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Abstract
Vineyards are usually managed by tilling the inter-rows to avoid competition from other plants for soil water and nutrients. 

However, in humid and sub-humid climates, such as that of NW Spain, cover crops may be an advantage for controlling vine veg-
etative growth and improving berry composition, while reducing management costs. The current study was conducted over three 
consecutive growing seasons (2012-2014) to assess the effects of establishing three permanent cover crop treatments on water rela-
tions, vine physiology, yield and berry composition of a vineyard of the red cultivar ‘Mencía’ (Vitis vinifera L.) located in Leiro, 
Ourense. Treatments consisted of four different soil management systems: ST, soil tillage; NV, native vegetation; ER, English 
ryegrass (Lolium perenne L.); and SC, subterranean clover (Trifolium subterraneum L.). Midday stem water potential was more 
negative in the native vegetation treatment, causing significant reductions in leaf stomatal conductance on certain dates. Total vine 
leaf area and pruning weight was reduced in the cover crop treatments in the last year of the experiment. Yield was unaffected by 
the presence of a cover crop. No significant differences among treatments were observed for berry composition; however, wines 
were positively affected by the SC treatment (higher tannin content and colour intensity and lower malic acid concentration when 
compared with ST). Wines from the cover crop treatments were preferred by taste panelists. These results indicate that in humid 
climates cover crop treatments can be useful for reducing vine vegetative growth without compromising yield and berry quality.
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Introduction
The adoption of cover crops as soil management 

systems in Mediterranean rain-fed vineyards has been 
limited due to the concern of excessive water and nutri-
ent competition between these crops and the vines 
(Lopes et al., 2008). However, a number of environ-
mental and agronomical benefits could be obtained 
from cover crops in these agrosystems: soil protection, 

improvements in physical and biological properties of 
soils, increases in plant species diversity, enhancement 
of berry quality, reductions in vine vigour, etc. (Morlat 
& Jacquet, 2003; Peregrina et al., 2010; Ruiz-Colme-
nero et al., 2011; Virto et al., 2012). Despite these 
advantages, vineyards in Spain are usually managed 
through tillage in the inter-row and herbicides in the 
vine row (Ibáñez Pascual, 2013).
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consumption would decrease by the use of cover crops, 
reducing air pollution.

In this regard, the present study aimed to assess the 
effects of four different soil management systems in 
the vineyard, including soil tillage and three different 
permanent cover crops (native vegetation, sown 
ryegrass, and subterranean clover), on water relations, 
grapevine physiology, vegetative growth, yield, berry 
composition and wine attributes of ‘Mencía’ cultivar, 
the main red grapevine cultivar from Galicia (a sub-
humid region in NW Spain). For this purpose, experi-
ments were carried out over a period of 3 years with 
contrasting rainfall regimes.

Material and methods

Site description

The experiment was carried out during three con-
secutive seasons (2012-2014) in a 0.1-ha rain-fed 
vineyard (Vitis vinifera L. cv. ‘Mencía’) located in the 
experimental field of the Estación de Viticultura e 
Enoloxía de Galicia (EVEGA), in Leiro (42º 21.6’ N, 
8º 7.02’ W, elevation 115 m), Ourense, Spain. The 
vineyard was planted in 2007 on 196-17C rootstock at 
a spacing of 2.3×1.25 m (3,478 vines/ha) and vines 
were trained to a vertical trellis on a single cordon 
system (10-12 buds/vine) oriented in the East-West 
direction.

The soil at the site was an Inceptisol with sandy-
loam texture (68% sand, 19.4% silt, 12.6% clay), 
acidic (pH 5.8), and with a high organic matter content 
(4%). The soil has a rather shallow profile (≈ 1 m), and 
available water capacity is about 100 mm/m.

Climate of this region has been classified as temper-
ate, humid with cool nights (Fraga et al., 2014), with 
average annual rainfall of 900 mm of which about 70% 
falls during the dormant period. Weather conditions 
during the experiment (Table 1) were recorded with an 
automated meteorological station located 250 m from 
the vineyard.

Experimental design

Treatments consisted of four different soil manage-
ment systems in the inter-rows (approximately, 85% of 
the inter-row): i) soil tillage (ST); ii) native vegetation 
(NV); iii) English ryegrass (Lolium perenne L.) sown at 
40 kg/ha (ER); and iv) subterranean clover (Trifolium 
subterraneum L.) sown at 30 kg/ha (SC). Treatments 
with cover crops were mowed three times per year, when 
vegetation reached 20 cm height, whereas the control 

In Galicia (NW Spain), favourable temperatures and 
soil water availability during springtime enable a fast 
canopy establishment in the vineyards. This may induce 
a dense canopy, creating unbalanced vines and unfa-
vourable microclimate at the cluster zone, which can 
be deleterious for berry health and ripening (Smart & 
Robinson, 1991), which is the case of Galicia due to 
high spring rainfall amounts and mild temperatures. 
Those highly vigorous vines need more intensive 
canopy management (shoot trimming and defoliation), 
increasing management costs. In these situations, the 
use of cover crops may provide a useful tool for reduc-
ing grapevine vegetative growth since soil water and 
nutrients can be extracted by those cover crops and thus 
induce a mild stress in the vines (Celette et al., 2008, 
2009).

Nevertheless, research on competition for water 
resources between grapevines and cover crops has led 
to contradictory results, likely due to differing pedo-
climatic conditions. Some studies showed a high water 
stress affecting grapevines when they were grown with 
a cover crop (Maigre, 1996; Monteiro & Lopes, 2007), 
whereas others reported that intercropped vineyards 
did not always exhibit higher water stress than those 
under bare soil (Celette et al., 2005; Lopes et al., 2008). 
Moreover, vineyards need a moderate water stress to 
produce the grape quality necessary for wine produc-
tion (Dry & Loveys, 1998), and the characteristics 
usually considered for grape quality (total soluble 
solids content, titratable acidity, pH, malic and tartaric 
acid contents) have been reported to improve or not to 
be altered by the use of cover crops (Monteiro & Lopes, 
2007; Lopes et al., 2008; Marques et al., 2010), al-
though grapevine vigour and yield can be affected 
(Ruiz-Colmenero et al., 2011).

Therefore, more research is needed in order to char-
acterize the effects that permanent cover crops may 
have on grapevine yields and quality, as well as in soil 
water and soil quality dynamics under different pedo-
climatic conditions. In the case of Galicia and its tra-
ditional grapevine cultivars such as ‘Mencía’, the main 
problems that the use of cover crops may help to solve 
are the excess of vegetative growth and unfavourable 
microclimate at the cluster zone which, favoured by 
autumn rainfall, causes rotten harvests. Moreover, 
‘Mencía’ is a cultivar with a low colour potential that 
may be increased by the use of cover crops. Although 
erosion is not a major problem in Galicia as compared 
to Mediterranean regions, under certain circumstances 
such as bare soil and heavy autumn rainfalls, soil 
losses may reach values similar to those observed in 
Mediterranean conditions (Mirás-Avalos et al., 2009); 
this problem would be reduced by the use of cover 
crops as soil management. Finally, tractor fuel and time 
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Stomatal conductance was measured fortnightly on 
one leaf per plant and two plants per replicate (6 plants/
treatment) using a leaf porometer (Model SC1 Decagon 
Devices, WA, USA). The leaves were healthy, mature 
and fully exposed to sunlight.

Chlorophyll a (Chl a) fluorescence attributes were 
measured in situ with a pulse-amplitude-modulated 
fluorometer (FMS 2, Hansatech Instruments, Norfolk, 
UK) as described by Moutinho-Pereira et al. (2012), 
on the same leaves where stomatal conductance was 
measured. Leaves were dark-adapted for at least 10 
minutes using dark-adapting leaf-clips. Several pho-
tosystem II (PSII) attributes were obtained (Maxwell 
& Johnson, 2000): the maximum quantum efficiency 
of PSII (Fv/Fm), the photochemical efficiency of PSII 
(FPSII), the electron transport rate (ETR), photo-
chemical quenching (PQ), non-photochemical 
quenching (NPQ) and the steady-state fluorescence 
yield (Fs).

Chl a fluorescence measurements were performed 
between 1130 and 1330 h, at canopy maturation (be-
ginning or mid-August). In 2013, these determina-
tions were not taken, due to equipment malfunction-
ing.

Chlorophyll concentration index (CCI) was also 
estimated non-destructively using a CCM-200 portable 
chlorophyll meter (Opti-Sciences, Tyngsboro, MA, 
USA), which calculates a unitless CCI value from the 
ratio of optical absorbance at 655 nm to that at 940 nm. 
These measurements were performed on 3 leaves/plant 
and 6 plants/treatment. Major veins and areas of obvi-
ous visual damage or disease were avoided. CCI values 
have been reported to be correlated with total foliar 
extractable chlorophyll (van den Berg & Perkins, 2004; 
Steele et al., 2008).

Yield was assessed at harvest (date was determined 
by berry sugar content, although rainfall forecast was 
also taken into account) on each of the internal rows 
(5 vines/row) of each replicate and treatment. The 
number of clusters/vine was also recorded. Average 
cluster weight was computed by dividing yield per 

under tillage was kept with no vegetation through cul-
tivation. Cover crop residues were left on the soil surface 
after mowing. Soil was worked the same number of 
times under ST than under the cover crop treatments.

With the exception of soil use, vineyard management 
practices were the same for all treatments. In spring, 
shoot thinning was carried out. Trimming was per-
formed in order to control vegetative growth, once prior 
to veraison, on the same day in all treatments.

The treatments were replicated three times in a com-
plete randomized block design. Each replicate con-
sisted of three rows with 7 vines per row. The five vines 
in the center of the middle row were used for measure-
ments and the rest acted as buffers.

Field determinations

Stem water potential was assessed fortnightly on one 
mature and healthy leaf of two plants per replicate 
(thus, 6 plants/treatment), using a pressure chamber 
(SoilMoisture Inc., Santa Barbara, CA, USA). Stem 
water potential was measured at midday on non-tran-
spiring leaves that had been bagged with both plastic 
sheet and aluminium foil for at least 1 hour before 
measurements (Choné et al., 2001). This modality of 
leaf water potential has been proven useful for estimat-
ing the vine water status of Galician grapevine cultivars 
(Mirás-Avalos et al., 2014).

The water stress integral (MPa-days) was calculated 
from the stem water potential data according to the 
following equation (Myers, 1988):

 
SΨ = (Ψ i,i+1 − c)n

i=0

i=t

∑
 

where Yi,i+1 is the average stem water potential for any 
time interval; c is the value of the maximum stem water 
potential measured during the study; and n is the num-
ber of days in the interval.

Table 1. Mean temperature, potential evapotranspiration (ET0) and rainfall during the growing season (April to harvest) and 
annual rainfall, ET0 and mean temperature of each year.

Year
Growing 

season rainfall
(mm)

Annual 
rainfall
(mm)

Annual
ET0

(mm)

Growing 
season ET0

(mm)

Growing 
season mean 
temperature

(ºC)

Annual mean 
temperature

(ºC)

Growing 
season degree 

days
(ºC day)

2012 313 841 914 698 17.2 13.1 1491
2013 163 1283 955 745 17.8 13.5 1511
2014 185 1301 963 739 18.0 14.2 1509

ºC day = Growing degree days basis 10ºC.
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ples of about 35 kg from each treatment. Due to 
limitations on grape production and fermentation 
tanks and to fulfill the requirements of a bigger pro-
ject, only one vinification per treatment was carried 
out.

Grapes were mechanically destemmed and trans-
ferred to 35-L stainless steel containers. During grape 
processing, 50 mg/L of SO2 were added to the mass. 
Fermentations were carried out at room temperature 
(22-24ºC). Excellence XR (Lamothe-Abiet, Bor-
deaux, France) yeast was added following manufac-
turer’s instructions. The wine lots were punched 
down daily until the end of alcoholic fermentation (8 
days). Then, they were pressed, racked into new tanks 
and kept at room temperature for a couple of days. 
Then, wines were kept at 4ºC in a chamber for a pe-
riod of approximately one month for cold stabiliza-
tion. After this period, wines were filtered, bottled 
and stored.

Analytical determinations in the wines were per-
formed just after alcoholic fermentation. Finally, after 
three months of storage under the same temperature 
and humidity conditions, the wines from the different 
treatments were tasted each year by, approximately, 50 
consumers ranging from 21 to 65 years (55, 51 and 51 
consumers in 2012, 2013 and 2014, respectively). The 
proportion of males and females was different each 
year but, on average, 60% of them were males. These 
tasters had different wine consumption habits and di-
verse experiences with wines; hence, a broad spectrum 
of opinion was expected. Wines from each treatment 
were presented to consumers in transparent glasses, so 
they could compare them visually, olfactory and tasting. 
Consumers were asked to rank the wines from first to 
fourth, according to their preferences.

Statistical analysis

Analysis of variance was performed on the agro-
nomic data using the “aov” procedure of the R statis-
tical software (v. 2.11.1; R Development Core Team, 
2010). Means were separated using the Tukey’s Hon-
est Significant Difference test. Across years, data were 
analyzed with soil management treatment, block, year 
and their interaction as factors. Differences were 
considered significant when p<0.05. In the case of 
wines, since we only had one data per year and treat-
ment, we performed the statistical analysis using year 
as replication. Therefore, we present data on wine 
attributes per treatment as an average for the three 
years considered. Data from the consumer tests was 
analyzed through correspondence analysis (Benzécri, 
1992).

plant by the number of clusters. Berry weight was de-
termined on random samples of about 150 berries per 
replicate.

Pruning weight (PW) was determined in five vines 
per replicate. Surface area (SA) was estimated in 6 
vines/treatment, after veraison, when shoot growth had 
ceased, following the method proposed by Sánchez de 
Miguel et al. (2010), in which the width and height of 
the canopy are collected at five different spots along 
the vine using a measurement tape. 

Furthermore, in 2014, total leaf area per plant was 
estimated in 6 plants/treatment. For doing this, a rela-
tionship between leaf main nerve and leaf area was 
established in 100 leaves using a leaf area meter 
(AM350, ADC Bioscientific Ltd., UK). Finally, we 
obtained the following relationship: Leaf area = 
0.9984 × (Leaf main nerve)2.1121, with an R2 of 0.92 
(p< 0.01). Then, the veins of all the leaves from four 
shoots per plant were measured and the leaf area for 
an average shoot was obtained. Then, this value was 
multiplied by the number of shoots to obtain the total 
leaf area of each vine.

Must and wine quality determinations

Basic attributes of musts (total soluble solids, pH, 
titratable acidity, tartaric and malic acid concentrations) 
and wines (alcohol, pH, titratable acidity, tartaric and 
malic acids concentrations) were determined by Fou-
rier transform infrarred spectrometry (FTIR) using a 
WineScan FT120 analyzer (FOSS Electric, Barcelona, 
Spain) calibrated according to the official methods 
(OIV, 2009).

Wine colour attributes, including colour intensity, 
total phenolics index, anthocyanins and tannins contents 
were determined using the methodology described by 
Glories (1984) and Zamora (2003) using an ultraviolet-
visible Themo Helios Zeta spectrophotometer. Total 
polyphenol index was directly measured after diluting 
1% the wines. Total anthocyanins were quantified ac-
cording to the decolouration experimented by adding 
metabisulphite and were expressed as mg/L; total tan-
nins were determined after wine treatment with concen-
trated hydrochloric acid.

Microvinifications procedure and consumer 
tests

Grapes from the different treatments were manu-
ally harvested on the same day and were transported 
to the experimental winery in field boxes. Vinifica-
tions were performed at EVEGA separately on sam-
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Water stress integral values (Fig. 2) differed between 
years, being greater in 2013. This water status indica-
tor was significantly different among treatments in 
2013 and 2014 but not in 2012. Significantly higher 
water stress integral values were found under the NV 
treatment and lower values were observed under SC.

Stomatal conductance showed a similar evolution 
over the growing season for all the treatments consid-
ered in this study (Fig. 1). Due to the high variability 
in stomatal conductance readings, no significant differ-
ences between treatments were observed in most of the 
measurement dates.

The attributes of Chl a at the ripeness stage reflected 
significant differences among treatments (Table 2), al-
though their behaviour was different in 2012 and 2014. 
In both seasons, Fv/Fm did not present significant differ-
ences among treatments. In 2012, no significant differ-
ences were observed for FPSII and NPQ; however, ETR 
was greater in ST and NV vines than in those under ER 
and SC, PQ was lower under NV and Fs was higher under 
NV than under the other treatments. In 2014, ER vines 
presented higher values for FPSII and PQ and lower values 

Results

Climatic conditions and plant water relations

During the experimental period (2012-2014), the 
mean air temperature varied between 13 and 14ºC 
(Table 1). Precipitation was different between years, 
the lowest amount of rainfall was observed in 2012 
(841 mm), whereas in 2013 and 2014 annual rainfall 
was similar (1283 and 1301 mm, respectively). How-
ever, the growing season of 2012 was wetter than those 
of 2013 and 2014 (Table 1).

Plant water status, as measured by midday stem 
water potential, showed a decreasing trend throughout 
the growing season for all the four soil management 
practices considered in this study (Fig. 1). In 2012, 
vines under ST showed a less negative stem water 
potential by the end of the season. In 2013, plants under 
NV showed more negative values for stem water po-
tential from mid-season till harvest, whereas in 2014, 
both plants under NV and ST showed more negative 
values than those under ER and SC by harvest date.
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Figure 1. Effect of four soil management strategies (ST, soil tillage; NV, native vegetation; ER, English ryegrass; 
SC, subterranean clover) on stem water potential and stomatal conductance during the growing season (2012, 2013 
and 2014). Points are the average of six measurements. Different letters indicate significant differences (p<0.05) 
among treatments.
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of ETR than those from the other treatments; whereas 
NPQ was higher under NV and Fs was greater under ST.

In the 2013 growing season, CCI values were lower 
under NV except in dates near harvest, when no significant 
differences were observed between treatments (Fig. 3). 
In 2014, leaves from vines under ST showed greater CCI 
values than those from the rest of the treatments. 

Vegetative growth, yield and crop load

Overall, vegetative growth and yield were mostly 
unaffected by soil management except for pruning and 

Table 2. Maximum (Fv/Fm) and effective (FPSII) quantum efficiency of photosystem II, apparent electron transport rate (ETR), 
photochemical (PQ) and non-photochemical (NPQ) fluorescence quenching and fluorescence in steady-state (Fs) in ‘Mencía’ 
grapevine attached leaves as a function of soil management determined on ripeness stage (10 August 2012 and 6 August 2014).

Treatment1 Fv/Fm FPSII ETR PQ NPQ Fs

10 August 2012
ST 0.76 0.46 141.02 b 0.50 b 0.85 288.43 a
NV 0.82 0.42 133.38 b 0.44 a 0.82 354.10 b
ER 0.80 0.50 92.71 a 0.52 b 0.85 286.80 a
SC 0.81 0.50 82.62 a 0.56 b 0.85 305.47 ab

ns ns * * ns *
6 August 2014

ST 0.87 0.48 a 91.06 b 0.49 a 0.79 b 353.60 b
NV 0.87 0.43 a 97.59 b 046 a 0.58 a 234.43 a
ER 0.86 0.62 b 77.21 a 0.65 b 0.86 b 209.07 a
SC 0.85 0.50 a 99.33 b 0.55 ab 0.79 b 211.77 a

ns * * * * *
1 ST: soil tillage; NV: native vegetation; ER: English ryegrass; SC: subterranean clover. ns = non-significant, * = significant at 
p<0.05. Different letters in the column indicate significant differences between treatments at p<0.05.
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nificant differences among treatments (p<0.05). 

Figure 3. Effect of four soil management strategies (ST, soil till-
age; NV, native vegetation; ER, English ryegrass; SC, subterra-
nean clover) on the relative chlorophyll content index during the 
2013 and 2014 growing seasons, from ripeness stage to harvest. 
Bars indicate the standard error of the mean. Different letters on 
the columns indicate significant differences (p<0.05) for each date. 
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Surface area values (Table 3) are within the range 
of those considered optimal for traditional vineyards 
and could ensure the optimal maturation up to 9-12 t/
ha, considering a minimum of 1 m2/kg of grape (Sch-
neider, 1989). Our yield values ranged from 3.7 to 9 t/
ha so no much differences in must composition are 
expected. Despite some seasonal differences in SA 
between treatments (Table 3), the statistical analysis, 
considering “year” as a factor, turned out almost no 
differences between treatments (p>0.05). SA and prun-
ing weight are tightly related and thus, in this case, 
significant differences were obtained when studying 
the 3-year response (Table 3). Probably, the bigger 
sample collected for pruning weight (15 vines/treat-
ment) respect to SA (6 vines/treatment) allowed for 
decreasing field variability and obtaining more consist-
ent results. ST had the highest pruning weight while 
no differences arised among cover crops. Factor “Year” 
was also significant (Table 3) being average PW 

berry weight (Table 3). Year exerted a significant influ-
ence on pruning weight, yield, cluster number/vine and 
average cluster weight. The interaction between treat-
ment and year factors exerted a significant influence 
on pruning weight and average cluster weight.

When each year was considered separately, the veg-
etative growth and yield attributes behaved differently 
(Table 3). Surface area was lower in SC than in ER in 
2012 and lower than ST in 2014. Total leaf surface, 
measured in 2014 (Table 3), was significantly greater 
in vines under ST than those from the cover crop treat-
ments. Pruning weight was lower in NV and ER than 
ST in 2014. Yield was lower in SC than in ER in 2013. 
The number of clusters per vine was unaffected by the 
soil management treatment in the three seasons con-
sidered. Cluster weight was greater in ST than in ER 
and SC in 2012, and higher than in NV in 2014. Fi-
nally, berry weight was greater in ST than in the other 
treatments the three years considered (Table 3).

Table 3. Surface area, pruning weight and yield components of the different soil management treatments (ST, soil tillage; NV, 
native vegetation; ER, English ryegrass; SC, subterranean clover) during each season. The significance of the factors (treatment 
and year) and their interaction is also presented.

Parameter Year ST NV ER SC Statistical 
significance Treatment Year Treatment 

× Year

Surface area (m2/m2) 2012   1.03 ab   1.04 ab   1.20 b   0.98 a *

ns ns ns2013   0.90   0.89   0.98   0.87 ns

2014   1.22 b   1.11 ab   1.10 ab   1.00 a *

Total leaf area (m2/vine) 2014   6.52 b   5.26 a   5.23 a   4.97 a * * – –

Pruning weight (kg/vine) 2012   0.65   0.54   0.77   0.87 ns

* * *2013   0.66   0.47   0.63   0.65 ns

2014   1.36 b   0.87 a   0.87 a   1.06 ab *

Yield (kg/vine) 2012   2.55   2.17   2.37   1.95 ns

ns * ns2013   1.43 ab   1.40 ab   1.66 b   1.08 a *

2014   1.97   1.52   1.68   1.85 ns

Clusters/vine 2012  15  13  17  15 ns

ns * ns2013   9  10  10   8 ns

2014  18  17  16  17 ns

Cluster weight (g) 2012 178.06 b 163.88 ab 138.44 a 125.27 a *

ns * *2013 150.98 135.31 164.14 144.52 ns

2014 110.47 b  86.36 a 107.15 b 104.41 ab *

Berry weight (g) 2012   1.96 b   1.86 ab   1.72 a   1.69 a *

* ns ns2013   1.65 b   1.26 a   1.43 a   1.30 a *

2014   2.29 b   1.93 a   1.82 a   1.84 a *

Different letters in the row indicate significant differences between treatments at p<0.05. ns: not significant; * significant at p<0.05. 
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higher in 2014 than 2012 and 2013. Season 2014 was 
warmer (Table 1) with temperatures closer to the opti-
mal range of vegetative growth. Rainfall was more than 
enough to fulfill vineyard and cover crop water needs 
and soil water availability can guarantee the water sup-
ply during the short dry period (compare rainfall and 
ET0 values in Table 1).

Table 4. Attributes of must quality of the different soil management treatments (ST, soil tillage; 
NV, native vegetation; ER, English ryegrass; SC, subterranean clover) during each season. 

Attribute Year ST NV ER SC

Total soluble solids (ºBrix) 2012 21.6 21.6 21.3 21.1

2013 24.0 23.2 23.5 22.9

2014 22.9 22.5 21.7 19.1

Titratable acidity (g/L tartaric acid) 2012 4.2 4.2 4.6 4.6

2013 3.5 3.5 4.0 4.0

2014 4.5 4.3 4.8 5.9

pH 2012 3.76 3.74 3.69 3.69

2013 3.96 3.86 3.83 3.81

2014 3.84 3.77 3.70 3.46

Tartaric acid (g/L) 2012 4.8 5.0 5.1 5.3

2013 5.2 4.9 5.2 5.1

2014 4.9 5.0 5.0 5.2

Malic acid (g/L) 2012 3.1 3.5 3.1 3.0

2013 3.6 2.7 3.5 3.0

2014 3.6 3.1 3.5 3.8

Table 5. Attributes of wine quality of the different soil management treatments (ST, soil tillage; 
NV, native vegetation; ER, English ryegrass; SC, subterranean clover) averaged for the three 
seasons studied.

Attribute ST NV ER SC Statistical
significance

Wine alcohol (% vol)  13.1  12.9  12.6  12.1 ns

Titratable acidity (g/L tartaric acid)   4.3   4.2   4.3   4.0 ns

Wine pH   4.39   4.31   4.24   4.25 ns

Tartaric acid (g/L)   2.3   2.4   2.3   2.3 ns

Malic acid (g/L)   1.9 b   2.0 b   1.6 ab   1.2 a *

Total phenolics index (AU)  56.7  55.7  58.3  57.7 ns

Anthocyanins (mg/L) 569.9 570.8 605.8 561.8 ns

Colour intensity (AU)   9.5 a  10.1 ab   9.1 a  10.8 b *

Tannins (g/L)   2.0 b   1.8 a   2.1 b   2.1 b *

Different letters in the row indicate significant differences between treatments at p<0.05. ns: not sig-
nificant; * significant at p<0.05. AU: absorbance units.

Must and wine composition, consumers’ 
perception

In this experiment, no significant differences were 
observed in any of the must attributes considered 
(Table 4). Alcohol content, titratable acidity, pH, tar-
taric acid, total phenolics index and anthocyanins 
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were not very clear in 2012, which was the driest year 
but the wettest growing season, and reflected slightly 
higher values of midday stem water potential in vines 
under ST at the end of the season, due to the lack of 
competition from cover crops. However, in 2013 and 
2014, with similar rainfall amounts, significant differ-
ences in water status were detected on several dates. 
Surprisingly, the less negative stem water potential 
values were observed in vines under the SC and ER 
treatments (Fig. 2), which may be due to the reduction 
of total leaf area that may have caused a lower plant 
transpiration in these treatments when compared with 
ST, as observed in some irrigation studies (Intrigliolo 
& Castel, 2010).

Despite the observed differences in water status, 
vine stomatal conductance was only slightly af-
fected by the use of cover crops, indicating an ad-
equate physiological status of the vines in each 
treatment (Fig. 1). Anyway, vines in the NV treatment 
showed lower stomatal conductance values, suggest-
ing a greater competition between cover crop and 
vines in this treatment, probably due to the presence 
of broad-leaved species (Monteiro et al., 2008) and 
the fact that NV and ER covered around 70% of the 
interrow, whereas SC only covered 45% of the inter-
row, approximately. Stomatal conductances measured 
in our study were much greater than those reported 
by other authors (Williams & Araujo, 2002; Intrigl-
iolo & Castel, 2009). These results might have been 
caused by sufficient soil water availability and a high 
relative humidity in the atmosphere (higher than 45% 
over the study period) during our study. Apparently, 
no water restrictions were experienced by the vines 
and they had normal vegetative and transpirative 
behaviour, which was close to the optimal value for 
stomatal conductance reported by Buckley et al. 
(2014). In addition, most of the published data come 
from studies carried out in semi-arid or Mediterra-
nean regions (e.g. de Souza et al., 2003; Intrigliolo 
& Castel, 2009), where vines are subjected to 
greater water restrictions than those observed in our 
study; thus, we expected to obtain higher stomatal 
conductances. Moreover, stomatal density in grape-
vine leaves depends on the cultivar (Rogiers et al., 
2009), which might have also exerted an effect when 
considering the high conductance values observed. 
Furthermore, Williams & Trout (2005) and Teszlák 
et al. (2013) found peak values of stomatal conduct-
ance greater than 0.8 mol H2O/m2/s in well-irrigated 
‘Thompson Seedless’ and ‘Riesling’ vines (similar 
to those observed for Mencía in the current study). 
A recent study in Italy reported values greater than 
1 mol H2O/m2/s in four Sicilian grapevine cultivars 
(Inzerillo et al., 2014). In fact, stem water potential 

content were very similar in the wines from the four 
treatments studied (Table 5). Malic acid content tend-
ed to be higher in wines from the NV treatment. Colour 
intensity was lower in ST and ER wines. Finally, tan-
nins content was lower in NV wines.

When data from the three years studied were pooled, 
correspondence analysis of consumer rankings of the 
wines revealed a slight preference of the tasters for the 
wines from the SC treatment, whereas those wines from 
ST were mainly ranked in the fourth place (Fig. 4). The 
two dimensions displayed in Figure 4 accounted for 
87.7% of the total variance in the data.

Discussion

Results of this 3-year study of soil management 
systems indicate that cover crops can be used as a tool 
for reducing vegetative vigour in vineyards located in 
humid and sub-humid regions. The three crops used in 
this study presented different plant coverages through-
out the growing seasons; resident vegetation and sown 
ryegrass covered almost 70% of inter-row surface, 
whereas subterranean clover only reached 45% of soil 
coverage. This coverage may protect soil against water 
erosion, which in this region can be considerable 
(Mirás-Avalos et al., 2009); hence, cover crops should 
be favoured against soil tillage since they would not 
only protect soil against erosion but also reduce the 
high vegetative vigour of the vines in a humid climate 
(Caspari et al., 1997; Wheeler et al., 2005) such as the 
one of this region.

The decreasing pattern of the midday stem water 
potential along the season reflects the fall in soil water 
availability (Monteiro & Lopes, 2007). However, dif-
ferences of vine water status among treatments (Fig. 1) 
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total soluble solids and titratable acidity under these 
treatments were very similar to those of the tillage 
system. These observations may indicate an excess of 
source compared to sink demand. However, they are 
different from those observed in vineyards from other 
regions under semi-arid conditions, where sink de-
mands were not covered by source availability (Lopes 
et al., 2008; Marques et al., 2010), proving that Gali-
cian climate conditions might favour the use of cover 
crops for soil management in vineyards without com-
promising berry quality.

Nevertheless, wines from the cover crop treatments 
tended to show slightly higher contents in anthocyanins 
and colour intensity than those from the ST treatment. 
This trend could be related to the lower berry sizes 
observed under the cover crop treatments, which in-
creased the relative skin exposure and color extraction 
during maceration. However, differences in alcoholic 
grade and titratable acidity among wines were very 
low. In spite of these slight differences, consumers 
tended to prefer wines from the cover crop treatments 
(especially those from SC) over those from ST, perhaps 
due to a better balance in its components (alcohol/acid-
ity ratio). This suggests that cover crops had a positive 
effect on wine quality, and is in agreement with previ-
ous studies (Wheeler et al., 2005; Marques et al., 
2010). These authors reported that wines from vine-
yards managed through cover crop treatments were 
mainly preferred due to a greater varietal intensity than 
those from bare soil. 

In summary, soil management systems using cover 
crops can provide a useful tool for reducing vegetative 
vigour in vineyards located in humid and sub-humid 
regions such as Galicia (NW Spain) without compro-
mising grapevine yield, as reflected by this study. 
Significant reductions on vine vegetative growth on 
the cover crop treatments were observed, whereas no 
significant reductions in yield were detected. Vine 
physiology was slightly affected by the cover crops 
even though stem water potential was more positive 
under ST. Must composition was not affected by cover 
crops; however, wines from the SC treatment showed 
a lower concentration in malic acid and higher values 
of colour intensity and tannins. Moreover, wines from 
the cover crop treatments were preferred by consumers 
compared with those from ST.

These results enable us to conclude that native veg-
etation may be the best choice for a cover crop under 
the studied conditions, since it does not need to be 
sown and, therefore, its implementation is cheaper. 
However, attention must be given to the species that 
constitute this vegetation (which might include many 
broad-leaved species) in order not to obtain an exces-
sive competition for soil water and nutrients.

and stomatal conductances measured in the current 
study are over the optima (-1.25 to -1.4 MPa and 
0.12 to 0.15 mol H2O/m2/s, respectively) suggested 
by Romero et al. (2010) for Monastrell cultivar in 
semi-arid conditions, which might have been the 
reason for the lack of differences among treatments 
in the present study.

At the photochemical level, it was found that Fv/Fm 
was unaffected by soil management strategies in this 
cultivar, suggesting that this parameter is not an ideal 
indicator to evaluate the influence of cover crops on 
photosynthesis under field conditions. In addition, its 
values were close to 0.8, the threshold suggested for 
healthy terrestrial plants (Cavender-Bares & Bazzaz, 
2004). Nevertheless, the measurements done in leaves 
previously exposed to sunlight demonstrated that FPSII, 
ETR and PQ were significantly altered by soil manage-
ment in our study. In agreement with these Chl a re-
sults, CCI measurements indicated a significant reduc-
tion of chlorophyll content in leaves from grapevines 
of the cover crop treatments. This suggests that leaf 
photosynthetic composition is sensitive to the compe-
tition exerted by cover crops, as it is for other stresses 
(Moutinho-Pereira et al., 2012), confirming that this 
index may be useful for ecophysiological studies (van 
den Berg & Perkins, 2004).

Vegetative growth attributes were similar among 
treatments in the first two seasons of the experiment. 
However, in the third season (2014), total leaf area and 
pruning weight were reduced by the cover crops. This 
effect of the sward treatments on grapevine vegetative 
growth reduction is a consequence of the competition 
for water and nutrients exerted by the sown and resi-
dent plant species that constitute the cover crops, as 
reported by other authors (Caspari et al., 1997; Wheel-
er et al., 2005; Lopes et al., 2008). In high vigor vine-
yards, such as the Galician ones, this effect can be 
beneficial to grape health and berry composition since 
it induces a more favourable balance between vegeta-
tive and reproductive growth, and allows a better 
microclimate in the cluster zone (Dokoozlian & 
Kliewer, 1996), which may reduce rotten harvest when 
there are rainfalls by end of summer and beginning of 
autumn. 

The absence of significant effects of the cover crops 
on grapevine yield may be attributed to high water sup-
ply by rainfall, which was enough for fulfilling the 
water requirements of both the vineyard and the cover 
crops. However, some yield components, such as berry 
weight, were significantly reduced by the cover crops, 
in accordance with reports by other authors (Maigre & 
Aerny, 2001; Marques et al., 2010).

Berry composition was not significantly affected by 
the cover crop treatments, and the values observed for 



Spanish Journal of Agricultural Research December 2015 • Volume 13 • Issue 4 • e0907

11Mencía performance under four soil managements

Fraga H, Malheiro AC, Moutinho-Pereira J, Cardoso RM, 
Soares PMM, Cancela JJ, Pinto JG, Santos JA, 2014. 
Integrated analysis of climate, soil, topography and veg-
etative growth in Iberian viticultural region. PLOS One 
9(9): e108708. http://dx.doi.org/10.1371/journal.pone. 
0108078

Glories Y, 1984. La couleur des vins rouges, 2eme partie. 
Connaiss Vigne Vin 18: 253-271.

Ibáñez Pascual S, 2013. Gestión del suelo en viñedo mediante 
cubiertas vegetales. Incidencia sobre el control del 
rendimiento y el vigor. Aspectos ecofisiológicos, nutri-
cionales, microclimáticos y de calidad del mosto y del 
vino. Doctoral Thesis. Univ. La Rioja, Spain.

Intrigliolo DS, Castel JR, 2009. Response of Vitis vinifera 
cv. ‘Tempranillo’ to partial rootzone drying in the field: 
water relations, growth, yield and fruit and wine quality. 
Agric Water Manage 96: 282-292. http://dx.doi.org/ 
10.1016/j.agwat.2008.08.001

Intrigliolo DS, Castel JR, 2010. Response of grapevine cv. 
‘Tempranillo’ to timing and amount of irrigation: water 
relations, vine growth, yield and berry and wine composi-
tion. Irrig Sci 28: 113-125. http://dx.doi.org/10.1007/
s00271-009-0164-1

Inzerillo S, Oddo E, Pollina L, Abate L, Carimi F, Sajeva M, 
Nardini A, 2014. Leaf water relation traits in typical Sicil-
ian varieties of Vitis vinifera L. XIII Congress Federazione 
Italiana Scienze della Vita. Pisa, Italy. pp: 100.

Lopes CM, Monteiro A, Machado JP, Fernandes N, Araujo 
A, 2008. Cover cropping in a sloping non-irrigated vine-
yard: II – Effects on vegetative growth, yield, berry and 
wine quality of ‘Cabernet Sauvignon’ grapevines. Ciência 
Téc Vitiv 23(1): 37-43.

Maigre D, 1996. Influence de l’enherbement et de la fumure 
azotée sur la qualité des vins de Chasselas. Prog Agric 
Vitic 114: 255–258.

Maigre D, Aern J, 2001. Enherbement permanent et fumure 
azotée sur cv. ‘Gamay’ dans le Valais Central. Revue 
Suisse Vitic Arboric Hortic 33: 343-349.

Marques MJ, García-Muñoz S, Muñoz-Organero G, Bienes 
R, 2010. Soil conservation beneath grass cover in hillside 
vineyards under Mediterranean climatic conditions (Ma-
drid, Spain). Land Deg Develop 21: 122-131. http://dx.doi.
org/10.1002/ldr.915

Maxwell K, Johnson GN, 2000. Chlorophyll fluorescence 
– A practical guide. J Exp Bot 51: 659-668. http://dx.doi.
org/10.1093/jexbot/51.345.659

Mirás-Avalos JM, Paz-González A, Dafonte-Dafonte J, 
Vidal-Vázquez E, Valcárcel-Armesto M, 2009. Concen-
trated flow erosion as a main source of sediments in 
Galicia, Spain. Earth Surf Proc Land 34(15): 2087-2095. 
http://dx.doi.org/10.1002/esp.1903

Mirás-Avalos JM, Trigo-Córdoba E, Bouzas-Cid Y, 2014. 
Does predawn water potential discern between irrigation 
treatments in Galician white grapevine cultivars? J Int Sci 
Vigne Vin 48(2): 123-127.

Monteiro A, Lopes CM, 2007. Influence of cover crop on 
water use and performance of vineyard in Mediterranean 
Portugal. Agric Ecosys Environ 121: 336-342. http://
dx.doi.org/10.1016/j.agee.2006.11.016

Acknowledgements

Dr. Javier J. Cancela is acknowledged for organising 
the consumer tests. We thank the comments of two 
anonymous reviewers that greatly improved our man-
uscript.

References

Benzécri JP, 1992. Correspondence analysis handbook. Mar-
cel Dekker, NY. 665 pp.

Buckley TN, Martorell S, Díaz-Espejo A, Tomàs M, Me-
drano H, 2014. Is stomatal conductance optimized over 
both time and space in plant crowns? A field test in grape-
vine (Vitis vinifera). Plant Cell Environ 37: 2707-2721. 
http://dx.doi.org/10.1111/pce.12343

Caspari HW, Neal S, Naylor A, 1997. Cover crop manage-
ment in vineyards to enhance deficit irrigation in a humid 
climate. Acta Hortic 449: 313-320. http://dx.doi.org/ 
10.17660/ActaHortic.1997.449.44

Cavender-Bares J, Bazzaz FA, 2004. From leaves to ecosys-
tems: using chlorophyll fluorescence to assess photosyn-
thesis and plant function in ecological studies. In: Chlo-
rophyll a fluorescence: a signature of photosynthesis; 
Papageorgiou GC, Govindjee G. (eds.), pp: 737-755. 
Springer. http://dx.doi.org/10.1007/978-1-4020-3218-9_29

Celette F, Wery J, Chantelot E, Celette J, Gary C, 2005. 
Belowground interactions in a vine (Vitis vinifera L.)-tall 
fescue (Festuca arundinacea Shreb.) intercropping sys-
tem: water relations and growth. Plant Soil 276: 205-217. 
http://dx.doi.org/10.1007/s11104-005-4415-5

Celette F, Gaudin R, Gary C, 2008. Spatial and temporal 
changes to the water regime of a Mediterranean vineyard 
due to the adoption of cover cropping. Eur J Agron 29: 
153-162. http://dx.doi.org/10.1016/j.eja.2008.04.007

Celette F, Fielding A, Gary C, 2009. Competition for nitrogen 
in an unfertilized intercropping system: the case of an 
association of grapevine and grass cover in a Mediterra-
nean climate. Eur J Agron 30: 41-51. http://dx.doi.org/ 
10.1016/j.eja.2008.07.003

Choné X, van Leeuwen C, Dubourdieu D, Gaudillère JP, 
2001. Stem water potential is a sensitive indicator of 
grapevine water status. Ann Bot 87(4): 477-483. http://
dx.doi.org/10.1006/anbo.2000.1361

de Souza CR, Maroco JP, dos Santos TP, Rodríguez ML, 
Lopes CM, Pereira JS, Chaves MM, 2003. Partial rootzone 
drying: regulation of stomatal aperture and carbon as-
similation in field-grown grapevines (Vitis vinifera cv. 
Moscatel). Funct Plant Biol 30: 653-662. http://dx.doi.
org/10.1071/FP02115

Dokoozlian NK, Kliewer WM, 1996. Influence of light on 
grape berry growth and composition varies during fruit 
development. J Am Soc Hortic Sci 121: 869-874.

Dry PR, Loveys BR, 1998. Factors influencing grapevine 
vigour and the potential for control with partial rootzone 
drying. Aust J Grape Wine Res 4: 140-148. http://dx.doi.
org/10.1111/j.1755-0238.1998.tb00143.x

http://dx.doi.org/10.1371/journal.pone.0108078
http://dx.doi.org/10.1371/journal.pone.0108078
http://dx.doi.org/10.1016/j.agwat.2008.08.001
http://dx.doi.org/10.1016/j.agwat.2008.08.001
http://dx.doi.org/10.1007/s00271-009-0164-1
http://dx.doi.org/10.1007/s00271-009-0164-1
http://dx.doi.org/10.1002/ldr.915
http://dx.doi.org/10.1002/ldr.915
http://dx.doi.org/10.1093/jexbot/51.345.659
http://dx.doi.org/10.1093/jexbot/51.345.659
http://dx.doi.org/10.1002/esp.1903
http://dx.doi.org/10.1016/j.agee.2006.11.016
http://dx.doi.org/10.1016/j.agee.2006.11.016
http://dx.doi.org/10.1111/pce.12343
http://dx.doi.org/10.17660/ActaHortic.1997.449.44
http://dx.doi.org/10.17660/ActaHortic.1997.449.44
http://dx.doi.org/10.1007/978-1-4020-3218-9_29
http://dx.doi.org/10.1007/s11104-005-4415-5
http://dx.doi.org/10.1016/j.eja.2008.04.007
http://dx.doi.org/10.1016/j.eja.2008.07.003
http://dx.doi.org/10.1016/j.eja.2008.07.003
http://dx.doi.org/10.1006/anbo.2000.1361
http://dx.doi.org/10.1006/anbo.2000.1361
http://dx.doi.org/10.1071/FP02115
http://dx.doi.org/10.1071/FP02115
http://dx.doi.org/10.1111/j.1755-0238.1998.tb00143.x
http://dx.doi.org/10.1111/j.1755-0238.1998.tb00143.x


E. Trigo-Córdoba, Y. Bouzas-Cid, I. Orriols-Fernández, E. Díaz-Losada and J. M. Mirás-Avalos

Spanish Journal of Agricultural Research December 2015 • Volume 13 • Issue 4 • e0907

12

Grando S (eds.). pp: 31-44. Springer, Dordrecht. http://
dx.doi.org/10.1007/978-90-481-9283-0_3

Schneider CH, 1989. Introduction à l’écologie viticole. Ap-
plication aux systèmes de conduite. Bulletin de l’OIV 
701-702: 498-515.

Smart RE, Robinson M, 1991. Sunlight into wine. A hand-
book for winegrape canopy management. Ed. Winetitles, 
Adelaide, Australia, 88 pp.

Steele MR, Gitelson AA, Rundquist DC, 2008. A comparison 
of two techniques for nondestructive measurement of 
chlorophyll content in grapevine leaves. Agron J 100(3): 
779-782. http://dx.doi.org/10.2134/agronj2007.0254N

Teszlák P, Kocsis M, Gaál K, Nikfardjam MP, 2013. Regula-
tory effects of exogenous gibberellic acid (GA3) on water 
relations and CO2 assimilation among grapevine (Vitis 
vinifera L.) cultivars. Sci Hortic 159: 41-51. http://dx.doi.
org/10.1016/j.scienta.2013.04.037

van den Berg AK, Perkins TD, 2004. Evaluation of a por-
table chlorophyll meter to estimate chlorophyll and nitro-
gen contents in sugar maple (Acer saccharum Marsh.) 
leaves. Forest Ecol Manag 200: 113-117. http://dx.doi.
org/10.1016/j.foreco.2004.06.005

Virto I, Imaz MJ, Fernández-Ugalde O, Urrutia I, Enrique 
A, Bescansa P, 2012. Soil quality evaluation following 
the implementation of permanent cover crops in semi-
arid vineyards. Organic matter, physical and biological 
soil properties. Span J Agric Res 10(4): 1121-1132. http://
dx.doi.org/10.5424/sjar/2012104-613-11

Wheeler SJ, Black AS, Pickering GJ, 2005. Vineyard floor 
management improves wine quality in highly vigorous 
Vitis vinifera ‘Cabernet Sauvignon’ in New Zealand. New 
Zeal J Crop Hortic Sci 33: 317-328. http://dx.doi.org/10
.1080/01140671.2005.9514365

Williams LE, Araujo FJ, 2002. Correlations among predawn 
leaf, midday leaf, and midday stem water potential and 
their correlations with other measures of soil and plant 
water status in Vitis vinifera. J Amer Soc Hort Sci 127(3): 
448-454.

Williams LE, Trout TJ, 2005. Relationships among vine- and 
soil-based measures of water status in a Thompson seed-
less vineyard in response to high-frequency drip irrigation. 
Am J Enol Vitic 56(4): 357-366.

Zamora F, 2003. Elaboración y crianza del vino tinto: aspec-
tos científicos y prácticos. Mundi-Prensa, Madrid, 225 pp.

Monteiro A, Lopes CM, Machado JP, Fernandes N, Araújo 
A, Moreira I, 2008. Cover cropping in a sloping, non-ir-
rigated vineyard: I – Effects on weed composition and 
dynamics. Ciência Téc Vitiv 23(1): 29-36.

Morlat R, Jacquet A, 2003. Grapevine root system and soil 
characteristics in a vineyard maintained long-term with 
or without interrow sward. Am J Enol Vitic 54: 1-7.

Moutinho-Pereira J, Correia CM, Gonçalves B, Bacelar EA, 
Coutinho JF, Ferreira HF, Lousada JL, Cortez MI, 2012. 
Impacts of leafroll-associated viruses (GLRaV-1 and –3) 
on the physiology of the Portuguese grapevine cultivar 
‘Touriga Nacional’ growing under field conditions. Ann 
App Biol 160: 237-249. http://dx.doi.org/10.1111/ 
j.1744-7348.2012.00536.x

Myers BJ, 1988. Water stress integral a link between short-
term stress and long term growth. Tree Physiol 4: 315-323. 
http://dx.doi.org/10.1093/treephys/4.4.315

OIV, 2009. Recueil des méthodes internationales d’analyses 
des vins et des moûts. Office International de la Vigne et 
du Vin, Paris.

Peregrina F, Larrieta C, Ibáñez S, García-Escudero E, 2010. 
Labile organic matter, aggregates, and stratification ratios 
in a semiarid vineyard with cover crops. Soil Sci Soc Am 
J 74: 2120-2130. http://dx.doi.org/10.2136/sssaj2010.0081

R Development Core Team, 2010. R: A language and envi-
ronment for statistical computing. R Foundation for 
Statistical Computing, Vienna, Austria. http://www.R-
project.org.

Rogiers SY, Greer DH, Hutton RJ, Landsberg JJ, 2009. Does 
night-time transpiration contribute to anisohydric behav-
iour in a Vitis vinifera cultivar? J Exp Bot 60(13): 3751-
3763. http://dx.doi.org/10.1093/jxb/erp217

Romero P, Fernández-Fernández JI, Martínez-Cutillas A, 
2010. Physiological thresholds for efficient regulated 
deficit-irrigation management in winegrapes grown under 
semiarid conditions. Am J Enol Vitic 61(3): 300-312.

Ruiz-Colmenero M, Bienes R, Marques MJ, 2011. Soil and 
water conservation dilemmas associated with the use of 
green cover in steep vineyards. Soil Till Res 117: 211-223. 
http://dx.doi.org/10.1016/j.still.2011.10.004

Sánchez-de-Miguel P, Baeza P, Junquera P, Lissarrague JR, 
2010. Vegetative development: Total leaf area and surface 
area indexes. In: Methodologies and results in grapevine 
research; Delrot S, Medrano H, Or E, Bavaresco L, 

http://dx.doi.org/10.1007/978-90-481-9283-0_3
http://dx.doi.org/10.1007/978-90-481-9283-0_3
http://dx.doi.org/10.2134/agronj2007.0254N
http://dx.doi.org/10.1016/j.scienta.2013.04.037
http://dx.doi.org/10.1016/j.scienta.2013.04.037
http://dx.doi.org/10.1016/j.foreco.2004.06.005
http://dx.doi.org/10.1016/j.foreco.2004.06.005
http://dx.doi.org/10.5424/sjar/2012104-613-11
http://dx.doi.org/10.5424/sjar/2012104-613-11
http://dx.doi.org/10.1080/01140671.2005.9514365
http://dx.doi.org/10.1080/01140671.2005.9514365
http://dx.doi.org/10.1111/j.1744-7348.2012.00536.x
http://dx.doi.org/10.1111/j.1744-7348.2012.00536.x
http://dx.doi.org/10.1093/treephys/4.4.315
http://dx.doi.org/10.2136/sssaj2010.0081
http://www.R-project.org
http://www.R-project.org
http://dx.doi.org/10.1093/jxb/erp217
http://dx.doi.org/10.1016/j.still.2011.10.004

