growth of berry components and cluster rot incidence and severity of Barbera vines as a 

function of vigor level (V) and nitrogen-supply strategy (S). (Data 2012-2013) 

 
 Relative skin 

wt. (%) 
Relative flesh 

wt. (%) 
Relative seed wt. 

(%) 
Incidence (%) Severity (%) 

Vigor      

HV 7.50 c 88.72 a 3.78 56.9 a 9.3 a 

MV 10.11 b 86.29 b 3.61 43.9 b 6.6 b 

LV 11.41 a 85.10 c 3.49 11.6 c 0.9 c 

Strategy      

Control 9.61 86.91 3.48 29.9 b 2.9 b 

Traditional 9.93 86.34 3.72 37.6 a 6.4 a 

VRA 9.48 86.84 3.68 45.0 a 7.6 a 

ANOVA      

Vigor (V) ** ** n.s. ** ** 

Strategy (S) n.s. n.s. n.s. ** ** 

Year (Y) ** ** * n.s. * 

S x Y n.s. n.s. n.s. * n.s. 

V x Y ** ** n.s. ** n.s. 

V x S * n.s. n.s. n.s n.s. 

Within each column means are separated by Student Newman Keuls test (P<0.05). *,**, ns: Significant per p 

≤ 0.05, 0.01, or not significant, respectively. 

 

 

 

 
Table 6 shows significant linear correlations between the central NDVI value referred to vigor levels 

and the corresponding 2-years values for agronomical parameters including single cane weight, 

lateral leaf area, and winter pruning weight which were strongly and positively correlated with NDVI 

as described by a R2 ranging between 0.95 and 1. Additionally, NDVI was positively correlated with 

berry and cluster weight, yield per vine and cluster compactness (R2>0,91). 
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Tab. 6 – Slope, Y interception, Pearson coefficient (r) and coefficient of determination (R2) referred to the linear 

regressions between NDVI index and agronomical variables assessed in the 2012-2013 period (n=3). 

 

Variable Slope Interception R R2 Significance 

Main pruning wt. (g/vine) 3012.06 -542.8966 0.9844 0.9690 * 

Lateral pruning wt. (g/vine) 1303.94 -351.2698 0.9834 0.9672 * 

Pruning wt. (g/vine) 4316.00 -894.1664 0.9841 0.9685 * 

Cane wt. (g) 298.668 -519.389 1.0000 1.0000 ** 

Lateral leaf area (m2) 7.5364 -1.7961 0.9771 0.9547 * 

Yield (kg/vine) 28.9736 -5.9631 0.9551 0.9123 * 

Cluster wt. (g) 1149.86 -181.8584 0.9562 0.9143 * 

Berry wt. (g) 7.7797 -0.2678 0.9905 0.9810 ** 

Cluster compactness (g/cm) 63.7206 -2.8746 0.9840 0.9683 * 

Must pH 1.1359 2.6383 0.9971 0.9943 ** 

Must K+ (ppm) 3520.37 323.1399 0.9985 0.9970 ** 

Total anthocyanins (mg/kg) -7.0176 3.7813 -0.9609 0.9233 * 

Phenols (mg/kg) -10.342 5.9203 -0.9509 0.9042 * 

Relative skin wt. (%) -41.159 24.9869 -0.9820 0.9643 * 

Relative seed wt. (%) 3.0263 2.5003 0.9969 0.9939 ** 

Relative flesh wt. (%) 38.1327 72.5128 0.9803 0.9610 * 

Cluster rot incidence (%) 476.924 -139.9286 0.9714 0.9435 * 

Cluster rot severity (%) 88.5839 -27.3286 0.9807 0.9617 * 

 

 

Discussion 

 
The results presented in this work underscores the importance of providing a detailed ground-

truthing of remotely sensed NDVI-based vigor maps which, in the present case, referred to a small 

Barbera vineyard of about 6400 m2 area. Although a relative low image resolution was allowed (5 m 

pixel), many agronomical variables were strongly correlated with NDVI (Tab. 6) suggesting that 

“mixels” (i.e. mixed pixels including vine and non-vine signals) can be an optimal resolution for 

describing the within-field variability as previously discussed by Lamb et al. (2004).  

 

Before shoot trimming, at least two different canopy development models occurred within the 

vineyard. A strong lateral growth was observed from basal and medial nodes in HV and MV vines 

as shown in figure 5 and, as a matter of fact, lateral leaf area and pruning weight increased 2 and 3 

fold, respectively, going from LV to HV (Tab. 2). Accordingly, LV canopies showed the lowest vine 

capacity as well as they were more open as compared to HV. Data reported in table 2 suggest as 

the vigor classes method pursued by PV is effective within parcel and is difficult to be adopted in 

order to perform any comparison among vineyards.  
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Figure 5 : Before shoot trimming, two different canopy development models occurred within the vineyard as 

described in HV-MV (a) and in LV (b) conditions. 

 

 
 

 

Although relating to two diverse varieties, comparing the low vigor Sangiovese vineyard (Fiorillo et 

al., 2012) and our experimental parcel, we can argue as in both LV blocks vine performance were 

different so, vigor in HV Sangiovese (Tuscany) was similar to the LV Barbera under Northern 

conditions. Consequently, in case of similar image resolution a comparison between two vineyard 

vigor maps might also consider the NDVI variation that in our research ranged between 0.301 and 

0.443. 

 

Although we expect a mid-term effect as a response to the fertilization, in this context the nitrogen 

supply did not affect the vegetative growth of vines treated with both traditional and VRT-assisted 

strategies as compared to the unfertilized control. 

 

As previously analyzed, NDVI was positively correlated with different yield components (Tab. 6). The 

66% increase of yield per vine in HV as compared to  LV was associated to an increasing of berry 

and cluster weight according to previous researches (Bramley and Hamilton, 2004; Profitt and 

Pearse, 2004; Fiorillo et al., 2012). Working on a less than hectare parcel, it is reasonable to assume 

that climate influence is limited and the observed variability is primarily due to variation in soil fertility 

(Lamb et al., 2004) which, in turn, depends on water and mineral availability (Jackson and Lombard, 

1993), soil depth, texture and organic matter content (Keller et al., 2005).  

 

As expected, cluster compactness increased according to the vigor and, despite the rachis length 

also increased, the enlargement in berry size was more than proportional (Fig. 6). The highest 

relative skin weight described in LV conditions is probably related to the smallest berry size. 

Additionally, because in HV blocks the fruit zone was more shaded, the microclimatic conditions 

likely did not promote skin thickening (Steel, 2001). Conversely, the more open LV canopies and the 

higher radiation in the fruit zone, favored a gradual adaptation to the sunlight as a result of the 

increased skin thickness and phenolic accumulation (i.e. flavonols) (Jansen et al., 1996; 1998; 

Haselgrove et al., 2000; Gatti et al., 2012; 2015). Vigor affected cluster rot sensitivity according to 

previous findings (Keller et al., 2001; Elmer and Michailides 2007) and, under the experimental 

conditions the highest infection rates were associated to dense canopies, compact bunches, big size 

and thin skin berries (Tab. 3 and 5). So, the fruit zone microclimate as well as the berry and bunch 

morphology seems to be the key factors. It is well demonstrated that the cuticolar waxes and 
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thickness (Marois et al., 1986; Fermaud et al., 2001) as well as the epidermal and hypodermal cell 

layers (Gabler et al., 2003) are related to an increased tolerance against botrytis. The high 

compactness of HV clusters increased contacts between berries that are associated to a cuticle 

thinning and decreasing in wax deposition (Marois et al., 1986; Rosenquist and Morrison, 1989). 

Additionally, as botrytis infections are promoted by cluster wetness (Broome et al., 1995), the lower 

cluster rot incidence and severity observed in small vines could also be associated to increased 

canopy ventilation (English et al., 1989). Finally, the more dense canopy may have partially filtered 

the UV radiation that is well known to be promoter of cuticolar wax thickness (Steel, 2001). 

 

 

Figure 6 : Barbera’s cluster morphology and compactness was different in high (a), medium (b) and low (c) 

vigor conditions. 

 
 

 

An interesting discussion about the effects induced by the nitrogen fertilization is offered by the 

interaction vigor x strategy (VxS) and the leaf-to-fruit ratio appears a good indicator of vine balance 

as a function of both factors. Because the leaf area was not affected by strategy (Tab. 2), the index 

variability observed in figure 2d was mainly associated to yield components. Consequently, in MV 

vines, the LA/Yield index decreased because the nitrogen supply fostered big clusters and increased 

crop load (Fig. 2a-b). The traditional strategy increased the leaf-to-fruit ratio in MV vines as a 

consequence of a reduced crop load; yield per vine and cluster weight were lower as compared to 

VRT and control vines and, even though we did not measure fruit-set, we can assume that nitrogen 

promoted vigor as well as coulure and berry drop (Bell et al., 1979; May, 2004; Bell and Hensheke, 

2005). This hypothesis is also supported by the lower cluster compactness induced by the traditional 

fertilization (60 kg of N/ha) as compared to the VRT-assisted and the control (in both 0 kg of N/ha). 

Despite an increasing in N supply (0, 60 and 120 kg of N /ha in control, traditional and VRA, 

respectively), the most interesting scenario emerge in LV conditions where all N-fertilization 

strategies resulted in similar leaf area and vine balance. Agronomical and enological parameters 

generally showed ideal values under low vigor conditions suggesting that LV is the target and any 

corrective action need to be addressed to the HV and MV vines. Additionally, a ground nitrogen 

fertilization in low vigor areas is unnecessary, expensive and probably a not sustainable practice. 
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The delayed ripening has been described in MV and HV conditions as concerning sugar and 

anthocyanins accumulation (Fig. 4) can be related to differences in soil properties as mineral and 

water availability affecting canopy growth and yield (Jackson and Lombard., 1993; Weeler and 

Pickering, 2003). Accordingly, TSS in LV vines were ≈ 3°Brix higher than HV (Tab. 4) and searching 

for the reasons of such variability, several factors need to be taken into account. Although the leaf-

to-fruit ratio was unaffected by vigor and leveled around the optimal threshold, it is possible to 

assume that canopy efficiency was different. According to (Smart 1973; 1985) the proportion of 

exterior LA to total LA ranged between 76 and 79% in HV and MV vines whilst was 100% in LV 

plants indicating an higher frequency of interior and shaded leaf layers in the large canopies. So, we 

can assume that the proportion of leaves with a negative assimilation rate increases according to 

the NDVI in more dense canopies resulting in a less efficient sugar accumulation in the fruit. 

 

Although TA was significantly higher in HV and MV blocks, the must pH and K+ concentration were 

the lowest in LV vines. This observation is supported by a different organic acid profile mainly 

characterized by tartrate (pK1 = 2.98; pK2 = 4.34) and malate (pK1 = 3.40; pK2 = 5.22) in LV and HV 

juices, respectively. Factors affecting the within-field variability (soil water availability and the 

nitrogen concentration) seems to have a slight effect on the seasonal tartaric accumulation whilst 

are crucial in the control of malate metabolism (Stevens et al., 1995; Keller et al., 2005). So, because 

the decrease in tartrate levels from veraison to harvest is mainly regulated by dilution (Ruffner 1982a; 

Dai et al., 2011), we can assume that this phenomenon was more intense in HV in comparison with  

LV. Additionally, in the high density canopies from HV and MV, the interior leaves were probably less 

efficient and promoted a K+ migration to the vacuoles as described by Iland (2011) whilst the higher 

shading exerted by leaves may have mitigated the cluster temperature and consequently the rate of 

malate degradation (Ruffner 1982b; Jackson and Lombard, 1993; Dai et al., 2011). Variation in 

anthocyanin and phenols content are probably dependent on soil fertility and fruiting-zone 

microclimate (Jackson and Lombard, 1993; Delas and Pouget, 1984Downey et al., 2006). 

 

Despite a lower crop load measured in MV vines, the anthocyanins concentration was similar 

between all fertilization strategies adopted in the high vigor blocks suggesting as in these conditions 

the N-supply can foster vigor and canopy density respect to the secondary metabolism (Fig. 3a). 

Nitrogen produced a negative effect in MV as well that neutralized the effect related to vigor 

decreasing. Finally, any difference among treatments was not observed in low vigor vines for the 

same reasons already discussed about vine balance. 

 

 

Conclusions 

 

The study of the within-field variability of a Barbera vineyard was successfully supported by remote 

sensing. Three vigor classes were distinguished as a function of the natural and anthropic soil 

variability and specific vine performance were described based on growth, yield and fruit composition 

behaviors. The NDVI index was strongly and significantly correlated with cane weight, pruning 

weight, lateral leaf area and berry size.  

 

Affecting canopy development, fruit zone microclimate as well as bunch and berry morphology varied 

within the vineyard according to vigor; cluster rot sensitivity varied among vigor classes resulting the 

highest in high vigor blocks. 
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Fruit ripening and berry composition at harvest were affected by vigor suggesting that the 

introduction of selective harvest in the Tidone Valley might reveal to be economically viable. Grapes 

from low vigor vines were riper, TA was more balanced and the anthocyanin and phenolic content 

were the highest. Additionally, vigor enhanced the vine productivity and was negatively correlated 

with TSS, anthocyanins and phenols whereas a positive correlation with malate and K+ was 

described.  

 

The N-fertilization strategy did not affected canopy growth whilst a higher reaction to the N-supply 

was described for yield components and vine balance. In HV and MV blocks, the VRT-assisted 

fertilization induced a similar crop load than control and traditional strategies, respectively. Under 

low vigor conditions, the vine balance was optimal and the nitrogen supply did not affect the vine 

performance regardless of the adopted strategy. 

 

Although the vineyard description as a function of the vine vigor seems to be consistent over years, 

further studies are required in order understand the mid-to-long term effects of nitrogen supply as a 

function of different fertilization strategies. 
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ABSTRACT 

Within-vineyard variability is known to deeply affect vine performance. Precision viticulture (PV) is a precious 

tool to describe and manage it through innovative variable rate technologies (VRT) that deliver a calibrated 

input according to the real vine need. Very few comparisons are still available between standard and VRT 

protocols. The present study aims to: i) describe within-field variability in a vineyard sited in the NW of Italy 

through a standard NDVI approach; ii) provide agronomical ground truthing on a two year basis (2012-2013) 

of the NDVI vigor levels; iii) evaluate mid-term effects of VRT-assisted N-supply. A multispectral image by 

remote sensing was taken on July 2010 (full canopy) on a mature, Guyot trained, cv. Barbera/K5BB vineyard 

planted at 4167 vines/ha. Experimental layout was a vigor level x N-supply strategy factorial. Three vigor levels 

(low-LV, medium-MV and high-HV) were derived from the NDVI map, whereas the N strategy included 

traditional, VRA (VR application) and control. The N-supply (kg of N/ha) varied as it follows: control (0 kg/ha), 

traditional (60 kg/ha), VRT (0, 60 and 120 kg/ha in HV, MV and LV vigor blocks, respectively). 

In HV, pruning weight was higher than LV (895 vs 485 g/vine), whereas berry and cluster weight and yield 

decreased from HV to LV (3 vs. 2.3g, 291 vs. 181g and 5.9 vs. 3.2 kg/vine, respectively). Cluster rot intensity 

varied according to compactness (12 vs 57% and 17.5 vs 23.5 g/cm in LV and HV, respectively). Total soluble 

solids, anthocyanins and phenols were higher in LV than HV (24.9 vs 22 Brix, 1.56 vs 0.89 g/kg and 2.66 vs 

1.74 g/kg), while malic acid was highest in HV (4.7 g/L). NDVI was closely correlated with pruning weigh, 

laterals growth, berry weight, cluster compactness and must pH. 

Vines from LV were most balanced and able to provide the best fruit quality in a context of long-aging red wine 

production. The VRA reduced N waste in HV while vines from LV blocks showed a low sensitivity to increased 

N supply.  
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