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Abstract: To better understand the sensitivity of berry size and grapevine photosynthesis to water
stress, and determine the soil water potential () threshold for scheduling irrigation during the matu-
ration stage, we simultaneously measured berry size with photographs, leaf net photosynthesis with
a portable meter, and 1 with tensiometers during the drying cycles for grapevines (Vitis vinifera L.).
Our results showed that in berry development stage III (maturation), photosynthesis was more
sensitive to water stress than berry size. When 1 decreased beyond —13.2 & 0.82 kPa, photosyn-
thesis, stomatal conductance, transpiration, and extrinsic (Ayn/E) and intrinsic (Ax/gs) water use
efficiency (WUE) decreased rapidly and did not recover thereafter. In contrast, the berry size re-
mained close to unaffected by the decreasing 1 until it reached a value of —16.2 £ 0.77 kPa and,
thereafter, the berry shrank significantly. In conclusion, we suggest that during the maturation stage
of grapevines, for the potted mixture used in our experiments, irrigation should be triggered when
the 1 reaches a value of —13.2 4= 0.82 kPa. Further, 1 should be kept lower than —6.9 =+ 0.15 kPa after
irrigation, because the highest values of intrinsic WUE (Ay/gs) occurred when 1 decreased from
—6.9 £ 0.15 to —14.6 £ 0.7 kPa. In arid areas, the threshold { should be considered as —16.2 + 0.77
kPa during maturation to achieve high-efficiency use of water resources and sustainable production
of grapevines.

Keywords: water stress sensitivity; soil water potential threshold; grapevine (Vitis vinifera L.);
photosynthesis; stomatal conductance; berry diameter

1. Introduction

Because of increasing population and global warming, water, as a resource, is under
stress [1], and it is a limited resource in arid lands [2,3]. Irrigation water represents more
than 70% of the available water resources [4]. Grapevine is an essential crop planted in
semi-arid and arid lands. The problem of water scarcity is going to be further aggravated
by climate change, which is also likely to affect the quality of grapes/wine and, ultimately,
the overall economics and sustainability of grape production [5,6]. Therefore, establishing
the minimum amount of irrigation water, while maximizing the quantity and quality of
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the harvested grape, is a long-term objective of an irrigation scheme, which is essential to
sustain grape production and the wine industry.

Understanding how plant physiological parameters respond to water stress will
contribute to determining the irrigation threshold for improving water use efficiency
(WUE). The term WUE is usually used to represent the biomass production (kg of biomass
produced or moles of CO, assimilated) per unit water cost (m® of water used or moles
of water transpired) [7]. The concept of intrinsic WUE (WUE;) represents the amount
of net carbon assimilation per unit of stomatal conductance (gs) in leaf, while extrinsic
WUE (WUEq.) represents the amount of net carbon assimilation per unit of transpiration
rate (E) [8].

The effects of different irrigation methods on grapevine growth and WUE have been
studied [9-12]. Applying water at high soil water potential () value would result in
wasteful use [13]. A moderate or slight water deficit was helpful for berry development in
grapevines, and yet severe water-stress decreased the production of assimilates, transpira-
tion (E) and stomatal conductance (gs), yield, shoot growth, and quality of fruit [9,14-16].
The water-saving potential of water-use-efficient irrigation and deficit irrigation in fruit
crops needs to be studied further [17]. The evapotranspiration (ET) rates of plants and
vineyard water requirements (VWR) vary across the crop stages and for a whole general-
ized growing season [18,19]. Therefore, it is important to establish the critical timing for
starting irrigation, especially in arid areas where drought represents a serious threat to the
sustainability of agriculture [7,20,21].

Although the commercialization of plant-based sensing is limited by technical limita-
tions, plant-based measurement is more suitable for plant function and irrigation needs
than soil-based measurement [22]. Plant parameters are essential to establish a plant-based
sensing system, and examples with different fruit trees have shown water savings along
with high yields and quality of the harvested products [23]. Ton et al. and Carr [24,25]
gave examples of fine-tuning irrigation management using physiological indices. Many of
these studies used a continuous measuring of the stem diameter [26,27] and/or fruit diame-
ter [28,29] on test plants. Some of this research included the berry size of grapevines [30-32].
The viticultural practices and environmental conditions determine berry size, and the qual-
ity of the grapes and wines [33]. In the early periods of berry growth, berry and cane
shrinkages occurred due to the water deficit in grapevines [34]. Therefore, it is safe to
reduce water applications for most of the season, but immediately after flowering, any
water stress should be avoided [35]. However, trunk size could reflect the water deficit in
grapevines only in a short stage, before veraison [36].

Generally, the growth of the berry in grapevines is represented by a double sigmoidal
shape with a steep enhancement in berry size early in the process (stage I), a slower lag
stage (stage II), and a strong development from veraison (stage III), which then gradually
decreases [37]. Stage Il is the maturation stage, which includes the veraison and ripening
stages. Imai et al. [36] showed that the grape-berry diameter shrank when 1 (the sensor
section was set at a depth of 12 cm below the surface) decreased from —12.6 to —63.1 kPa
during the maturation stage. They further reported that the daily variation in berry
diameter might be a useful index to control soil moisture in grape production. However,
the critical average 1, beyond which the berry shrank the most during the maturation stage,
was not established in their study because no other values of \p between —12.6 kPa and
—63.1 kPa were measured. Soil water potential is a soil property affecting a large variety
of bio-physical processes, such as seed germination, plant growth, and plant nutrition.
Gradients in soil water potential are the driving forces of water movement, affecting water
infiltration, redistribution, percolation, evaporation, and plants’ transpiration [38]. The
relationships between soil water potential, leaf water potential, and stomatal conductance
are highly correlated [13]. Water potential (WP) is usually used as an indicator of plant
water status and irrigation timing [39,40].

Cifre et al. [41] reported that stomatal conductance (gs), sap flow, and trunk growth
variations could be used as indicators of water stress for grapevines. Our previous studies
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have indicated that during stage I of grape berry development, berry size was a more
sensitive indicator of water stress than E and photosynthesis, and that the average 1
threshold for scheduling irrigation was about —5.4 kPa [42]. However, an unanswered
question was: in stage III of berry development, which is more sensitive to water stress,
photosynthesis or berry size?

We hypothesized that the sensitivity of photosynthesis and berry size to water stress
could be identified and that an average 1 threshold could be determined by simultaneously
measuring variations in berry diameter and some plant parameters of grapevines, which
experienced increasing soil moisture stress during the maturation stage. It is, however, a
requirement that the diameter measurement of the berry size is made with precision no
less than 0.2 mm because the changes due to water stress are rather small. Hence, a new
photogrammetry-system with 0.2 mm measurement precision was applied to measure the
size of berries.

As a non-contact and non-destructive technique [43], the digital image method can
be used for yield estimation, quality evaluation, disease detection, and grape phenol-
ogy [44,45]. A system equipped with automated photogrammetry was developed by
Moritani et al. [46] to measure soil erosion. The system could be adapted and applied to
measure berry size with three major advantages: high precision, automation of monitoring
berry size, and nondestructive measurement (Figure 1).
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Figure 1. Schematic illustration of experimental setup (a,b) and diurnal variations in a time series
of berry diameter (berry No. 2) in berry development Stage III (c). The solid line represents the
measured berry diameter, and the dashed line represents the trend. When the berries were in the
maturation stage, a pot containing the grapevine was placed in a wind tunnel with a two-layer
glass chamber in a glass dome building of the Arid Land Research Center, Tottori University, Tottori
(35°15’ N, 133°47' E), Japan. Natural solar radiation can pass through the glass dome. In the glass
chamber, an artificial light source was set 0.5 m higher than the top of the grapevine to supply
sufficient radiation energy; the diurnal artificial luminous intensity, relative humidity and air flow
were set at 3000 pmol m~2 s~ 1, 50% and 0.3 m s~1, respectively. The air temperature was set to
12/12 h (day/night) cycles of 35/20 °C. After placement in the wind tunnel, the pots were irrigated to
saturation. No irrigation was applied until the end of this experiment and the grapevine experienced
deceasing 1.
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In this study, our objectives were to provide a detailed understanding of the sensitivity
of berry size and photosynthesis to water stress, and to determine the critical average
for when to start irrigation of grapevines by examining instantaneous variations in net
photosynthesis (An), gs, berry diameter, and , as the water deficit developed in the soil
during the maturation stage.

2. Materials and Methods
2.1. Plant and Soil Materials

In February 2018, 2-year-old “Pione” grapevines (Vitis vinifera L., cv. V. labrasca) were
transplanted into 34-L pots in a greenhouse that could be ventilated. Every pot (39 cm
surface diameter, a smaller bottom size, 32 cm depth) contained 28 kg of a mixture of
lime, humic allophone soil, peat moss, and sandy soil (sieved through a 2-mm sieve) in a
volumetric ratio of: 1:200; 600:1200, respectively. The mixture was put on a 2 cm thick layer
of microvesicular pumice to allow free drainage. The top of the pot was 5 cm higher than
the soil surface, so the soil depth was 25 cm. The roots of the vine were influenced by the
water availability from 5 to 25 cm depth. The soil mixture had a pH of 6.2. The pots were
irrigated with drip irrigation. The irrigation amounts for March, April, May, June, July, and
August were: 2.9, 3.8,5.4,7.2,9.0 and 10.2 mm/d, respectively. Liquid fertilizer containing
various important nutrients [47] was provided once per week.

To promote uniform vegetative development, vines were pruned to hold back 12 nodes
per vine. Only two shoots per vine were retained and were trained horizontally. Shoots
were trimmed two times between the bloom and the veraison period of the berries. Lateral
shoots were cut back to the first node. At flowering, one cluster was retained on each shoot.
Each cluster was thinned to hold only 200-250 florets and once berry-set occurred, further
trimming and thinning of berry was conducted to hold only 40-50 berries per cluster.

2.2. Experimental Design

In August 2008 (88 days after flowering), when the berries were in the maturation
stage, a pot containing the grapevine was placed in a wind tunnel with a two-layer glass
chamber (schematically illustrated in Figure 1a,b) in a glass dome building of the Arid
Land Research Center, Tottori University, Tottori (35°15' N, 133°47’ E), Japan. Natural solar
radiation could pass through the glass dome. An artificial light source was set 0.5 m higher
than the top of the grapevine to supply sufficient radiation energy. The diurnal artificial
luminous intensity, relative humidity, and air flow of the environment-controlled chamber
were set at 3000 pmol m~2 s, 50% and 0.3 m s, respectively. The temperature was set
to 12/12 h (day/night) cycles of 35/20 °C.

After placing the potted grape plant in the wind tunnel, the pot was irrigated to
saturation. No irrigation was applied until the end of this experiment; thus, the grapevine
experienced drying, represented by a decreasing value of \. Soil water potential was
measured every two hours using a pressure transducer system [48], which contained
twelve tensiometers in the pot: six at a depth of 0.10 m and another six at a depth of
0.20 m from the surface. The tensiometers were calibrated under constant pressure heads
of 0, —20, —40, —60, and —80 cm, according to the calibrating process reported by Azooz
and Arshad [49]. The calibration equation of each system was used to convert the output
recordings (mV) to kPa.

Berry size was measured every hour by a new photogrammetry system that consisted
of two high precision digital cameras (Nikon) connected to a computer rendering a three-
dimensional image, with 0.2 mm measurement precision. The photogrammetry precision
was determined by measuring scales attached to the berries and comparing between
actual and photogrammetry values. As the precision is influenced by the base ratio, the
scales were photographed in 11 different positions, ranging from a distance H of 2.4 to
4.8 m, and with a base length B (between the two cameras) from 0.3 to 1 m (Figure 1).
Because the highest precision with 0.2 mm was obtained when the base ratio (B/H) was
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0.37, the positions of cameras and the object were kept with that base ratio (0.37) during
the measurement.

An analytical frame, with scale, was fixed on the grapevine, outside a grape cluster.
A pair of marked berries and two cameras were placed as shown in Figure 1a. Pictures
were taken using a pair of digital cameras and, subsequently, collected on a computer.
The resolution of CCD (dccd) and focal length (fc) of the cameras were 0.0094 mm and
50 mm, respectively. The inner orientation factors of the digital camera were provided by
Moritani et al. [46]. The gradient and relative orientation of the pair pictures were trimmed
to minimize parallax in order to obtain a rectified photograph. Through the elimination of
longitudinal parallax, the y-coordinate of a point in the left rectified image was the same as
that in the right one. The same point in the paired graphs could be found easily by scrolling
the point along the x-axis direction.

Simultaneously with 1\p measurements, photosynthesis, stomatal conductance, tran-
spiration, sub-stomatal CO, concentration (C;j), and leaf temperature of two spur leaves
of the grapevine were measured every two hours (from 7:00 to 23:00) per day, using a
portable photosynthesis system (LI-6400, Li-Cor Inc., Lincoln, NE, USA). Measurements
were taken on 2 cm x 3 cm leaf portions, in the middle part of a leaf blade, confined in the
leaf chamber of the system. The measurements were repeated three times on each primary
and lateral leaf (the leaf on lateral shoot).

2.3. Time Series Analysis of Berry Diameter Data

Because the berry size showed diurnal fluctuations, it was essential to remove the
periodic variations using time series analysis [50]. Size fluctuations were due to water
movement in tissues inducing a daily cycle of shrinkage (from the beginning of the day)
and swelling (from the mid-afternoon) [51]. Periodic variations of the berry diameter were
filtered by the quartic polynomial trend line, and the main secular growth trend part was
obtained. Thereafter, we determined the relationship between 1V (at 0.1 m depth) and the
tendency part of berry diameter.

The method of establishing the trend line of the time series of berry diameter is given
in Figure 1c. The trend line in this figure could help us to remove short-term variations
in the time series of the berry diameter. The trend values of the berry diameter in berry
development stage III were computed as:

yi = 32.267 — 0.0546 x; — 0.0032 x;% + 0.0003 x;> — 0.000006 x;*, r* = 0.41, n = 48.

where x; is the berry diameter measurement time (ith hour), y; is the trend value of the
berry diameter (mm) at the ith hour, and 7 is the total hours of measurement in this figure.

2.4. Statistical Analysis

Values of ), photosynthesis, g, and transpiration for each replicate were averaged for
daily variation of these parameters before the mean and the standard error were calculated.

3. Results and Discussion
3.1. Effect of Soil Water Potential () on the Trend Value of Berry Diameter

Table 1 shows the average values and standard deviation (SD) of soil water potential
(1) at 0.1 m depth. In the last few days, the maximum daily shrinkage was higher than
the fruit growth rate (Figure 2), which indicated that water stress prevented berry growth.
Keller et al. [52] indicated that grape berry size decreased during a soil dry-down period.
Meggio et al. [53] also reported that the berry diameter for water stress treatment was lower
than that for well-watered conditions. The diurnal fluctuations in berry diameter time
series data in berry development Stage III were removed by time series analysis, and the
relation between the trend value of berry size and the average \ at 0.1 m soil depth is given
in Figure 3. The x-axes scale of 1 is from —7.14 4= 0.18 kPa (9:00, 17 August) to —20.39 &
1.04 kPa (19:00, 19 August). The berry contracted very slowly when the average 1\ at 0.1 m
depth decreased from —9.6 £ 0.44 kPa to —16.2 & 0.77 kPa. However, when 1 decreased
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beyond —16.2 £ 0.77 kPa, the berry shrank rapidly. Therefore, for the potted mixture used
in our experiments, irrigation should start no later than when { = —16.2 & 0.77 kPa in
berry development Stage III. The result needs to be further evaluated for other soil types.

Table 1. The average values and SD/SE of soil water potential (1) at 0.1 m depth.

Date Time 7:00 9:00 11:00 13:00 15:00 17:00 19:00 21:00

13 August Y (kPa) —-0.33 —0.93 —-1.18 —-1.33 —1.69 —-1.91 —1.86 —1.86
SD 0.35 0.23 0.16 0.24 0.26 0.18 0.16 0.14
SE 0.14 0.09 0.07 0.10 0.11 0.07 0.07 0.06

14 August Y (kPa) —2.21 —-2.12 —2.21 —2.29 —2.44 —2.72 —2.77 —2.84
SD 0.17 0.21 0.12 0.18 0.14 0.12 0.09 0.06
SE 0.09 0.05 0.07 0.06 0.05 0.04 0.03 0.05

15 August Y (kPa) —-3.22 -3.02 -3.15 -3.29 —3.40 —3.60 —3.65 —-3.72
SD 0.05 0.15 0.18 0.08 0.07 0.15 0.11 0.05
SE 0.02 0.06 0.07 0.03 0.03 0.06 0.04 0.02

16 August Y (kPa) —4.12 —4.30 —4.50 —4.85 —-5.22 —-5.35 —5.62 —-5.76
SD 0.15 0.15 0.23 0.14 0.26 0.20 0.28 0.38
SE 0.06 0.06 0.09 0.06 0.11 0.08 0.11 0.16

17 August Y (kPa) —6.87 —7.14 —7.92 —8.57 —-9.37 -9.17 —10.04 —10.65
SD 0.36 0.44 0.44 0.71 1.07 0.96 1.13 1.31
SE 0.15 0.18 0.18 0.29 0.44 0.39 0.46 0.54

18 August Y (kPa) —14.61 —13.20 —14.67 —15.14 —14.79 —15.57 —16.15 —19.25
SD 1.72 2.01 2.05 1.79 1.86 2.84 1.89 2.05
SE 0.70 0.82 0.84 0.73 0.76 1.16 0.77 0.84

19 August Y (kPa) —21.87 —16.44 —17.14 —17.62 —17.45 —18.22 —20.39 —21.87
SD 2.30 2.51 2.53 2.89 3.12 324 2.55 2.30
SE 0.94 1.02 1.03 1.18 1.27 1.32 1.04 0.94

SD: standard deviation; SE: standard error; n = 6.
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trend values of berry diameter No. 1 and No. 2 on soil water potential). The x-axes scale of \ is from
—7.14 kPa (9:00, 17 August) to —20.39 kPa (20:00, 19 August).

Imai et al. [34] only tested two levels of { using physiologically based irrigation tools,
so they could not point out the critical 1, after which the berry would begin contraction. In
the current study, instantaneous variations in 1\ and berry size were measured continuously,
so it was possible to find the potential 1\ for scheduling irrigation.

3.2. Daily Variation of Soil Water Potential, Stomatal Conductance, Net Photosynthesis,
and Transpiration

After irrigation in the morning of 13 August 2008, the 1) decreased slowly in the first
several days (Figure 4), but decreased at a faster rate when the 1\ reached —6.2 &= 0.37 kPa
at 0.1 m depth. The trends for the change in \ at both the 0.2 and 0.1 m depth were similar,
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although 1 at 0.2 m depth was higher than that at 0.1 m depth due to the evaporation of
water from the soil surface.

1
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Figure 4. Daily variation of average soil water potential (1), photosynthesis, stomatal conductance
(gs), and transpiration (E) of grapevine in berry development Stage III. Each symbol represents
the average, and error bars represent SE. There were six replicates of measurements for soil water
potential, while three replications were measured for photosynthesis, stomatal conductance, and
transpiration. The bold arrow represents the irrigation event.
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In the first five days, the highest values of AN and gs occurred during the day-
time and the lowest values occurred during the night (Figure 4). Before 1\ decreased to
—13.2 & 0.82 kPa, photosynthesis, gs, and E fluctuated in a normal range, that is, they
could recover to a high value. However, when 1\ decreased from —13.2 £ 0.82 kPa to
—14.7 4 0.84 kPa, Ay decreased from 7.1 to 0.38 pmol CO, m~2 s~ ! for the primary leaves
(the leaves on the primary shoot). In addition, in the following 33 h, Ay fluctuated in a
low-value range. The measured Ay, gs, and E for the primary and lateral leaves showed a
similar trend.

It is interesting to note that a decrease in 1, up to —16.2 £ 0.77 kPa, had no significant
effect on the berry size (Figure 3), while Ay, gs, and E started to decline as the 1\ decreased
beyond —13.2 £ 0.82 kPa (Figure 4). In addition, Ay, gs, and E did not recover to the
previous high values (Figure 4). Photosynthesis did not significantly decrease when the
soil matric potential decrease beyond —16.2 £ 0.77 kPa, since photosynthesis has already
decreased significantly, when the soil matric potential decrease beyond —14.7 £ 0.76 kPa.
Therefore, Ay, gs, and E were more sensitive to moisture stress than berry size during the
maturation stage (stage III). The lag phenomenon of berry size to water stress could be
related to the fact that in the maturation stage, the berry enlargement may correspond to the
berry growth, which is due mainly to the photosynthates accumulation and transformation
(from leaf to fruit), and the berry growth is probably not caused directly by the swelling
of fresh pulp that depends on the water status. Therefore, photosynthesis parameters
(AN, gs, and E) are better indicators of the soil moisture stress than berry size during the
maturation stage of the grapevine. Zs6fi et al. [54] also concluded that gs was a reliable
tool for determining the degree of water stress. Goldhamer et al. [55] reported that AN was
more sensitive to water deficit than fruit volume in peach trees. Boini et al. [56] indicated
that although the fruit daily growth rate was not related to midday stem water potential
as tightly as leaf gas exchanges at 10 weeks after full bloom in apple, it represented a
promising physiological indicator to be implemented in a decision support system for
irrigation scheduling. In berry development stage 1, berry size was more sensitive for
moisture stress than Ay, which could be related to the fact that water deficits during stage
1 of fruit growth reduced berry size by reducing cell division [42].

3.3. The Relationship among 1, Berry Diameter, Leaf Photosynthesis, Stomatal Conductance, and
Water Use

When the average \ decreased from —6.9 &+ 0.15 to —14.6 £ 0.7 kPa, the highest
values of intrinsic WUE (An/gs) (tmol CO; mol HyO~1) of the primary leaf of grapevine
(in the morning) occurred (Figure 5c). Compared with extrinsic WUE (Ay/E), intrinsic
WUE (AN /gs) is considered to be more realistic and comparable among studies, as it is
not influenced by changes in air VPD (vapor pressure deficit) in the leaf chamber. Before
P decreased to —14.6 £ 0.7 kPa, photosynthesis (in the morning) fluctuated in a range of
3.06 to 8.16 pmol CO; m~2 s~ ! for primary leaf (Figure 5a). When the average \ decreased
beyond —14.6 + 0.7 kPa, photosynthesis decreased from 5.1 to 0.38 umol CO; m~2 s~!
for the primary leaf, and furthermore, the photosynthesis, extrinsic WUE (mmol CO,
mol H,O™ 1) and intrinsic WUE (n = 3) of the primary leaf of grapevine (in the morning)
decreased rapidly and could not recover to the previous high value (Figure 5a—c). When
the average 1 reached —17.1 kPa, photosynthesis, and the extrinsic and intrinsic WUE,
became near zero. Cifre et al. [41] also reported that photosynthesis and intrinsic WUE
decreased steeply in the phase of severe water stress. Resco et al. [57] reported that excess
water stress even constrained photosynthetic recovery after re-watering. Photosynthesis,
transpiration, gs, and intrinsic and extrinsic WUE had only slight effects on berry growth
when they were relatively high, whereas the berry contracted steeply when these values
were too low, during which the average 1 reached —14.7 kPa (Figures 4 and 6). Therefore, it
is necessary to determine a degree of soil water stress that would enhance the productivity
of irrigation water [58]. Hence, the establishment of critical average 1 (when to irrigate)
becomes important.
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Photosynthesis decreased with gs (Figure 7a) and their relation could be illustrated
as: y = 2.36 Ln(x) + 10.8, r> = 0.66, where y is photosynthesis, and x is the gs value of the
primary leaf of grapevine in August. The drought-induced, curvilinear correlation between
gs and photosynthesis (Figure 7a) is consistent with Koundouras et al. [59]. A significant
decrease occurred in photosynthesis (Figure 7a) when g (in the morning) decreased from
0.03 to 0.02 mol H;O m~2 s~!, during which the average 1 reached —14.7 kPa (Figure 4).

When g (in the morning) decreased from 0.26 to 0.03 (or 0.04) mol H,O m~2s71, thein-
trinsic and extrinsic WUE increased (Figure 7b,c). Thereafter, a significant decrease occurred
in the intrinsic and extrinsic WUE (Figure 7b,c) when gs (in the morning) decreased from
0.03 to 0.02 mol H,O m~2 57!, during which the average 1 reached —14.7 kPa (Figure 4).
When g, decreased to 0.017 mol H,O m~2 s~!, photosynthesis, and intrinsic and extrinsic
WUE became almost zero (Figure 7a—c). The sub-stomatal CO; concentration (C;) decreased
with decreasing g5 (in the morning) in the ranges of 0.26 and 0.03 mol H,O m 2 s~ 1; how-
ever, it increased steeply when g5 decreased beyond 0.03 mol H,O m~2s~! (Figure 7d).
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Figure 5. Relationship among average soil water potential (at 0.1 m soil depth) (n = 6), photosynthesis
(AN) (n = 3), intrinsic WUE (Ayn gs_l as umol CO, mol H,O~1), and extrinsic WUE (Ay E~1 as
mmol CO, mol H,O™!) (n = 3) of primary leaves of the grapevine in the morning in August, in berry
development Stage III. gs: stomatal conductance; E: transpiration.
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Figure 6. Relationship between trend value of berry diameter and leaf photosynthesis (Ay), stomatal conductance (gs),

transpiration (E), leaf temperature, intrinsic WUE (Ayn gs_l as pmol CO, mol HyO~ 1) and extrinsic WUE (Ax E~1 as mmol

CO, mol H,O™ 1) of primary leaves of the grapevine in the morning in Stage III. Values are means and error bars represent

SE (n = 3).

3.4. Suggestions for Irrigation Scheduling during the Maturation Stage of Grapevines

Based on Figure 7, three phases of grape leaf photosynthesis response could be
differentiated along a water stress gradient:

(1) A phase of severe water stress occurred when g5 was < 0.03 mol HyO m
During this stress phase, photosynthesis, intrinsic WUE (Ay gs 1), and extrinsic WUE de-
creased rapidly with decreasing g5 (Figure 7a—c), whereas C; increased steeply (Figure 7d),
which indicated that non-stomatal limitations to photosynthesis became dominant. A
similar response was found by Cifre et al. [41] who reported that non-stomatal limita-
tions to photosynthesis become dominant when gs < 0.05 mol H,O m~2 s~ L. This value
is a little higher than our data, which could be related to different grapevine cultivars.
When g < 0.05 mol HO m~2s~!, a general decline in the activity and number of pho-
tosynthetic enzymes was observed [60] and photosynthesis did not recover after irriga-
tion [61], indicating that non-stomatal inhibition (metabolic and/or restricted internal
CO, diffusion) occurred. In addition, our data showed that when gs decreased beyond
0.03 mol H,O m~2 s~! (corresponding to an average \p —14.7 kPa, as shown in Figure 4),
transpiration decreased rapidly. The curvilinear relationship between gs and photosyn-

—2g5-1,
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thesis (Figure 7a) implies a more sensitive response of photosynthesis to water limitation
compared to g, at the last stage of soil drying, leading to a decrease in intrinsic WUE
(Figure 7b), i.e., a decline of carbon assimilation in relation to water supply.

(2) A phase of moderate water stress was defined for a decreasing range of gs from 0.15
to 0.03 mol H,O m~2 s~1. In this phase, photosynthesis and C; decreased with decreasing
gs (Figure 7a,d), while extrinsic and intrinsic WUE mainly increased (Figure 7b,c). Cifre
et al. [41] showed a similar phenomenon for intermediate g5 values (0.15 > g5 > 0.05 mol
H,O m~2 s~ 1). Zs6fi et al. [54] reported that the improved wine quality of the grapevine
was due to moderate water stress, which induced a higher concentration of anthocyanins
and phenolics in the berries. During this phase, the activity of photosynthetic enzymes,
such as Rubisco, is mostly unaffected [60]. Therefore, in this phase, stomatal limitations
seem dominant and photosynthesis is rapidly reversed upon re-watering [62], but non-
stomatal limitations are already developing [41].

(3) A mild water stress phase is characterized by relatively high values of g
(>0.15H,0 m~2 s~ 1). During this phase, photosynthesis decreased slightly with decreasing
gs, which resulted in small increases in intrinsic and extrinsic WUE (Figure 7a—c). A decline
in C; also occurred (Figure 7d). These results are consistent with those of Flexas et al. [63].
At this stage, stomatal closure is probably the only limitation to photosynthesis [41].

During phase II and phase III, when, for instance, gs was higher than
0.03 mol H,O m 2 s 1, and the average \ was larger than —14.7 kPa, the curvilinear
relationship between gs and photosynthesis (Figure 7a) implied a less sensitive response of
photosynthesis to water limitation compared to g at these stages of soil drying, leading to
an increase in intrinsic WUE (Figure 7b), i.e., a near optimization of carbon assimilation in
relation to water supply [59].

Based on our results, the following suggestions were made for appropriate irrigation
during the maturation stage of grapevines under different water resource availability sce-
narios. In semi-arid areas, where water availability is low or moderate, the critical average
soil water potential for scheduling irrigation should be —13.2 4 0.82 kPa (corresponding
to gs = 0.09 mol H,O m—2 s’l) for the potted mixture used in our experiments, because
photosynthesis, g, transpiration, and extrinsic and intrinsic WUE decreased steeply in the
phase of severe water stress (when 1 decreased beyond this value). Furthermore, this will
permit a more substantial water saving than irrigation scheduled at a higher 1. After irri-
gation, P should be kept lower than —6.9 & 0.15 kPa because the highest values of intrinsic
WUE occurred when the average \ decreased from —6.9 £ 0.15 to —14.6 £ 0.7 kPa. A
higher intrinsic WUE agreed with a higher biomass production for grapevines [64]. Some
farmers would like to obtain high quantities of berries, specifically farmers who cultivate
grapevines for table grapes sold by weight.

In arid areas, irrigation water is precious and should be used even more economically.
For the potted mixture used in our experiments, the critical point for scheduling irrigation
should be approximately, and on average, 1 —16.2 &= 0.77 kPa (corresponding to a gs value
of 0.02 mol H,O m~2 s~ 1), because the grape berry contracted in size steeply when the
average 1 decreased beyond —16.2 & 0.77 kPa. Although permitting the development of
severe moisture stress, in this case, might affect the yield, the limitations of grape yield are
a common practice (if not compulsory) for market standard wine production and premium
wines [41].

The results obtained in the study, particularly for the 1, only apply for the potted soil
mixture. These results cannot be extrapolated to other soil types. This experiment only
determines a trigger to irrigate. What about the amount of irrigation for application? How
would this method be applied and used under field conditions? These are the next steps to
be pursued.
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4. Conclusions

Photosynthesis response was more sensitive to water stress than berry size during
the maturation stage (stage III) of grapevines. Based on the results of our study, the
following suggestions were made for appropriate irrigation during the maturation stage of
grapevines. In semi-arid areas, for the potted mixture used in the experiments, the critical
soil water potential for scheduling irrigation should be —13.2 4 0.82 kPa (corresponding
to gs = 0.09 mol H,O m~2 s~1). However, 1\ should be kept lower than —6.9 £ 0.15 kPa
after irrigation because the highest values of intrinsic WUE occurred when 1 decreased
from —6.9 £ 0.15 to —14.6 + 0.7 kPa. In hyper-arid and arid areas, the threshold \{ for
scheduling irrigation should be considered as —16.2 + 0.77 kPa (corresponding to a gs
value of 0.02 mol HyO m~2 s~ 1) to achieve efficient use of water resources and fruit quality
in grapevines during this important stage of economic yield development.
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