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Crop Ecology & Physiology

Assessment of Grape Yield and Composition Using Reflectance-
Based Indices in Rainfed Vineyards

Cristina Gonzalez-Flor, Lydia Serrano,* Gil Gorchs, and Josep M. Pons

ABSTRACT

Spectral vegetation indices such as the normalized difference vegetation index (NDVI) have proved to be useful in estimating
berry yield and composition in irrigated vineyards that usually experience mild to moderate water deficits. However, their per-
formance is not clear under rainfed conditions. This study explores the relationships between NDVI and berry yield and com-
position in rainfed vineyards experiencing mild to moderate water stress with respect to the timing of water deficits. The study
was conducted on grape (Vitis vinifera L. ‘Chardonnay’). Biophysical variables such as predawn water potential (‘I’P), canopy
minus air temperature difference (AT, ), fractional intercepted photosynthetic active radiation (fIPAR) and canopy reflectance
measurements were acquired at veraison and were related to berry yield, total soluble solids (TSS), titratable acidity (TA), and
maturity index (IMAD) at harvest. In our study, while NDVI provided consistent estimates of TSS (2 = 0.81) and IMAD (2 =
0.89) when water deficit conditions had a larger incidence before veraison, the water index (WI)-a reflectance-based index of
water status—was related to TA (2 = 0.62) and IMAD (% = 0.67) under post-veraison water deficits. Since early and late water
deficits (i.e., before and after veraison) have a differential impact on the determinants of vine photosynthetic activity (i.e., leaf
area and stomatal conductance), the capability of NDVI to estimate berry yield and composition might be subject to the extent
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and timing of water deficits in these rain-fed vineyards.

Vitis vinifera L. is a widespread crop in regions with a Mediter-
ranean-type climate. Particularly in the Mediterranean arc, where
vines for wine production are typically grown without irrigation
support, water deficits are known to exert large constraints on
grape production (Medrano et al., 2003). Moreover, vine water
status has been recognized as the factor that most comprehensively
determines berry ripening and composition (Choné et al., 2001;
Deloire et al., 2004; Koundouras et al., 2006).

The effect of water deficits on grapevine production depends
mainly on the stage of canopy growth and berry development
when the water deficit occurs. Pre-veraison water deficits (i..,
during early canopy development and early berry formation) can
reduce shoot growth and can affect berry cell division, leading to
smaller berries and, potentially, reduced yield (Matthews et al.,
1987; Koundouras et al., 2006; Ojeda et al., 2001; Van Lecuwen et
al., 2009) whereas post-veraison water deficits (i.c., from veraison
to harvest) affect berry cell expansion, causing a reduction in yield
as a result of decreased berry weight (Ojeda et al., 2001; Chaves et
al,, 2010). While progressive water deficits reduce yield regardless
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of the differences in canopy and berry developmental responses to
the timing of water stress, the response to water deficits in terms
of berry composition is more complex. Indeed, previous studies
have reported positive and negative effects, as well as no effects at
all, on berry sugar concentration and titratable acidity in response
to water deficits (Matthews and Anderson, 1988; Koundouras
etal.,, 2006, Van Leeuwen et al., 2009). These different responses
have been attributed to differences in vigor and, therefore, source-
sink equilibrium, as well as to different berry developmental and
metabolism responses to the timing and intensity of water stress
imposition (Koundouras et al., 1999; Jackson and Lombard, 1993;
Chaves et al., 2010; Van Leeuwen et al., 2009).

Water deficits influence berry composition through their
effects on berry size and on photosynthetic activity. Moreover,
photosynthetic activity (i.e., C assimilation) and source-sink ratios
have been recognized as playing an important role in the seasonal
variation of water and C transport, and accumulation in the grape
berry, thereby influencing sugar levels and acid balance (Coombe,
1989). In addition, water deficits are known to have an indirect
and always positive effect on the concentration of berry com-
pounds due to berry size reduction (Bravdo et al., 1985; Chaves et
al., 2010). Therefore, since vine water status largely determines C
acquisition and water loss (Patakas ct al., 2005) and regulates the
source-sink relationships (Van Leeuwen et al., 2009), indicators of
grapevine water status might be a valuable tool for characterizing

Abbreviations: Y, predawn water potential; fIPAR, fractional intercepted
photosynthetic active radiation; IMAD, maturity index; NDVI, normalized
diference vegetation index; PCD, plant cell density; TA, titratable acidity; AT,
leaf to air temperature difference; TSS, total soluble solids; WI, water index.
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the effects of water stress on berry composition (Cifré et al., 2005;
Chaves et al., 2010; Serrano et al., 2012).

Nowadays, remote-sensing technologies are being widely used
in precision viticulture because they provide rapid, nondestructive,
and cost-effective spatial characterization of vine size and vigor,
which are potential indicators of fruit yield and quality (Hall et al.,
2002; Lamb, 2000). However, while remote estimates of vine vigor
such as plant cell density (PCD) or NDVT have provided consistent
estimates of berry yield and composition in irrigated vineyards
(Johnson etal., 2001; Lamb ct al., 2008; Hall et al., 2011), changes
in NDVT failed to predict variation in grape quality attributes in
rainfed vineyards experiencing water stress (Acevedo-Opazo et al,,
2008; Serrano et al., 2012). Thus, the question arises as to whether
spectral indices related to photosynthetic biomass might be able to
capture the complex effects of vine water status on photosynthetic
functioning and, thereby, on berry composition. Remote-sensing
indicators of photosynthetic biomass, such as NDVI or PCD,
might be able to track vine photosynthetic functioning when
changes in leaf area largely determine variation in C acquisition.
This is likely to occur when vines experience early water deficits (i.c.,
before veraison) because water stress during the vegetative growth
period has a large impact on vine vigor (i.c., leaf area) (Matthews et
al, 1987). However, NDVI might not properly characterize varia-
tion in photosynthetic functioning when water deficits develop late
in the season (i.c., post-veraison) because ample water availability
before veraison might result in small differences in vine vigor but
subsequent water deficits are likely to decrease stomatal conduc-
tance (Flexas et al., 2002) and, thus, photosynthesis. Therefore,
whether the effects of water deficits on C assimilation are pre-
dominantly due to reduced canopy size (leaf area) or to a decline in
photosynthetic rate (i.c., stomatal closure) might explain to some
extent the differences in the capability of NDVT to estimate berry
yield and composition that have been found in previous studies.

Remote-sensing indices of vine water status might provide valu-
able information for characterizing berry yield and composition
in vineyards experiencing water deficits. Several remote-sensing
indicators have been proposed to estimate vine water status in vine-
yards, such as passive chlorophyll fluorescence (Flexas et al., 2000;
Dobrowski et al,, 2005), infrared thermometry (Grant et al., 2007;
Jones et al,, 2002), and hyperspectral reflectance indices (Rodriguez-
Pérez et al,, 2007; Serrano et al., 2010). Numerous studies have
focused on the remote detection of vine water status using reflec-
tance indices, but fewer have assessed the potential to estimate yield
and fruit quality. Sepulcre-Cantd et al. (2007) have shown the capa-
bility of thermal imagery to determine water stress effects on yield
and fruit quality in olive (Olea spp.) orchards. In addition, recent
studies have shown the capability of the reflectance-based water
index (W1) (Pefiuelas et al., 1993) to characterize berry composition
in vineyards experiencing moderate to severe water stress (Serrano
etal., 2012). The present study assesses the capability of the spectral
indices NDVIand W1 to estimate berry yield and composition over
2 yr characterized by mild to moderate water deficits occurring at
different times in the growth cycle (i.c., pre and post-veraison).

MATERIALS AND METHODS
Study Site

The study was performed in seven commercial vineyards of V.
vinifera L. ‘Chardonnay’ located in the Alt Penedes and Anoia
counties (Catalonia, Spain, 1°48'22" W/; 41°28'54" N) over 2 yr

(2009 and 2011). The region has a Mediterranean climate with

an average annual temperature of 15°C and mean annual rainfall
of 550 mm. Soil texture is loam and loamy-silt with medium to
high carbonate content (ranging from 13-42%) and pH is around
8.5. Soil depth ranges from 0.8 to 2.0 m among vineyards. Vines
were planted between 1990 and 2001 at variable density, ranging
from 2083 to 3703 stock ha™! and the training system was Double
Royat. Vines were grown under rainfed conditions and berries
were harvested for “cava” (sparkling wine) production.

In each vineyard, three individual vines with contrasting vigor
were chosen to be measured at the veraison stage, when the vines
attained full canopy expansion. This phenological stage was chosen
on the basis of previous studies aimed at forecasting berry yield and
composition from remote-sensing data (Lamb et al., 2008). Verai-
son (i.e., when field data collection took place) occurred around the
third week of July in 2009, whereas in 2011 it took place about 10
d carlier. Subsequently, at harvest, yield and quality attributes were
determined for the same vines. Weather data were obtained at a
nearby weather station located in Els Hostalets de Pierola (1°48'31”
W; 41°31'59"” N). The average temperature over the growth cycle
(i.c., from November—October) is 15.0°C, ranging from 13.7 to
15.8°C, and cumulative precipitation is 499 mm, ranging from 266
to 752 mm. The weather water balance—the difference between
precipitation (P) and reference evapotranspiration (ETO) —was
calculated using the Penman—Monteith equation, considering the
following phenological stages: (i) dormancy, from 1 November to
budburst; (ii) vegetative growth, from budburst to anthesis; (iii)
berry growth, from anthesis to veraison; (iv) ripening, from veraison
to harvest; and (v) post-harvest, from harvest to 31 October.

Vine Water Status and Vigor

Predawn water potential (Y_), canopy to air temperature differ-
ence at midday (A7) and fractional fIPAR measurements were
performed at the veraison stage (i.c., around 15-31 July), except in
2011, when data were collected shortly before veraison (first week
of July). Predawn water potential was determined using a pressure
chamber (Soilmoisture 3005, Soil Moisture Corp., Santa Barbara,
CA). Measurements took place before sunrise on a single mature,
external leaf per vine. Canopy temperature was measured on
both the sun-exposed and shaded side of the vine at midday using
ahandheld infrared thermometer (ST Pro Plus, Raytek Corp.,
Santa Cruz, CA) placed approximately 20 cm from the canopy at
an angle of ~ 60°. Values of AT, were derived usingair tempera-
tures acquired in the field concurrently to canopy temperature
measurements. The fIPAR measurements were performed usinga
handheld ceptometer (Accupar, Decagon Devices Inc., Pullman,
WA) as described in Serrano et al. (2012).

Spectral Measurements

Spectral data were acquired using a narrow-band spectroradi-
ometer (UNISPEC, PP Systems Ltd., Haverhill MA) at midday
(solar noon) on cloudless days. The detector samples 256 bands
at roughly even intervals (average band-to-band spacing 3.3 nm)
within 2400 to 1100 nm effective spectral range. Irradiance was
measured using a cosine-corrected detector lens (UNI-685 PP
Systems Ltd., Haverhill MA) mounted on a tripod boom located
above the vines and oriented to the sky. Canopy radiance was
measured using a 12° field-of-view foreoptic (UNI710, PP Systems
Ltd., Haverhill MA) connected to the spectroradiometer viaa
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Table |. Average temperature (T ., ), precipitation (P), reference
evapotranspiration (ET,), and weather water balance (P — ET) at the
different phenological stages and from budbreak to harvest (total).
Data are from the meteorological station of Els Hostalets de Pierola

(41°31"59” N, 1°48/31” W).

Period Tinean P ET, P—ET,
°C mm

2009
Dormancy 7.5 249.1 1.9 137.3
Vegetative growth 13.6 176.2 274.1 —73.5
Berry growth 222 82.7 186.3 1429
Ripening 24.1 339 142.2 —88.7
Post-harvest 19.9 145.7 2137 =727
Total 17.5 687.6 9282  -240.6

2011
Dormancy 79 68.4 2366 —168.2
Vegetative growth 14.5 303.2 306.7 -3.5
Berry growth 204 84.6 148.5 -63.9
Ripening 22.1 35.1 185.1  —150.0
Post-harvest 20.9 171.3 254.8 -83.5
Total 17.2 6626 1031.8 —369.2

2.3 mm diam. fiber-optic cable (model UNI410, PP Systems,
Haverhill, MA). The lens was mounted on a tripod and held in a
nadir orientation at ~ 0.75 m above the canopy. The resulting mea-
sured area was about 15 cm in diameter. Three scans were collected
at each vine and internally averaged.

Values of NDVI and W1 were derived from apparent reflectance

(i.e., radiance/irradiance) and calculated as follows:

NDVI = (Rogo - Rggo)/ R + Rego) [

WI=Ryy0/Rorg 2]

where R indicates apparent reflectance and the subindices indicate
the respective wavelengths in nanometers.

Yield and Quality Parameters

Harvest took place during the second and third weeks of
August throughout the years of the study. Yield per vine was
determined in the field. Afterward, berries were carried to the lab
in coolers and pressed and filtered to obtain the must for quality
parameters analysis. Total soluble solids (T'SS, °Brix) were deter-
mined using a refractometer (MASTER-M Refractometer, Atago
Co., Ltd., Tokyo, Japan) and TA (g tartaric acid L) was deter-
mined by titration with 0.1 M NaOH. Maturity index (IMAD)
was calculated as the ratio beeween TSS and TA. It is worth noting
that the berries were intended for cava production and were there-
fore considered at optimum ripening, in other words, harvested, at

TSS ~ 18 (° Brix) and TA ~ 10 (g tartaric acid L™1).

Statistical Analyses

Data were analyzed using the statistical package SPSS 19.0
(SPSS Inc., Chicago IL). Correlation and regression analyses were
used to study the relationships among vine canopy and water
status parameters, yield and quality attributes, and spectral indices.
Significant differences in the parameters studied were determined
by ANOVA by considering vineyard and year as sources of varia-
tion. Means were compared using the Bonferroni test.

RESULTS

Weather Conditions

Mean temperatures were close to the long-term average (i.c.,
mean annual temperature 15°C) throughout the years of the study
but cumulative precipitation was above the mean annual rainfall
(i.c., 530 mm) (Table 1). In the years of study, according to the
weather water balance, there was ample water availability over the
vegetative growth period (March and April). Water deficits had a
larger incidence during the phase of initial berry growth in 2009
(P - ET,=-143 mm), whereas in 2011 they had a larger incidence
from veraison to harvest (P — ET ;= =150 mm) (Table 1).

Vine Vigor and Water Status at Veraison

There were significant differences in fIPAR between years.
Average fIPAR was 69.8 +2.0% (avg + SEM) and 66.2 + 1.3%
in 2009 and 2011, respectively. In addition, fIPAR showed
significant differences among vineyards (P < 0.01) ranging from
56.4 +2.7% to 78.7 £ 2.4% in 2009 whereas, in 2011, fIPAR
ranged from 61.4 + 2.36% to 71.9 + 4.80% among vineyards
(Table 2).

Predawn water potential showed significant differences
between years (P < 0.01) (Table 2). Average ¥_ values were
-0.39 + 0.02 MPa (avg + SEM) and —0.27 + 0.02 MPa, in
2009 and 2011, respectively. In addition, ¥ varied significantly
(P < 0.01) among vineyards in 2009, with a minimum value
of —0.46 + 0.04 MPa and a maximum of —0.27 + 0.04 MPa.
Contrastingly, there were no significant differences in ¥_among
vineyards in 2011, with ¥_ ranging from —0.42 + O.III\/FPa to
-0.19 + 0.01 MPa among vineyards.

Values of AT’ were significantly different (P < 0.01) between
years and among vineyards within a year. Average AT, in 2009
was —4.79 + 0.39°C, ranging from —6.72 + 0.18°C to -3.05 +
0.19°C among vineyards. Average AT 1, 102011 was -2.29 +
0.30°C, ranging from -3.67 + 0.00°C to —0.38 + 0.37°C among
vineyards (Table 2).

No significant relationships (2 > 0.05) emerged between water
status parameters (i.e., ¥ and AT ) and fIPAR, except in 2011,
when lower fIPAR was marginally related to higher ‘I’P (r* =
0,50, P < 0.10).

Table 2. Vineyard average (+ standard error of the mean), minimum and maximum values of predawn water potential (‘PP), leaf to air temperature
difference at midday (AT,) and intercepted fractional PAR (fIPAR). Values at each vineyard are the mean of three measurements obtained at veraison

in 2009 and 201 1.

¥, AT, fIPAR
Statistics 2009 2011 2009 2011 2009 2011
MPa °C %
Mean —0.39 £ 0.02%* —0.27 £ 0.02 —4.79 £ 0.39%* -2.29 +0.30 70 £ 2.0%* 66+ 1.3
Minimum —0.46 + 0.04 —0.42 £ 0.11 —6.72+0.18 —-3.67 £ 0.00 56 +2.7 6l £24
Maximum —0.27 + 0.04 —0.19 £ 0.0l -3.05+0.19 —0.38 + 0.37 7924 72+ 48
** Significant differences between years at the 0.01 probability level.
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Table 3. Vineyard average (+ standard error of the mean), minimum and maximum values of yield, berry weight (BW), total soluble solids (TSS), titrat-
able acidity (TA) and maturity index (IMAD). Values at each vineyard are the mean of three measurements obtained at harvest in 2009 and 201 1.

Yield BW

TSS TA IMAD

Statistics 2009 2011 2009 2011

2009 2011 2009 2011 2009 2011

kg g
Mean 53+041% 62+036 170.7+493 1585 63|

Minimum 4.1 £052 46+ 1.16 166.0+36.70 137.0 +35.36
Maximum 7.1 £0.29

19.0 + 0.60** 18.8 £ 0.32
15.8 £0.92
79+ 168 1787 +1042 180.0+ 19.80 21.0+0.07

°Brix — g tartaric acid L™ —

109+039 109+£036 1.78+0.11 1.77 £0.08
90+ 101 9.1+036 157+028 140+0.19
125+046 127 +£0.72 234+0.09 220 +0.24

17.3 £ 0.64
19.9 £ 0.40

** Significant differences between years at the 0.01 probability level.

2.8

@ pre-veraison
post-veraison

257}

227+

19 ¢

IMAD

16

r*=0.55 (p <0.10) O

1_ L
. = 0.67 (p < 0.05)

¥ =0.12 (n.s.)
r? = 0.61(p < 0.05)

14 |

12 +

10 ¢

TA (tartaric acid g I'T)

24 ¢

22 ¢

20 ¢

18

TSS (° Brix)

16,
r? = 0.68 (p < 0.05)

14 1 ¥=0.28(n.s)

0 2 4 6 8 10

Yield (Kg vine™1)

Fig. 1. Relationship between berry yield and quality parameters (total
soluble solids, TSS; titratable acidity, TA; and maturity index, IMAD) in
Chardonnay vineyards. Each value corresponds to the average of three
measurements in each vineyard (n = 6 and n = 7 for pre- and post-
veraison, respectively). Coefficients of determination (and significance)
under pre- and post-veraison water deficits are indicated in bold and
normal characters, respectively.

Fruit Yield and Quality Attributes

There were significant differences in yield and TSS between years
(P < 0.01), whereas TA and IMAD did not differ between years.
Yield was significantly higher in 2011 than in 2009 (average values),
whereas TSS was significantly lower in 2009 than in 2011 (Table 3).

Yield varied significantly among vineyards within a year (P <
0.05). In 2009, yield ranged from 4.1 + 0.52 kg vine ™ t0 7.1 +
0.29kg vine™! (avg + SEM) among vineyards, whereas in 2011,
minimum and maximum yield were 4.6 + 1.16 kg vineland 79 +
1.68 kg vine™l, respectively. The TSS showed significant differ-
ences among vineyards in 2009 (P < 0.01), but no significant dif
ferences emerged in 2011. In 2009, TSS values ranged from 15.8 +
0.92°Brix to 21.0 + 0.07°Brix among vineyards, whereas in 2011,
TSS values ranged from 17.3 + 0.64°Brix to 19.9 + 0.40°Brix. In
addition, there were significant differences among vineyards in
TA and IMAD in 2009 and 2011. Titratable acidity ranged from
9.0 + 1.01 to 12.5 + 0.46 g tartaric acid L~1in 2009, whereas
in 2011, TA values ranged from 9.1 + 0.36 g tartaric acid L}
to 12.7 + 0.72 g tartaric acid L1.1n2009,IMAD ranged from
1.57 + 0.28 t0 2.34 + 0.09 among vineyards, whereas in 2011,
IMAD ranged from 1.40 + 0.19 to 2.20 + 0.24 (Table 3).

In 2009, TSS was marginally related to yield (r=-049,P<
0.10, 7 = 7), whereas no significant relationship was observed
between yield and either TA or IMAD. However, significant
relationships emerged when a single data point (data not shown)
corresponding to a vineyard harvested at non optimum ripeness
(i.c., IMAD < 1.0) was disregarded. Thus, in 2009, increased
yield was accompanied by a decrease in both TSS (r = -0.82, P <
0.01,2=6)and IMAD (r=-0.74, P < 0.05, » = 6) (Fig. 1),
whereas no significant relationship emerged between yield and
TA. Contrastingly, in 2011, yield and TSS were not significantly
related (r = -0.54, P = 0.22), whereas TA and IMAD were
closely related to yield with » = 0.78 (P < 0.05) and » = -0.83 (P <
0.01) for TA and IMAD, respectively. As the regression models
between yield and berry quality attributes (TSS and IMAD)

did not show significant differences between years (ANCOVA
analysis, 2 > 0.05), data from both years were pooled. Thus,
across years, higher yield was associated with higher TA (r =
0.55, P < 0.05) as well as with lower TSS (» = -0.76, P < 0.01)
and lower IMAD (r=-0.79, P < 0.01).

Berry weight (BW) did not show significant differences
between years or among vineyards within a year. Average BW was
170.7 + 493 g (avg =+ SEM) in 2009 and 1585 + 631 gin 2011 In
2009, BW ranged from 166.0 + 36.70 gto 178.7 + 10.42 gand, in
2011, it ranged from 137.0 £ 35.36 g to 180.0 + 19.80 g. Yield was
significantly related to BW in 2011 (» = 0.80, P < 0.01), whereas
no significant relationship emerged in 2009. In addition, must
quality parameters were not related to changes in BW in the years
of study (data not shown).
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Table 4. Correlation coefficients between berry yield and composition (total soluble solids [TSS], titratable acidity [TA], maturity index [IMAD]) and
predawn water potential (\V), leaf to air temperature difference at midday (AT, ) and intercepted fractional PAR (fIPAR) in Chardonnay vineyards for
pre- and post- veraison water deficits (n = 6 and n = 7, respectively). Significant correlations at the 0.05 and 0.0 probability levels are indicated in bold

and italics, respectively.

Yield TSS TA IMAD (TSS/TA)
Parameter Pre-veraison  Post-veraison Pre-veraison  Post-veraison Pre-veraison  Post-veraison Pre-veraison  Post-veraison
kg vine™! °Brix —— g tartaric acid L™'—
‘de, MPa -0.78 -0.41 0.51 -0.38 -0.32 0.53 0.55
ATm, °c -0.06 -0.83 -0.05 -0.24 -0.32 0.18 0.49
fIPAR, % 0.49 0.03 -0.86 -0.69 0.32 -0.14 -0.74 -0.14

Dependence of Yield and Quality Attributes
on Water Status and Vine Vigor

In the years of study, yield was found to be related to vine
vigor and vine water status to a variable extent. Thus, in 2009,
yicld decreased along with increasing ¥, at veraison (r = —0.78,

P <0.10, 2 = 6), whereas yield was significantly related to AT, (r=
-0.83, P < 0.05) in 2011 (Table 4).

Berry quality attributes were found to be related to vine water
status and vigor to a varying degree depending on the year and
quality parameter. There were no significant relationships between
BW and fIPAR or water status parameters (i.c., ¥ and A7} )in
the years of study (data not shown). Total soluble solids were found
to decrease along with increased fIPAR with = -0.86 (2 < 0.05,
n=26)andr=-0.69 (P < 0.10) in 2009 and 2011, respectively. In
addition, in 2011, TSS was significantly related to ‘I’P with 7= 0.81
(P <0.05) (Table 4). In the years of study, no significant relation-
ships were found between TA and fIPAR or between TA and water
status parameters. Finally, IMAD decreased along with increased
fIPAR (r=-0.74, P < 0.05, 2 = 6) in 2009, whereas no significant
relationship emerged between IMAD and fIPAR in 2011.

Predicting Yield and Quality Attributes
Using Hyperspectral Indices

The NDVTI showed significant differences (2 < 0.01) between
years, but no significant differences emerged among vineyards
within a year. Average values of NDVI were 0.86 + 0.01 (avg +
SEM) and 0.82 + 0.01 in 2009 and 2011, respectively. In 2009,
NDVTI ranged from 0.84 + 0.02 t0 0.88 + 0.01, whereas in 2011,
NDVTI ranged from 0.81 + 0.01 to 0.85 + 0.01 among vineyards.

There were significant differences in W1 between years (P <
0.01) and among vineyards within a year (P < 0.05). Average W1
in 2009 was 1.104 + 0.01, ranging from 1.078 + 0.01 to 1.121 +
0.01 among vineyards. Average W1 in 2011 was 1.122 + 0.01,
ranging from 1.077 + 0.01 to 1.151 £ 0.01 among vineyards.

In 2009, NDVI was marginally related to yield with » = 0.79
(P < 0.10), whereas this correlation was not significant in 2011 (Fig.
2). Additionally, in 2009, NDVI was significantly related to TSS
(r=-090,P<0.01,72=6)and IMAD (r=-0.95,P < 0.01,n=6)
(Fig. 3), whereas in 2011, NDVI did not show significant relation-
ships to berry quality attributes (i.c., TSS, AT'T,and IMAD) (Fig,
3). Contrastingly, in 2011, W1 was found to be related to quality
attributes to a varying extent, whereas no significant relationships
emerged in 2009. Thus, in 2011, W1 was related to both TA (r=
0.79, P < 0.05) and IMAD (r=~0.82, P < 0.05) (Fig 3).

DISCUSSION
Predawn water potentials at veraison were higher than those
obtained in field studies performed under rainfed conditions in
Mediterranean environments (Koundouras et al., 2006; Serrano et

al.,2010) and similar to those reported in field studies conducted
under deficit irrigation programs (Grant et al,, 2007; Patakas et

al., 2005). The values of ¥__ indicate that water stress was mild to
moderate in the years of study (Carbonneau, 1998; Cifré et al.,
2005). Consistent with the greater incidence of water deficits from
budburst to veraison, ¥ _ at veraison was lower in 2009 than in
2011, when water deficits mainly occurred from veraison to harvest.
Moreover, differences in water availability— driven by differences in
soil water-holding capacity among vineyards—resulted in significant
differences in ¥_ at veraison in 2009, whereas in 2011, ample water
availability from budburst to veraison resulted in no significant
variation in ¥ among vineyards at veraison. Despite water deficits
being mild to moderate, significant differences in yield between
years—and among vineyards within a year—were recorded, with
higher yield in 2011 (when ¥ indicated mild water stress) than

in 2009 (when water stress was moderatc). Thus, in agreement
with previous studies, yield decreased along with increasing water
deficits (Chaves et al., 2010; Koundouras et al., 2006; Medrano et
al., 2003). The effects of vine vigor on yield have long been docu-
mented (Schultz and Matthews, 1988) and measures of leaf area
and intercepted light have been related to berry yield (Pellegrino
etal., 2005; Serrano et al., 2010). Similarly, remote estimates of
vine vigor through PCD or NDVT have provided yield estimates

in vineyards grown under both irrigated conditions (Lamb et al,,
2008; Hall et al., 2002, 2011) and rainfed conditions (Acevedo-
Opazo et al., 2008). In accordance with the dependence of yield on
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Fig. 2. Relationship between the normalized difference vegetation
index (NDVI) and berry yield in Chardonnay vineyards. Each value
corresponds to the average of three measurements in each vineyard

(n =6 and n =7 for pre- and post-veraison, respectively). Coefficients
of determination (and significance) under pre- and post-veraison water
deficits are indicated in bold and normal characters, respectively.
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fIPAR observed in our study, when water deficits occurred early in
the growth cycle, NDVI was found to be related to yield (although
marginally), whereas this relationship was not significant when
water deficits occurred post-veraison. Similar results were reported
in a study conducted in rainfed vineyards experiencing moderate to
severe water deficits (Serrano et al., 2012).

Water deficits decrease yield through their influence on both
leafarea (i.c., intercepted light) (Pellegrino et al., 2005) and sto-
matal conductance (Flexas et al.,, 2002), thus limiting C assimila-
tion (Pérez Pefia and Tarara, 2004) and changing the source-sink
balance (Van Leeuwen et al., 2009). Because NDVT relates to
the amount of photosynthetically active radiation absorbed by
the canopy (Gamon et al., 1995; Serrano et al., 2000; Hall et al.,
2002), our results suggest that variation in photosynthetically
active biomass was a key determinant of yield under pre-veraison

water deficits. Contrastingly, under post-veraison water deficits,
yield was found to decrease along with increasing water deficits
(AT, atveraison accounted for ~ 69% of variation in yield). Since
the leaf to air temperature difference (i.c., AT, ) relates to stomatal
aperture (Jones et al.,, 2002), our results suggest that changes in
photosynthetic rate associated with variation in stomatal aperture
(Flexas et al., 2002) largely influenced yield under post-veraison
water deficits. In summary, our results show that variation in yield
was mainly associated with changes in photosynthetic capacity
(i.e., leaf biomass and leaf chlorophyll content) (Matthews and
Anderson, 1988) under pre-veraison water deficits, whereas under
post-veraison water deficits, when differences in light interception
were minor, stomatal aperture largely determined variation in
yield (Pérez Pefia and Tarara, 2004). Consequently, NDVI was
related to berry yield when water deficits had a large incidence at
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Fig. 3. Relationship between the spectral indices normalized difference vegetation index (NDVI) and water index (WI) and berry quality parameters
(total soluble solids, TSS; titratable acidity, TA; and maturity index, IMAD) in Chardonnay vineyards. Each value corresponds to the average of three
measurements in each vineyard (n = 6 and n = 7 for pre- and post-veraison, respectively). Coefficients of determination (and significance) under pre-
and post-veraison water deficits are indicated in bold and normal characters, respectively.
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pre-veraison, which is consistent with the widely known effects
of early water deficits (i.c., before onset of veraison) on vegetative
growth (Matthews et al., 1987). Contrastingly, NDVI was not
related to yield when water deficits had a larger incidence post-
veraison, in agreement with previous studies (Acevedo—Opazo et
al., 2008; Serrano et al,, 2012). Hall et al. (2011) showed that the
strength and direction of the correlation between NDVT and yield
might vary at different phenological stages. In the present study,
lack of correlation between NDVT and yield under post-veraison
water deficits might be partly ascribed to the lack of dependence
of yield on changes in photosynthetically active biomass, as
mentioned above. In addition, it might be that NDVT acquired
at veraison did not adequately capture the effects of post-veraison
water deficits on yield. Therefore, in these rainfed vineyards, the
timing of spectral data acquisition might also be critical in deter-
mining the capability of spectral indices at predicting berry yield.

Previous studies have shown the capability of W1 to track varia-
tion in stomatal aperture in citrus trees (Dzikiti et al., 2010) and
grapevines (Serrano ct al., 2010). In addition, previous results have
shown the aptitude of W1 at characterizing variation in yield in
vineyards experiencing moderate to severe water deficits, particu-
larly post-veraison (Serrano ct al., 2012). Contrastingly, in the
present study, despite the close dependence of yield on vine water
status observed under post-veraison water deficits, W1 failed to
provide estimates of yield. The ability of W1 to estimate yield has
been ascribed to the scaling of this index to leaf area (Serrano et
al., 2000; Sims and Gamon, 2003) and to the capability of W1 to
track variation in stomatal aperture, as mentioned above. There-
fore, it appears that minor variation in vine vigor, combined with
the mild incidence of water deficits, probably prevented a success-
ful estimate of yield using W1I. More studies are needed to confirm
this hypothesis.

In our study, increases in yield were associated with decreases
in berry quality (i.c., low sugar content and high acidity) regard-
less of the timing of water deficits, as has been previously reported
(Chaves et al., 2010; Medrano et al., 2003; Jackson and Lombard,
1993; Serrano et al., 2012). However, within each year, the rela-
tionships between berry quality attributes and yield were found to
be variable: under pre-veraison water deficits, higher yield was asso-
ciated with lower TSS, whereas higher yield was associated with
higher TA under post-veraison water deficits. This variable depen-
dence might be attributed to differences in weather conditions
(particularly temperatures) as well as to differences in the timing of
water deficits between years (Jackson and Lombard, 1993; Chaves
et al., 2010). Jointly, these effects led to a lower sugar/acid balance
(i.e., IMAD values) at harvest along with increasing yield.

Vine vigor also has a considerable effect on berry composition
(Smart et al., 1982) and remote measurements of canopy vigor have
provided reliable estimates of berry quality (Hall et al., 2011; John-
son etal,, 2001; Lamb et al.,, 2008). In the present study, consistent
with the dependence of TSS on yield observed under pre-veraison
water deficits and the association between yield and vine vigor,
NDVI was found to be related to TSS (2 = 0.81) and IMAD (2
= 0.89), whereas no significant relationship emerged when water
deficits occurred post-veraison. These results are in agreement with
previous studies conducted in irrigated vineyards experiencing
mild to moderate water deficits where vegetation indices derived
from reflectance imagery in the red and near infrared bands (e.g.,
NDVI or PCD) were used to estimate differences in fruit quality

(Hall etal., 2002; Johnson et al., 2001). Under post-veraison water
deficits, consistent with the observed dependence of TA on yield,
and the association between yield and vine water status (i.c., ATm),
W1 was found to be significantly related to TA (2 = 0.62) and
IMAD (> = 0.67). Therefore, in agreement with previous results
obtained in vineyards experiencing moderate to severe water stress
(Serrano etal., 2012), W1 provided consistent estimates of TA and
IMAD. More studies are needed, with particular emphasis on the
timing of data acquisition with respect to the period of incidence
of water deficits, to further explore the usefulness of narrow-band
spectral indices of canopy structure and water status at estimat-
ing berry quality attributes. In addition, because the relationships
between the spectral indices NDVI and W1 and berry yield and
composition found in our study were derived from a small number
of observations, further work is needed to validate the predic-
tive capability of NDVI and W1 at estimating berry yield and
composition and ensure the applicability of these spectral indices
to management practices.

In summary, in rainfed vineyards the timing (and extent)
of water deficits and their effects on both vine vigor and water
status (i.c., stomatal conductance) might be critical in determin-
ing the capability of the spectral indices to assess berry yield and
composition. In addition, the timing of spectral data acquisition
with respect to the timing of water deficits might be an important
determinant of the spectral indices’ capability to estimate berry
yield and composition in rainfed vineyards. Our results might
have potential applications in precision viticulture activities such
as selective harvesting according to grape quality attributes and the
assessment of ripening.

CONCLUSIONS

In the present study, characterized by mild to moderate water
deficits, vine vigor and water status influenced berry yield and
quality attributes differently depending on when water deficits
occurred. With the pre-veraison water deficits, yield and vine vigor
(i.e., fIPAR) were weakly related. With the post-veraison water
deficits, yield and vine water status (i.c., AT, ) were significantly
related. Consistent with the observations described above, and
due to the close association between yield and berry composition,
NDVTI measurements were related to yield and sugar content
under pre-veraison water deficits. In contrast, despite the close
association between yield and vine water status with the post-
veraison water deficits, the relationship between W1 and yield
was not significant. Nonetheless, W1 explained a large percentage
of variation in berry titratable acidity under post-veraison water
deficits. In addition, NDVTI was related to the maturity index
(IMAD) with the pre-veraison water deficits, whereas W1 was
related to IMAD with the post-veraison water deficits. Results
showed that, in rainfed vineyards, the suitability of spectral indices
for estimating yield and berry quality attributes is subject to the
timing of water deficits. Additional studies are needed to further
explore the predictive capability of the spectral indices NDVI and
W1 for estimating berry yield and composition.
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