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Abstract Table grapes are one of the most produc-

tive and economically relevant fruit crops worldwide.

Table grape production characterizes by high water

productivity but also by an intensive use of water,

which puts pressure on local/regional water resources,

particularly in dry regions (e.g. South Mediterranean,

Northeast and Southeast of Brazil). Climate change

and scarcer water resources make the problem more

severe in those areas. Meanwhile, consumer’s demand

for quality and sustainable production is increasing

and environmental issues are becoming critical for

competiveness. In this context, table grape ‘‘industry’’

needs solutions to promote water savings, sustain

yield, quality and profit. Deficit irrigation emerged as a

tool to mitigate the negative impact of drought on

yield and quality and to save water in modern irrigated

viticulture. Our aim is to describe the potential benefits

of deficit irrigation in table grape production namely in

what concerns water savings and berry quality.

Previous literature shows that the effect of deficit

irrigation on water savings varies with the genotype

(scion and rootstock), the environmental conditions as

well as the adopted agronomic strategies. This paper

provides a comprehensive and up-to-date overview on

the eco-physiological basis of deficit irrigation strate-

gies and their role on growth, yield and berry quality

(biophysical and biochemical) in table grape. Com-

plementary crop management strategies to guarantee a

more sustainable use of water (e.g. higher water use

efficiency), improved berry quality and smaller envi-

ronmental impact of table grape production are

presented and discussed.
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1 Introduction

1.1 Table grape global production

Grapevine (Vitis vinifera L.) is an important worldwide-

grown perennial fruit crop. The species is historically

associated with dry and warm Mediterranean climates but

both wine and table grape productions are now spread

around the globe. We may find nowadays vineyards in

subtropical climates or near the equator (e.g. in northeast

of Brazil) where two harvests are done per year (Camargo

et al. 2012; Jones et al. 2012; Seccia et al. 2015).

Table grape production represents less than 20 % of

global grapevine cultivated area (Table 1). In 2014,

world’s production was estimated in about 21 million

tons (Mt) (Seccia et al. 2015). China is the world’s

leader with an annual value of about 8 Mt, while India

and Brazil are among the largest producers in tropical

regions (Jogaiah et al. 2013; Demir 2014). Brazil is the

third largest table grape producer in America, with a

cultivated area of about 24,900 ha and an output of

about 0.76 Mt (Table 1). Meanwhile, in some coun-

tries the area has stabilized or even decreased such as

in Portugal, Spain, Italy, Chile, or USA (California)

(Nóbrega 2013; Martı́nez Barba 2015; INTRACEN

2015), which can be attributed to higher production

costs, increased competition with other supply coun-

tries, resources limitation (e.g. severe water scarcity,

such as the case of California) and to technological

developments that facilitate and make more prof-

itable transportation and international transactions

(USDA-FAS 2014a, 2015a; Seccia et al. 2015).

1.2 Water use in table grape production: irrigation

needs, risks and trends

Water shortage is the most significant limiting factor

of crop production worldwide (Costa et al. 2007;

Cominelli et al. 2009; FAO 2011; Mancosu et al.

2015). The situation becomes more problematic in

areas characterized by Temperate, Tropical (arid and

semi arid) or Mediterranean type climates, namely the

northeast of Brazil, the central and southern India, the

southern Mediterranean Europe, Turkey or the

western part of Australia (Satisha et al. 2006; Teixeira

et al. 2014; Garcı́a-Tejero et al. 2014). Therefore, in

these regions table grape is usually grown under

irrigated conditions (Satisha et al. 2006; Williams

et al. 2010; Camargo et al. 2012; Tarricone et al.

2012).

Crop irrigation optimizes yield and guarantees

quality in dry areas. However, it has also become a

major user of water resources worldwide representing

an average of 70–80 % of total water consumption in

arid or semi-arid countries (Fereres and Soriano 2007;

FAO 2011). The tendency is for an increase due to the

predicted higher air temperatures (Tair), higher air

evaporative demand and decreased precipitation as

result of the ongoing climate change (Costa et al. 2007,

2016; Morison et al. 2008; Elliott et al. 2014; Vicente-

Serrano et al. 2014).

Compared to wine grapes and other crops,

table grapes characterize by very high annual yields

(17.1 and 49.9 ton ha-1) and a considerably high

water productivity (yield/profit vs water use) (Teixeira

et al. 2009; Molden et al. 2010; Pereira et al. 2012).

However, such high yields are paralleled by very high

water inputs as means to minimize risks of yield loss or

low berry quality (Rodrı́guez et al. 2010; Zúñiga-

Espinoza et al. 2015).

In some important table grape producing regions in

Europe and America, the amount of irrigation water

used largely overrides precipitation recharge (Table 2).

However, seasonal water requirements and vineyard

water use vary considerably. The average values of crop

evapotranspiration (ETc) can range between 2.2 to

5.6 mm day-1 (Table 2). This variation mainly derives

from differences in environmental conditions (e.g.

evaporative demand, soil type) and crop characteristics

(e.g. genotype, canopy architecture) or agronomic

strategies (e.g. trellis system, use of covering plastic/

netting, weed control, planting density) in the different

regions, which will influence ground cover fraction, and

consequently, soil water loss (Netzer et al. 2005; Proffitt

and Clause 2011; Moratiel and Martı́nez-Cob 2012;

Conceição et al. 2012; Suvočarev et al. 2013).

1.3 Drought and heat stress: short and long term

solutions

Scarcer water resources, high Tair and evaporative

demand co-occur in most of the producing areas of

table grape (Table 2). Besides, climate change is
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expected to decrease precipitation and result in higher

average and maximum Tair values and in more

extreme climate events (e.g. heat waves, severe

droughts), which tends to be more frequent and longer

as predicted for the Mediterranean basin region

(Della-Marta et al. 2007; Jones et al. 2012; IPCC

2013; Fraga et al. 2015). However, other grapevine

growing regions (e.g. USA, Australia, northeast of

Brazil) are also experiencing the consequences of

climate change (Jones et al. 2012; IPCC 2013). In the

case of table grapes, severe drought and high Tair

during ripening (i.e. at 27 or 30 �C) are known to

prevent proper berry color development in colored

table grape cultivars (Peppi et al. 2006; Ferrara et al.

2015; Shinomiya et al. 2015; Conesa et al. 2016).

Short and long term solutions to mitigate climate

change effects and related stresses (heat, drought), save

water and minimize environmental burdens of

table grape production are partly similar to what has

been described for wine grapes (Gerling 2015; Medrano

et al. 2015; Costa et al. 2016). They will include for

example: (1) improved crop monitoring and more

precise irrigation (precise scheduling, deficit irrigation);

(2) improved selection and breeding (optimal

scion/rootstock combinations for improved stress resis-

tance and higher WUE); (3) use of soil mulching; (4)

use of protected cultivation (netting or plastic covering)

(Fig. 1); (5) ensure the proper operation and mainte-

nance of the irrigation system; (6) implement water

metrics and water use benchmarking.

2 Deficit irrigation strategies in table grape

Attending to the large water requirements of the crop

(2700–9500 m3 ha-1 per season) (Table 2) and con-

sidering the scarce water resources of most of the

producing regions, table grape growers and related

Table 1 Non exhaustive list of the main producers of table grapes worldwide in 2014

Continent and

countries

Total area

grapevine

(91000 ha)

Table grape area

(91000 ha)

% Table grape

area/total

Production

Table grape

(91000 ton)

Source

Asia

China 799 735 92.0 9000 OIV (2015), USDA-FAS (2014c)

India 120.2 – – 2195 Wine Institute (2014), OIV (2015)

Iran 223 – – 1356 OIV (2015)

Turkey 502 295 58.8 1920 OIV (2015), USDA-FAS (2014d)

America

USA 425 44.5 10.5 920 OIV (2015), USDA-FAS (2015a, b)

Chile 211 52.2 24.7 1205 OIV (2015), USDA-FAS (2015c)

Brazil 81 24.9 30.5 762 CEPEA (2015), de Mello (2015)

Peru – 27 – 540 USDA-FAS (2014e, 2015a)

Argentina 228 12.9 5.7 130 INV (2014), USDA-FAS (2015a)

Europe

Italy 690 53.9 7.8 960 OIV (2015), USDA-FAS (2014a, b)

Spain 1038 13.5 1.3 229 OIV (2015), MAGRAMA (2015)

Greece 110 17 15.5 298 OIV (2015), USDA-FAS (2014a)

France 792 4.9 0.6 44 OIV (2015), EU (2015)

Portugal 224 2.1 0.9 14.4 OIV (2015), INE (2014)

Africa

Egypt – 68.9 – 1360 FRUITLINKCO (2015)

South Africa 132 16.4 12.4 340 OIV (2015), USDA-FAS (2015d)

Oceania

Australia 154 8 5.2 120 OIV (2015), ATGA (2015)

World total 7573 1389 18.3 21,553 OIV (2015), USDA-FAS (2015a)
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industry must focus on optimizing irrigation water use.

This involves increasing yield per cubic meter of

water, or in more simpler terms, to obtain ‘‘more crop

per drop’’ (Morison et al. 2008; Dodd 2009). The

terms ‘water productivity’ or ‘water use efficiency—

WUE’ translate the balance between gains (kg

biomass produced or moles of assimilated carbon

dioxide) and respective costs (number of cubic meters

of water used or number of moles of transpired water

vapour) (Medrano et al. 2010). Both terms are

commonly used to evaluate the effect of irrigation

strategies, including deficit irrigation. For eco-physi-

ological purposes and related studies, the WUE refers

to the ratio between net photosynthesis (An) and the

transpiration rate (E), namely the instantaneous WUE

(WUEinstantaneous = An/E) or can also refer the ratio

between An and stomatal conductance to water vapour

(gs), which is defined as the intrinsic WUE (WUEin-

trinsic = An/gs) (Medrano et al. 2010, 2015). The

WUE can also be assessed at different time frames: at

short term (calculated by instantaneous gas exchange

measurements) or at long and more integrative term

(carbon isotope ratio of dry matter of leaves) (Me-

drano et al. 2010).

For more agronomic purposes, the WUE at yield

level (WUEyield) is commonly adopted. WUEyield

translates the ratio between total production of

harvested yield and the total amount of water

consumed by the crop (Medrano et al. 2010).

Deficit irrigation generally results in gains in both

WUEintrinsic and WUEyield because under mild water

stress conditions, photosynthesis is less negatively

affected than E or gs (Medrano et al. 2010).

Therefore, deficit irrigation can contribute to save

water in irrigated table grapevine production. Deficit

irrigation can be also a tool to influence berry quality

as reported for wine grape (dos Santos et al. 2003; de

Souza et al. 2005; Chaves et al. 2010). However,

berry quality attributes for table grape differ from

those considered for wine grape (Williams et al.

2010; Faci et al. 2014; Zúñiga-Espinoza et al. 2015;

Conesa et al. 2016). As consequence, implementation

of deficit irrigation strategies in table grape produc-

tion may differ from those used in wine grape

Table 2 Climate conditions and irrigation water requirements for different table grape cultivars grown in indicative locations in

Europe (Portugal, Italy, Spain) and in America (Chile, USA, Brazil)

Location

(climate type)

Annual

rainfall

(mm)

Mean Genotype Growth

cycle (n. of

days)b

ETc (mm) Source

Tair (�C) Seasonal Daily

Alentejo, Portugal

(Mediterranean)

550 10.0–25.0 ‘Thompson’, ‘Crimson’ 160a 626 3.9 Domingos et al. (2015)a,

Nóbrega (2013)a,

DGADR (2015)

Zaragoza, Spain

(Mediterranean)

315 14.8–15.8 ‘Crimson’ 196 778 4.0 Faci et al. (2014),

Suvočarev et al.

(2013)
‘Autumn R.’ 161 845 5.2

Apulia, Italy

(Mediterranean)

550 15.4 ‘Italia’ 130c 277c 2.1 Tarricone et al. (2012,

2014)a, Vanino et al.

(2015)
‘Red globe’ 120c 296c 2.5

A.Valley, Chile

(Mediterranean)

111–242 9.4–22.4 ‘Thompson’ 155 658–810 4.2–5.2 Villagra et al. (2014),

Zúñiga-Espinoza et al.

(2015), Ferreyra et al.

(2006)

‘Crimson’ 169 926 5.5

California, USA

(Mediterranean)

190–410 15.2–20.6 ‘Thompson’ 190 718–865 3.7–4.5 Williams et al. (2003,

2010), Williams

(2012)

S. F.Valley, Brazil

(Tropical semi-arid)

400–570 24.0–30.0 ‘Italia’ 120 503 4.2 de Castro Teixeira et al.

(1999), Teixeira et al.

(2007), Marinho et al.

(2009)

‘Superior’ 90–105 390 3.7–4.3

Jales-SP, Brazil

(Tropical wet-dry)

1334 20.7–25.5 ‘Italia’ 150 330 2.2 Conceição et al. (1998,

2012)‘Niágara R’ 130 299–325 2.3–2.5

a Plastic covered in post ‘‘veraison’’, b bud break to harvest, c berry set to one week before harvest
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production. This will be discussed in the following

sections.

2.1 Basic principles of deficit irrigation strategies

A major characteristic of deficit irrigation strategies is

to give enough water to stabilize yield, but enabling

imposition of some degree of water deficit that permits

to save irrigation water while controlling vigour and

positively influencing quality (Fereres and Soriano

2007; Chaves et al. 2007; Costa et al. 2007; Geerts and

Raes 2009). Deficit irrigation has been successfully

applied to woody crops including grapevine (Escalona

et al. 1999; Chaves et al. 2007; Medrano et al. 2015).

The classic deficit irrigation strategy (DI) implies that

water is supplied below full crop evapotranspiration

(ETc) along the growing period. The two additional

strategies are regulated deficit irrigation (RDI) and

partial root drying (PRD) (English 1990; Chaves et al.

2007; Fereres and Soriano 2007). RDI is based on the

fact that crop sensitivity to drought stress varies along

the growth cycle and because intermittent water

deficits during specific periods may benefit WUE,

increase water savings and improve berry quality

(McCarthy et al. 2002; Loveys et al. 2004; Cameron

et al. 2006). By using the RDI strategy, plant water

status can be maintained within certain limits of water

deficit (with respect to maximum water potential) at

specific phases of the crop cycle, normally when fruit

growth is least sensitive to water reductions (Marsal

et al. 2002; Kang and Zhang 2004). A major disad-

vantage of RDI however, is that plant’s water status

must be kept within narrow limits, which can be

difficult to guarantee in field (due to climate variabil-

ity) unless a rigorous plant/soil monitoring is per-

formed. On the other hand, over-irrigation results in

higher costs of water, energy and nutrients lixiviation,

while less irrigation can cause major losses in yield

and quality, mainly if abnormal and sudden high air

temperatures (heat waves) are experienced (Jones

2004; Costa et al. 2012a; Lopes et al. 2014). In

table grapes, RDI strategy is generally implemented in

post-veraison phase, i.e. at the onset maturation,

because reductions in watering before this stage can

Fig. 1 View from a table grape vineyard in Brazil and Portugal.

a Overhead trellis system at northwest of São Paulo State

(tropical climate, 1334 mm annual precipitation), using micro-

sprinkler irrigation and continuous resident vegetation on the

inter-row; b overhead trellis system (Alentejo, South Portugal,

Mediterranean climate, 450–600 mm annual precipitation),

using drip irrigation and dry resident vegetation on the inter-

row; c view of an Y-shaped plastic permanent covering system

in the northwest of São Paulo State; and d horizontal trellis

system covered with plastic during the ripening period at

Alentejo, South Portugal
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significantly decrease berry size and yield (Faci et al.

2014; Conesa et al. 2015).

Another deficit irrigation strategy tested in grape-

vine is PRD. This approach explores root exposure to

alternate cycles of drying and wetting, which results in

plants growing with reduced stomatal conductance to

water vapour and without or with minimal signs of

drought stress (Zhang et al. 1987; Davies et al. 1994;

dos Santos et al. 2003; Kang and Zhang 2004; Dodd

et al. 2006). PRD is based on plant root to shoot

chemical signaling that influences shoot physiology

and it can be operated in drip or furrow-irrigated crops.

The theoretical basis of the PRD strategy is that the

wet part of the root system will be kept with a

favorable plant water status, while drying roots will

increase abscisic acid (ABA) synthesis, which will

reach leaves via the transpiration stream and induce

stomatal closure (Kang and Zhang 2004; Dodd 2005).

In parallel, PRD decreases vegetative growth and

increases WUE (Dry and Loveys 1999; Davies et al.

2000; Chaves et al. 2007). The PRD strategy also

promotes root growth at deeper soil layers in grape-

vine (Dry et al. 2000; Santos et al. 2005). PRD favors

higher xylem pH and reduces cytokinin concentration

(Davies and Zhang 1991; Dry and Loveys 1999; Stoll

et al. 2000; Davies et al. 2005), which ultimately limits

stomatal opening. PRD may influence carbohydrates

partitioning among different plant organs and con-

tribute positively to fruit quality (Kang and Zhang

2004). However, a practical inconvenient of PRD is

that it requires double amount of tubes as compared to

RDI or DI strategies, increasing installation and

maintenance costs. Besides, literature reports conflict-

ing results regarding the effects of PRD on the

performance of several crops, including grapevine

(Bravdo 2005; Chaves et al. 2010), which can be

related to the soil type (e.g. fine texture soils will offer

difficulties in a truly physical separation between dry

and wet roots).

2.2 Effects of deficit irrigation on water saving,

WUEyield and agronomic performance

of table grape

Similarly to wine grape production (Chaves et al. 2010;

Tomás et al. 2012; Costa et al. 2012b; Medrano et al.

2015) literature presents conflicting results for the

effects of deficit irrigation on the performance of the

table grape crop. Indeed, table grape responses to

imposed mild to moderate water stress vary with the

degree of soil water deficit, and the surrounding climate

conditions (Tables 2, 3, 4). Moreover, the irrigation

strategy (i.e. timing, duration and form/shape/mode,

e.g. PRD) must account for the roles of the genotype

that influence water uptake/transport (e.g. root, stem

and leaf hydraulics, root and leaf morphology, leaf gas

exchange behavior), as well as for the effect of

agronomic practices (soil and canopy management).

Deficit irrigation (DI) can contribute to water

savings in table grape production. Williams et al.

(2010) studied the response of ‘Thompson Seedless’

vines under California conditions to different irriga-

tion inputs (treatments ranging between 20 and 140 %

of ETc). They found that maximum yields and berry

weight increase were achieved when applying water at

60–80 % of ETc. This means that values lower than

4000 m3 ha-1 and greater than 8000 m3 ha-1 did not

guaranteed the best berry weight, yield, cluster

number nor WUEyield (Williams et al. 2010). Other

studies show that the simple reduction in the irrigation

threshold in terms of ETc (70–80 %) or the irrigation

arrest 13–21 days before harvest saved considerable

amount of water, varying between a minimum of

300 m3 ha-1 (Marinho et al. 2009; Conceição et al.

2014) and a maximum of 2400–3000 m3 ha-1 per

season (Serman et al. 2004; Conesa et al. 2015), while

the influence on the yield and berry/cluster physical

traits was minor or inexistent (see Table 3). In addition

to water savings, we must account the potential

economical and environmental benefits related to

energy savings due to reduced water pumping and

pressurizing water distribution systems which involve

major energy requirements, especially in regions

characterized by water scarcity and semi-arid climates

(Soto-Garcı́a et al. 2013).

Among the entire set of yield and biophysical

quality traits considered for table grape berries and

clusters, number of commercial clusters, berry weight,

berry size/diameter, color and firmness are the most

affected by deficit irrigation (Table 3). However, the

timing of stress imposition influences the final effect

of deficit irrigation on yield, WUEyield and berry

quality. For example in South Africa, and under desert

conditions (climate BWh Köppen-Geiger) Myburgh

(2003) found that when subjecting vines of cv.

‘Sultanina’ (syn. ‘Thompson Seedless’) to water

deficits at earlier stages (bud break, before flowering

and flowering to pea size) was more negative to yield

90 Theor. Exp. Plant Physiol. (2016) 28:85–108

123



T
a
b
le

3
N

o
n

-e
x

h
au

st
iv

e
li

st
o

f
ex

am
p

le
s

sh
o

w
in

g
th

e
ef

fe
ct

s
o

f
d

efi
ci

t
ir

ri
g

at
io

n
o

n
w

at
er

sa
v

in
g

s,
y

ie
ld

,
W

U
E

y
ie

ld
,

cl
u

st
er

an
d

b
er

ry
b

io
p

h
y

si
ca

l
tr

ai
ts

fo
r

d
if

fe
re

n
t

ta
b

le
g

ra
p

e

cu
lt

iv
ar

s
an

d
g

ro
w

in
g

lo
ca

ti
o

n
s

L
o

ca
ti

o
n

(c
li

m
at

e
ty

p
e)

G
en

o
ty

p
e

(s
ci

o
n

/r
o

o
ts

to
ck

)

Ir
ri

g
at

io
n

st
ra

te
g

y

(f
ra

ct
io

n
)

W
at

er

(9
1

0
3

m
3

h
a-

1
)

Y
ie

ld

(t
o

n
h

a-
1
)

W
U

E
y
ie

ld

(k
g

m
-

3
)

C
lu

st
er

tr
ai

ts

(W
,

N
8)

B
er

ry
b

io
p

h
y

si
ca

l

tr
ai

ts
(W

,
Ø

,
F

,

co
lo

r)

S
o

u
rc

e

U
se

d
S

av
ed

S
.

Ju
an

—
A

rg
en

ti
n
a

(M
ed

it
er

ra
n
ea

n
)

‘S
u
p
er

io
r’

F
I
=

E
T

c
1
0
.6

0
2
5
.2

2
.4

S
er

m
an

et
al

.
(2

0
0
4

)

D
I

(0
.8

F
I)

8
.7

7
1
.8

3
2
3
.0

&
3
.1

:
&

(W
,

N
8)

–

D
I

(0
.7

F
I)

7
.6

3
2
.9

7
2
3
.9

&
2
.6

&
&

W
,
;N

8
–

D
I

(0
.6

F
I)

6
.4

9
4
.1

1
2
0
.5

;
3
.2

:
&

W
,
;N

8
–

B
ah

ia
—

B
ra

zi
l,

(s
em

i
ar

id
)

‘S
u
p
er

io
r’

/S
O

4
F

I
=

E
T

c
3
.9

9
3
3
.5

8
.4

M
ar

in
h
o

et
al

.
(2

0
0
9

)

D
I

(N
I

1
3

d
b
h
)

3
.6

7
0
.3

2
3
3
.9

&
9
.2

&
&

W
&

F

D
I

(N
I

2
1

d
b
h
)

3
.3

4
0
.6

5
3
0
.3

&
9
.1

&
&

W
:

F

Ja
le

s
(S

P
)—

B
ra

zi
l,

(t
ro

p
ic

al
w

et
-d

ry
)

‘N
iá
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iç
ão

et
al

.
(2

0
1
4

)

D
I

(N
I

2
1

d
b
h
)

1
.1

3
0
.3

0
&

W
&

Ø

Z
ar

ag
o
za

—
S

p
ai

n
,

(S
em

i
ar

id
)

‘A
u
tu

m
n

R
.’

/R
ic

h
te

r

1
1
0

F
I
=

E
T

c
-

r
8
.4

5
4
5
.3

5
.4

F
ac

i
et

al
.

(2
0
1
4

)

R
D

I
(0

.8
F

I)
7
.8

5
0
.6

0
4
9
.9

&
6
.3

&
W

&
(W

,
Ø

,
F

)

R
D

I
(0

.6
F

I)
7
.2

2
1
.2

3
4
8
.7

&
6
.7

&
W

&
(W

,
Ø

,
F

)

‘C
ri

m
so

n
’/

R
ic

h
te

r
1
1
0

F
I
=

E
T

c
-

r
7
.7

8
4
3
.4

5
.6

R
D

I
(0

.8
F

I)
7
.1

6
0
.6

1
4
7
.9

:
6
.7

&
W

,
:N

8
&

(W
,

Ø
,

F
)

R
D

I
(0

.6
F

I)
6
.5

2
1
.2

6
3
4
.3

;
5
.3

&
W

,
;N

8
&

(W
,

Ø
,

F
)

M
u
rc

ia
—

S
p
ai

n
,

(M
ed

it
er

ra
n
ea

n
)

‘C
ri

m
so

n
’/

1
1
0
3

P
F

I
=

1
.1

E
T

c
6
.8

5
4
5
.8

6
.7

C
o
n
es

a
et

al
.
(2

0
1
5

,
2
0
1
6

)

R
D

I
(0

.5
5

F
I)

4
.4

6
2
.3

9
4
6
.2

&
1
0
.4

&
&

(W
,

N
8)

&
(W

,
Ø

,
F

),
:c

o
lo

r

P
R

D
(0

.5
5
F

I)
4
.3

2
4
2
.7

&
9
.9

&
&

(W
,

N
8)

&
(W

,
Ø

,
F

),
:c

o
lo

r

A
p
u
li

a—
It

al
y
,

(M
ed

it
er

ra
n
ea

n
)

‘C
ri

m
so

n
’/

1
4
0

R
u
g
g
er

i
F

I
=

E
T

c
2
.1

9
3
8
.1

1
7
.4

V
o
x

et
al

.
(2

0
1
4

)a

D
I

(0
.8

F
I)

1
.7

5
1
.0

9
3
0
.9

;
1
7
.7

&
&

W
&

W
,
;Ø

D
I

(0
.5

F
I)

1
.0

9
1
.0

9
2
5
.7

;;
2
3
.5

:
;

W
;

(W
,

Ø
)

A
p
u
li

a—
It

al
y
,

(M
ed

it
er

ra
n
ea

n
)

It
al

ia
/1

1
0
3

P
F

I
=

E
T

c
2
.7

7
4
7
.6

1
7
.1

T
ar

ri
co

n
e

et
al

.
(2

0
1
4

)a

D
I

(0
.8

F
I)

2
.2

5
0
.5

2
4
0
.8

;
1
8
.2

:
;W

,
&

N
8

;W
,
&

F

A
p
u
li

a—
It

al
y
,

(M
ed

it
er

ra
n
ea

n
)

It
al

ia
/S

O
4

F
I
=

1
.2

E
T

c
2
.8

0
3
1
.5

1
1
.3

T
ar

ri
co

n
e

et
al

.
(2

0
1
2

)a

D
I
=

0
.8

E
T

c
1
.9

0
0
.9

0
2
7
.7

1
4
.6

:
;W

,
&

N
8

&
W

D
I
=

0
.4

E
T

c
0
.9

6
1
.8

4
2
1
.3

;;
2
2
.2
::

;;
W

,
&

N
8

;W

G
an

su
—

C
h
in

a,

(d
ry

ar
id

)

R
iz

am
at

/
C

=
0
.6

–
0
.7

2

A
W

3
.0

5
1
7
.1

5
.6

D
u

et
al

.
(2

0
0
8

)

P
R

D
(0

.5
C

)
2
.4

3
0
.6

1
1
7
.3

&
7
.1

:
;

W
,
:N

8
;W

F
I

fu
ll

y
ir

ri
g

at
ed

,
N
I

n
o

n
-i

rr
ig

at
ed

,
D
I

d
efi

ci
t

ir
ri

g
at

ed
,
R
D
I

re
g

u
la

te
d

d
efi

ci
t

ir
ri

g
at

ed
,
d
b
h

d
ay

s
b

ef
o

re
h

ar
v

es
t,
r

ra
in

fa
ll

,
C

co
n

v
en

ti
o

n
al

,
A
W

av
ai

la
b

le
w

at
er

,
W

w
ei

g
h

t,
N
8

n
u

m
b

er
,
F

fi
rm

n
es

s,
Ø

si
ze

,
:

in
cr

ea
se

,
;

d
ec

re
as

e,
&

n
o

si
g

n
ifi

ca
n

t
ch

an
g

e
a

P
la

st
ic

co
v

er
ed

in
p

o
st

‘‘
v

er
ai

so
n

’’

Theor. Exp. Plant Physiol. (2016) 28:85–108 91

123



(decrease of 17, 15 and 9 % respectively) than when

imposing water deficits at pea size or at ripening

(decrease of 4 % as compared to not stressed vines).

Moreover, there is a great variation in the response to

DI among different genotypes (scion and rootstock),

which can be related with the size of canopy, the

length of the growth cycle, root traits (use or not of

rootstock) and differences in climate and soil charac-

teristics due to different location of trials (Table 3).

In Chile, Ferreyra et al. (2006) studied the effect of

DI on the cv. ‘Crimson Seedless’ grown under the mild

Mediterranean climate conditions (Csb Köppen-

Geiger) of Valparaiso Region. They found that DI (at

75 % ETc) along crop cycle caused yield loss as

compared to fully irrigated (FI) vines and saved

2800 m3 ha-1 of irrigation water along the season. In

Italy, and under typical Mediterranean climate condi-

tions, Vox et al. (2014) found for the cv. ‘Crimson

Seedless’ that imposing DI (at 80 % ETc) after berry

set decreased yield, berry size, did not affect WUEyield

(17.7 kg m-3) and enable water savings (400 m3 ha-1)

(Table 3).

Serman et al. (2004) observed for the cv. ‘Superior

Seedless’ grown under a Mediterranean climate type

Table 4 Effects of deficit irrigation on berry biochemical traits for different table grape cultivars grown at different locations

Location

(climate type)

Genotype (scion/rootstock) Irrigation

(fraction)

Biochemical traits Source

Bahia—Brazil,

(Semi arid)

‘Superior’/SO4 FI = ETc Marinho et al. (2009)

DI (NI 13–21

dbh)

& TSS, ;TA

Jales (SP)—Brazil,

(Tropical wet-dry)

‘Niágara R.’/IAC 572 FI = ETc Conceição et al.

(2014)DI (NI 21

dbh)

& (TSS, pH)

Zaragoza—Spain,

(Semi arid)

‘Autumn R.’ and ‘Crimson’/

Richter 110

FI = ETc - r Faci et al. (2014)

RDI (0.8 FI) & (TSS, pH)

RDI (0.6) & (TSS, pH)

Murcia—Spain,

(Mediterranean)

‘Crimson’/1103 P FI = 1.1 ETc Conesa et al. (2016)

RDI (0.55 FI) & (TSS, TA, F3-ol, Res),

;(pH, Fls), :As

PRD (0.55 FI) & (TSS, TA, pH, Fls), :(F3-

ol, Res), ::As

Apulia—Italy,

(Mediterranean)

‘Crimson’/140 Ruggeri FI = ETc Vox et al. (2014)a

DI (0.8 FI) & pH, :(TSS, TA)

DI (0.5 FI) & (TA, pH), ::TSS

Apulia—Italy,

(Mediterranean)

‘Italia’/1103 P FI = ETc Tarricone et al.

(2014)a
DI (0.8 FI) & (TA, pH), ;TSS

Apulia—Italy,

(Mediterranean)

‘Italia’/SO4 FI = 1.2 ETc Tarricone et al.

(2012)a
DI = 0.8 ETc & (TSS, TA, pH)

DI = 0.4 ETc & (TA, pH), :TSS

Gansu—China,

(Dry arid)

‘Rizamat’/ C = 0.6–0.72

AW

Du et al. (2008)

PRD (0.5 C) TSS, ;TA, :MI, :Vc

Okayama—Japan,

(Polyhouse)

‘Muscat of Alexandria’/SO4 FI El-Ansary and

Okamoto (2008)RDI & TA, :(TSS, Amino acids)

PRD & (TA, TSS, Amino acids)

FI fully irrigated, NI non-irrigated, DI deficit irrigated, RDI regulated deficit irrigated, dbh days before harvest, r rainfall,

C conventional, AW available water, TSS total soluble solids, TA titratable acidity, F3-ol flavan-3-ols, Res resveratrol, Fls flavonols,

As anthocyanins, MI maturity index = TSS/TA 9 10, Vc Vitamin C content, : increase, ; decrease, & no significant change
a Plastic covered in post ‘‘veraison’’
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that 70 and 100 % ETc irrigation treatments resulted in

similar yield, and in a reduction of 3000 m3 ha-1 of

irrigation water and an increase of WUEyield from 2.4

to 3.1 kg m-3 (Table 3). However, the number of

commercial clusters per plant was reduced under

60–70 % ETc treatments (8–13 clusters per plant,

respectively, as compared to 20–25 clusters for the

80–100 % ETc treatment) revealing the sensitivity of

this cv. to deficit irrigation.

Other studies point out that imposing mild stress via

RDI at post-veraison or for a short period

(13–21 days) before harvest, resulted in higher or

similar yields, no changes in WUEyield and minor

losses in the biophysical quality of the cluster

(Table 3). However, when imposing stress at pre-

veraison (after berry set), yield and cluster or berry

quality was decreased (Vox et al. 2014; Tarricone et al.

2012, 2014) (Table 3).

Furthermore, Gálvez et al. (2014) tested the imple-

mentation of deficit irrigation controlled on the basis

of stem water potential and vapor pressure deficit

(VPD) in the cvs ‘Red globe’ and ‘Thompson

Seedless’. Water use under DI was reduced in the

cv. ‘Red globe’ by about 5620 m3 ha-1 per season as

compared to conventional irrigation. In turn, water

savings for the cv. ‘Thompson Seedless’ were only

487 m3 ha-1. Nevertheless authors found no losses in

yield nor in cluster quality in both cvs. The increase in

WUEyield observed for the cv. ‘Red globe’ from 4.4 to

9.8 kg m-3 was more pronounced than the increase

registered for the cv. ‘Thompson Seedless’ (from 2.9

to 3.1 kg m-3). This could be attributed to different

vigor (canopy size) because the percentage of shaded

area in the cv. ‘Thompson Seedless’ (i.e. 80 %) was

larger than that of cv. ‘Red Globe’ (i.e. 70 %), or yet,

to lower soil water availability as observed for the cv.

‘Thompson Seedless’ (Gálvez et al. 2014).

Literature also describes the effect of PRD strategy

on table grape production (Van Zyl 2007; Du et al.

2008; El-Ansary and Okamoto 2008). El-Ansary and

Okamoto (2008) compared the effects of PRD and RDI

irrigation strategies on vines of cv. ‘Muscat of Alexan-

dria’ under greenhouse conditions. Their findings show

that PRD and RDI treatments had the highest WUEin-

trinsic, with similar berry size and firmness in PRD, while

these parameters were reduced in the RDI as compared

to the control. In turn, Conesa et al. (2015) found that

vines of the cv. ‘Crimson Seedless’ subjected to PRD

and RDI treatments had similar WUEyield, berry size

and firmness relatively to FI, but also improved berry

color which is an important qualitative berry trait for

this cv. (Table 3). In China, Du et al. (2008) evaluated

the effects of PRD strategy in the cv. ‘Rizamat’. PRD

increased WUEyield without losses in yield, but they

found that PRD decreased berry and cluster weight

(Table 3). In more recent trial, Du et al. (2013) studied

the PRD principle under furrow irrigation conditions.

Two treatments were tested: conventional furrow

irrigation (control) and alternate partial root-zone

furrow irrigation (PRDfurrow). Vines subjected to the

PRDfurrow maintained net photosynthetic rates similar

to the control but showed reduced transpiration. As a

consequence, WUEyield was improved by about 30 and

13 % in 2005 and 2006 respectively. In addition,

PRDfurrow resulted in an increase of 2.9–4.8 % in berry

edible percentage in both years.

Summarizing, successful implementation of deficit

irrigation in table grape requires good knowledge on

genotype behaviour and on environmental conditions

(soil and air). Precise stress monitoring can help to

optimize cultivation and irrigation scheduling and

minimize the negative effects of mild water stress on

yield and berry/cluster biophysical quality. In addi-

tion, modulation of irrigation along the season must be

performed according to the vine’s genotype, pheno-

logical stage and soil characteristics (physical traits

influencing water relations i.e. soil texture) (See

Sect. 3 for more details).

2.3 Effects of deficit irrigation on berry

metabolism and quality

Table grape quality is evaluated not only on the basis

of biophysical traits (see above) but also on the

internal biochemical parameters. In addition to size,

firmness and color, the acidity and the contents in total

soluble solids (TSS) are the most important traits

influencing berry quality (Serman et al. 2004; Wil-

liams et al. 2010; Champa 2015; Conesa et al. 2015).

Fruit quality in table grape depends largely on the

harvest date which mainly depends on the TSS that

should vary between 14 and 17.5�Brix, although this

depends on the cv. and terroir (Codex Standard 2011;

Ritschel et al. 2015; Champa 2015). A high TSS/TA

ratio (TA = titratable acidity, measured with refer-

ence to tartaric acid) is another well accepted

biochemical trait used to evaluate berry quality of

table grape (Champa 2015).
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The majority of studies on table grapes describe the

TSS, TA and pH as internal berry traits mostly

influenced by deficit irrigation (Table 4). However,

the effect of deficit irrigation strategies on these berry

traits is not linear, and depends on the genotype,

climate, and growing conditions (Table 4).

Berry biochemical quality is the final result of berry

metabolism (carbon, nitrogen, hormones) and of a

balanced accumulation of primary and secondary

compounds e.g. sugars, organic acids, amino acids,

anthocyanins, proanthocyanins, terpenoids and vola-

tiles (Kuhn et al. 2014; Conde et al. 2015). Carbon

metabolism at the leaf level has an important role on

berry composition and final berry quality because leaf

sugars correlate with anthocyanins accumulation (Dai

et al. 2013; Kuhn et al. 2014). Sugar composition and

concentrations depend on the genotype and the

growing conditions, namely in terms of soil water

availability (Dai et al. 2011). In general, water deficits

increase the contents of sugars and stilbenoids in

berries as compared to irrigated vines (Chaves et al.

2010; Zarrouk et al. 2016). The positive effect of mild

water stress on the accumulation of secondary com-

pounds (e.g. anthocyanins) relates with two major

processes: (i) inhibition of berry development via pre-

veraison water deficit (Koundouras et al. 2009; Basile

et al. 2011; Intrigliolo et al. 2012) leading to accel-

erated berry ripening (Castellarin et al. 2007a, b) or (ii)

increased proportion of seeds and skin relative to the

whole-berry fresh mass by imposing post-veraison

water stress (Roby and Matthews 2004).

El-Ansary and Okamoto (2008) found that fruits of

the cv. ‘Muscat of Alexandria’ grown in a polyhouse

(protected cultivation) under RDI conditions had

higher contents in TSS, fructose, amino acids and

aromatic volatile compounds, and lower concentration

of malate at harvest than control vines. Du et al. (2008)

in turn, working with cv. ‘Rizamat’ found that PRD

caused no losses in berry quality, and that increased

concentrations of ascorbic acid, TSS and decreased

acidity (TA) contributed to healthier and sweeter

berries. More recently, studies with the cv. ‘Crimson

Seedless’ also showed that PRD increased berry’s

content in resveratrol in parallel whit an increase of

flavonols and anthocyanins (Conesa et al. 2016)

(Table 4).

Imposed water deficit changes berry growth and

accelerate ripening via up-regulation of several genes

controlling flavonoids pathway (Castellarin et al.

2007a, b). Koundouras et al. (2009) observed for

vines of ‘Cabernet Sauvignon’ subjected to DI (50 %

of ETc) an increase of flavour at harvest and that pre-

veraison drought stress promotes the accumulation of

anthocyanins in berries.

The increase of sugars, anthocyanins and flavor

compounds in berries in response to pre- or post-

veraison water deficits may be related with the

promotive effects of ABA on fruit ripening (Ferrandino

and Lovisolo 2014; Conesa et al. 2015). Indeed, ABA

influences regulation of the biosynthesis of primary and

secondary metabolites in berries (Davies et al. 1997;

Antolı́n et al. 2003; Peppi et al. 2008; Deluc et al. 2009).

Niculcea et al. (2014) observed for two wine grape cvs

(‘Tempranillo’ and ‘Graciano’) that by imposing RDI

(40 % ETc) at pre- and post-veraison modified ABA

accumulation patterns and extended the synthesis of

ABA over time in the post-veraison treated berries

resulting in higher concentration of sugars, phenolics

and anthocyanins. Other hormones were also affected

by deficit irrigation. For example early imposition of

RDI markedly decreased auxins (IAA) and jasmonic

acid (Niculcea et al. 2014).

The effects of deficit irrigation on berry biochem-

ical traits largely depend on soil and atmospheric

conditions along the growing cycle (Chaves et al.

2010; Shellie 2011). High Tair at mid-ripening coupled

to DI (25 % of ETc) reduced total anthocyanins

content, possibly by promoting degradation of these

compounds or/and inhibition of their biosynthesis

(Fernandes de Oliveira and Nieddu 2013). On the

other hand, Bonada et al. (2013) found that the

combination of soil water deficits and high Tair

modifies the onset of berry net water loss and hastens

ripening. This agrees with the fact that severe water

stress reduces accumulation of anthocyanin com-

pounds (Fernandes de Oliveira and Nieddu 2013;

Zarrouk et al. 2016).

Other relevant point to clarify in table grape quality

is to assess to what extent excessive irrigation and light

exclusion (or too low light intensities) influence berry

metabolism and ultimately berry quality at harvest and

post-harvest. This is particularly relevant if we consider

cultivation under plastic (see Sect. 3.3). Excessive

irrigation and light exclusion can result in delayed or

reduced sugar accumulation and increased TA together

with a decrease in anthocyanin content, partly related to

excessive shoot growth which increases shadowing of

berry clusters (Deluc et al. 2009).
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3 Complementary crop management tools

3.1 Genotypes (scion and rootstock)

Grapevine (Vitis sp.) has large genetic variability

(Chaves et al. 2010; Tomás et al. 2014), which leads to

heterogeneous plant phenotypes in terms of vigour,

yield, leaf and berry traits, and which will ultimately

result in variation on plant demands on water,

nutrients and/or in the responses to light, Tair or to

water stress. Some of the most important differences

existing among grapevine genotypes relate to morpho-

physiological and bio-physical traits such as leaf and

root morphology, root and canopy architecture, leaf

gas exchange, temperature regulation, hydraulics,

hormones, osmotic adjustment capacity and phenol-

ogy (short vs long growth cycle) (Chaves et al. 2010;

Costa et al. 2012b; Kuhn et al. 2014; Tomás et al.

2014; Bota et al. 2016).

Genotype differences for drought tolerance are

likely due to differences in root to shoot hormonal

signaling, hydraulic regulation or metabolic activity

related to hormones and/or nitrogen (Soar et al. 2006;

Chaves et al. 2010; Hochberg et al. 2013). It is known

that the ability to control ABA metabolism in leaves

and fruits under stress differs among genotypes (Deluc

et al. 2009; Chaves et al. 2010; Kuhn et al. 2014;

Niculcea et al. 2014). Identically, grapevine genotypes

respond differently to water stress in terms of leaf gas

exchange (An, gs, WUEintrinsic) (Costa et al. 2012b;

Tomás et al. 2014), and as consequence, they tend to

respond differently to deficit irrigation.

The large biodiversity of grapevine is an opportu-

nity to identify and select scion and rootstock geno-

types better adapted to abiotic and biotic stress or to

select the optimal combination of scion and rootstock

genotypes to be grown under specific environments

(e.g. hot and dry Mediterranean, tropical and semi-arid

climates) (Carbonell-Bejerano et al. 2016). Indeed,

rootstocks influence scions namely in terms of

hydraulics and water uptake/transport, leaf gas

exchange, vigour (Soar et al. 2006; Berdeja et al.

2015; Galbignani et al. 2016; Ollat et al. 2016) and

berry quality (Cortell et al. 2007). As consequence,

selection of rootstocks for higher tolerance to drought

will improve adaptation of table grapes to more severe

droughts as described for wine grapes (Berdeja et al.

2015) and it will help to improve berry quality.

Selection of scion genotypes for semi arid climates

should consider a compromise between higher WUE

and leaf cooling capacity, as pointed out for wine

grapes grown in dry and warm climates (Costa et al.

2012a, 2016). Leaf temperature regulation under stress

conditions is crucial for optimal leaf photosynthesis

and to avoid leaf damage, especially under heat waves

events. Optimal leaf temperatures for grapevine

photosynthesis vary between 25 and 30 �C (Greer

2012), but this range may depend on the genotype and

the environmental conditions (Chaves et al. 2010).

In terms of genetic variability previous studies

show a considerable variation in WUEintrinsic between

scion cultivars under irrigation conditions, ranging

from 17.8 lmol CO2 mol-1 H2O in ‘Sharad Seedless’

to 110 lmol CO2 mol-1 H2O measured in cv. ‘Rosaki’

or under dry conditions, in which the cv. ‘Tas-A-

Ganesh’ (mutant of the cv. ‘Thompson Seedless’)

featured a minimum of 16 lmol CO2 mol-1 H2O,

whereas a maximum of 200 lmol CO2 mol-1 H2O

was measured for the cv. ‘Rosaki’ (Medrano et al.

2015).

Identically, the existing variability in rootstock

genotypes should be considered for breeding and

selection purposes. Variability for traits such as

suitability for propagation (e.g. grafting compatibility,

rooting ability), resistance/tolerance to abiotic and/or

biotic stress (e.g. tolerance to lime and to salinity and

drought) are important traits to be studied and

improved in novel genotypes (Granett et al. 2001;

Satisha et al. 2006;2007; Serra et al. 2014).

Satisha and Prakash (2006) found substantial

variation for WUEintrinsic among three scion cultivars

(‘Flame Seedless’, ‘Thompson Seedless’, ‘Sharad

Seedless’) grafted on three different rootstocks

(‘Dog Ridge’, ‘Salt Creek’ and ‘Vitis champinii or

VC clone’), and under 50 % moisture stress. The use

of the ‘Dog Ridge’ rootstock resulted in the highest

WUEintrinsic, followed by ‘Salt Creek’ and the VC

clone. Among the scion varieties, the cv. ‘Flame

Seedless’ had the highest WUEintrinsic (15–25.2 lmol

CO2 mol-1 H2O) followed by ‘Sharad Seedless’

(16–22.3 lmol CO2 mol-1 H2O) and ‘Thompson

Seedless’ (14.1–17.7 lmol CO2 mol-1 H2O) under

50 % moisture stress conditions. ‘Dog Ridge’ and

‘Salt Creek’ rootstocks influenced positively An and

WUEintrinsic of cv. ‘Flame Seedless’ and ‘Sharad

Seedless’ under drought conditions.

Rootstocks influence scion vigour and some studies

suggest that this can be due to xylem hydraulic
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function. High vigour would be linked to larger

hydraulic conductance of the whole-root-system

(Alsina et al. 2011; Gambetta et al. 2012; Tramontini

et al. 2013). In the northwest region of São Paulo state,

Brazil, the rootstock ‘IAC 766’ was compared with

‘1103 Paulsen’, using as scion the novel seedless cv.

‘BRS Vitória’, which it is tolerant to downy mildew,

and simultaneously vigorous (large canopy) under

irrigated conditions (Permanhani et al., unpublished

results). The ‘IAC 766’ rootstock showed to regulate

better shoot vigour and permitted a more balanced

vegetative and reproductive growth of the cv. ‘BRS

Vitória’, than the ‘1103 Paulsen’ rootstock (Fig. 2).

Less vigorous scion varieties can adapt better to

dryer areas due to their smaller canopy size which

minimizes evaporative water losses. Moreover, smal-

ler or narrower leaves will reach lower peak surface

temperatures than will larger ones due to the thinner

boundary layer and improved convective dissipation

(Vogel 2009). This is an advantage under dry and hot

conditions or if protected cultivation is adopted.

Another important aspect related to the genotype is

the capacity of plants to recover from stress. Indeed

research of water stress-recovery cycles/responses is

an important component of grapevine eco-physiology

(see Flexas et al. 2009; Santesteban et al. 2009;

Bondada and Shutthanandan 2012). This because

drought induces xylem embolism formation and the

vulnerability or ability to repair embolized vessels to

restore xylem functionality may differ between geno-

types or species (Lovisolo et al. 2008; Knipfer et al.

2015).

3.2 Precise monitoring of crop performance

and soil/microclimate condition

Modern and more sustainable table grape production

demands methods to obtain robust data on crop’s

morpho-physiology (roots, canopy and berry), soil and

microclimate conditions, in a fast and remote way.

Precision agriculture and viticulture experienced fast

developments in the recent decades (Bastiaanssen

Fig. 2 Effects of scion/rootstock combination on root and

shoot traits for plants of the seedless table grape cv. ‘BRS

Vitoria’ with 3 year old, grown in northwest of São Paulo state

under irrigated conditions. a Rooting distribution in grafted

plants using the rootstocks ‘IAC-766’ (top) and the rootstock

‘1103 Paulsen’ (bottom). b Average shoot leaf area (top) and

shoot diameter (bottom) measured 30–60 days after pruning in

2014, for plants on rootstock ‘IAC-766’ (solid line) and ‘1103

Paulsen’ (dashed line). Points indicate means and vertical bars

indicate SE (n = 16) (Permanhani et al., unpublished results)
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et al. 2008; Gago et al. 2015; Matese and Di Gennaro

2015; Jones and Grant 2016; Grant et al. 2016). The

basic aim is to combine different tools to gather more

data to support faster and robust decision-making

process, and to increase input use efficiency (e.g.

water, fertilizers, biocides) and to minimize environ-

mental burdens (e.g. soil and water pollution).

Recorded parameters such as Tair and VPD, soil

water content, total irradiance are commonly required

to estimate plant needs and support irrigation man-

agement. For example, Allen et al. (1998) established

that soil water depletion greater than 30 % of the

available soil water is a critical point for table grapes

although it varies with soil type and atmospheric

conditions (Tair, VPD). Several parameters to assess

vine’s water status have been used in table grape

production namely trunk diameter variation (TDV),

berry growth, leaf/stem water potential and leaf

temperature (Avidan et al. 2005; Kopyt and Ton

2005; Gálvez et al. 2014). The TDV allows an early

and quantitative detection of vine’s response to soil

water availability during the vegetative and reproduc-

tive growth but the variation coefficients can be larger

than the ones obtained for water potential (Silva-

Contreras et al. 2012). Besides, TDV installation is

complex, it is prone to maintenance problems and

provides too localized information of the vineyard,

missing its spatial variability.

Berry diameter is a sensitive indicator of water

stress. Zhang et al. (2012) observed that berry

diameter increased at night and decreased during the

day, when soil water potential (SWP) varied between

-3 to -5.4 kPa, and beyond, berry began to shrink,

while photosynthesis and transpiration remain unaf-

fected until SWP became -9.3 kPa or less. Measure-

ment of leaf water potential (at predawn and/or

midday) has been adopted as a robust tool to monitor

vines’ water status and to program irrigation namely in

combination with remote sensing of canopy temper-

ature (Cohen et al. 2005; Bellvert et al. 2013; Lopes

et al. 2014; Grant et al. 2016).

Modern viticulture experienced significant progress

in the last decades, namely due to a shift towards more

precise and site specific crop management, taking into

account both soil and crop heterogeneities existing in

the field. Non-invasive imaging and computer vision

approaches provide nowadays another tool to correctly

estimate within-field variability, potential crop needs,

and potential yield (Bastiaannsen et al. 2008; Fiorani

et al. 2012; Jones and Grant 2016). Remote sensing is

based on the detection of different spectral wave-

lengths emitted or reflected by the crop and soil and

can provide in real time quantitative and spatial

information on plant and soil condition (e.g. water

status, growth).

The typical row system cultivation makes easier to

use remote sensing and related imaging systems in the

vineyards. However, their use is still being tested and

validated due to the complexity of grapevine’s canopy

and root systems (Ciraolo et al. 2012). Furthermore,

environmental conditions disturb measurements

which requires careful set up, calibration and the use

of indexes to minimize the variation related to

environment effects (e.g. use thermal indexes in

thermal imaging measurements) (Jones 2004; Bellvert

et al. 2013; Costa et al. 2013; Grant et al. 2016).

In the case of table grape production, the use of

ground and aerial based imaging may be restricted

attending if we consider the complex wood/metal

structures and the use of protected cultivation at least

during part of the growing cycle (Fig. 1). Vegetation

indices such as the Normalized Difference Vegetation

Index (NDVI) were the basis for many remote sensing

applications to crop management because they corre-

late well with plant’s green biomass and canopy leaf

area index (Jones and Vaughan 2010; Jones and Grant

2016). Recently, satellite-based assessments of irriga-

tion performance by table grapes on the basis of NDVI

were described for vineyards in Australia (Whitfield

et al. 2014).

We may also envisage the use of thermography in

table grape to monitor soil and plant water status on

the basis of soil and leaf/canopy surface temperatures.

Nevertheless, studies on the topic are still few

suggesting limitations posed by crop specificities

(e.g. growing and training system, crop architecture)

but also related to the costs of equipment and software

and know-how on image capturing and processing.

Remote sensing can be also applied to berries. For

example, technology based on visible imaging has

been recently developed to remotely assess berry sun

burn (Rustioni et al. 2014) and bunch compactness

(Cubero et al. 2015) in wine grapes. Identically a

image based interpretation tool to estimate number,

diameter, and volume of grapevine berries (Berry

Analysis Tool) has been developed (Kicherer et al.

2013). Identical type of approaches could be envis-

aged for table grapes.
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3.3 Protected cultivation

Protected cultivation is now a common procedure in

table grape production in different regions and

climates (e.g. Brazil and Portugal—Fig. 1c, d) and it

has a major effect on crop’s growth cycle, WUE, berry

quality and diseases incidence. Vines can be covered

with transparent plastic film or nets to protect foliage

and fruits from meteorological adversities (e.g. wind,

rain, frost, hail, sun radiation) and from damage cause

by pests, diseases or birds (Novello and de Palma

2008; Roberto et al. 2011; Moratiel and Martı́nez-Cob

2012; Du et al. 2015).

Plastic covering increases Tair which induces faster

accumulation of growing degree days, stimulates pre-

cocious bud break (Novello and de Palma 2008;

Suvočarev et al. 2013) and promotes early harvest

(Kamiloğlu et al. 2011; Roberto et al. 2011). However,

harvest can be also delayed by using protected cultiva-

tion, by increasing shading at beginning of fruit ripening

(Novello and de Palma 2008; Roberto et al. 2011).

Ferreira et al. (2004) found that plastic covering did

not anticipate the vegetative cycle of cv. ‘Niagara

Rosada’ (Vitis labrusca) in southern Minas Gerais

state—Southeast of Brazil (Cwb Köppen-Geiger),

whereas Comiran et al. (2012) found for the same

cv. grown under plastic in Rio Grande do Sul state—

Southern Brazil (Cfb Köppen-Geiger) a significant

anticipation of plant phenology until ripening and

delayed leaf senescence. This is in line with the

findings of de Souza et al. (2015) who report higher

leaf chlorophyll content for vines of the cv. ‘Syrah’

grown under plastic.

Regarding crop water use, Tarricone et al. (2014)

showed in Apulia region (Southern Italy) that vines of

the cv. ‘Italia’ covered with plastic film after ‘veraison’

and subjected to mild water stress (at 80 % of ETc) from

berry set to harvest allowed the best balance for growth,

yield, berry quality, and WUEyield (18 kg m-3), with the

possibility to save a maximum of 500 m3 ha-1 water.

Netting is also relevant in table grape production.

Netting is cheaper than plastic covering and has a

positive effect on berry quality and water savings

(Roberto et al. 2011; Suvočarev et al. 2013). Netting

favors cooling of the canopy (Greer and Weedon

2013) and can help to prevent leaf/berry damage under

high light intensities and heat waves, just like it may

occur in Mediterranean conditions, in particular

during summer time.

Rana et al. (2004) compared table grape vines (cv.

‘Italia’) grown under two covering strategies (thin net

and plastic film) with uncovered vines in terms of their

water requirements (ETc). The uncovered vines had

high ETc (6.4 mm day-1) after irrigation. The ETc

decreased rapidly until it reaches a minimum of about

4 mm day-1 after 9 days. In covered vines the ETc

was lower (3 mm day-1) after irrigation and

decreased very slow, taking 24 days to reach a

minimum of 1.9 mm day-1. In turn, plants covered

with the thin net had an intermediate ETc value

between the remaining two treatments.

Protected cultivation can increase WUE due to

lower evapotranspiration losses as compared to open

field conditions, similarly to what occurs in green-

house horticulture (Stanghellini 2014). However, the

use of plastics has disadvantages as well. If not

properly managed, plastic covering can increase

excessively Tair, as well as leaf and berry temperatures

due to inadequate air circulation (Liu et al. 2012)

which is a risk for leaf condition and berry quality. In

addition, installation costs are higher than open field

production and plastic use can increase environmental

burdens due to the generation of large amount of

plastic waste and the difficulties in collecting and

recycling it (Sica et al. 2015).

3.4 Soil and canopy management strategies

Soil characteristics (texture, water storage capacity),

soil management (tillage, fertilization, mulching,

cover cropping) (Fig. 1) as well as canopy and fruit

management (i.e. pruning, leaf removal, shoot posi-

tioning, cluster thinning) are important aspects of

modern table grape production. In fact, they influence

plant vigor, cluster microclimate, yield, berry size and

composition, and have a determinant impact on

irrigation needs and management (Lanyon et al.

2004; Proffitt and Clause 2011; Strik 2011). We

present further some examples. Weed control per-

formed in vineyards of the cv. ‘Niagara Rosada’ in

Brazil, saved irrigation water especially during the

initial vegetative stages, between bud break and

flowering (Conceição et al. 2012). For wine grape

production, in a study carried out with the cv.

‘Chardonnay’, Curtis (2013) evaluated the effect of

soil mulch based on residues of winter annual cover

crops on soil moisture. The author found higher soil

water content in the mulched soil along summer as
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compared to soil deprived of any mulch. Root density

increased in soil mulching conditions as result of

increased moisture and reduced soil mechanical resis-

tance (Curtis 2013). Canopy management is essential

for optimal light exposure, as well canopy temperature,

crop load and berry color. Too low light intensities

within the fruiting zone can reduce fruit color in red or

black cvs (Peacock et al. 1994; Kuhn et al. 2014). In

turn, light exclusion resulted in limited carbon supply

that caused flower abortion and decreased fruit setting

(Domingos et al. 2015). These responses vary with the

genotype. In the high vigor cv. ‘Thompson Seedless’

low light intensity within the canopy and near the fruit

zone showed to reduce bud formation. As consequence

inadequately trellised vineyards contribute to bud

fruitfulness, berry drop and yield loss. In addition,

berry drop will favor diversion of assimilates to

vegetative growth which will further decrease bud

fruitfulness (Peacock et al. 1994).

Literature reports that upward or downward orien-

tations of grapevine shoots may influence vine’s

hydraulic conductance and water transport, which in

turn, negatively influences leaf gas exchange, growth

and response to stress (Lovisolo and Schubert 2000).

An adequate trellis system must be also considered as a

strategy to minimize the impact of heat waves. In

Australia vineyards with sprawling, non-positioned

canopies showed the least heat damage, whereas the

vertically shoot positioned (VSP) trellis was the most

affected by heat damage (Hayman et al. 2012). In

addition, changes in the distribution and total leaf area

by defoliation, pruning and training modify canopy

microclimate, increasing light interception and favour-

ing crop’s water demand (Reynolds and Vanden-

Heuvel 2009). This is also described by Williams and

Ayars (2005) for plants of the cv. ‘Thompson Seedless’,

for which an increase in trellis height resulted in extra

water consumption of 18 litres per plant.

3.5 Use of low quality water

Treated wastewater is becoming an increasingly

valuable source of water for irrigation, especially in

arid and semiarid regions of the world (Scheierling

et al. 2011; Costa et al. 2016). However, the use of

recycled wastewater in agriculture involves several

questions, namely related to human health issues,

salinity injury to plants and soil (Laurenson et al.

2012; Netzer et al. 2014). Moreover, combination of

deficit irrigation with low water quality may end in

excessive soil salinity, in particular under high evap-

otranspiration conditions that promote salt accumula-

tion, and that will cause marked yield losses (Bravdo

2012; Aragüés et al. 2014).

Grapevine is moderately sensitive to soil salinity.

The species has a threshold for electrical conductivity of

the saturated soil paste extract (ECe) of 1.5 dS m-1

(Allen et al. 1998). However, the response of table grape

to saline waters and soil salinity varies with the

genotype (scion and rootstock) (Bravdo 2012; Zhang

et al. 2002; Aragüés et al. 2014), soil type (Netzer et al.

2014) and irrigation strategies (Aragüés et al. 2014).

In a trial to test the effect of scion and rootstocks on

salinity response, Zhang et al. (2002) found that the cv.

‘Thompson Seedless’ grafted on cv. 1103 ‘Paulsen’

and the cv. ‘R2’ hybrid (V. champini vs V. berlandieri

and V. vinifera) were the most salt-tolerant, and had no

yield reduction until ECe was above 4 dS m-1. Soil

type has also an influence on vine’s response to low

quality water and growers must consider in advance

soil’s physico-chemical properties. In areas charac-

terized by saline soils or prone to flooding and salt

accumulation, growers are forced to use excessive

water applications to promote salt lixiviation (Lanyon

et al. 2004). Clay soils, in turn, may present a faster

build up of Na? and sodium adsorption ratio in the root

zone with negative consequences for vines (Netzer

et al. 2014). Irrigation strategies influence the effects

of using saline waters in table grape production.

Aragüés et al. (2014) tested the use of moderately

saline water (1.7 dS m-1) in combination with RDI

strategy in two cvs (‘Autumn Royal’ and ‘Crimson

Seedless’) grafted onto the rootstock ‘Richter 110’

which is moderately tolerant to salinity. They found

that ECe was high in ‘Autumn Royal’ (4.4 dS m-1)

and very high in ‘Crimson Seedless’ (7.0 dS m-1) due

to the relatively low leaching fractions (0.20 in

‘Autumn Royal’ and 0.13 in ‘Crimson Seedless’).

Moreover, soil solution salinity was higher under RDI

(60 % ETc) than under FI conditions suggesting that

deficit irrigation involves more risks when growers

irrigate with low quality water (Aragüés et al. 2014).

Attending to the high N content of treated wastewa-

ters, literature suggest the use of cover crops to remove

the excess of nitrogen input (Weber et al. 2014).

Nevertheless, the risks for human health posed by the

use of treated wastewater must be better studied

(Gerardi and Zimmerman 2005; Netzer 2010).
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4 Future strategies for higher sustainability

in table grape production

Scarcer water resources and the ongoing climate change

are two of the risks that table grape industry will face in

many areas of the globe and which can negatively affect

the environmental and economical sustainability of the

sector. In addition, environmental regulations concern-

ing the use of natural resources (soil, water) or other

inputs (fertilizer and biocides) in intensive agriculture

are becoming more strict (Gerling 2015; Ejsmentewicz

et al. 2015; Costa et al. 2016). In fact, consumers and

wholesalers are now more informed and demanding

more sustainable agricultural products including com-

modities such as wine and table grapes (Gerling 2015;

Costa et al. 2016).

Our review shows that deficit irrigation has poten-

tial to be used in table grape production, but variation

is large in terms of the achieved yield, berry quality

and WUE. Therefore, a careful and improved quan-

titative characterization of the role of genotypes

(scions and rootstocks) in combination with deficit

irrigation strategies is still needed. Identically, the

sector needs to optimize irrigation management and

scheduling at a certain phenological phase.

Fixed and localized sensors provide limited informa-

tion due to the large variations in the response to water

deficits of cultivars, soil type and heterogeneity (Zim-

mermann 2013). Therefore, it is desirable to integrate

multiple monitoring approaches that encompass the use

of ground and aerial remote monitoring. Implementing

more efficient water saving procedures requires precise

knowledge on environmental conditions (soil, air)

(Table 2) and it strongly depends on the available

technological capability and know-how (Levidow et al.

2014). Small scale growers face more limitations in

accessing information and in terms of investment and

innovation capability as compared to large companies.

Novel technologies and irrigation approaches can help

growers but it is still needed to develop cheaper and more

user-friendly solutions to monitor vines and berries and

support irrigation scheduling.

Using low quality water/(treated wastewater)

involves the use of alternative irrigation/fertilization

strategies (e.g. intervals) and improved water–soil–

plant quality control together with more strict quality

certification and control. This makes the use of low

quality water less feasible for countries with deficient

control and certification mechanisms. Therefore, the

use of recycled water will expand faster in countries

where the reuse of water is already in place and at a

more advanced stage, and where water prices tend to

be higher and/or to rise faster (e.g. USA, Spain,

Australia, Israel) (Netzer et al. 2009).

Another crucial aspect for future competitiveness

of the sector is a robust water metrics. This is

especially important for companies focusing on

exporting markets and dealing with quality certifica-

tion requirements by consumer markets. Water met-

rics and related account of the water use in the

vineyard is essential to optimize the use of water

resources. Many initiatives and programs for sustain-

able water use were adopted for wine grape production

(Gerling 2015; Costa et al. 2016) but water use

indicators and water use benchmarking is scarce or

inexistent in table grape production.

Improved knowledge in the stress-physiology and

agronomic performance of novel or existing varieties

and rootstocks is needed. Breeding novel varieties

and/or rootstocks will help to develop more resistant

genotypes to heat and drought stress but also to salinity

and/or low quality water. More research on berry

metabolism and berry physical traits in response to

water and heat stress is needed. Identically, integration

of morpho-physiological and molecular data with

modeling approaches can help to predict growth and

quality. Recent research projects on grapevine such as

the European INNOVINE are focused on sustainabil-

ity and improved quality and showed advances in the

domain of physiology of berry growth and modelling

(INNOVINE 2015). Simulation of processes of fruit

growth and sugar accumulation in terms of water and

carbon balance could be also tested for table grapes.

Other fluxes such as those of nitrogen and sulphur also

effect berry quality and should be incorporated in

models to predict berry quality in table grape, simi-

larly to what is occurring for wine grape (INNOVINE

2015).

The increasing problems with fungal and bacterial

diseases in grapevine and the demand for productive

elite varieties more resistant to biotic and abiotic

stresses puts an increasing pressure on breeders.

Biotechnology has been emerging as a new tool for

breeders and it may offer novel possibilities to obtain in

faster way novel elite lines more resistant to stress and

with improved WUE or berry traits as it is described for

wine grape (Flexas et al. 2010). Nevertheless, we must

still improve our knowledge on the potential of the
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available but still uncharacterized biodiversity (Car-

bonell-Bejerano et al. 2016), and develop more

efficient phenotyping and selection procedures.

At market level, consumers are increasingly

demanding better quality and more environmental

certification. Therefore, future studies on table grape

should focus on agronomic strategies to promote yield

and quality and environmental sustainability at con-

trolled costs for growers. Finally, making decisions in

table grape production tends to depend more and more

on benchmarking data (Swinburn 2014) which can be

applied to yield and quality parameters but also to

crop’s water use.

Acknowledgments Miquéias Permanhani received support

from CAPES Foundation – Proc. BEX 3665/15-1, Ministry of

Education of Brazil, Brası́lia-DF, Brazil. JM Costa had a

scholarship funded by Fundação para a Ciência e Tecnologia

(ref. SFRH/BPD/93334/2013), Portugal. We thank as well the

support from the Research unit GREEN-it ‘‘Bioresources for

Sustainability’’ (UID/Multi/04551/2013) and the funding from

European Community’s Seventh Framework Programme (FP7/

2007–2013) under the grant agreement n8 FP7-311775, Project

INNOVINE.

References

Allen RG, Pereira LS, Raes D, Smith M (1998) FAO Irrigation

and Drainage Paper No. 56. Crop Evapotranspiration.

Guidelines for computing crop water requirements. FAO,

Rome. ftp://biosfera.dea.ufv.br/gabriel/lue_teste/doc/fao56.

pdf

Alsina MM, Smart DR, Bauerle T, de Herralde F, Biel C,

Stockert C, Negron C, Save R (2011) Seasonal changes of

whole root system conductance by a drought-tolerant grape

root system. J Exp Bot 62:99–109

Antolı́n MC, Baigorri H, Luis ID et al (2003) ABA during

reproductive development in non-irrigated grapevines

(Vitis vinifera L. cv. Tempranillo). Aust J Grape Wine Res

9:169–176. doi:10.1111/j.1755-0238.2003.tb00266.x
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cado Técnico 175, 6 p

de Souza CR, Maroco JP, dos Santos TP et al (2005) Impact of

deficit irrigation on water use efficiency and carbon isotope

composition (delta13C) of field-grown grapevines under

Mediterranean climate. J Exp Bot 56:2163–2172. doi:10.

1093/jxb/eri216

de Souza CR, da Mota RV, Dias FAN et al (2015) Physiological

and agronomical responses of Syrah grapevine under pro-

tected cultivation. Bragantia 74(3):270–278. doi:10.1590/

1678-4499.0047

Della-Marta PM, Haylock MR, Luterbacher J, Wanner H (2007)

Doubled length of western European summer heat waves

since 1880. J Geophys Res 112:D15103. doi:10.1029/

2007JD008510

Deluc LG, Quilici DR, Decendit A et al (2009) Water deficit

alters differentially metabolic pathways affecting impor-

tant flavor and quality traits in grape berries of Cabernet

Sauvignon and Chardonnay. BMC Genom 10:212. doi:10.

1186/1471-2164-10-212

Demir KOK (2014) A review on grape growing in tropical

regions. Turk J Agric For (Special Issue) 1:1236–1241

DGADR (2015) Direção geral de Agricultura e Desenvolimento
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