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1. Abstract

Israel and other semi-arid regions suffer from a limited water supply and, in recent years,
this problem has developed into a critical condition that will require better water-use
management practices, particularly in agriculture. In this work, the different aspects of

water usage in Israeli vineyards will be discussed.

From the lysimeters to the vineyard: development of an irrigation model for table
grapes
Freshwater consumption of table-grape vines (Vitis vinifera cv. Superior Seedless) was
measured during six growing seasons (1999, 2001-2005) using 12 drainage lysimeters.
The lysimeters were installed as part of a one-hectare vineyard in the Lachish region in
southern Israel. Maximum experimentally determined evapotranspiration (ET.) values in
different seasons ranged from 50.7 to 60 L day ™ vine™ and seasonal ET., from day of
year (DOY) 91 through DOY 304, ranged from 1087 to 1348 mm over the six growing
seasons. Reference evapotranspiration (ET,) was calculated from local meteorological
data using the modified Penman-Monteith equation. Seasonal curves for the crop
coefficient (K¢) were calculated as K. = ET. / ET,. Leaf area index (LAI) was measured
monthly using the SunScan Canopy Analysis System (Delta-T Devices, Cambridge, UK).
Maximum LAI ranged from 4.2 to 6.2 m* m™ for the 2002-2005 seasons. The high ET.
and K. values that were observed are explained by the wide canopy layout of the large
open-gable trellis system.
According to our model, maximal water consumption of commercial vineyards can be
calculated in the following ways:

1. DOY to K, correlation can be used in Lachish region.

2. GDD to K, correlation can be used in other table grape-growing regions (GDD -
growing degree days).

3. Correlation of LAI to K is the most precise method, but it is also more labor

intensive.

Using the lysimeter-based model, irrigation treatments were examined in a field trial in

order to test the applicability of the model under semi-commercial conditions. Three



irrigation treatments, 80% (high), 60% (medium) and 40% (low) of the ET. of the
lysimeter-grown vines, were applied in the vineyard and vegetative and reproductive
growth were observed. Increased irrigation (from 40% ET. to 80% ET) increased the
size of the vine canopy and yield. The positive effects of the increased irrigation on
vegetative and reproductive growth are presented in a way that will help the vine-grower
choose an irrigation coefficient that can be applied in his vineyard.

The effects of treated waste water (TWW) and irrigation volume in table grape
vineyards

Over the past few years, the use of TWW (treated wastewater) has increased and now
accounts for more than 50% of all water used in Israeli agriculture. The use of TWW
raises many questions regarding irrigation and fertilization practices.

In the same vineyard that was mentioned previously, an additional experiment was
conducted in the 2002-2007 growing seasons. The aim of this study was to examine the
effects of irrigating with treated wastewater (1.88 dS m™ ,230 mg I* Na*), with and
without fertilizer, as compared to freshwater treatments (1.30 dS m™, 117 mg I'* Na*).
Each water quality treatment included three irrigation levels set according to the model
that was developed for irrigation with freshwater.

In this study water, soil and leaves were periodically sampled and analyzed and the
concentrations of a wide range of chemical elements were monitored. Na* stood out as
the major "damage potential ion" under TWW-irrigation conditions. Soil Na*
concentrations and SAR naturally fluctuated over the years, but fluctuations were
significantly greater in the soil of TWW treatments, particularly in the high volume
irrigation treatment. Adding fertilizer to TWW treatments appeared to have a positive
effect on the SAR values, which may be due to changes in soil pH and the addition of
cations that compete with Na* for adsorption onto the exchange complexes of clays. Na*
concentrations in the leaf petioles rose significantly each year from the third year on, with
maximum values exceeding 6500 mg Kg™ Na* in TWW treatments, which is more than
three times higher than the concentration observed in the control. The effects of increased

soil Na* on leaves were established after five years of continuous irrigation.



In the present study, new methods were developed for collecting xylem sap in the spring
and sampling bark and wood for mineral analysis. Significantly higher Na*
concentrations were observed in the wood, bark and xylem sap of the TWW-treated
vines.

It appears that in table-grape vineyards on heavy soils that receive relatively high levels
of irrigation, Na" does is not leach well from the root zone and therefore poses a greater
problem for the plant and soil. However, even under the trial's elevated Na* conditions,
no significant yield effects were noted. This may be due to the effective stability of the
cv. Paulsen rootstock under saline conditions and the tolerance of cv. Superior to
increased Na™.

A mature commercial vineyard of own-rooted cv. Red Globe grafted on its roots, which
was located near the experimental site and maintained under similar irrigation conditions,
collapsed after only three years. Wood samples taken from the trunks of those vines
showed [Na’] of 2271-2294 mg/kg. This may indicate that wood analyses could be used,

year round, as a tool for identifying developing salt stress.

Leaf patch clamp pressure probe (LPCP) as a tool for irrigation management

An advanced and non-invasive LPCP was developed for online monitoring of the water
balance in leaves of table grapes (cv. Superior Seedless in the Lachish region) and wine
grapes (cv. French Colombard in the Gedera region). The probe measures the attenuated
output patch clamp pressure of a clamped leaf in response to an external magnetic
pressure. The measured pressure is inversely correlated with the leaf turgor pressure.
Measurements showed that changes in transpiration rate and stomatal conductance
induced by environmental parameters were reflected in the probe readings nearly
immediately. The LPCP was successfully tested on leaves of irrigated and non-irrigated
table-grape vines under field conditions. Data show that slight changes in the
microclimate and/or water supply are reflected in the leaf turgor pressure. In wine
grapes, the LAI to K. model was examined along with LPCP measurements and the data

were correlated with yield and yield components.
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2. Introduction

Overview of Vitis

Vitis is a genus of deciduous perennial plants that grow grapes. Grape is a hon-
climacteric fruit, botanically defined as a true berry, which grows on compound raceme
inflorescences that are often called panicles. The vines produce fruit that is eaten raw or
made into wine, raisins, vinegar and other commercial products.

The most commonly grown species, Vitis vinifera, originated in the Mediterranean region
and central Asia. Other vine species such as Vitis riparia, Vitis labrusca and Vitis
rotundifolia are used for grape and wine production in North America. Cross-breeding
among Vitis berlandieri, Vitis riparia and Vitis rupestris varieties has produced widely
used rootstocks that determine many vine characteristics, particularly various stress

tolerances.

Table grapes and wine grapes

Modern agronomic practices for wine and table grapes differ, even though the basic
biology of these two crops is the same. Some of the differences are derived from
historical selective breeding practices that were aimed at achieving different goals. Wine
grapes have small berries with relatively thin skin, which contains most of the aroma and
color components (mainly in red wine varieties). In contrast, in table grapes, seedless big
berries with relatively thick skin are desired. Table grapes are usually harvested earlier
than wine grapes, when their TSS (total soluble solids) reaches 15-16° Brix. Wine grapes
are usually harvested when their TSS reaches 23-25° Brix.

Table grapes are usually grafted onto rootstocks that encourage plant vigor and trellis
systems are constructed to support a wide canopy (open gable, Geneva double curtain,
overhead pergola); whereas wine grapes are grafted onto less vigorous rootstocks and,
therefore, their canopies and trellis systems are more compact (vertical shoot position,
lyre, smart-Dyson). Two main pruning practices are used in grape crops: long-cane
pruning, which is generally used in table grapes, and spur pruning, which is generally
used for wine grapes. These practices affect the growth and dimensions of the crop

canopy as well as yield potential.
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Consequently, these differences affect the canopy size expressed as leaf area index (LAL).
The LAI of table-grape crops is much greater than that of wine-grape crops (maximum
LAI in the present field experiment was ~4.5 m?> m™ in cv. Superior Seedless and ~1.3 m?
m in cv. French Colombard). Increased LAl in table grapes results in a higher
transpiration rate, necessitating higher amounts of irrigation than are needed for wine
grapes. In wine grapes, imposing controlled water stress is a common practice used to
encourage the production of smaller berries with a stronger aroma (higher phenolic
content) and skin color (anthocyanin content) (Esteban et al., 2001; Roby et al., 2004).
This method is often called regulated deficient irrigation (RDI) (Acevedo-Opazo et al.,
2010; Cifre et al., 2005). This practice and a smaller canopy are the reasons why less

water is used in the production of wine grapes.

Vine water consumption

In order to define plant water consumption and to distinguish it from irrigation
requirements, the following terms were suggested (Doorenbos and Pruitt, 1977).

1. Plant water consumption: The amount of water a plant loses by transpiration as
well as the water loss from the soil surface due to evaporation.

2. Irrigation requirements: The amount of water that is needed to meet the
evapotranspiration demands (as effective precipitation and available groundwater is
reduced), in order to produce an acceptable yield, rinse salts from the soil and support

other agricultural practices that demand water (e.g., fertilization).

There are a few flaws in the aforementioned definitions. First, irrigation is applied in
order to satisfy evapotranspiration demands but, at some specific phenological stages
during the season, it is common to limit irrigation for a certain period without any
subsequent yield loss. In addition, the irrigation definition ignores the timing of and
intervals between irrigation applications. The term "acceptable yield" is subjective and
differs among varieties, years and locations and even between various plots within a
vineyard.

In the semi-arid conditions of the Lachish region, daily irrigation is the common practice
in table-grape cultivation. In the present study, vine water use was calculated based on



measurements with 13 drainage lysimeters. Lysimeters are commonly used for ET
(evapotranspiration) evaluations (Allen et al., 1998).

Lysimeters

A lysimeter is a device used to measure the actual plant transpiration and soil evaporation
of woody or herbaceous plants planted in containers of soil. The amount of water lost by
evapotranspiration can be calculated from the amount of irrigation (and precipitation) that
an area receives and the amount of moisture that is lost by transpiration and directly from
the soil. There are two types of lysimeters: weighing / floating lysimeters and drainage /
overflow lysimeters. Weighing / floating lysimeters are usually large soil-containing
tanks that are installed onto weight-load cells. The accuracy of these measurements is
relatively high and hourly evapotranspiration can be measured. However, they are
relatively expensive.. Therefore, usually, few of these measuring devices are used at a
time. Drainage lysimeters are cheaper to build, but their operation may be more labor-
intensive and the data is only obtained on a daily or periodic basis.

For many years, lysimeters have been used as a standard tool for measuring water
consumption. Measurements have been made in woody species, such as peaches (Ayars
et al., 2003), oranges (Yang et al., 2003), pears (Chalmers et al., 1992) and wine grapes
(Evans et al., 1993). In experiments on table grapes, measurements have been obtained
using both drainage lysimeters (Van Rooyen et al., 1980; Prior and Grieve, 1987; Evans
et al.,, 1993; Shani and Ben-Gal, 2005) and weighing lysimeters (Williams, 1998;
Williams et al., 20034, b; Williams and Ayars, 2005). In addition to these woody species,
lysimeter tests have also been performed on herbaceous species such as wheat and maize
(Liu et al., 2002), cotton (Ayars and Hutmacher, 1994) and bermudagrass (Young et al.,
1996).



Irrigation with treated wastewater

Wastewater is defined as water whose quality has been influenced by anthropogenic use;
sewage water is a subset of wastewater.

The need to increase the use of treated wastewater (TWW) in agriculture is the result of
increased demand for freshwater for domestic use and increased scarcity and fluctuations
in yearly precipitation. From 1960 to 2004, the use of treated wastewater for irrigation in
Israel increased to account for about 30% of all water used in agriculture (Aharoni and
Cikurel, 2006; Fuchs, 2007) and this figure is expected to reach more than 50% in the
next few years. The use of treated wastewater for irrigation started in cotton more then 20
years ago and was later introduced in orchards (Avnimelech, 1993). Large-scale use of
TWW for irrigation of table grapes began six years ago. As a consequence of irrigation
with TWW, increased visual symptoms and chlorosis started to appear on leaves and, in

some cases, there was a total collapse of yield-bearing vines.

Public health risks associated with the use of TWW

TWW use may posses various health risks, including exposure to pathogenic bacteria,
viruses, protozoa and parasitic worms (Gerardi and Zimmerman, 2005). Consumption or
exposure to heavy metals, pharmaceutically active compounds and hormones can cause
serious health problems. In 1989, the World Health Organization (WHO) developed
guidelines for managing health risks that may arise from exposure to microbes present in
TWW. Guidelines for treating sewage water require that biological oxygen demand
(BOD) and suspended solids (SS) not exceed 20mg L™ and 30 mg L™, respectively
(WHO, 1989). The TWW that is released from the purification plant should not contain
E. coli concentrations higher than 100 bacteria per 100 ml of water (WHO, 1989).

In order to avoid outbreaks of human diseases, specific guidelines were adapted for the
use of TWW for agricultural purposes in Israel (Halperin, 1999). In order to be approved
for TWW irrigation, several legally defined physical "barriers” must be installed in
vineyards that use trellis systems. Regulations require two or more of the following safety
practices: disinfection of water, maintaining a certain physical distance between the fruit
and the drip line, the use of a plastic covering on the drip line that is resistant to sun

damage and/or the use of an underground drip line.
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In the current study, water was disinfected with chlorine, and a minimum of one meter
was kept between the fruit clusters and the drip line, in addition to a 30 cm wide plastic
sheet that covered the drip line. Microbial tests that were preformed at harvest during the

present experiment confirmed that no coliform bacteria were present on the fruits.

Agricultural risks associated with the use of TWW

TWW usually contains a high organic matter load (Morgenroth et al., 2002) and may
contain elements that are toxic to plants (Toze, 2006; Yermiyahu et al., 2007). Extended
use of TWW for irrigation could potentially lead to the leaching of nitrate and, in some
situations, phosphorus into groundwater (Bond, 1998).

High concentrations of organic matter components can affect soil properties by coating
soil particles and eventually change the soil surface properties, rendering the soil
hydrophobic, a condition that makes it harder for water to infiltrate the soil. Evidence of
organic matter contamination is amplified when soil is dried (Wallis et al., 1991,
Tarchitzky et al., 2007). In addition, bacterial films may clog drippers and drip irrigation
lines.

High salinity content of TWW was found to be a central problem, which may affect crop
performance and the chemical and physical properties of the soil. Salinization of water
and soil is frequently identified with increasing concentrations of NaCl. Reduced growth,
early leaf senescence and the appearance of chlorotic and necrotic spots on leaves are
external symptoms of salt stress (Greenway and Munns, 1980; Tester and Davenport,
2003). It is generally accepted that salt stress in plants has two components: an osmotic
component, in which growth is affected by reduced water uptake (Munns, 1993; Munns
et al., 2000; Munns, 2002), and a slower, metabolic component, which is a result of
specific ion toxicity.

The standard procedures for treating TWW at the purification plant do not reduce the
concentration of most dissolved salts and the only way to reduce salt content is to control
it at its source (Agassi et al., 2003). When crops are irrigated with water containing
elevated levels of salts, sodium is present in the soil as an exchangeable form and may
replace cations adsorbed on the exchange complex of clays, usually calcium and

magnesium. This may cause infiltration problems due to the decreased aggregate
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stability, clay dispersion and the swelling of expandable clays, which affect the soil's
permeability. The sodium adsorption ratio (SAR) is the common parameter used to
calculate the ratio of the relative concentration of sodium in relation to that of calcium
and magnesium: SAR = [Na]/([Ca+Mg]/2)"2. In arid regions, decreased infiltration rates
can result in increased surface runoff during precipitation events, which leads to the
decreased availability of water for plants (Suarez et al., 2006). The ability to cope with
increasing salinity and SAR in soils is a great challenge given the fact that of the current
230 million ha of irrigated land, 45 million ha (19.5%) are salt-affected (FAO, 2008).
Aside from all of the abovementioned potential risks, the quality of TWW is affected by
many constantly fluctuating factors. Therefore, the use of TWW for irrigation must be
accompanied by intensive monitoring of water, soil and plant parameters, to ensure

sustainable crop production with minimal damage to the environment.

Grapevines and salinity

All types of irrigation water (aside from distilled water) contain a certain amount of salts.
A combination of many different dissolved salts may contribute to overall salinity levels
that may induce plant toxicity and soil damage. Salinity is usually measured as electrical
conductivity (EC) of irrigation water and/or the soil-water solution and is measured from
a soil-paste extract (ECe).

The most common method for studying the effect of salinity on grape vines is to sample
and analyze leaf petioles growing opposite the fruit clusters at flowering or at harvest
(Christensen, 1969). The measured values of the different salt components can be
compared with previously published threshold levels for toxicity to grapevines (Reuter and
Robinson, 1997).

Grapevines can be characterized either as moderately salt-sensitive (Mass and Hoffman,
1977; Mass, 1990; Francois and Mass, 1994) or salt-tolerant (Downton, 1977b; Garcia
and Chabaji, 1993). The salt sensitivity or tolerance of vines is affected by the scion-root
combination, irrigation system, irrigation amount and intervals, climate and soil
properties. Scion-root combination also alters vine vigor (Yunusa et al., 1997), vine life
duration and levels of tolerance and sensitivity to other types of biotic and abiotic stress.
It is assumed that rootstocks with better vigor may be more salt tolerant. Mass and

12
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Hoffman (1977) set the threshold value at 1.5 dS m™ of soil saturation paste (ECe) and
each dS m™ unit above that value was found to decrease yield by 9.6%. Zhang et al.
(2002) argued that this value is too low, basing their argument on the results of three
Australian field experiments that included a wide range of scion-related thresholds (1.8-4
dS m™), in which they observed 2.3-15% yield reduction per increase of 1 dS m™. The
rootstock of the line 1103 Paulsen (which was also used in the present study) was the
most salt tolerant, with no yield reduction until EC, exceeded about 4 dS m™ (Zhang et
al., 2002).

The objectives of the present research were:

(1) To develop a novel irrigation model based on actual evapotranspiration
measurements.

(2) To establish the connections between evapotranspiration and canopy and climate
seasonal changes.

(3) To determine the application and impact of the irrigation model on grape
production in semi-commercial conditions.

(4) To point out the potential risks of TWW application according to the model.

(5) To determine the applicabilty of a novel physiological tool (LPCP) for online
monitoring of water balance in leaves of table and wine grapes.

(6) To determine the applicabilty of the LAI-based model and the LPCP on wine

grapes.
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3. Methodology

Experimental site Lachish — Table grapes cv. Superior Seedless: lysimeters,

irrigation model and effluent irrigation.

The following studies were conducted between 1999 and 2009. The experimental area
was a one-hectare vineyard of table grapes cv. Superior Seedless (also known as
‘Sugraone’) grafted onto the ‘1103 Paulsen’ rootstock, located at the Lachish agricultural
research and development station in southern Israel (lat. 31.4° N, long. 34.8° E). Vines
were trained to a 2-m-high, Y-shaped, open-canopy gable system with six foliage wires
on each side, as described in detail by Netzer et al. (2009). Vine spacing was 2 m
between vines and 3.5 m between rows. Rows were organized in a north—south direction.
During the winter (Jan.-Feb.), vines were pruned into eight fruiting canes with 14 buds
per vine. The vineyard structure was similar in the lysimeter rows (cultivar, rootstock,
row spacing, training, planting date and pest control).

A drip irrigation system with one line per row and pressure-compensated drippers spaced
0.5 m apart from each other (Netafim, Israel) was employed and was operated by an
irrigation control unit (Talgil, Israel). The vines were planted in both the vineyard and the
lysimeter tanks April 1997. The water consumption (ET) of table grapes was studied
using 13 drainage lysimeters located on the borders of the vineyard. The ET, data
obtained from 12 lysimeters were used as the baseline for irrigation treatments in the
vineyard. The remaining lysimeter (without a vine) was used for evaporation
measurements; vines planted outside of the lysimeter's area shaded this lysimeter. Field-
and lysimeter-grown vines were handled similarly over the duration of the experiment,

aside from the amounts of water applied.

Lachish vineyard experimental design

The experimental field was divided into nine different irrigation treatment sections, with
four replicates per treatment arranged in a randomized block design. Each irrigation
treatment was applied to a total of 168 vines, with 10 measured vines per replicate and
another 32 border vines. The effects of two factors were examined during 2002-2007
seasons: irrigation water type and amount. Three water types and three irrigation levels:

high, medium, and low (nine treatments in all). The daily drip irrigation schedule was
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determined on a five-day basis according to data obtained by the lysimeter. In cases of
drastic changes in the weather, the irrigation schedule was determined daily. In
treatments that included fertilizer, the fertilizer contained 1.29 mM NOs", 0.64 mM NH,",
0.87 mM K and 0.19 mM P and was applied daily through the irrigation system. Standard
practices to control insect pests, fungi and weeds were employed each year.

Structure of the lysimeters

As mentioned before, water consumption of table grapevines was measured using 13
drainage lysimeters (Figs. 1-3). One vine (Vitis vinifera cv. Superior Seedless) was
planted in each lysimeter (excluding the evaporation lysimeter) during March 1997 and
full measurements commenced in April 1999. Each lysimeter tank had a volume of 1.3
m? and was 1.05 m in diameter and 1.5 m deep. Seven lysimeters were filled with local
soil (clay loam soil composed of 30% sand, 28% silt and 42% clay) packed to the original
bulk density and the remaining six were filled with tuff gravel (volcanic scoria, O to 4
mm diam.). The lysimeters were installed in the ground with their top edges flush with
the soil surface. To ensure the drainage of water from the lysimeter into the receiver tank,
the bottom of the tank was packed with a 10-cm-thick layer of gravel, 10 cm of rock wool
and 10 cm of milled quartz (Netzer et al., 2005). A 3-m-long pipe was attached to the
bottom of the each lysimeter. The drainage pipe led to a partially underground tunnel that
was constructed parallel to the row containing the lysimeters (Fig. 4). Each lysimeter was
irrigated separately from an 80-L water tank positioned 50 cm above the soil surface (Fig.
3), about 2 m away from the lysimeters. The drip line that was connected to the water
tank was equipped with four (non-pressure-compensated) 2.4-L h™ drip emitters spaced
30 cm apart. Drainage water was collected in receiver tanks located in a 2.5-m-deep

tunnel.

Figure 1. Birdseye view
of the lysimeter arrangement

and the tunnel (white roof).




Figure 2. Arrangement of
lysimeter tanks in the soil before

they were covered.

Figure 3. 80-L irrigation tanks
(right) with the irrigation lines of

each lysimeter (left).

Figure 4. Inside the tunnel.
The drainage pipes lead to
collection tanks located

under the floor.
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Figure 5. Lysimeter scheme:
1 Lysimeter tank

2 Irrigation tank

3. Drainage pipe

4 Collection tank

5 Suction pump and
volume-measuring tank

6. Underground tunnel

Lysimeter maintenance

Every morning, each lysimeter was irrigated separately from an 80-L water tank that was
refilled manually with a known volume of water. The volume of water that drained
through each lysimeter was measured every morning. To ensure that the growth of the
vines was not limited by water availability, the volume of water supplied by irrigation
exceeded the vines' estimated daily water consumption by 20-30%. Daily irrigation began
at 7:00 am and continued for 4-8 hours depending on the amount of water needed at that

point during the growing season.

Meteorological data, calculation of ET,

An automated weather station located at the Lachish research station (about 100 m from
the vineyard) monitored solar radiation (CM-11, Kipp & Zonen, Delft, Netherlands),
wind speed and direction (type 05103; R. M. Young, Traverse, MI, USA), air
temperature and relative humidity (type HMP 45C; Campbell Scientific, Inc., Logan,
Utah, USA). Data were collected every 5 min. Reference evapotranspiration (ET,) was
calculated using the Penman-Monteith equation, as modified for the California Irrigation

Management Information System (CIMIS; Snyder and Pruitt, 1985).
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ET. and K. calculations

Daily water consumption, ET (liters), was calculated by subtracting the volume of water
collected as drainage during a 24-h period from the amount that was supplied by
irrigation during the same period. ET. (mm) was calculated by multiplying the average
daily consumption of water per vine, as measured by the lysimeters, by 0.143 (1430 vines
per hectare). The daily crop coefficient (K;) was calculated by dividing daily ET, (mm
day™) by daily ETo (mm day™) (Doorenbos and Pruitt, 1977; Allen et al., 1998).

Leaf area index measurements

The leaf area index (LAI) is a dimensionless variable representing the leaf area per unit
ground surface area (Jonckheere et al., 2004). In our case, LAI is the ratio of the total
surface area of the leaves (one-side), shoots and fruit (when present) to the unit of land
area allocated for each vine. The LAI values of the lysimeter-grown vines and the
vineyard-grown vines were estimated several times during the 2001-2005 growing
seasons using a non-destructive canopy analysis system (SunScan model SS1-R3-BF3;
Delta-T Devices, Cambridge, UK). This canopy analysis system uses a line quantum
sensor array that is sensitive to photosynthetically active radiation (PAR). This method of
estimating LAI (gap fraction inversion) is based on measurements of light beneath the
canopy collected parallel to measurements of above-canopy sun radiation (Grantz and
Williams, 1993; Cohen et al., 1997; Wilhelm et al., 2000).

The instrument was operated using the standard protocol recommended by the
manufacturer. Each sample consisted of equally spaced readings (20 cm apart) at ground
level, starting from the center of the row to half the distance to the adjacent row, with the
linear probe positioned parallel to the rows (Fig. 7). LAI values obtained by this non-
destructive method were verified by a tissue-destructive method. For those
measurements, leaves were harvested (Fig. 8) from two meter-long sections along the
row, one meter from each side of the trunk. Leaf area was then measured using an area
meter (model 3100; Li-Cor, Lincoln, NE, USA). The leaf areas of 18 sections, two meters
each, were measured at different times during the growing seasons. Estimated and
measured LAI values were found to be highly correlated (y = 0.9821x -0.0366, R? =
0.983, p <0.0001, n = 18)(Fig. 6). It should be mentioned that, in using this method, we
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measured total green surface area, including leaves, shoots and fruits. The "LAI"
contributed by the trunk and the canes (0.4-0.6 m? m™) was subtracted from the total LAI.

Figure 6. Correlation between
estimated (SunScan) and measured
LAI values (destructive leaf scan)
(n=18).

Figure 7. LAI measurement
equipment. The beam fraction
sensor (BFS) is located on top

of the tripod (left).

The line quantum sensor

array and the data logger (Work
about) is located beneath the vine
canopy. A 20-cm graduated scale

is located adjacent to the rows.

Figure 8. Leaf removal and
LAI measurement to validate
the accuracy of the non-

destructive measurements.
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Soil sampling and analysis

Soil was sampled annually (2002-2007) during the spring (March) before the beginning
of irrigation and in autumn (October), after the end of the irrigation period, so that its
chemical and physical characteristics could be examined. Soil samples were taken by soil
auger from depths of 0-30, 30-60 and 60-100 cm in the middle row of each plot. Samples
were taken from 40 cm perpendicular to the drip line and parallel to the dripper that was
closest to the midpoint between two vines. Saturated paste extracts of soils oven-dried at

65°C were chemically analyzed.

Soil saturated paste and chemical analysis

Soil pH was determined by plugging a pH Orion combined electrode directly into the
saturated paste (Rhoades, 1996). Soil electrical conductivity and concentrations of Ca,
Mg, K, CI, and NO3" were analyzed in the solution extracted from the saturated paste
(Rhoades, 1996). The concentration of Ca** + Mg”* was determined by EDTA titration
and the concentration of NO3 was determined with Orion specific electrode. K
concentration was determined using a 410 Sherwood flame photometer and electrical
conductivity was determined using a platinum cell electrode (Standard Methods, 2005).
Chloride was determined by potensiometric titration with a Ag-AgCl electrode (APHA,
2005). Soil ammonium was extracted with 1 M KCI according to the Nesler method
(Greweling and Peech, 1960). Soil Zn, Fe, Cu, Mn were extracted with DTPA-TEA-
CacCl; solution as described by Loeppert and Inskeep (1996) and were analyzed using a
220FS Varian atomic absorption spectrophotometer. Soil phosphate content was
determined using the Olsen method, as described by Kuo (1996). Soil calcium carbonate
content was determined based on the gravimetric loss of carbonates as carbon dioxide in
the presence of excess hydrochloric acid (U.S. Salinity Laboratory staff, 1954). Soil
organic matter was determined by wet oxidation with dichromate (Nelson and Sommers,
1982)

Leaf sampling and chemical analysis
From each replicate, 30 leaves (basal leaves growing opposite a bunch cluster) were
sampled during harvest (mid-July to mid-August). Leaves were rinsed in tap water

several times with a final rinse in double-distilled water. Petioles and blades were
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separated and oven-dried at 70°C for 72 h. Samples were subsequently pulverized in an
electric mill and 150 mg of dry matter was digested with 5 ml of concentrated reagent-
grade nitric acid at 130°C. The digest was brought to a volume of 50 ml with double-
distilled water and kept at 4°C in the dark until Na" concentrations could be analyzed
using inductively coupled plasma-atomic emission spectroscopy (ICP-AES, Arcos,
Spectro, Kleve, Germany).

For chloride and nitrate analyses, 100 mg of dry matter was shaken for 2 h with 5 ml of
double-distilled water. The mixture was filtered using Whatman No. 1 filter papers.
Chloride contents were determined by the silver ion-titration method with a Corning 926
automatic chloridometer (Corning Ltd., Halstead Essex, UK), according to the method
described by Gilliam (1971). A hand-held reflectometer RQflex2 (Merck, Darmstadt,

Germany) was used to measure nitrate concentration.

Trunk wood and xylem sap sampling and chemical analysis

Samples of trunk wood and xylem sap were taken during March 2007, two weeks before
budbreak. Samples of trunk wood (Fig. 9) were obtained from four vines from each plot,
50 cm above ground level using a 7-mm-diameter tree corer (Mattson, Mechaniska, AB,
Mora, Sweden). All samples were placed in 50-ml centrifuge vials and kept cool as they
were transported to the laboratory (maximum 4 h). Each core was separated into wood
and bark tissues, using a sharp blade, before drying for 72 h at 70°C. Dry material was
ground into a fine dust using an electric mill and digested by the same method used for
the leaves.

A xylem sap collection device (Fig. 11) was inserted into each pinhole left by the sample
coring. The sap-collection device was composed of a 20-cm long, 8-mm diameter plastic
tube and a 50-ml centrifuge vial covered with aluminum foil. One end of the plastic tube
was attached to the centrifuge vial, while the other end was attached to the pinhole
created by the corer. A small (10 cm long, 1 mm diam.) plastic tube was connected to the
centrifuge tube cap to release air pressure. The device was attached to the vine for 24 h.
The surrounding trunk area was wrapped in plastic wrap to prevent moisture loss and
contamination.

Sufficient root pressure is established during the early spring season as result of root

activity, which is accelerated by increased soil temperatures. When temperatures rise and
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soil water content increases, xylem sap bleeding will be observed when canes are cut
(Fig. 10). The xylem sap collection device (Fig. 11) should be installed during this
period. Once budbreak has occurred and transpiration has resumed, the hydraulic
pressure in the xylem will be negative and the xylem bleeding will stop. Installation

during budbreak will not result in xylem sap collection.

—

o

Figure 11. Xylem sap collection device. A. During installation. B. Tightly attached to

the trunk and covered with aluminum foil after completion of installation.
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Leaf patch clamp pressure probe -LPCP

The magnetic LPCP probe is composed of two planar circular metal pads integrated into
two magnets (Fig. 12A). The lower pad contains a receptacle for integration of the
pressure sensor chip. Turgescence is determined by measuring the pressure transfer
function of the leaf patch. The probes were connected to small battery-powered
telemetric transmitters (Teltow, Germany). The transmitters (Fig. 12B) read and
amplified the analog signals of the probes. Every 5 min, the digitized data were
wirelessly sent, together with the transmitter ID code, to an RF receiver unit via the ISM
band of 433 MHz, over a distance of more than 100 m. The receiver was connected to a
GPRS modem via an RS-232 interface. Using a mobile communication network, the data
and the time stamps were transferred to an Internet server at the University Wirzburg,
Germany (NTBB Systemtechnik GmbH, Zeuthen, Germany), enabling remote control of
the experiments. Solar photovoltaic panels (Fig. 12C) provided electricity for this system.
For the device’s measurements, a small leaf patch is used as a sensing element for turgor
pressure changes in the entire leaf. The stomata in the patch must be closed and the patch
must be in hydraulic contact with its surroundings when the magnetic pads are attached to
the leaf.

Leaf turgescence is determined by measuring the pressure transfer function of the leaf
patch, i.e., by measuring the output leaf patch pressure (Pp) upon application of an
external pressure (Pciamp). Pclamp Can be adjusted by changing the distance between the
upper and lower magnet. Zimmermann et al. (2008) has shown that Py, is a power

function of the turgor pressure (Pc):

1

b a
P = -F,-P
p (apc_i_b] a clamp

where a and b are constants. F, is the leaf-specific attenuation factor, which takes into

account the fact that only a constant fraction of Pjamp arrives at the cell level, as a result
of losses due to the compressibility of the silicone in the sensor chip and of leaf-specific
structural elements (cuticle and cell walls).

Control experiments performed in an accessible climate chamber showed that any effects
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of temperature on the pressure reading of the probes could be excluded (<2 kPa between
10°C to 35°C). Furthermore, pressure probes mounted in a non-contact mode close to the
leaf surface also showed only negligible pressure changes over the entire temperature
range under field conditions. A detailed description and theoretical background is

reported in the 4™ article (pages 71-82 in this work).

Figure 12. A. Leaf patch clamp pressure probe attached to vine leaf. B. Battery-powered
transmitter unit protected against humidity in a plastic bag. C. Receiver unit (bottom left),

mobile communication antenna (upper left), solar photovoltaic modules (upper right).
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4. Results
4.1 First publication

Netzer Y, Yao C, Shenker M, Cohen S, Bravdo B and Schwartz A (2005) Water

consumption of ‘Superior Seedless’ grapevines grown in a semiarid region. Acta
Hort (ISHS) 689:399-406
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Abstract

Water use of grapevines (Vitis vinifera ‘Superior’) trained to a gable system
was measured in 12 drainage lysimeters for 4 growing seasons (1999, 2001-2003) in a
semiarid region of southern Israel. The drainage lysimeters, with a volume of 1.3 m
each, were 1nstalled in a 1 ha vineyard. The vines were drip irrigated with 4 emitters
at a rate of 2.4 L h™. The volume of water supplied each day exceeded the estimated
vine water consumptlon by 20%. Maximum crop evapotranspiration (ET.) ranged
from 7.6 to 8.2 mm d” (based on an area of 7 m per vine) across the 4-year study.
Seasonal ET. ranged from 988 to 1081 mm. The seasonal pattern of the crop
coefficient (K.) was similar from one year to the next. Monthly leaf area index (LAI)
was measured the last two years of the study. The LAI measured with the SunScan
Canopy Analysis System was highly correlated (R* = 0.99) with direct leaf area
measurements. Maximum LAI was 4.2 and 4.9 in 2002 and 2003, respectlvely The
increase in the seasonal K. was explained primarily by the increase in LAI (R* =
0.84). The high water consumption of the lysimeter-grown vines may be explained
by higher LAI and stomatal conductance values due to the fact that those vines were
supplied with unlimited amounts of water.

INTRODUCTION

Most of the water supplied to a crop returns to the atmosphere by evaporation
from the soil and via transpiration from the canopy. The evaporative demand of the
atmosphere along with canopy characteristics, such as stomatal conductance, and the
irrigation method are the main factors affecting evapotranspiration (ET). The water use of
grapevines, grown in different regions using different management practices, has been
published (Behboudian et al., 2001; Bravdo and Hepner, 1987; Van Rooyen, 1980;
Yunusa et al., 1997). The methods used to measure water use in grapevines have included
models based on water and soil parameters (Erie et al., 1982; Van Rooyen et al., 1980),
meteorological data (Oliver and Sene, 1992; Yunusa et al., 2000), sap flow sensors
(Braun and Schmid, 1999; Ginester et al., 1998) and weighing (Williams, 1999; Williams
et al., 2003) and drainage lysimeters (Evans et al., 1993; Prior and Grieve, 1986; Van
Rooyen et al., 1980).

The relationship between ET, and reference evapotranspiration (ET,) is termed the
crop coefficient (K.= ET/ET,) (Doorenbos and Pruitt, 1975). As vine water consumption
changes during the growing season and due to cultural practices including trellis type and
row spacing, it is expected that the seasonal K. would also be affected.

One of the objectives of the present study was to determine seasonal crop water
use of Vitis vinifera ‘Superior’ table grapevines grown under unlimited water supply in a
semiarid region of southern Israel. Another objective was to establish seasonal K, curves
for these grapevines.

Proc. VII™ IS on Grapevine
Ed. L.E. Williams
Acta Hort. 689, ISHS 2005 399
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MATERIALS AND METHODS

Water consumption of ‘Superior’ table grapes was determined with the use of 12
drainage lysimeters. The lysimeters were located in a 1 ha vineyard at the Lachish
agricultural research station in Israel (31. 4" N, 34.8" E). The vines, grafted onto ‘1103
Paulsen’ rootstock, were planted both in the Vmeyard and in the 1y51meter tanks in April
1997. The Vineyard soil was deep and well drained, and was composed of 30% sand, 28%
silt and 42% clay. Rows were oriented north to south. Vine spacing was 2 m within rows
and 3.5 m between rows (1430 vines ha™). The vines were trained to a double canopy
gable system with 8 fruitin ng canes per vine of 14 buds per cane. The volume of each
lysimeter tank was 1.30 m’ and its dimensions were 1.05 m in diameter and 1.5 m in
depth. Six lysimeters were filled with undisturbed local soil and the remaining six were
ﬁlled with tuff gravel (up to 4 mm in diameter). The lysimeters were installed in the
ground with their surface equal to the soil surface of the vineyard. To assure the free flow
of drainage water from the lysimeter to a receiver tank, the bottom three layers of the
tanks were 10 cm of gravel, 10 cm of rock wool and 10 cm of milled quartz.

The vines in the 1y51meters were irrigated above ground with 4 emitters at a
discharge rate of 2.4 L h'. The water that percolated through the lysimeters was collected
in the receiver tanks and the volume was measured each morning. To ensure that the
drainage solution could be obtained daily, the volume of water supplied by irrigation
exceeded the estimated daily water consumption by at least 20%. Daily irrigation began at
0700 h and continued for at least 6 h. The receiver tanks were located in a 2 m deep
underground tunnel constructed along the row of lysimeters. Apart from irrigation, field
and lysimeter-grown vines were treated similarly over the 5 year period.

Daily vine ET. was calculated by subtracting the volume of water collected as
drainage over a 24 h period from the amount that was supplied by irrigation for the same
period. Vine ET. was calculated multiplying the average daily water consumption per
vine by 143 (143 vines per 0.1 hectare). Reference ET was calculated according to the
Penman-Monteith equation as modified for the California Irrigation Management
Information System (CIMIS) (Snyder et al., 1985). The meteorological data for
calculation of ET, were obtained from a weather station at the Lachish research station
near the site of the experiment.

Leaf Area Index (LAI) is the ratio of total green surfaces, including leaves, shoots
and fruit (when present) to unit of land area allocated for each vine. The LAI of the
lysimeter grown vines and of field-grown vines was estimated several times during the
2002 and 2003 growing seasons, using a canopy analysis system (SunScan model SS1-
R3-BF3; Delta-T Devices, Cambridge, UK). The canopy analysis system uses a line
quantum sensor array sensitive to photosynthetically active radiation (PAR). The method
of estimating LAI ('gap fraction inversion') is based on light measurements beneath the
canopy (Cohen et al., 1997; Grantz and Williams, 1993; Wilhelm et al., 2003). The
analyzer was operated using the standard protocol recommended by the manufacturer.
Each sample consisted of equally spaced observations (20 cm apart), starting from the
center of the row to half the distance between adjacent rows with the linear probe
positioned parallel to the rows (Cohen et al., 1997). The LAI values obtained by this
method were correlated with destructive harvesting of leaves along the row, 1 m on either
side of the vine’s trunk. Leaf area was then measured using an area meter (model 3100;
Li-Cor, Lincoln, Nebraska). Leaf area of 14 sections was measured at different times
during the growing season. A comparison between the two methods indicated they were
highly correlated with one another (y = 0.0133 + 0.983x, R* = 0.99, n = 14).

RESULTS AND DISCUSSION

Budbreak for this cultivar occurred at the beginning of March between days of
year (DOYs) 60 and 74 (Table 1). Harvest generally began the beginning of August at
15.5 °Brix. A LAI of 1.0, equivalent to a leaf area of ~ 7.0 m? per Vlne was obtained the
mlddle of April. The LAI reached a maximum of 4.2 (29.3 m? vine™) and 4.9 (34.2 m *
vine™") the beginning of August in 2002 and 2003, respectively (Fig.1). The LAI gradually
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decreased until late fall.

The seasonal ET, curves are typical for the hot and dry summers of the
Mediterranean region. Maximum ET, was measured during July (Fig. 2A). Seasonal ET,
and Ep,, from April to October of the 1999 — 2003 seasons were 1142 and 1216 mm,
respectively (Table 1). The average ET, was 4.6 mm d”' in early April and 7.1 mm d
during July each year. There was a general decrease in ET, from September onwards each
year.

Seasonal ET, for 4 years of the study ranged from 6913 to 7559 L vine™; 988 and
1081 mm, respectively (Table 1). Average ET. increased from 1.8 mm d”' in Aprll (DOY
105) to a max1mum of 7.7 mm d' in August (DOY 217) when ET, values were 5.2 and
6.6 mm d”', respectively (Fig. 2A). Crop ET exceeded ET, at the end of June (DOY 176)
and remained higher during July and August. A gradual decrease in ET. was observed
from the end of August to the end of the season.

The crop coefficient K. is a dimensionless number obtained by dividing ET. by
ET, (Doorenbos and Pruitt, 1975) and it can be used to estimate daily vine water
consumption in vineyards using the same cultivar and cultural practices and grown under
similar environmental conditions. The seasonal K. curve for ‘Superior’ grown in the
Lachish district was approximately 0.35 at the end of March, just after budbreak (Fig. 2B)
and reached a value of 1.2 during September and October (DOY 250-304). The K, was a
linear function of LAI (Fig. 3). The maximum K, of 1.2 reported here is higher than the
published values for grapevines (Allen et al., 1998; Williams et al., 2003) but close to that
calculated by Stevens and Harvey (1996).

The average seasonal water consumption of 1027 mm measured here is
approximately 20% greater than that for ‘Thompson Seedless’ grown in the San Joaquin
Valley of California (Williams et al., 2003) even though seasonal ET, was similar at both
locations. The difference in ET, between this and the ‘Thompson Seedless’ studies may
be explained due to different cultivars, differences in trellis system and greater leaf area
of the ‘Superior’ vines.

Calculated ET, of vines in the lysimeters from budbreak to until harvest (659 mm)
is greater than the amount of water traditionally used by the growers in the area during the
same period (400 mm). Similarly, ET; from harvest through the end of the season
measured in this study (476 mm) is about double the amount used by growers (250 mm).
The higher ET. measured in the present experiment is due to the fact that vines in the
drainage lysimeters were irrigated with water amounts significantly higher than ET. and
therefore the vines did not experience water stress at any time. Additionally, growers tend
to reduce irrigation substantially after harvest causing a gradual increase in water stress
but still maintaining a viable canopy through the end of the season. The ET. values
obtained in the lysimeters served as a reference for an irrigation experiment conducted
close by where values of 0.4, 0.6 and 0.8 of calculated ET, were applied (not shown).

CONCLUSIONS

Vine ET, at the beginning of the season was about 30% that of ET, while ET,
exceeded ET, beginning the end of June and remained higher through July and August.
Average yearly ET. and ET, were 1028 mm and 1096 mm, respectively. The K. was 0.35
at the end of March and increased to a maximum of 1.2 in August. The highest LAI was
measured at the beginning of August, just before harvest. It was 4.2 and 4.9 m m? in
2002 and 2003, respectively. The K, was a linear function of LAI. The seasonal ET,
measured here using the lysimeters was almost double the amount of water (650 mm)
used by the growers in this area. The high water consumption of the lysimeter-grown
vines may be explained by higher stomatal conductance due to the fact that the vines in
the lysimeters were supplied with an unlimited amount of water.
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Tables

Table 1. Seasonal crop water use (ET;) of ‘Superior’ grapevines and reference
evapotranspiration (ET,) measured from Day of Year 91 to 282. Vine ET. was
measured with 12 drainage lysimeters with a single vine in each lysimeter. Data for
the calculation of ET, was obtained from a weather station located at the research
station, near the vineyard. Date of 50% budbreak and harvest for the lysimeter's vines

are given.
Date of 50%

ET. ET. ET, Epan Budbreak Date of harvest
Year (L vine™) (mm) (mm) (mm) (DOY) (DOY)
1999 7559 1081 1100 1225 12 March (71) 14 July (195)
2000* 1148 1288 15 March (74) 24 July (205)
2001 7259 1038 1151 1207 01 March (60) 13 August (225)
2002** 7020 1004 1011 1145 05 March (64) 8 August (220)
2003%%* 6913 988 1120 13 March (72) 5 August (217)

* ET, data not given due to technical problems
** measured from Day of Year 121-282. The ET, data were collected from 10 lysimeters.
*** measured from Day of Year 101-282. The ET, data were collected from 8 lysimeters.
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Fig. 1. The seasonal course of the Leaf Area Index (LAI) measured on ‘Superior’
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grapevines grown in the lysimeters. LAI was estimated during the 2002 and 2003
growing seasons using a non-destructive method. Each data point represents an
average of 10 vines in 2002 and 8 vines in 2003. Bars represent two times the S E.
The LAI curve for 2002 was best described by the equation: y = -0. 0002x +
0.0831x - 5.2059, R = 0.9708 and that for 2003 by the equation y = -0.0002x> +
0.0991x - 6.8899, R* = 0.9348.
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Fig. 2. (A) Seasonal curves of ET. of ‘Superior’ grapevines measured with drainage
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lysimeters and ET,. Each data point presents an average of 4 years, 1999 and 2001
to 2003. (B). Seasonal K. curve averaged across 4 years. The seasonal K, Values
were fitted to the following equation: y = -0. 00003x*> + 0.0172x - 1.112, R*
0.9783. Error bars respresent two times the S.E. of the mean.
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Fig. 3. The relationship between the Crop Coefficient (K.) and Leaf Area Index (LAI)
measured on ‘Superior’ grapevines. Each data point is the mean LAI value of 10
vines in 2002 and 8 vines in 2003 and an average (K;) of 20 days K. values were
fitted to the following equation: y = 0.1843x + 0.4051, R* = 0.8386. Error bars
represent two times the S.E. of the mean.
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Abstract Water consumption of table grapevines (Vitis
vinifera cv. Superior Seedless) trained to a large open-can-
opy gable system was measured during six growing seasons
(1999, 2001-2005) using 12 drainage lysimeters. The lysi-
meters (1.3 m® each) were installed as part of a one-hectare
vineyard in a semi-arid region in southern Israel. Water
consumption of the lysimeter-grown vines (ET,) was used
as the basis for the calculation of irrigation applications in
the vineyard. Three irrigation treatments, 80% (high), 60%
(medium) and 40% (low) of ET,_ of the lysimeter-grown
vines, were applied in the vineyard. Reference evapotrans-
piration (ET,) was calculated from regional meteorological
data according to the Penman—Monteith equation. Seasonal
curves for the crop coefficient (K.,) were calculated as
K.=ET/ET,. Maximum ET_ values in different seasons
ranged from 7.26 to 8.59 mm day ! and seasonal ET, (from
DOY 91 through DOY 304) ranged from 1,087 to
1,348 mm over the six growing seasons. Leaf area index
(LAI) was measured monthly using the SunScan Canopy
Analysis System. Maximum LAI ranged from 4.2 to
6.2m?>m~> for the 2002-2005 seasons. A second-order
polynomial curve relating K., to LAI (R*=0.907,
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P < 0.0001) is proposed as the basis for efficient irrigation
management. The effects of the irrigation treatments on can-
opy growth and yield are presented. The high ET, and K|
values that were observed are explained by the wide canopy
layout that characterize the large open-gable trellis system.

Introduction

The need to optimize water use in table grapes has become
more important given the decrease in the amount of water
available for agricultural use and the increase in its cost.
This situation underscores the need for appropriate and
effective water management systems to improve fruit pro-
duction efficiency (Fuchs 2007).

Most of the water supplied to a crop returns to the atmo-
sphere via transpiration from leaves and evaporation from
the soil. The term evapotranspiration (ET) refers to the total
amount of water that is evaporated and water that is tran-
spired. The evaporative demand of the atmosphere, canopy
characteristics, stomatal conductance and irrigation prac-
tices are the main factors affecting ET. Any biotic or abiotic
stress on the crop may also affect its water use patterns.

The region of Lachish, in southern Israel, is one of the
largest table grape-growing areas in the country. Most of
the vineyards in the area are planted with the table grape
Vitis vinifera cv. Superior Seedless trained on large open-
gable trellis systems. The climate of the region is represen-
tative of Mediterranean semi-arid areas, with an average
annual precipitation of 385 mm between November and
March. Summer irrigation is essential for the vines to reach
their full yield potential. Vineyards in this area are drip-irri-
gated daily, based on the accumulated knowledge of the
growers supported mainly by the use of tensiometers for
measuring water tension in the soil.
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The characterization of water use of grapevines grown in
different regions according to different management prac-
tices has received the attention of many researchers (van
Rooyen et al. 1980; Bravdo and Hepner 1987; Yunusa et al.
1997a, b; Behboudian and Singh 2001; Williams et al.
2003a, b). If water availability in the soil is insufficient to
meet the ET demand, reduced yields can be expected. It has
been well established that growth, as well as yield compo-
nents like number of clusters and berry size, are sensitive to
reductions in water availability (Smart and Coombe 1983;
Matthews et al. 1987; Matthews and Anderson 1989; Ham-
man and Dami 2000; Salon et al. 2005; Shellie 2006). In
contrast, excessive irrigation is costly and can cause vigor-
ous vegetative growth that leads to reduced sugar accumu-
lation in the berries and to the shading of clusters (Bravdo
and Hepner 1987), as well as the percolation of water
below the root zone, leaching nitrate and other chemicals
into groundwater. Excessive canopy growth may increase
the need for canopy management treatments and increase
the severity to plant diseases (personal observation).

Doorenbos and Pruitt (1977) and Allen etal. (1998)
described the crop coeficient of a particular crop (K,) as the
ratio of experimentally determined evapotranspiration
(ET,) to the reference evapotranspiration (ET,) calculated
from weather data (K, = ET /ET,).

Crop coefficient values for grapevine may vary with cul-
tural practices and between modes of trellising (Williams
and Ayars 2005b). K, changes over the course of the grow-
ing season, along with the increase in leaf area index (LAI)
and the crop’s different phenological stages (Peacock et al.
1987; Jagtap and Jones 1989; Grimes and Williams 1990).

Lysimeters have been used for many years as the stan-
dard for measuring water consumption. Measurements have
been made in woody species such as peaches (Ayars et al.
2003), oranges (Yang etal. 2003) and pears (Chalmers
etal. 1992), and in herbaceous species such as wheat and
maize (Liu et al. 2002) and cotton (Ayars and Hutmacher
1994). The technical methods employed to measure the
water use of grapevine include models based on water and
soil parameters (van Rooyen et al. 1980; Erie et al. 1982),
models based on meteorological data (Oliver and Sene
1992; Yunusa etal. 2000) and monitoring the flow of
xylem sap in the stem (Eastham and Gray 1998; Ginestar
etal. 1998; Braun and Schmid 1999; Tarara and Ferguson
2001) and various other physiological parameters, as
recently reviewed by Cifre et al. (2005). Measurements of
ET, in mature vines grown under different environmental
conditions and using different training and agro-technical
practices have been made using drainage lysimeters (van
Rooyen et al. 1980; Prior and Grieve 1987; Evans et al.
1993; Shani and Ben-Gal 2005) and weighing lysimeters
(Williams 1998; Williams et al. 2003a, b; Williams and
Ayars 2005b). In the present study, we used drainage lysi-
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meters to quantify ET, of a table grape vineyard trained to a
large trellis system in a semi-arid region with no summer
rains, in which growth and yield are totally dependent on
intensive irrigation. The measured ET_ and meteorological
data were used to establish a seasonal K_ curve to be used
as the basis for irrigation management. Since there may be
some season-to-season variation in canopy size, the use of
the relationships between K_ and LAI and between K and
growing degree days (GDD) for the estimation of ET, is
also discussed.
The objectives of the present research were:

(1) To determine seasonal crop evapotranspiration and the
crop coefficient of ‘Superior Seedless’ table grapevine
trained to large trellis systems in a semi-arid region;

(2) To establish the relationships between the seasonal
changes in LAI and changes in ET and K_.

(3) To study the effect of irrigation at three ET, levels on
vegetative growth and grape yield.

Material and methods

A 7-year (1999-2005) study to determine ET, of grapevines
used for table grape production was conducted in a one-hect-
are vineyard of ‘Superior Seedless’ (also known as ‘Suga-
rone’) grafted onto 1103 ‘Paulsen’ rootstock. The vines
were planted in April 1997 at the Lachish agricultural
research station in southern Israel (lat. 31.4°N, long. 34.8°E)
in both the drainage lysimeters and the surrounding vine-
yard. Water consumption of single vines, ET_, was measured
using drainage lysimeters that were installed on the border
row of the vineyard. To minimize the edge effect, a 2-m-high
wind-breaking screen was erected parallel to the lysimeter’s
row 2 m from the middle of the row. Except for the differ-
ence in irrigation, the vineyard- and lysimeter-grown vines
were established and treated similarly (row spacing, train-
ing, pruning, pest control and canopy management).

Twelve lysimeters were planted with one vine per lysim-
eter and one lysimeter was left unplanted, but was irrigated
like the others (termed evaporation lysimeter). The soil sur-
face of the lysimeter without a grapevine was shaded by the
canopy of the adjacent vine to the same degree as the soil
surface of the planted lysimeters. For technical reasons, the
evaporation lysimeter was used only during the 2004 and
2005 growing seasons.

Lysimeters: structure and maintenance

Each lysimeter tank was 1.05 m in diameter and 1.5-m
deep, for a total volume of 1.30 m>. Seven lysimeters were
filled with local soil (clay loam soil composed of 30% sand,
28% silt and 42% clay) packed to the original bulk density
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and the remaining six were filled with tuff gravel (volcanic
scoria, 0—4 mm in diameter). The lysimeters were installed
in the ground with their top surfaces flush with the soil sur-
face. To ensure drainage of water from the lysimeter into
the receiver tank, the bottom of the tank was packed with a
10-cm-thick layer of gravel, 10 cm of rock wool and 10 cm
of milled quartz (Netzer et al. 2005).

Each lysimeter was irrigated separately from an 80-L
water tank that was refilled manually every morning with a
known volume of water. The tanks were positioned 50 cm
above the soil surface, about 2 m from the lysimeters. The
drip line that was connected to the water tank was equipped
with four 2.4-L h™! drip emitters spaced about 30 cm apart.
Drainage water was collected in receiver tanks located in a
2.5-m deep underground tunnel that was dug parallel to the
row containing the lysimeters. The volume of water that
drained through each lysimeter was measured every morn-
ing. To ensure that the vines were not limited by water avail-
ability the volume of water supplied by irrigation exceeded
the vines estimated daily water consumption by 20-30%.
Daily irrigation began at 7:00 am and continued for 4-8 h
depending on the amount of water that was needed. The ET,
data from the 2000 growth season were omitted because,
during that season all of the lysimeters were irrigated from a
single drip line and, although the drippers were tested at the
beginning of the season, doubts were raised concerning the
uniformity of the water supply to the different lysimeters.

ET,, ET, and K| calculation

The daily water consumption, ET, (liters), was calculated
by subtracting the volume of water collected as drainage
during a 24-h period from the amount that was supplied by
irrigation during the same period. ET, (mm) was calculated
by multiplying the average daily water consumption per
vine, as measured in the lysimeters, by 0.143
(1,430 vines ha_l). Reference evapotranspiration (ET,) was
calculated according to the Penman—Monteith equation, as
modified for the California Irrigation Management Infor-
mation System (CIMIS, Snyder and Pruitt 1985). The mete-
orological data used for calculating ET, were obtained from
a weather station located at the Lachish research station,
about 100 m from the vineyard. The daily crop coefficient
(K.) was calculated by dividing daily ET, (mm day~') by
daily ET, (mm day~!) (Doorenbos and Pruitt 1977; Allen
et al. 1998).

Vineyard structure and irrigation treatments

Vine spacing was 2m within rows and 3.5 m between
rows. Rows were oriented north—south and the vines were
trained to a 2-m-high, Y-shaped, open-canopy gable system
with six foliage wires on each side (Fig. 1). Each vine was
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Fig. 1 The dimensions of the Y-shaped open-gable trellis system,
with six foliage wires per cross-arm

pruned to eight fruiting canes of 14 buds each. The canes
were tied to the second and third lower foliage wires sup-
ported by the Y-shaped cross-arms. Similar row spacing,
training and trellis systems are used in commercial table
grape production in the area. Shoots that protruded more
than 20 cm above the upper foliage wire were usually
hedged. Hedging took place between DOY 165 and 185.
The clusters were sprayed with gibberellic acid (Tivag,
Qianjiang Biochemistry Co. Ltd., China) at a rate of 1.5 g
a.i. ha™! when 50% of the berries had reached a diameter of
4 mm and a week later at a rate of 5 g a.i. ha~'. Vines were
not girdled. Pesticide application for diseases and pests
were terminated at the end of August. The vineyard was
kept weed-free each year of the study. The vineyard was
drip-irrigated daily using a computer-controlled drip irriga-
tion system with one line per row and 2.4-L h™! in-line,
pressure-compensated drippers spaced 0.5-m apart (Net-
afim, Israel).

Three irrigation treatments were imposed in the vine-
yard. Each treatment consisted of four replicates in a ran-
domized block design with ten vines per replicate, and each
replicate was surrounded by 32 border vines that received
the same treatment. The irrigation control unit (Talgil,
Israel) was manually set to satisfy 80% of ET, before har-
vest and 60% of ET, after harvest in the high-volume irri-
gation treatment, 60% of ET before harvest and 40% after
harvest in the medium-volume irrigation treatment and
40% of ET, before harvest and 20% after harvest in the
low-volume irrigation treatment (Table 2). The daily drip
irrigation schedule was determined on a 5-day basis accord-
ing to data obtained by the lysimeter. In cases of large
changes in weather conditions, the irrigation schedule was
determined daily. Fertilizer concentrations of 1.29 mM
NO;™, 0.64 mM NH,*, 0.87 mM K and 0.19 mM P were
supplied daily through the irrigation water.

Leaf area index measurements

The leaf area index (LAI) represents the leaf area per unit of
ground surface area (Jonckheere et al. 2004). In our case,
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LALI is the ratio of the total one-side leaf surface area and
shoot and fruit area per land area allocated for each vine.
The LAI values of the lysimeter-grown vines and the vine-
yard-grown vines were estimated several times during the
2001-2005 growing seasons using a non-destructive canopy
analysis system (SunScan model SS1-R3-BF3; Delta-T
Devices, Cambridge, UK). The canopy analysis system uses
a line quantum sensor array that is sensitive to photosyn-
theticlly active radiation (PAR). This method of estimating
LAI (gap fraction inversion) is based on light measurements
beneath the canopy (Grantz and Williams 1993; Cohen
et al. 1997; Wilhelm et al. 2000). The analyzer was operated
using the standard protocol recommended by the manufac-
turer. Each sample consisted of equally spaced readings
(20 cm apart) at ground level, starting from the center of the
row to half the distance to the adjacent row, with the linear
probe positioned parallel to the rows.

Until midsummer, the measurements were conducted
when the zenith angle of the sun was less than 30°. (For
example, in April, measurements were taken between 10:10
and 13:20.) At the end of the season, the measurements
were taken when the zenith angle was less than 45°
(between 10:00 and 13:00 in October). LAI values obtained
using this non-destructive method were verified by direct
measurement of leaf area following leaf removal from 2-m-
long sections along the row, 1 m from each side of the trunk
(Netzer et al. 2005). Leaf area was then measured using an
area meter (model 3100; Li-Cor, Lincoln, NE, USA). Leaf
areas of 18 row sections of 2-m each were measured at
different times during the growing seasons. Estimated and
measured LAI values were highly correlated with one
another (y =0.9821x—0.0366, R>=0.983, P <0.0001,
n = 18). It should be mentioned that, using this method, we
measured total green surface area, including leaves, shoots
and fruits. The “LAI” contributed by the trunk and the
canes (0.4-0.6 m*> m~?) was subtracted from the total LAL
The trunk and cane data were obtained from the Sun Scan’s

Table 1 Seasonal vine water use, ET_ (L vine™!

measurements taken under the defoliated vine mentioned
above.

Yield

Each replicate was harvested during July or August
(Table 1), when the fruit total soluble solids (TSS) reached
15-15.5°Brix.

Statistical analysis

The treatments in the vineyard were arranged in a factorial
randomized block design. Data were analyzed via analysis
of variance and means were separated according to the least
significant difference (LSD) at P < 0.05. The software pro-
gram JMP IN 5.1 (SAS Institute, Inc., Cary, NC, USA) was
used for all statistical procedures.

Results

Visual estimation indicated that budbreak occured in Lach-
ish during the first half of March (Table 1). Measurements
of the daily water consumption (ET,) of the lysimeter-
grown vines were initiated during the first week of April
(DOY 91), at which point leaf area index (LAI) was still
under 1 m?>m~2 (1 m?> m~2 is equivalent to a leaf area of
7.00 m? per vine; Fig. 2a). From the beginning of April to
the middle of June (DOY 91 to 170), ET, increased 1.46
times, from an average of 4.72 mm day~! during the first
10 days of April to an average of 6.93 mm day ' between
the 11th and 20th of June. This period is characterized by
intensive vegetative growth, which was expressed as a 7.5-
fold increase in LAIL from 0.54 to 4.1 m?> m~>2 (Fig. 3a).
Consequently, ET, increased 3.82-fold, from 1.71 to
6.56 mm day~! (Fig. 2a), leading to a concomitant increase
in K, from ~ 0.4 to ~ 1 (Fig. 2b).

season”! and mm seasonfl), reference crop evapotranspiration, ET, (mm seasonfl), and soil

evaporation, E (L vine™' season™"), of Vitis vinifera cv. Superior Seedless from April (DOY 91) through October (DOY 304)

ET, [L vine™ ET, [mm E [L vine™! ET, [mm Date of 50% Date of harvest

season” '] season” '] sseason ] season '] budbreak (DOY) (DOY)
1999 8,585 1,228 No data 1,238 12 March (71) 14 July (195)
2000 No data No data No data 1,243 15 March (74) 24 July (205)
2001 8,104 1,159 No data 1,225 01 March (60) 13 August (225)
20022 8,600 1,230 No data 1,257 05 March (64) 8 August (220)
2003 7,599 1,087 No data 1,232 13 March (72) 5 August (217)
2004 9,425 1,348 364 1,235 16 March (75) 19 July (200)
20052 8,968 1,282 663 1,238 15 March (74) 29 July (210)

Dates of 50% budbreak and harvest of the lysimeter vines are presented. The missing data of ET, in the 2002 and 2003 seasons were evaluated by

extrapolating from the data for all seasons

* The ET, data were collected from 10, 9, 6 and 4 lysimeters in 2002, 2003, 2004 and 2005, respectively
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Fig. 2 a Seasonal curves of water use (ET,) of Vitis vinifera cv. Supe-
rior Seedless, as measured using drainage lysimeters, and of reference
evapotranspiration (ET,) calculated using the Penman—Monteith equa-
tion as modified for CIMIS. Each data point represents an average of
10-11 days during six seasons, 1999 and 2001 through 2005. Vertical
error bars represent the double S.E. of the mean. b Seasonal curves of
crop coeflicient (K,) for the 1999 and 2001-2005 growing seasons.
Each data point represents an average of 10-11 days. The seasonal K
as a function of DOY was fitted to the quadratic equation:
y = —0.00000296x" + 0.0164x — 0.9673; R* = 0.976

From the middle of June through the end of July (DOY
167-212), ET, remained fairly stable, while ET, and K|
continued to rise as a result of the further increase in can-
opy size (Figs. 1a, b, 2a). The crop was harvested when the
total soluble solids (TSS) of the grape juice reached 15—
15.5°Brix (Table 1), which was usually between the middle
of July and the middle of August (DOY 195-225).

Between August and October (~ DOY 238-304), ET,
and LAI decreased gradually, leading to a decrease in ET,

38

(Figs.1a, 2a). During this period, K, remained high (more
than 1.2) due to the parallel changes in ET, and ET,..

Seasonal ET, values for the different seasons ranged
from 1,087 to 1,348 mm (ET, data of the 2000 growing sea-
son was omitted for technical problems; Table 1). The cal-
culated seasonal ET, values were between 1,225 and
1,257 mm (Table 1). Evaporation from the surface of the
evaporation lysimeter (unplanted control lysimeter) in the
2004 and 2005 seasons accounted for 3.9 and 7.4% of the
total seasonal evapotranspiration in the 2 years, respec-
tively (Table 1).

A second-degree polynomial correlation exists between
LAI and ET,, as shown in Fig. 4a. A similar correlation
curve was observed when ET, was normalized by ET|
(K, =ET/ET,), and K_ is presented as a function of LAI
(Fig. 4b). To reveal the dynamic relations between LAI,
ET, and K over the course of a season, we used DOY as a
matching parameter. Figure 5a and b show the curves fitted
between LAI and ET, and LAI and K, respectively, and
several time points are marked on the graph to indicate the
corresponding DOY values. From DOY 91 to DOY 206, a
linear relationship existed between ET, and LAI (Fig. 5a).
Between harvest and the end of the season (DOY 206
through DOY 304), ET, decreased from about 8 to
2 mm day ', while LAI changed only moderately, from 4.8
to 3.5 m* m~2 Likewise, K, and LAI were linearly related
until about DOY 206. After harvest (DOY 195-225), K,
continued to increase until DOY 250. After that point, it
decreased slightly, by less than 10% (from the maximum K
value), over the remainder of the season; as LAI declined
from 4.71 to 3.41 m?> m~2,

Based on the average water consumption of the lysime-
ter-grown vines over six seasons, the average ET, of the
vineyard (1,430 vines ha_l) was expected to be 1,220 mm;
660 mm from the beginning of the season until harvest and
560 mm from harvest until the end of season. The highest
average daily water consumption, 60.06 L vine™'
(8.59 mm day '), was measured during the last 10 days of
July 2005 (Table 2), when the average ET, value was
7.13 mm day ..

The pattern of canopy development, as demonstrated by
the change in LAI over the course of the season, was similar
in the lysimeter-grown vines and in the vineyard (Fig. 3).
The seasonal pattern of the change in LAI in the vineyard
demonstrates the differences between the irrigation treat-
ments and, to a lesser extent, the differences in canopy devel-
opment between growing seasons (Fig. 3). A small decline in
LAI was often observed after harvest due to the removal of
clusters and damage inflicted on foliage. An example of this
is the observed decrease in LAl in the lysimeter-grown vines
after the harvests of 2004 and 2005 (Fig. 3a).

A rapid increase in LAI is evident from budbreak through
July or August, when the average maximum value of
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48 m>m~2 is generally reached. Higher LAI values were
observed in the high- and medium-volume irrigation treat-
ments, as compared to the low-volume treatment (Fig. 3b—d);
and this effect was significant at harvest time for all growing
seasons, with the exception of the 2005 season (Table 4).
The seven-season average yield of the lysimeter-grown
vines was 34.9 tons ha (Table 3). The average yields of the
three irrigation treatments in the vineyard were 9.1, 16.9
and 29.5% lower in the 80, 60 and 40% of ET respectively,
as compared to the yields obtained from the lysimeter-
grown vines (Table 3). The average yields harvested in the
plots of the three irrigation treatments are linearly related to
the volume of water that was applied y = 0.0145x + 19.483
(R*=0.982). Although the difference between the high-vol-
ume and low-volume irrigation treatments was significant
in only two out of the seven seasons (2001 and 2004), when
the pooled yields (across all seasons) were analyzed, the
low-volume irrigation treatment was associated with yields
significantly lower than those of the high-volume treatment.

Discussion

Seasonal water consumption (ET,) of an intensively man-
aged table grape vineyard trained to a large, open-gable
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trellis system in a semi-arid region was measured using
drainage lysimeters. No growth limitations due to water
stress, disease, pests or lack of oxygen were noticed in the
lysimeter-grown vines. While irrigation continued in the
same manner until the end of the season, routine plant pro-
tection treatments like sprays against diseases and pests
were discontinued at the end of August. The average yield
obtained from the lysimeter-grown vines was equivalent to
34.9 tha™!, which is about 20% higher than the average
yield in the area (about 25 ton ha™!) and also higher than
the average yield in the high-volume irrigation treatment in
this experiment (Table 3).

Profitable management of table grape vineyards in semi-
arid regions that lack summer rains and are characterized
by high average temperatures and a small number of cloudy
days is greatly dependent on irrigation. Decreasing the
amount of water that was supplied by irrigation to 40%
(low-volume irrigation treatment) of the amount used by
the lysimeter-grown vines (100% ET,) reduced the average
seven-season yield by 29% (Table 3). Due to the fluctuating
bearing habit of ‘Superior Seedless’, significant yield differ-
ences between the 80% of ET, (high-volume) treatment and
the 40% of ET. (low-volume) treatment were observed
only in seasons characterized by higher overall yields (2001
and 2004). Similarly, in the table grape cv. Crimson Seedless
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Fig. 4 a The relationship between leaf area index (LAI) and evapo-
transpiration (ET,) and b the relationship between LAI and crop coeffi-
cient (K,) for Vitis vinifera cv. Superior Seedless grown in lysimeters
(n =23). LAI was estimated using a non-destructive method during the
2002-2005 growing seasons. Each ET, and K data point represents an
average value over 20, 10 days before the LAI measurement and
10 days after the measurement. Each data point represents the average
LAI value of 10, 9, 6 and 4 vines in the 2002, 2003, 2004 and 2005
growing seasons, respectively. Vertical and horizontal error bars rep-
resent the SE of the means. The curves were fitted to quadratic polyno-
mial equations. Data from dates after DOY 259 (mid-September) were
excluded. Including this data would change the equation in a to:
y=—0.1625x + 2.2833x — 0.114, R?> = 0.8023, n = 29; and the equa-
tion in b to: y = — 0.0497x% + 0.5037x — 0.0697, R* = 0.7279, n = 29

grown in a semi-arid region in Chile, an increase in irriga-
tion from 39 to 96% of ET, (average of 377 to
926 mm season” ') increased the avarage yield by about
20% (Ferreyra et al. 2006). Although, as mentiond above,
there is a large amount of variability in the yields of consec-
utive seasons, the 7-year average yields of the three irriga-
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Fig. 5 a The relationship between the calculated seasonal changes of
leaf area index (LAI) and evapotranspiration (ET,). and b the relation-
ship between the calculated seasonal changes of LAI and crop coeffi-
cient (K,) values for Vitis vinifera cv. Superior Seedless grown in
lysimeters, 2002-2005. The numbers repesent the corresponding days
of the year (DOY). LAI data was calculated from the best fit second-
degree polynomial equation (Fig. 3a): y=— 0.000237x> + 0.1069x
— 7.2251. ET, data was calculated from the best fit second-degree
polynomial equation for the 2002-2005 growing seasons:
y = — 0.00053x> + 0.2167x — 13.9666. K, data was calculated from
the best fit second-degree polynomial equation for the 2002-2005
growing seasons: y = — 0.000041x% + 0.02059x — 1.3230

tion treatments in the vineyard are linearly related to the
irrigation levels applied.

Comparisons between the water consumption patterns
and yields of different cultivars grown in different regions
using different cultural practices may be complicated and
can sometimes be misleading. Neverthless, to best of our
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Table 2 Average daily vine
water consumption [ET,
(mm day~") over 10-11 days] of

Date Day of
year

Lysimeters High irrigation Medium irrigation ~ Low irrigation
(80-60% of ET,) (60-40% of ET,)  (40-20% of ET,)

Vitis vinifera cv. Superior Seed- April
less in the lysimeters and in the

irrigation treatments 1-10 91-100  2.06 1.65 1.22 0.80
(mm day ') in the vineyard from 11-20 101-110 2.35 1.90 1.40 0.95
DOY 91 to DOY 304 of the 2005 21-31 111-120 2.77 2.20 1.60 1.10
growing season May
1-10 121-130  4.05 3.30 2.40 1.60
11-20 131-140 4.31 3.40 2.60 1.70
21-31 141-151 5.66 4.55 3.40 2.25
June
1-10 152-161 6.49 5.20 3.90 2.60
11-20 162-171 17.35 5.90 4.40 2.95
21-30 172-181 7.90 6.30 4.75 3.15
July
1-10 182-191 7.69 6.15 4.60 3.10
11-20 192-201 8.24 6.60 4.95 3.30
21-31* 202-212  8.59 6.60 5.00 3.30
August
1-10 213-222  7.77 4.65 3.10 1.55
Water use of the vines (L) in the 11-20 223-232  8.03 4.80 3.20 1.60
lysimeters divided by 7 (m” of 21-31 233-243  7.35 4.40 2.95 1.45
surface area per vine) is equiva-
. September
lent to mm of water. Irrigation
treatments were 80 and 60% of 1-10 244-253 6.82 4.10 2.70 1.35
ET, before and after harvest, 11-20 254-263 6.18 3.70 245 1.25
respectively, in the high-volume - 5 264-273  5.99 3.60 2.40 120
irrigation treatment, 60% and
40% of ET, in the medium-vol-  October
ume irrigation treatment and 40 1-10 274-283 5.77 3.45 2.30 1.15
and 20% of ET, in the low-vol- 11-20 284-293  5.39 3.20 2.15 1.10
?I;e ‘mgat;"“ trjealtm;;tDOY 21-31 204304 485 2.90 1.95 1.00
s IO?WCS“” on July 29 ( Total (mm season™") 101-304 1,282 903 647 392
. —1 ..
T.““?‘" 3 Yields (F ha™) of Vitis Lysimeters High Medium Low
vinifera cv. Superior Seedless ta- Lo N S
ble grapes grown in lysimeters irrigation irrigation irrigation
grapes i ) (80-60% of ET,) (60-40% of ET,) (40-20% of ET,)
and in the three irrigation treat-
ments in the vineyard in Lach-
1999 49.8 339 33.6 25.8
ish, 1999-2005 ‘ : !
2000 29.1 259a 20.7 a 18.6 a
o 2001 23.8 47.0 a 40.0 ab 31.6b
Means within a row followed by .
different letters are significantly 2002 39.6 332a 30.4a 329a
different at o = 0.05 2003 33.4" 239a 223a 203 a
* The yield data were collected 2004 50.0" 46.1a 47.0a 33.1b
from 10, 9, 6 and 4 lysimeters in 2005 18.9° 119a 894 10.1a
2002, 2003, 2004 and 2005, AVE 34.9 31.7a 29.0 ab 24.6b
respectively

knowledge, the avarage yield as calculated from the lysime-
ter-grown vines and the vines of the high-volume irrigation
treatment in Lachish is similar or greater than the yields of
intensively managed table grapes grown elsewhere. Aver-
age yields of vineyards in California (2000-2003) were
20.5tha™! for table grape varieties (Lobel et al. 2006).

@ Springer

Yields of up to 21.2tha~' for cv. Red Globe in Mexico
(Valenzuela-Ruiz et al. 2005), 25 t ha™' for ‘Crimson Seed-
less” in Chile (Ferreyra et al. 2006) and 28.5 t ha~! for cv.
Flame Seedless in California (Dokoozlian and Hirschfelt
1995) have also been reported. The average seasonal ET_ of
1,220 mm, as measured for the lysimeter-grown vines in
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Table 4 Leaf area index (m® m~2) of Vitis vinifera cv. Superior Seed-
less table grapevine grown in lysimeters and in the three irrigation
treatments in the vineyard, as measured using a SunScan canopy anal-
ysis system close to harvest time at 2001-2005. Means within a row

followed by different letters are significantly different at « = 0.05. The
data presented here are averages of LAI values for vines of the lysime-
ters and at 8 different locations (2 per replicate) for each of the irriga-
tion treatments

DOY Lysimeters High irrigation Medium irrigation Low irrigation
(80-60% of ET,) (60-40% of ET) (40-20% of ET,)
2001 189 No data 5.17ab 5.62a 4470
2002 220 4.20* 5.14a 3.64 ab 3.51b
2003 217 4.72% 4.58 a 4.34 ab 337b
2004 189 4.52% 4.69 ab 5.02a 3.83Db
2005 229 5.13% No data 4.63a 4.47a

* The data were collected from 10, 9, 6 and 4 lysimeters in 2002, 2003, 2004 and 2005, respectively

Lachish, is considerably higher than amounts reported for
grapevines in other studies (van Rooyen et al. 1980; van
Zyl and van Huyssteen 1980; Rollin et al. 1981; Evans
etal. 1993; Trambouze et al. 1998). The relatively large
ET, can be attributed not only to the environmental condi-
tions of the area, which are expressed in ET,, but also to the
high LAI and the type of trellising system used (Fig. 1). In
the large open-gable trellis system, a large portion of the
leaves are exposed to direct sunlight most of the day. It is
estimated that from the beginning of June to September the
canopy covers more than 80% of the ground. The fact that
the type of trellising may have a significant effect on K was
recently demonstrated in lysimeter-grown vines in Califor-
nia (Williams and Ayars 2005b). In that study, an increase
in K, from 0.9 to 1.3 was achieved by changing the amount
of leaf area that was exposed to direct sunlight, thus dem-
onstrating that water consumption is determined not only
by LAI, but also by the type of trellising and the structure
of the canopy.

The amount of water consumed by the lysimeter-grown
vines (Table 1) was also substantially greater than that
commonly applied by irrigation to commercial table grapes
of the same cultivar in the area. Growers in Lachish apply
about 350 mm of water in the period before harvest and
150 mm from harvest to autumn (using drip irrigation). The
operation of drainage lysimeters requires the daily irriga-
tion volumes to be greater than ET_, so that a significant
amount of drainage can be collected each day (20-30%
higher than ET,). The abundant supply of water resulted in
vines that did not experience any significant water stress
and the stomatal conductance of these plants was signifi-
cantly higher than that of the field-grown vines (data not
shown). In addition, after harvest, the growers usually
reduce irrigation to about 1 mm day~', an amount that is
assumed to be the minimal quantity necessary for maintain-
ing a viable canopy until autumn.

Evaporation (E) from the soil surface, as measured in
the unplanted lysimeters, was 4.2 and 7.4% of the annual
ET, of the planted lysimeters during the 2004 and 2005
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seasons, respectively (Table 1). We estimate that, in the
vineyard, the amount of E from the soil surface per vine is
not more than double the amount of E from the soil sur-
face of the lysimeters, although the area allocated to each
vine in the vineyard is much larger (7.00 vs. 0.86 m?).
This estimation is based on the fact that the actual volume
of wetted soil under the drip line next to a single vine in
the field is not much larger than the 1.3 m* wetted soil in
the lysimeter.

The presented ‘Superior Seedless’ seasonal ET, values
are about 40% higher than the ET_ values that were mea-
sured in cv. Thompson Seedless in California using a
weighing lysimeter (Williams etal. 2003b). Average
seasonal ET_ values in Lachish and in the San Joaquin
Valley of California were rather similar, 1,238 and
1,172 mm, respectively. The difference in the ET, values
observed in the two locations can be related to the differ-
ent cultivars, growth habits and trellising systems in the
two locations, which led to a larger average leaf area in
Lachish (32.2 vs. 27 m? vine™! in Lachish and San Joa-
quin, respectively).

K, values of various crops range between 0.1 and 1.2.
The highest K, value observed in the present study (1.2) is
close to the K, of cv. Colombard grown in Australia
(Stevens and Harvey 1996), as well as a K observed for
‘Thompson Seedless’ in California (Williams et al. 2003b).
The relatively small season-to-season variation in K curves
justifies their use as a basis for managing irrigation in the
area.

Since temperature is the most dominant climatic factor
affecting growth and development, annual (year-to-year)
variation in K, can be mostly avoided by plotting K as a
function of growing degree days (GDD) rather than as a
function of DOY, as suggested for corn and sorghum
(Sammis etal. 1985; Slack etal. 1996). The variation
between the K, curves of ‘Thompson Seedless’ grapevines
in different years, especially in the early part of the season,
was smaller when K was plotted against GDD rather than
against DOY (Williams etal. 2003b). It was therefore
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suggested that the GDD-K_, curve could be a useful tool for
scheduling irrigation of vineyards in areas with climatic
conditions that differ from those of the original K -measur-
ing site. Based on the meteorological data collected at the
research site, the calculated R* of the GDD to K, relation-
ship (calculated from 50% of budbreak) differed from that
of the DOY-K_ curves by only 0.0631. This can be attrib-
uted to the fact that the year-to-year variation in tempera-
ture in the area was rather small.

The average maximal LAI of the lysimeter-grown vines
was 4.8. A polynomial relationship between LAI and ET,
exists when the entire season is considered. The two param-
eters were linearly related until harvest, i.e., until LAI
reached about 4.5 m> m~2 (31.45 m? vine™"), after which
point ET_ gradually leveled off. This gradual leveling-off is
probably a result of the reduction in the amount of light
penetrating the dense canopy and the increase in the thick-
ness of the leaf boundary layer, both factors that can reduce
transpiration rates (Fig. 4a). The relationship between K_
and LAI (Fig. 4b) shows a similar pattern. K, and LAI were
linearly related until LAI reached about 4.5m?m~2
(y=0.218x+0.202, R*>=0.893, n=16). However, at
higher LAI values, only a small increase in K, was
observed. The relationship between LAI and K, can serve
as an additional tool for estimation of K, in situations in
which LAI can be measured directly or accurately esti-
mated in vienyard with similar trellis system.

Detailed analysis of the relationships between LAI and
ET, and between LAI and K over the course of the season
revealed that the decrease in ET, toward the end of the sea-
son, from DOY 226 through DOY 304, can be attributed
mainly to a decrease in atmospheric demand, since only a
small change in LAI was observed during the same period
(Fig. 5a). ET_, remained 10-20% higher than ET,
(K, =1.1-1.2) due to the continuous loss of water from the
canopy through stomatal transpiration and probably also as
a result of the damage inflicted on the leaves from gradual
increase in downy mildew (Plasmopara viticola) and red
thrips (Retithrips syriacus) infection, which may affect leaf
conductance to water vapor. In a recent study, stomata of
grapevine leaves that were infected by Plasmopara viticola
remained open in the dark, even under water-stress condi-
tions (Allegre et al. 2007). The fact that K_ values did not
decrease toward the end of the season can also be attributed
to the fact that, unlike the situation in the vineyard, the
lysimeter-grown vines were irrigated at full ET_ until the
end of the season. A similar K pattern was reported for
lysimeter-grown Thompson Seedless table grape vines
(Williams and Ayars 2005a). Those findings indicate that
the reduction in K after the middle of the growing season,
which was reported for grapevine by Allen et al. (1998),
may relate to the fact that these plants were not sufficiently
watered.
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Conclusions

The high ET_, of the lysimeter-grown vines can be
explained by the high LAI values of vines trained to a large
open-gable trellis system fully irrigated during all growing
season. The calculated K has been shown to be a useful
tool for scheduling irrigation, as demonstrated in the irriga-
tion trial in which the effects of three irrigation levels
(amounts that were calculated as percentages of ET,) were
tested.

The linear relationship between yield and the applied
irrigation level can assist growers to predict the expected
yield, based on K, values, even when the amount of the
available water for irrigation is smaller than the ET,
obtained under favorable conditions where irrigation is an
unlimited factor. Both K and ET_ were highly correlated to
LALI These correlations can be also used for precise irriga-
tion management based on LAI measurements.
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Effects of irrigation using treated wastewater on table grape vineyards: dynamics of

sodium accumulation in soil and plant.

Abstract

The effect of using treated wastewater (TWW) for irrigation of a table grape (Vitis vinifera cv. Superior
Seedless) vineyard on sodium interactions with plant and soil was examined during six seasons. TWW (230
mg I Na*) with and without added fertilizer, and fresh water with fertilizer (FW+F: 117 mg I Na*), were
each supplied at three irrigation levels. Soil solution Na™ concentration and sodium adsorption ratio (SAR)
fluctuated over the years, but were significantly higher in the TWW-irrigated soils. This effect developed
faster and was more pronounced as irrigation level increased. Adding fertilizer to TWW treatments
alleviated the increase in SAR. Leaf petiole Na* content in TWW-irrigated vines rose to maximum values
of above 6500 mg kg™, more than threefold those of the FW+F-irrigated vines. Na* concentrations in wood,
bark and xylem sap from the stems of the TWW-irrigated vines were higher than those found in the FW+F-
irrigated vines. We conclude that in clay soils under relatively high levels of irrigation, Na* may pose a
greater potential risk to plants and soil. On the other hand, significant effects on yield have not yet been

recorded, perhaps due to the effective saline-resistance of the ‘Paulsen’ rootstock used in the experiment.

Keywords Wastewater, Effluent, Sodium, Superior Seedless, Table grape, Vitis vinifera

1. Introduction

Treated wastewater (TWW) is considered a valuable source of water for irrigation in many arid and
semiarid regions throughout the world. The use of TWW is expected to rise with increasing water demand
and the concomitant decrease in water availability. From 1960 to 2004, the use of TWW for irrigation rose
in Israel to about 30% of total agricultural water used (Aharoni and Cikurel, 2006; Fuchs, 2007), and it is
expected to reach more than 50% in the next few years. The need to increase the use of TWW results from
the increasing demand for fresh water (FW) in domestic and industrial uses, due to a combination of
population growth and increasing scarcity and fluctuations in annual precipitation.

Use of TWW for irrigation calls for intensive monitoring of water, soil, and plant parameters to
ensure sustainable agriculture with minimal damage to the environment. The main concerns associated with
TWW used for irrigation are its potential risk as a vector for pathogens (Gerardi and Zimmerman, 2005), its
high organic matter load (Morgenroth et al., 2002), and its direct effects on crop production through the
introduction of toxic elements to plants (Toze, 2006; Yermiyahu et al., 2007). TWW is also more sodic
than FW and can therefore harm plants indirectly by degrading soil structure, aeration, and hydraulic
conductivity (Agassi et al., 2003; Bhardwaj et al,. 2007; Tarchitzky et al., 1999). In 1989, the World Health
Organization (WHO) developed guidelines for managing health risks that may arise from microbial

exposure. Guidelines for treating raw sewage water require that the biochemical oxygen demand (BOD)
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and suspended solids values in the TWW not exceed 20 mg I and 30 mg I}, respectively (WHO, 1989).
The TWW released from the purification plant should not contain over 100 Escherichia coli bacteria per
100 ml. In Israel, specific guidelines have been adopted for agricultural purposes (Halperin, 1999), calling
for the use of "barriers", such as subsurface drip lines, mechanical covers over drip lines and water
chlorination. These measures are designed to reduce the exposure of fruits that are harvested for
consumption to the risks of TWW.

The high salinity and solute composition of TWW constitute a central problem, affecting crop performance
and chemical and physical soil properties. TWW salinity results mainly from an increase in the
concentrations of Na*, CI, and HCO3 and to a lesser extent, SO,*, Ca** and Mg**. Extended use of TWW
for irrigation can potentially cause leaching of NO;™ and other soluble pollutants into the groundwater
(Bond, 1998). In addition, TWW-originated organic matter may coat soil particles and eventually render
the soil surface hydrophobic, reducing its water-infiltration capacity (Bhardwaj et al., 2007; Tarchitzky et
al., 1999, 2007). The standard procedures for secondary and tertiary treatment of wastewater do not reduce
the concentration of most dissolved salts. Therefore, the only efficient way to reduce salt content is to
control it at the source (Agassi et al., 2003; Roland et al., 2000). When irrigating soils with water that has
elevated Na* levels, the introduced Na* may replace other exchangeable cations in the soil's exchangeable
complex. Exchanging Ca®* and Mg® with Na* may cause clay swelling and dispersion, decreased
aggregate stability, impaired soil aeration, reduced soil permeability and infiltration rates, and increased
runoff and soil erosion (Agassi et al., 2003; Tarchitzky et al., 1999). The sodium adsorption ratio (SAR) is
a common measure used to evaluate the exchangeable sodium ratio in the soil's exchangeable cation
complex and is commonly calculated from the cation composition in the soil solution: SAR = [Na]/[Ca +
Mg]"¥? (square brackets indicate cation concentration in millimolar). Na* is introduced into the water by
anthropogenic activities and therefore Na concentration and SAR in TWW are typically larger than those in
FW. In Israel, the SAR value of FW is commonly about 2.5, but it ranges from about 5 to 8 by the time the
water reaches the wastewater treatment facility (Feigin et al., 1991; Avnimelech, 1993). Thus, local
regulations for unrestricted irrigation use were set to a maximum value of 5 (Inbar Committee, 2003). This
SAR value, when combined with low salinity such as that encountered during the rainy season, may result
in clay dispersion and decreased infiltration rates. In clay soils, even an increase in the SAR from 2 to 4
may result in increased surface runoff during rainstorms (Suarez et al., 2006).

Plant roots absorb essential nutritional elements such as N, P, and K, while to a certain extent excluding
toxic elements such as CI" and Na'; the efficiency of this exclusion in agricultural crops determines their
salt tolerance (Munns, 1993). Reduced growth, early leaf senescence and the appearance of chlorotic and
necrotic spots on leaves are external symptoms of salt stress (Greenway and Munns, 1980; Tester and
Davenport, 2003). It is generally accepted that salt stress in plants has an osmotic component, in which
growth is affected by reduced water uptake (Munns, 1993, 2002; Munns et al., 2000; Shani and Ben-Gal,
2005), and a slower, metabolic component, which is a result of specific ion toxicity stemming from, for

example, the competition between Na* and K* for uptake pathways and binding sites in K*-dependent
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metabolic and biosynthetic processes (Carden et al., 2003; Flowers and Yeo, 1986; Munns, 1993, 2002;
Tester and Davenport, 2003).

In Israel, large-scale use of TWW for irrigation has been applied in table grape vineyards for the past 5
years and as a consequence, an increase in visual symptoms of salinity have appeared on the leaves; in
some cases, total collapse of yield-bearing vines has occurred.

Grapevines are defined as moderately salt-tolerant (Downton, 1977b; Francois and Mass, 1994; Garcia and
Charbaji, 1993; Maas, 1990; Maas and Hoffman, 1977). Salt sensitivity/tolerance in vines is affected by the
scion-root combination, which also influences vine vigor (Yunusa et al., 1997). For grapevine, Maas and
Hoffman (1977) set a threshold electrical conductivity (EC) value of 1.5 dS m™ for soil saturation paste
(EC.), with each 1 dS m™ above that value decreasing yield by 9.6%. Following three field experiments
conducted in Australia, Zhang et al. (2002) concluded that this value is too conservative. Their experiments
exhibited a wide range of scion-related thresholds that ranged between 1.8 and 4 dS m™, with slopes
ranging between 2.3 and 15% vyield reduction per 1 dS m™. The rootstock 1103 'Paulsen’ (used in the
present study) was the most salt-tolerant, exhibiting no yield reduction until the EC, exceeded about 4 dS
m™ (Zhang et al., 2002). The ability to cope with increasing salinity and SAR in soils is highly important
given the fact that of the current 230 million ha of global irrigated land, 45 million ha (19.5%) are salt-
affected soils (FAO, 2008).

The purpose of this research was to study the effects of irrigation with TWW on table grapes (Vitis
vinifera cv. Superior Seedless) in a semiarid region. We tested the potential risk of Na-related damage from
TWW irrigation, and whether TWW can be an appropriate substitute for FW in this crop. We examined the
long-term (six seasons) dynamics of Na* accumulation in the soil, changes in soil SAR, changes in mineral

content in the leaf and trunk, and effects on total fruit yield.

2. Materials and methods

2.1 Experimental site

A 6-year study (2002-2007) was conducted in a 1-ha vineyard of table grapes (Vitis vinifera cv. Superior
Seedless, also called Sugraone grafted onto 1103 “Paulsen’ rootstock, at the Lachish Agricultural Research
and Development Station in the southern part of Israel (lat. 31.6° N, long. 34.8° E). The vines were planted
in April 1997. The region of Lachish is one of the largest table grape-growing areas in the country. It is
characterized by a semiarid Mediterranean climate with no summer rains. The soil is clay loam composed
of 30% sand, 28% silt, and 42% clay, with a cation-exchange capacity of 27.3 meq 100 g™, CaCO5 content
of 18% and organic matter content of 0.6%. The average winter precipitation was 372 mm during the 6-
year trial (Table 1). Average reference evapotranspiration from April to October (calculated by the

Penman-Monteith equation) was 1272 mm per season.
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Table 1 Total winter precipitation, reference crop evapotranspiration (ET,), and amount of water applied
seasonally for the three irrigation levels during the 2002-2007 growing seasons (mm)

Precipitation® ET,® High irrigation Medium irrigation  Low irrigation

(mm) (mm season™) (mm) (mm) (mm)
2002 388 1257 923 615 394
2003 509 1232 815 544 348
2004 312 1235 944 674 431
2005 382 1238 903 647 392
2006 329 1231 976 729 437
2007 314 1219 996 712 398

The rainy season each year begins on 1 Nov of the previous year and ends on 30 Mar. For example: the 2002 season is from 1 Nov
2001 to 30 Mar 2002.
PCalculated from meteorological data according to the Penman-Monteith equation as modified for the California irrigation

management system from 1 Apr through 31 Oct.

2.2 Irrigation treatments and vineyard structure

The effects of two factors were examined: irrigation water type and amount. Three water types were used:
(i) fresh water with fertilizer (FW+F); (ii) treated wastewater (TWW); (iii) TWW with fertilizer (TWW+F).
Each water type was supplied at three irrigation levels: high, medium, and low (nine treatments in all).
Each treatment consisted of four replicates (plots) arranged in a randomized block design. Each treatment
plot consisted of three rows, 14 vines per row. To minimize the border effect, only the 10 central vines
from the middle row were sampled. Vine spacing was 2 m within rows and 3.5 m between rows. Rows
were oriented from north to south and the vines were trained to a 2-m-high Y-shaped open-canopy gable
system with six foliage wires on each side. Each vine was pruned to eight fruiting canes of 14 buds each.
The canes were tied to the second- and third-lowest foliage wires supported by the Y-shaped cross-arms.
Vine and row spacing, and training and trellis systems, were according to standard practice for commercial
table grape production in Israel. Standard horticultural practices to control insects, fungi and weeds were
employed throughout the experiment. A drip irrigation system with one line per row and in-line pressure-
compensated 2.4 | h™* drippers was employed, with 0.5-m spacing between drippers (Netafim Ltd.,
Hatzerim, Israel).

The irrigation control unit (Talgil Computing & Control Ltd., Haifa, Israel) was set for the high-volume
irrigation treatment to satisfy 80% of ET. (vine evapotranspiration obtained by lysimeters) before harvest
and 60% of ET, after harvest. In the medium-volume treatment, it was set to 60 and 40% of ET. before and
after harvest, respectively, as per common agricultural practice in the region. In the low-volume treatment,
it was set to 40 and 20% ET, before and after harvest, respectively (Table 1). The daily irrigation amounts
were determined on a 5-day basis according to the ET, data obtained from vines grown in 12 lysimeters
that were located next to the vineyard and irrigated daily at 10 to 20% excess over consumption. A detailed

description of the lysimeter setup can be found in Netzer et al. (2009).
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2.3 Treated wastewater

Secondary treated municipal wastewater was used from a reservoir in Kibbutz Gat, located 2 km away from
the experimental site. Municipal wastewater was treated by an activated-sludge process and left standing in
the reservoir for a maximum of 180 days in June, and a minimum of 30 days in August. Chemical
properties, determined by standard methods (Franson, 1998), are presented in Tables 2 and 3. Water
samples contained organic matter of 10 to 30 mg I BOD and 22-95 mg I"* chemical oxygen demand
(COD). Fertilizer was supplied daily through the irrigation water to the six fertilized treatments at a
concentration of (mM): 1.29 NO3, 0.64 NH,", 0.87 K and 0.19 P. At the end of each drip line, a 50-cm tube
led off the main line to a low-flow dripper (1 | h™) that was encapsulated in a sealed vial, and used for
irrigation water sample collection. Irrigation water was collected every day, stored at a cool temperature
(4°C), and condensed into a sample that represented 30 days of water collection. These water samples were

used to test electrical conductivity (EC), pH, and the concentrations of Na*, CI', K¥, Mg*, Ca’, and NH,".

2.4 Soil sampling and analysis

Soil was sampled in March 2002, before the beginning of the experiment, for chemical and physical
characteristics. No significant differences were observed between plots (data not shown). Soil was sampled
annually at the end of October, immediately upon termination of the irrigation period. Soil samples were
taken by auger from depths of 0-30, 30-60, and 60-100 cm in the middle row of each plot. Samples were
taken from 40 cm, perpendicular to the drip line and parallel to the dripper that was closest to the midpoint
between two vines. Saturated paste extracts of 65°C-oven-dried soils were analyzed for EC, pH, Na*, CI,
K*, Mg®*, Ca*", and NH," according to Page et al. (1982).

2.5 Leaf sampling and chemical analysis

From each replicate, 30 leaves were sampled during harvest (mid-July to mid-August)—the basal leaves
opposite a bunch cluster. Leaves were rinsed in tap water several times with a final rinse in double-distilled
water. Petioles and blades were separated and oven-dried at 70°C for 72 h. Samples were subsequently
pulverized in an electric mill, and 150 mg of dry matter was digested with 5 ml of concentrated reagent-
grade nitric acid at 130°C. The digest was brought to a volume of 50 ml with double-distilled water and
kept at 4°C in the dark until analysis for Na* concentration by inductively coupled plasma-atomic emission

spectroscopy (ICP-AES, Arcos, Spectro, Kleve, Germany).

2.6 Trunk and xylem sap sampling and chemical analysis
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Trunk and xylem sap were taken during March 2007, 2 weeks before budbreak. Samples of trunk wood
were obtained from four vines from each plot, 50 cm above ground level using a 7-mm-diameter tree corer
(Mattson, Mechaniska, AB, Mora, Sweden). All samples were placed in 50-ml centrifuge vials and kept
cool during transport to the laboratory (maximum 4 h). Each core was separated into xylem and bark
tissues, using a sharp blade, before drying for 72 h at 70°C. Dry material was ground to a fine dust in an
electric mill and digested by the same method as the leaves.

A xylem sap collection device (Fig. 1) was inserted into each pinhole left by the sample coring. The sap-
collection device was composed of a 20-cm long, 8-mm diameter plastic tube and a 50-ml centrifuge vial
covered with aluminum foil. One end of the plastic tube was attached to the centrifuge vial, while the other
end was attached to the pinhole left by the corer. A small (10-cm long, 1-mm diam.) plastic tube was

connected to the centrifuge tube cap to release air pressure. The device was attached to the vine for 24 h.

Fig 1 Xylem sap collection device

2.7 Yield data

Each replicate was harvested and weighed during July or August when the fruit total soluble solids (TSS)
reached 15 to 15.5 °Brix.

2.8 Meteorological data

The meteorological data, including precipitation amount and data used for calculating reference crop
evapotranspiration (ET,, according to the Penman-Monteith equation) were obtained from an automatic
weather station located at the Lachish research station, about 100 m from the experimental site. The station
monitored solar radiation (CM-11, Kipp & Zonen, Delft, Netherlands), wind speed and direction (type
05103; R.M. Young, Traverse, MI), air temperature and relative humidity (type HMP 45C; Campbell
Scientific, Inc., Logan, UT).
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2.9 Statistical analysis

The treatments in the vineyard were arranged in a factorial randomized block design. Data were analyzed
via analysis of variance, and means were separated according to the least significant difference (LSD) at p
< 0.05. The software program JMP IN 5.1 (SAS Institute Inc., Cary, NC) was used for all statistical

procedures.
3. Results

3.1 Water and precipitation

The amount of winter-season precipitation fluctuated among the years of the experiment (Table 1): in 2004,
2006 and 2007, rainfall was below the annual average of 385 mm year™, while in 2003, it exceeded the
average by 32%. The average seasonal (spring to autumn) irrigation amounts during the 6 years of the
experiment were 926, 653 and 400 mm for the high, medium and low irrigation levels, respectively (Table
1). No summer rainfall was recorded.

The average EC of the FW+F was 0.69 dS m™, lower than that of the TWW+F, with fertilizer
adding on average 0.17 dS m™ to the EC. The lowest EC value was obtained for FW+F in 2007, while the
highest EC was recorded for TWW+F in 2004 (Table 2). Na* concentration in the TWW and TWW+F was
on average 1.8 times higher than that found in the FW+F, resulting in a 2-unit increase in SAR to about
4.35 in the TWW and TWW+F (Table 2). The pH of TWW+F was slightly lower than that of the TWW
(Table 3) as a consequence of the fertilizer solution acidity (pH about 3.5). CI" concentrations in the TWW
and TWW+F were about 30% higher than those found in the FW+F (Table 3). Only small and inconsistent
differences were observed in the concentrations of Mg?* and Ca”* between the different water-quality
treatments. Addition of fertilizer to the FW and TWW increased the concentrations of K™ and NH," by
about 20 mg I'* and 16 mg I, respectively (Table 3).
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Table 2 Annual water parameters: electric conductivity (EC), Na* concentration and sodium adsorption
ratio (SAR) of the three irrigation water-quality treatments® (means + standard error, n = 8)

2002 2003 2004 2005 2006 2007 Average

-------------------- ECMASMY) ----mmmmiieee
TWW 2.04+0.06 1.78+0.09 2.25+0.05 2.00+0.13 1.88+0.08 1.38+0.10 1.83
TWW +F 2.10+0.05 1.96+0.05 2.40+0.06 2.19+0.10 1.90+0.07 1.45+0.07 2.00
FW +F 1.64+0.04 1.41+0.05 1.2240.05 1.47+0.10 1.20+0.03 0.9+0.17 1.31

———————————————————— Sodium (Mg 1™%) -------mmmeaa oo
TWW 286%2.6 241+14 197+2.2 224+11 233+3.1 203+15 230
TWW + F 288+8.2 234+14 198+1.3 220+11 234+5.4 195+20 228
FW +F 143+3.2 123+1 128+0.5 121+3.8 84+5.6 102+3.3 116

----------------------- SAR ----mi e
TWW 4.87+0.17 4.44%0.25 3.37£0.08  4.08+0.20 4.36x0.06 4.87+0.66 4.33
TWW +F 4.95+0.18 4.22+0.26 3.46x0.07 4.02+0.18 4.47+0.14 5.04%0.72 4.36
FW+F 2.45%0.03 2.35%£0.02 2.09£0.02 2.44+0.21 1.62+0.08 2.37+0.19 2.22

*TWW, treated wastewater; TWW+F, TWW with added fertilizer; FW+F, fresh water with added fertilizer

Table 3 pH levels and CI', K*, Ca**, Mg?* and ammonium (NH4-N) concentrations in the irrigation water
(for abbrev., see footnote to Table 2), 2002-2007 (means + standard errors, n = 50)

pH cr ca** Mg* K* NH4-N

(mg I") (mg I) (mg ) (mg I") (mg I")
TWW 7.740.1  304.1#19.9  63.4+1.3  30.7+0.7 62.4+1.9 32.745.4
TWW +F 74401  301.2#17.6  59.9+1.0  29.4+0.7 82.3+2.7 49.1+4.0
FW +F 7.3+0.1 23264109  60.9+1.2  30.7+0.7 42.7+3.0 15.3+1.5

3.2 Soil characteristics

Soil analysis data of Na concentration and SAR values in the saturated paste extraction of the 0-30, 60-90,
and 60-100 cm layers exhibited similar trends of change with time, water quality, and water amount. In the
following sections, we address the 30-60 cm layer to describe these tendencies.

After the first irrigation season, under all irrigation treatments, no difference was yet established in Na*
concentration in the soil extracts. From the following year, in the plots with high irrigation level treatment,
Na* concentrations in the soil, as measured in the saturated soil paste extracts, were significantly higher in
the TWW-irrigated plots than in the FW+F-irrigated plots (Table 4). A similar pattern of Na* accumulation,
but with lower absolute values, was found in soils of the medium irrigation level, although statistically
significant differences between TWW and FW+F were established only during the fifth year of the
experiment. In the low-level irrigation treatments, these differences were even smaller and significance was
established only during the last year of the experiment. Adding fertilizer to the TWW treatments tended to
decrease soil Na* concentrations, especially at the high irrigation level (Table 4). Multivariate testing for
effects of water quality, water level, soil depth and years indicated that the main effect of irrigation level

was significant: soil Na* concentrations were elevated under high irrigation (9.42 meq I™') as compared to
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the medium irrigation (8.02 meq 1), and the latter was higher than that of the low irrigation (5.50 meq I'");
statistical analysis grouped deviations as A, B, and C (p < 0.0001; n = 648).

A similar pattern was found for the SAR values in the soil extracts. By multivariate test, the SAR

of the soil under varying irrigation levels developed a distinct pattern with significant differences: FW+F <
TWW+F < TWW. Development of this pattern was accelerated as irrigation level increased.
From the second year (2003) on, significantly elevated SAR values were recorded in the TWW plots
compared to FW+F plots under the high irrigation level. As irrigation level decreased, those significant
differences were established later: from 2006 at the medium irrigation level, and in the last year of the
experiment at the low irrigation level (Table 5). The effect of irrigation levels on SAR values under each
water-quality treatment was analyzed separately. For the TWW treatment, the SAR ranking was significant:
high > medium > low levels of irrigation. In the FW+F treatments, the ranking was high = medium > low
irrigation levels. In the TWWH+F treatments, there was no statistical difference among the various irrigation
levels.

Table 4 Annual soil Na* concentrations (meq I™) in saturated paste extracts of soils from a depth of 30-60
cm under different levels of irrigation with the different water-quality treatments (for abbrev., see footnote
to Table 2). Annual values for each irrigation water level followed by different letters differ significantly (p
<0.05) (n=4)

2002 2003 2004 2005 2006 2007 Average

---------------- High Irrigation -----------------
TWW 16.7A 133A 145 A 189 A 119A 81 A 139A
TWW+F 95 A 29B 8.8 AB 11.9B 109A 71A 85B
FW +F 125 A 56B 6.1B 96 B 6.7B 478B 75B

——————————————— Medium Irrigation ---------------
TWW 118A 120A 142 A 89A 104A 75 A 10.8 A
TWW+F  89A 43A 9.6 A 10.7 A 119 A  84A 9.0 AB
FW +F 11A 47 A 6.6 A 8.1A 6.2 B 40A 6.8B

---------------- Low Irrigation ----------------
TWW 40A 35B 6.0 A 54 A 8.9 AB 77A 59 AB
TWW+F  32A 6.3A 48 A 11.8 A 119A 53B 72A
FW +F 3.7A 3.3B 42 A 46 A 6.8 B 31C 43B
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Table 5 Annual soil adsorption ratio (SAR) at a depth of 30-60 cm at different levels of irrigation with the
different water-quality types (for abbrev., see footnote to Table 2). Annual values for each irrigation water
level followed by different letters differ significantly (p < 0.05) (n =4)

2002 2003 2004 2005 2006 2007 Average
------------------ High Irrigation -----------------
TWwW 6.02 A 492 A 6.19 A 1525 A 9.37A 938 A 852 A
TWW +F 3.27TA 2.19B 3.62 AB 6.97B 557B 5.48B 452B
FW +F 516 A 2.57B 2.63B 572B 483B 3.90B 414B
————————————————— Medium Irrigation ----------------
TWW 478 A 5.65 A 6.26 A 578 A 792 A 7.67 A 6.34 A
TWW +F 340A 313A 4.40 A 5.03 A 6.22 AB 8.67A 5.14B
FW +F 495 A 2.98 A 3.60 A 4.66 A 478 B 3.34B 405B
------------------ Low Irrigation -----------------
TWW 311A 3.04 A 355A 3.95A 3.67A 559 A 3.83A
TWW +F 235A 2.87 A 276 A 4.44 A 510 A 4.38 AB 3.65 AB
FW +F 272 A 2.68 A 2.53 A 3.11A 3.78 A 26B 2.90B

3.3 Plant characteristics
Na* concentrations in the dry matter of leaf petioles, sampled during harvest, showed significant general
trends during the experiment (Fig. 2). In the 2002 and 2003 growing seasons, Na* concentration was stable
for all treatments. From 2004 on, all leaf petioles of plants irrigated with TWW showed significantly higher
Na® concentrations than petioles from plants irrigated with FW+F. In the FW+F treatment, petiole Na*
concentration was quite stable with a slight decrease from 2002 to 2006, followed by a slight increase in
2007. For each of the water-quality treatments, petiole Na* concentration at the high irrigation level was
significantly higher than that found at the low irrigation level, while values from the medium irrigation
level did not differ significantly from either (Table 6). Regression values between Na* concentrations in the
petioles and in the soil extracts at depths of 0-30 cm and 30-60 cm became significant from 2005 and 2004,
respectively, with the correlation significance becoming stronger from that point on (Table 7).

Analyses of dry woody tissue from the xylem and bark, drilled from the main stem of the vine in
2008, showed an overall accumulation of Na* in perennial tissues. Samples from vines that were irrigated
with TWW contained 30 to 60% more Na* in these tissues than their counterparts from the FW+F-irrigated
vines (Table 8).
Sap bleeding from the xylem in the spring, prior to budbreak, collected by the device shown in Fig. 1,
results from the buildup of positive hydrostatic pressure in xylem vessels due to metabolic uptake of
minerals followed by osmotic water flow into the root xylem (Marangoni et al., 1986; Sperry et al., 1987).
Na* concentrations in xylem sap collected from vines that were irrigated with TWW were significantly
higher than those from vines of the FW+F treatment (Table 8).
Despite the significant differences between Na* concentrations among some of the treatments in the soil,
leaf, xylem, and bark, no differences between treatments were found in fruit yield during the experiment
(Table 9).
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Table 6 Six-year averages of Na* concentrations in leaf petioles (dry matter) for each irrigation level and
water-quality treatment (for abbrev., see footnote to Table 2): means within a column followed by different
letters are significantly different (p < 0.05). Samples were collected during harvest in 2002-2007 (n = 24)

TWW TWW +F FW +F

--------- Na’ (mg kg™) --------
High irrigation 5610 A 5107 A 2631 A
Medium irrigation 4932 AB 4811 AB 2231 AB
Low irrigation 3772 B 3556 B 1980 B

Table 7 Equation and statistical evaluation of linear regression between soil Na* concentrations (meq I™")
(x) vs. Na* concentrations in leaf petioles (mg kg™) (y). Soil samples were collected in the autumn from
depths of 0-30 cm and 30-60 cm and leaf petioles (dry matter) were collected during harvest (n = 36)

Na" in petiole vs. Na" in soil Na® in petiole vs. Na" in soil (30-60 cm)
(0-30 cm
equation R p equation R p
2002 y=35.56x+2843 0.163 0.016 y=50.64x+2700 0.144 0.025
2003  y=-4.28x+2962 0.0001 0.949 y=-30.15x+3109.2  0.0062 0.679
2004  y=20.47x+2756 0.0049 0.782 y=88.54x+2122.1 0.182 0.026
2005 y=206.65x+2787  0.194 0.007 y=161.28+2416.8 0.181 0.0097
2006 y=370.82x+1347  0.457 <0.0001  Yy=659.62x-1707 0.502 <0.0001
2007 y=661.55x+1127  0.440 <0.0001 _ y=578.28+1685 0.335 0.0006

Table 8 Na" concentration in xylem sap and in xylem and bark tissue (dry matter) for each water-quality
treatment (for abbrev., see footnote to Table 2). Samples were taken 2 weeks before budbreak in 2008.
Means within each column followed by different letters are significantly different (p < 0.05). Xylem sap
values are averages of 22 samples; xylem and bark values are averages of 36 samples

Xylem sap Wood Bark

Na*(mgl®  ---- Na"(mgkg?) ----
TWW 436 A 821 A 398 A
TWW +F 48.6 A 834 A 476 A
FW +F 21.7B 538 B 298 B

Table 9 Yields (t ha™) of Superior Seedless grapes in the three water-quality treatments (for abbrev., see
footnote to Table 2). Means within each column do not differ significantly (p < 0.05, n = 36 for each
treatment in each year)

2002 2003 2004 2005 2006 2007  Ave
---------------- Yield (tha) -« ----coeoemnn-

TWW 34.9 19.0 40.6 152 474 200 29.5

TWW +F 32.7 221 43.4 103 444 201 29.0

FW +F 37.1 20.1 40.4 135 518 207 30.6
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4, Discussion

Irrigation with TWW poses a great challenge, but one that is worth taking on given today's shortage of
water resources, particularly in arid and semiarid regions. Irrigation with low-quality water requires
continuous monitoring of soil and plant parameters to ensure that the salt components in the TWW are not
having a pronounced negative effect on soil properties or directly on plant growth (Prior et al., 1992).

We monitored a broad range of elements, including macronutrients, micronutrients and heavy metals, with
the aim of determining their potential risks. Sodium ions (Na*) stood out as the most dominant hazardous
element, affecting both plant and soil properties. Use of TWW may further complicate the difficult nature
of salinity measurements: daily and seasonal fluctuations require continuous monitoring and analysis of
ionic concentrations in the water. The average Na* concentration in the TWW for the six seasons of the
present experiment was double that in the FW (Table 2). Clay soils that are continually exposed to
irrigation with TWW or saline water with high SAR values show a gradual replacement of adsorbed Ca®*
by Na’, causing an increase in soil sodicity. The Na* cation, having a large hydrated radius, increases the
diffuse double layer of clay minerals. Thus, high SAR, when combined with low ionic strength of the soil
solution such as that encountered in the rainy season, may result in clay swelling and dispersion, damaging
the soil's physical properties and decreasing infiltration rates (Brady, 1990).

Soil Na* concentration in autumn, at the end of the irrigation season, is likely to be at its highest values for
the year, reflecting the balance between the amounts of salt added and leached by the irrigation water.
Spring soil Na" concentration on the other hand, is affected by winter leaching by rains (Agassi et al.,
2003). The autumn-to-autumn changes are effected by both components, namely input by irrigation water
and output by irrigation and rain leaching. For example, in this study, Na* concentration in the soil was
lower in seven out of nine irrigation treatments in the autumn of 2003 than in the autumn of 2002 (Table 4).
This decrease was related to the overall reduction of about 40 and 20 mg I"* of sodium in the TWW and
FW, respectively, during the 2003 irrigation season (Table 2), in addition to a 30% increase in rainfall
during the winter of 2002/2003 over the average yearly precipitation levels during the experiment (Table
1). In 2007, there was a ca. 30% reduction in soil Na* concentration for all TWWe-irrigation treatments
compared to 2006. This was explained by reduced sodium concentrations in the TWW (Tables 2 and 4).
Significantly higher Na* concentrations were found in the soil of the high-level TWW-irrigated plots from
the second year of the experiment, while at the medium and low irrigation levels, a pronounced difference
in soil Na* concentrations between the TWW and FW treatments was noted only in the last 2 years of the
trial (Table 4). A multiseasonal analysis of the different water-quality treatments at different soil depths
revealed that overall soil Na* concentration for the high irrigation treatments was significantly higher than
that in the medium irrigation treatments, and the latter was significantly higher than that in the low
irrigation treatments. It has previously been suggested that maintenance of high soil moisture and
consequently, high water potential in the root zone may diminish the osmotic effects of saline irrigation

water (Michelakis et al., 1993; Oron et al., 2002). Others have suggested increasing irrigation over
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evapotranspiration when using saline water to ensure a leaching fraction that will prevent salt accumulation
in soil, a practice that would maintain salinity under the threshold value for a given crop (Ayers and
Westcot, 1985; Bresler, 1987; Dudley et al., 2008). This practice may help maintain reasonable CI
concentrations but, according to our results, elevated irrigation amounts were not only insufficient to
support Na* leaching, they led to a further increase in soil Na* concentrations. We conclude that in clay
soils, this practice may accelerate Na* accumulation and increase SAR in the soil. The effect of increased
SAR in the soil on soil water permeability has been well documented (e.g., Quirk and Schofield, 1955;
Richards, 1954). It should be noted that the amount of irrigation for table grape vineyards in the Lachish
region ranges between 350 and 550 mm per season. The two highest irrigation levels in our experiment
exceeded this commonly used range and resulted in different leaching fractions.

At depths of 30-60 cm, soil Na* concentration in the TWW treatment was noticeably higher than in the
TWWH+F treatment during the first 4 years of the experiment under high irrigation levels (only two of those
years showed a significant difference). The differences between the treatments became less noticeable with
time, as the soil Na* concentration in the TWWH+F treatment rose to levels similar to those in the TWW
treatment. At all irrigation levels, the overall average value of soil Na* concentration in the TWW (10.20
meq I"") treatments was significantly higher than in the TWW+F treatments (8.23 meq 1™), and the latter
was significantly higher than in the FW+F treatments (6.2 meq 1) (Table 4). Multiseasonal analysis at
different irrigation levels for different soil depths showed that overall soil Na* concentration in the TWW
treatment was significantly higher than in the TWW+F treatment. These results suggest that components
within the added fertilizer affect Na™ accumulation, at least during the first years of irrigation with TWW.
Since soils in this area contain a large percentage of clay (42%), it is likely that cations contributed by the
fertilizer compete with Na* for sites within the soil's exchangeable complex. Ca** and Mg** levels did not
differ greatly among the water-quality treatments (Table 3), but K* and NH5;" concentrations were greater
by 30 and 50%, respectively, in the TWW+F vs. TWW treatments (Table 3). An additional explanation for
this phenomenon might be related to the fact that the TWW fertilizer supplement reduces the pH of the
water from 7.7 to 7.4 (Table 3). The soil pH in the two treatments was similar according to the extracted
paste pH. The pH buffering was probably related to Ca**-carbonate, and to a lesser extent Mg-carbonate
dissolution, which released Ca** and possibly Mg?* that in turn, competed with the Na* cations. Different
studies have shown that compared to Na*, not only divalent cations (e.g., Ca®* and Mg®"), but also the
monovalent K™ and NH," cations improve the soil's structural stability and water permeability (Brooks et
al., 1956; Chen et al., 1983; Rao and Mathew, 1995).

Soil swelling and dispersion, which in turn decrease water percolation and soil aeration, are expected when
SAR values exceed 8 (Brady, 1990; McBride, 1994). Others have noted that these effects can occur at
lower SAR values when water ionic strength is low, e.g., during rainstorms (Mace and Amrhein, 2001). In
the high irrigation treatments, there was a similarity between the dynamics of Na* concentration and SAR
in the soil (Table 5): in four out of the six seasons, significantly higher SAR values were found in the soil
of the TWW irrigation treatments than in those of the TWW+F treatments (TWW+F had values similar to
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FW+F). According to the SAR values, there is a lower risk of soil degradation as the amount of irrigation is
reduced.

While chemical composition of the soil represents its long-term history, sampling at a fixed
location—40 cm perpendicular to the dripper in our case, may introduce a certain bias due to differences in
the volume of the onion-shaped wetted soil. The dimensions of the onion-shaped wetting pattern change
during the season, especially between irrigation treatments. On the other hand, the plant, which is exposed
to the overall soil salinity gradients via its root system, may better represent the concurrent integrated
salinity status. Accordingly, the plant can be regarded as a spatial and temporal integrator of the whole root
zone. In vines, leaf samples for mineral analysis are usually taken opposite the cluster (Christensen, 1969),
and petioles, rather than blades, are considered more highly representative due to their higher mineral and
salt contents (Downton, 1977b; Fisarakis et al., 2001; Prior et al., 1992).

The dynamics of Na* concentration in the leaves among treatments and seasons was less complex than the
dynamics of Na* concentration in the soil. As new leaves appear each spring, Na* concentration in the
newly formed leaves is a measure of that in the soil solution during the growing season plus that stored in
the roots, trunk and canes. Significant differences in leaf Na concentration between TWW and FW
treatments were recorded from the third year of the experiment (Fig. 2). Petiole Na* concentration in
FW+F-irrigated plants remained relatively low, whereas that in the TWW- and TWW-+F-irrigated vines
reached values of nearly 7,000 mg kg™. The concentration of Na measured in the petioles during flowering
is considered toxic at levels in excess of 5,000 mg kg™ (Nagarajah, 1992; Prior et al., 1992; Reuter and
Robinson, 1997). Symptoms of salt toxicity appear as leaf chlorosis or burns on the leaf margins followed
by early defoliation (Fisarakis et al., 2001; Paranychianakis and Angelakis, 2008; Prior et al., 1992). Less
severe visual symptoms of leaf chlorosis in our experiment appeared only in the TWW and TWW+F

treatments from the 2005 season. Those mild chlorosis symptoms appeared sporadically from 3 weeks after
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budbreak, and gradually disappeared toward veraison.
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Fig 2 Na* concentrations in leaf petioles (dry matter) as a function of year for each water-quality treatment:
each data point is an average of 12 plots (three irrigation level treatments x four replicates). Different
capital letters indicate significant differences (p < 0.05) between water-quality treatments for a given year
(read vertically). Different lowercase letters indicate significant differences between years for each water-
quality treatment (read horizontally). Samples were collected during harvest. The curves are arbitrarily
drawn according to the following equations (where y is petiole Na concentration and x is year):

TWW (thick line): y = -99.7x*+599725x%-1.10%« +8.10™; R? = 0.95

TWWH+F (dashed line): y = -148.7x*+894216x%-2.10° +10%%; R? = 0.92

FW-+F (thin line): y = 40.2x3+241493x°+5.10%x +3.10; R* = 0.81

TWW, treated wastewater; TWW+F, TWW with added fertilizer; FW+F, fresh water with added fertilizer

Similar to the findings in the soil, Na* concentration in the leaves increased with increasing irrigation level
(Table 6). Increasing irrigation by about 45% above the common regional FW irrigation practices (high
irrigation level in the experiment) does not improve sodium leaching beyond the root zone; on the contrary,
it increases Na" accumulation in the leaves (Table 6). Despite the different dynamics of Na* accumulation
in soil and leaves, the correlations between the two strengthened during the final two years of the trial
(Table 7).

At the end of the experiment, Na* concentration in the xylem and bark samples, isolated from the trunk of
TWW- and TWW+F-irrigated vines, nearly doubled in comparison to FW+F-irrigated vines (Table 8). The
perennial parts of the vines—roots, trunk and canes, probably provide an additional source of Na* that

reaches the leaves with the transpiration stream during the growing season (Fisarakis et al., 2001).
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Rootstock and scion varieties are important factors in vineyard success under salt-stress conditions
(Downton, 1977a; Groot Obbink and Alexander, 1973). A mature commercial vineyard of own-rooted red
globe grapes, which was located near the experimental site under similar irrigation conditions, collapsed
after only 3 years of irrigation with similar quality TWW. Xylem samples taken from the vines' trunk
showed a Na* concentration of 2271 to 2294 mg kg™ (data not shown). Thus, xylem analyses can
potentially be used for the identification of salt stress postmortem. The use of different rootstocks produces
variability in CI" and Na* accumulation (Downton, 1977a; Fisarakis et al., 2001; Paranychianakis and
Angelakis, 2008), but even rootstocks that are able to sequester CI™ differ in their ability to sequester Na*
(Sharma and Upadhyay, 2008). The 1103 'Paulsen’ rootstock used in this experiment is categorized as one
the most effective at tolerating salt (Fisarakis et al., 2001; Zhang et al., 2002).

Before budbreak in early spring, the xylem vessels fill as a result of positive hydraulic pressure, also known
as root pressure, which builds up due to active ion uptake into the roots followed by diffusion of water into
the root xylem. This process is accompanied by xylem bleeding from the cut surfaces of pruned branches
(Sperry et al., 1987). In this study, we found Na" concentration in the xylem sap from the TWW and
TWWH+F treatments to be more than double that in the sap from the FW+F treatment (Table 8). Since
xylem sap was sampled in spring, when soil Na"* is at its lowest level, the difference among treatments in
sap Na* concentration may reflect the differences in the amount of both Na* in the soil at that time and Na*
that has accumulated in the root system during past seasons.

Despite the accumulation of Na® in the soil and vines, there was no significant impact of water-quality
treatment on total grape yield. The pronounced differences observed between seasons were due to the
alternate yield-bearing trait of cv. Superior Seedless.

Many studies on the effect of irrigation water salinity on grapevines have focused on CI" rather than Na*
(Downton, 1977a; Fisarakis et al., 2001; Groot Obbink and Alexander, 1973; Woodham, 1956). High levels
of CI' cause growth depression and typical damage symptoms on leaves (Downton, 1985). CI’
concentration in petioles is considered toxic above 10,000 or 15,000 mg kg™ (Nagarajah, 1992; Prior et al.,
1992; Reuter and Robinson, 1997). In the present study, maximum values of CI in the petioles did not
reach the toxic threshold: in the TWW treatment, values were 9131 mg kg™ and in the FW+F treatment,
6245 mg kg™. CI"can reach toxic levels in a number of ways: high concentrations of CI” in the source water,
high evapotranspirative demand and poor management of soil moisture. Under conditions in which the
evaporation fraction of evapotranspiration rises, such as when canopy shade is minimal (in case of wine
grapes), there is a higher risk of soil salinity. If CI" does not reach toxic levels during a particular seasonal
irrigation, most of the CI” will be effectively leached from the soil by winter precipitation. A comparison of
soil salt concentrations in autumn and spring showed that the percentage of leaching during the winter
ranges from 41-66% for Na* and 80-95% for CI"at 0-30 c¢m soil depth, and 15-54% for Na* and 73-93% for
CI" at 30-60 cm soil depth (detailed data not presented). We assume that the moderate CI” concentrations in
the TWW itself of ca. 300 mg I (Table 3) and sufficient leaching of CI during the winter prevent CI

accumulation to toxic levels in the vines.

62



5. Conclusions

Under the present experimental conditions, accumulation of sodium, rather than chloride, in the soil and in
the plant emerged as the major problem related to TWW irrigation. Soil Na* concentrations and SAR values
fluctuate in accordance with those in the source water and the amount of winter precipitation, and these soil
parameters were significantly higher in the TWW-irrigated plots. Furthermore, adding fertilizer solution to
the TWW moderated the soil Na" accumulation and SAR increase. In contrast to previous studies which
called for increasing the leaching fraction to decrease solute accumulation in soils, in this study we found
that increasing the leaching fraction by increasing irrigation amounts in a clay soil actually accelerates the
buildup of Na" and the increase in SAR values.

Plant analyses indicated that vines exposed to continuous TWW irrigation, with or without fertilizer, show
a clear pattern of elevated Na* levels in leaf petioles and in the xylem sap collected in spring, suggesting
gradual Na* accumulation in the perennial parts of the vine. This effect of TWW was similar to that found
in the soil, but differences in the plant were more significant and we could conclude that the plant, via its
root system, may act as a spatial and temporal integrator of the entire root zone; thus plant data might be
less sensitive to sampling protocols. Spring xylem sap and trunk wood are proposed as additional indicators
of salinity development.

Unlike in the soil, addition of fertilizer to the TWW did not diminish Na* accumulation in the plant. This
may support the assumed mechanism of cation competition underlying the fertilizer's dampening of the
TWW effect on soil Na* accumulation: we suggest that the fertilizer-originated cations (K* and NH,")
and/or acid-dissolved soil-originated cations (Ca®* and Mg?*) compete with the TWW-originated Na" and
restrict its accumulation as an exchangeable cation. Note that in this regard, plant Na™ indicators may
respond mainly to Na* concentration in the soil solution, and only to a lesser extent to Na* accumulation in
the exchangeable soil complex. The latter may, however, affect the plant indirectly by degrading the soil's
physical properties.

The yield of var. Superior table grapes grafted on 'Paulsen’ rootstock was not significantly affected by the
water-quality treatments during the 6 years of the experiment. Nevertheless, trends of Na* accumulation in

the plant and soil may pose a potential risk in subsequent years under long-term use of TWW.
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INTRODUCTION

ABSTRACT

An advanced non-invasive, field-suitable and inexpensive leaf patch clamp
pressure probe for online-monitoring of the water relations of intact leaves
is described. The probe measures the attenuated output patch clamp
pressure, P,, of a clamped leaf in response to an externally applied input
pressure, Poamp. Poamp is generated magnetically. P, is sensed by a pressure
sensor integrated into the magnetic clamp. The magnitude of P, depends on
the transfer function, Ty, of the leaf cells. T¢ consists of a turgor pressure-
independent (related to the compression of the cuticle, cell walls and other
structural elements) and a turgor pressure-dependent term. Tf is dimension-
less and assumes values between 0 and 1. Theory shows that T; is a power
function of cell turgor pressure P.. Concomitant P, and P. measurements
on grapevines confirmed the relationship between T¢ and P.. P, peaked if P,
approached zero and assumed low values if P, reached maximum values.
The novel probe was successfully tested on leaves of irrigated and non-
irrigated grapevines under field conditions. Data show that slight changes in
the microclimate and/or water supply (by irrigation or rain) are reflected
very sensitively in Py,

tial) indicators (Jones 2004). Plant-based sensing has
many potential advantages over soil-based sensing, but a

Increasing worldwide shortages of fresh water, the contin-
uous increase in water consumption by agriculture and
the progressive salinisation of arable land provoked by
irrigation are global problems (Lduchli & Liittge 2002;
Olesen & Bindi 2002; Jones et al. 2005; Fuchs 2007; Igle-
sias et al. 2007). Drip irrigation methods have saved water
consumption in agricultural crops and have slowed down
soil salinisation, but have highlighted the need for sensors
to monitor sub-optimal water status of the crop. Water
status can be determined by plant-based (e.g. xylem pres-
sure/sap flow, turgor pressure, stomatal conductance,
photosynthesis, transpiration, leaf temperature/thickness)
and/or by soil-based (e.g. water content and water poten-

large number of practical difficulties have limited routine
field application.

The water status of plants is usually determined by
determination of the leaf water status using the pressure
chamber (Scholander ef al. 1965). The method is simple
and thus very popular, but massively invasive, time-con-
suming and unsuitable for automation. A further draw-
back is that the number of leaves that can be measured is
rather limited and, therefore, data can be misrepresenta-
tive of the overall in situ conditions (due to variability in
height, sun exposure, microclimate conditions, canopy
circumference efc.). Most importantly, and frequently
ignored, the readings cannot always straightforwardly be
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interpreted in terms of xylem pressure and/or turgor
pressure (Zimmermann ef al. 2004; Zimmermann et al.
2007). Both parameters are linked hydraulically to each
other in turgescent cells and can quite accurately be
measured by the probe techniques pioneered by Zimmer-
mann and co-workers (Zimmermann et al. 1969; Balling
& Zimmermann 1990). Even though these techniques are
minimal-invasive and allow very accurate measurements
on the single xylem vessel or cell level of intact plants,
they are not suitable for long-term outdoor applications
because of their susceptibility to gusting winds and heavy
rain. There is a similar problem with ball tonometry, a
non-destructive method by which cell turgor pressure is
recorded by application of an external pressure (Lintilhac
et al. 2000; Geitmann 2006). Online measurements of
leaf thickness have been suggested as an indirect indicator
for turgescence of leaves (e.g. Burquez 1987; McBurney
1992; Malone 1993). A number of instruments are com-
mercially available for the routine monitoring of leaf
thickness. However, leaf thickness sensors as well as other
plant-based sensors have not found widespread applica-
tions in irrigation scheduling. The main reasons for this
are the frequent insensitivity of leaf thickness to changes
in the water status of the leaves and the anisotropy of leaf
shrinkage (Jones 2004). Thus, development of a simple,
inexpensive and field-suitable sensor for precise online
monitoring of leaf turgor pressure or, generally speaking,
of leaf water status of intact plants continues to be an
important and indispensable aspect of any optimisation
of irrigation management.

In this communication, an advanced online operating,
non-invasive, field-suitable and inexpensive leaf patch
clamp pressure probe is described. This probe measures
the attenuated pressure of a leaf, P, in response to an
external clamped pressure, Pcamp. The attenuation of
Piamp depends on the leaf transfer function. The magni-
tude of the leaf transfer function, and thus attenuation of
external pressure signals, is determined by a plant-spe-
cific, turgor pressure-independent term (related to the
compression of the cuticle, cell walls and other structural
elements) and a turgor pressure-dependent term, Ty The
potential of the leaf patch clamp pressure probe for long-
term measurements of leaf cell turgor pressure is demon-
strated by measurements on various grapevine cultures
under different climate and irrigation conditions. Con-
comitant pressure chamber and cell turgor pressure mea-
surements (using the cell turgor pressure probe)
demonstrated that this novel probe exceeds these tech-
niques and other plant-based sensor technologies in all
relevant performance criteria (see also Jones 2004).

MATERIALS AND METHODS
Measuring sites

Data collection on grapevine (used for the production of
table grapes) was conducted during June and September
2007 at the Lachish Research and Development station
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near Quiryat-Gat, Israel (31°36'15.6” N; 34°47°25.9” E;
elevation 146 m). The vineyard was irrigated by drip irri-
gation that could be switched off and on according to the
experimental needs. The measuring site was characterised
by hot and dry weather during the day (up to 38 °C) and
by still relatively high temperatures during the night
(about 18 °C). Diurnal changes in temperature (T) and
relative humidity (RH) were practically identical over the
entire week of experimentation. Drizzle occurred some-
times before predawn because of a relative humidity of
100%. During the day, RH dropped to about 40%. Field
experiments on grapevines (used for the production of
white wine grapes) were also conducted at Gedera, Israel
(31°46°25.2” N; 34°44°46.8” E; elevation 50 m) in June/
July 2008. Grapevines were irrigated according to an
irrigation regime used by the owner of the vineyard in
previous years. Maximum and minimum T and RH val-
ues were comparable to those recorded at Quiryat-Gat
during the day and the night, but subject to more signi-
ficant variations (see below). Measurements were also
performed during August 2007 at the vineyards of the
Schmachtenberger Farm close to Wiirzburg, Germany
(49°46'6.7” N; 9°58’12.0” E; elevation 260 m). These
vineyards were not irrigated. The rainfall was often extre-
mely high during the experimental period (see below).

Plants and planting conditions

Vineyard Quiryat-Gat

Leaf patch clamp pressure, pressure bomb and cell turgor
pressure measurements were performed on Vitis vinifera
L. cv. Superior Seedless. The grapevines were about 2-m
tall. Spacing between the rows was 3.5 m and between the
plants, 2 m. The plant density was 1428 grapevines per
ha. The first, outer row was equipped with drainage lysi-
meters. The plants in this row were irrigated daily
between 06:00 h and 11:00 h (EET, Eastern European
Time). For irrigation of the grapevine rows, fresh water
was used, except for the second row, which was irrigated
with effluent. Before and during the experimental period
in June the irrigation amount per grapevine and day was
70 1. After harvest of the grapes in August, irrigation
water was reduced to 50 1 per plant and day. The leaf area
index of the lysimeter-treated plants and of plants irri-
gated with effluent varied between 3.4 and 5.7.

Irrigation of the fifth row located in the centre of the
vineyard and east of the ‘lysimeter row’ was stopped on
June 18th and started again on June 24th at 11:25 h. The
irrigation amount per grapevine and day was 19 1 of fresh
water and was reduced to about 101 per day after har-
vest. The leaf area index of these plants varied between
3.9 (within the row) and 4.7 (at the end of the row).

An automatic weather station was installed at the vine-
yard and used to record solar radiation (CM-11, Kipp &
Zonen, Delft, the Netherlands), wind speed and direction
(type 05103; R. M. Young, Traverse, MI, USA), air tem-
perature and RH (type HMP 45C; Campbell Scientific,
Inc., Logan, UT, USA). During the experimental periods
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in June and September, ambient T and RH were recorded
close to the sites of the leaf patch clamp pressure probes
using thermistors (Tinytag; RS Components GmbH, Mor-
felden-Walldorf, Germany). Data were collected every
5 min.

Vineyard Gedera

Leaf patch clamp pressure and cell turgor pressure mea-
surements were performed on V. vinifera L. cv. French
Colombard. The grapevines were about 1.7-m tall. Spacing
between the rows was 3.0 m and between the plants,
1.5 m. Each row contained 92 vines (2200 grapevines per
ha). Plants were irrigated once a week from 10:00 h to
15:00 h. The irrigation amount per grapevine was about
50 . The leaf area index of the plants was about 1.1. T
and RH were recorded close to the sites of the leaf patch
clamp pressure probes using Tinytag thermistors. Data
were collected every 5 min.

Vineyard Wiirzburg

Leaf patch clamp pressure probe and pressure bomb mea-
surements were performed on V. vinifera L. cv. Bacchus.
The grapevines were about 1.8-m tall. Spacing between
the rows was 1.6 m and between the plants, 1.35 m. The
plant density was 4600 grapevines per ha. The leaf area
index was about 1.4. T and RH were recorded close to
the sites of the leaf patch clamp pressure probes using
Tinytag thermistors. Data were collected every 5 min.

Leaf patch clamp pressure probe

For patch clamp pressure measurements, a leaf was
positioned in the space between two planar circular
pads, where one of the pads contained a receptacle
(area: 4 x 2.5 mm’, height: 0.8-1.2 mm) for integration
of the pressure sensor chip. The principle of operation
and a probe clamped to a leaf are shown schematically
in Fig. la. The clamp pressure was generated magneti-
cally. The pad containing the sensor chip was made of
nickel and was fixed on a toric magnet (NdFeB, axial
magnetised). The counter pad was made of aluminium
(diameter: 8 mm). A further toric magnet with an
inside thread (type M 4) could be moved along a
threaded rod fixed on the back of the counter pad. The
variation in the distance between the pad and the
movable magnet allows adjustment of the magnetic
force according to requirements (see Fig. 1b). The maxi-
mum force measured by a tensiometer was in the order
of 400600 g.

Two types of pressure sensors were used for recording
the transfer function of the leaf. One was purchased from
Raumedic AG (Helmbrechts, Germany) and the other
from Keller AG (Druckmesstechnik, Winterthur, Switzer-
land). Both sensors are based on an electronic chip strain
gauge coated with a thin silicone membrane. The sensors
were calibrated by pressurisation in a pressure chamber
equipped with an integrated manometer (LEO 1, Keller
AG, Winterthur, Switzerland).

A non-invasive online-monitoring plant-based sensor

Fig. 1. Schematic diagram of the principle of operation of the leaf
patch clamp pressure probe (a) and of a probe clamped on a grape-
vine leaf (b). (1) leaf patch, (2) pad containing the sensor chip, (3)
sensor chip, (4) silicone membrane and (5) counter pad.

Data acquisition

The sensor signals were acquired by the telemetric system
SENBIT (teleBITcom gmbh, Teltow, Germany). The
transmitters read and amplified the analogue signals of
the leaf patch clamp pressure probe. The digitised data
were sent together with the transmitter ID code every
90 s or 5 min via the ISM band of 433 MHz to a RF
receiver unit over a distance of up to 400 m. The receiver
was connected via an RS-232 interface to a personal com-
puter or to a GPRS modem linked to an Internet server
(NTBB Systemtechnik GmbH, Zeuthen, Germany) via
mobile phone network. The telemetric system allowed, in
principle, simultaneous data processing of 32 sensors. Up
to 17 sensor/transmitter units were installed in the vine-
yards for leaf patch clamp pressure recordings.

Pressure chamber

Diurnal changes in the balancing pressure (Py,) values of
irrigated and non-irrigated grapevines were measured in
parallel to online leaf patch clamp pressure measurements
on 2 days in the vineyard at Quiryat-Gat and on 3 days
in the vineyard close to Wiirzburg. The pressure bomb
method is described in detail elsewhere (Scholander et al.
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1965). For the measurements performed at Quiryat-Gat, a
pressure bomb purchased from ARI (Kfar-haruv, Israel)
was used. Measurements on the grapevines located at
Wiirzburg were performed with a home-built device
equipped with a high-resolution digitised manometer
[LEO 1, Keller AG; for details, see Zimmermann et al.
(2007)].

Balancing pressure values were determined on sun-
exposed and shaded leaves. Leaves were sampled nearest
to the site of the leaf patch clamp pressure probe.

Turgor pressure probe

Diurnal changes in cell turgor pressure were recorded
concomitantly with online leaf patch clamp pressure mea-
surements on 2 days in the vineyard at Quiryat-Gat and
at Gedera using the cell turgor pressure probe (Zimmer-
mann et al. 1969). The pressure probe technique is
described in detail elsewhere (Zimmermann et al. 2004).
The probe was inserted from the abaxial side of the leaves
into the parenchymal cells close to the main vein. Leaf
patch clamp pressure probes were clipped to nearby
leaves and to leaves further away, and partly also to leaves
of other branches. Turgor pressure measurements in the
vineyard close to Wiirzburg failed because of tip clogging
of the microcapillary of the pressure probe by abundant
mucopolysaccharides.

Leaf area index

Leaf area of the vines was estimated using a non-destruc-
tive Sunscan canopy analysis system (model SS1-R3-BF3;
Delta-T Devices, Cambridge, UK). The method (‘gap
fraction inversion’) is based on PAR (photosynthetically
active radiation) measurements under the canopy and
parallel reference measurements above canopy (Cohen
et al. 1997). Under each grapevine, 18 radiation measure-
ments were taken (spaced every 20 cm) covering the soil
surface completely under a given grapevine. Detailed
information and instrument calibration is available in
Netzer et al. (2005).

THEORETICAL CONSIDERATIONS

The input pressure seen by the cells of the leaf patch, P;y,,
is only equal to the external clamped pressure, Pejqmp, if
the pressure signal is transferred without loss to the cells.
However, losses usually occur due to the compressibility
and deformability of the silicone surrounding the sensor
chip as well as the compressibility of the cuticle and other
structural elements of the leaf. Therefore, theory shows
that only a fraction of Pjamp is seen by the cells, i.e. the
attenuation factor, F, = Pin/Pamp, is smaller than unity.
F, depends on the individual leaf properties. In the case
of the rigid leaves of vines, F, is c. 0.3 as evidenced by
control experiments (data not shown). F, can be assumed
to be constant if the structural elements are completely
pre-compressed by application of an appropriate Pejamp
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and if Pjamp is kept constant during the following experi-
mental period. Thus the output patch clamp pressure, P,
depends only on the cell transfer function, T¢ (V), where
V is the patch leaf volume. T¢ (V) determines the fraction
of P;, that is sensed by the probe (ie. Pp). T¢ is dimen-
sionless and assumes values between zero and unity:

Pp - Tf(v)'Pin (1)

The function of T¢ on leaf volume, V, is given at con-
stant ambient temperature, T, by Equation (2):

The relative volume change dV/V of the leaf patch is
correlated to the turgor pressure change, 6P, by the aver-
age volumetric elastic modulus, €,, of the tissue beneath
the clamp (Philip 1958).

(o) - ®)
ovV/), V

€, is a very complex parameter and will depend inter alia
on the magnitude of the turgor pressure. For a first
approximation, we assume that g, increases linearly with
P. (support for this assumption is given by Zimmermann

& Steudle 1978; Zimmermann & Hiisken 1980; Wendler
et al. 1983):

g =aP.+b (4)

where a and b are constants for an individual leaf.
Because of the viscoelastic properties of the cell walls, the
magnitude of the constants depends on the duration of
pressure application (Zimmermann & Hiisken 1980). The
constants are relatively large if rapid turgor pressure
changes are induced (e.g. by using the cell turgor pressure
probe), whereas slow turgor pressure changes (e.g.
induced by transpiration) result in small values.
Combining Equations (2)—(4) leads to Equation (5):

ar;  dp,
T o aP.+b

(5)

Equation (5) can be integrated if we assume for a first
approximation that at P. = 0 Ty = 1 and that the internal
osmotic pressure of the cells remains nearly constant
in the range of cell turgescence. After appropriate
re-arrangements Equation (6) is obtained:

1

Tr= (aPCbJr b>; ()

Introducing Equation (6) into Equation (1) yields a
relationship between the parameters P, and Py
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b :
P, = (m) Piy (7)

Equation (7) can experimentally be proved. Inspection
of the equation shows that the output patch clamp pres-
sure, Py, is a power function of the turgor pressure P..
The exponent of the function is equal to or smaller than
unity. If a = 1 and b << P, Equation (7) goes over into
P, = b.P;/P,, i.e. both parameters are directly recipro-
cally coupled with each other. Thus, T; assumes low
values if P. is high and vice versa, a value close to unity if
P. is close to zero. Using appropriate values for a and b
for a given leaf (see below) it can be shown that below
P. = 100 kPa, P, must increase dramatically.

RESULTS
Evaluation of the leaf patch clamp pressure probe

One problem with semiconductor strain gauges is that they
are frequently somewhat sensitive to temperature variations
and tend to change resistance as they age, which, in turn,
affects the attenuation factor F, = P;,/Pamp. Zero drifts
can also occur. For measurements at constant temperature
(e.g. under laboratory conditions or in clinical settings),
this may not be a serious concern (Citerio et al. 2004), but
under field conditions rapid temperature changes of 25 °C
and more were quite common. According to the specifica-
tions of the manufacturer, the silicone-embedded sensors
used here were temperature- and baseline drift-compen-
sated. To prove this, the magnetic clamp probes were sub-
jected to temperature regimes ranging from 10 °C to
35 °C. Measurements were performed in accessible climate
chambers. Probes were only used that exhibited a system-
atic error smaller than 2 kPa. Changes of the leaf patch
clamp pressure induced by temperature-dependent changes

A non-invasive online-monitoring plant-based sensor

of the material properties of the clamp assemblies could
also be excluded. This was verified by cooling, selectively
and temporarily, components of the clamps (except the sili-
cone sensor) using cooling spray. Pressure responses were
only observed if the sensors exhibited relatively large tem-
perature sensitivity.

Leaf movements induced by strong or gusting winds
and/or rain did not affect the contact between the probe
and the leaf surface. Finding of an optimum Py, that
allowed monitoring over the range of leaf turgescence was
performed empirically and depended on the compressibil-
ity and deformability properties of the individual leaves,
which may vary considerably due to age, morphology,
abiotic factors efc. Optimum Pg,m, could easily be
adjusted with the magnetic clamp probe. The P, pres-
sure was considered to be optimal if the output pressure,
P,, ranged between 10 and 25 kPa, after clamping in the
early morning hours, i.e. at full turgescence of the leaf
cells, or between 50 and 70 kPa after clamping around
noon, when turgor pressure assumed minimum values.

Measurements showed that very reproducible results
were obtained when the sensor-containing pad faced the
abaxial side of the leaf. The reason for this was presum-
ably because the abaxial side of the leaves was not covered
by a dust layer or other dirt and its more elastic surface
optimised the uniform contact between the leaf and the
silicone membrane. However, it is important to note that
adaxial clamping yielded similar results, excluding the
possibility that the stomatal density plays a role. Viewing
of the leaf patches under the microscope after removal of
the probes showed that the area beneath the pads were
practically as green as the surrounding leaf tissue. Only
after 3 months of clamping (i.e. after harvest of the
grapevines at the end of September) was the leaf patch a
little lighter in colour (see Fig. 2), indicating that the
chlorophyll concentration had somewhat decreased. Occa-
sionally a very slight impression of the pads on the leaf

Fig. 2. Appearance of a leaf of a grapevine in the vineyard at Gedera, Israel, after removal of a probe clamped for an extremely long period
(about 3 months). Leaves were taken after grape harvest at the end of September. Note that the area beneath the pads was somewhat lighter
[on both the adaxial (a) and abaxial side (b)] than the surrounding leaf tissue, suggesting some decrease in chlorophyll concentration. It is evident
that cells were still turgescent. Necroses or lesions were not observed, even after this long time of clamping. Note further that a decrease in chlo-

rophyll concentration was not observed after about 2 months of clamping.
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Fig. 3. Leaf patch clamp pressure (Pp) recordings on a sun-exposed leaf (area = 41 cm?; a) and on a shaded leaf (area = 61 cm?; b) of a grape-
vine in the ‘lysimeter row" and irrigated daily (Quiryat-Gat, Israel). ¢: The corresponding diurnal changes in ambient temperature (T; black line) and
relative humidity (RH; dotted line) measured in the neighbourhood of the sun-exposed leaf. Measurements were performed between September
20th and 22nd 2007. Note that the shaded leaf was exposed to sunlight between 15:15 h and 16:30 h, resulting in a second peak of the P, val-

ues during afternoon. For further details, see text.

surface was found. Necroses or lesions on the leaves were
never observed.

Clamping of several nearby leaves exposed to the same
local environmental conditions demonstrated that the
clamp pressure, P amp, has no effect on the diurnal pro-
files of the patch clamp pressure, P,. The relative changes
in the P, values in response to changes in environmental
conditions were always completely identical (data not
shown). Similarly, using different-sized pads (from
20 mm® up to an area of 119 mm?) resulted in compara-
ble-shaped diurnal P, curves. Problems only occurred if
the diameter of the circular pads exceeded the spacing
between the leaf veins. This could prevent a uniform con-
tact between the leaf and the pads. Non-uniform contact
resulted in a reduced pressure response of the probe or
even, at high non-uniformity, in a reversal of P, i.e. P,
decreased with increasing transpirational water loss.
Under these conditions, the probe is measuring changes

in leaf thickness rather than turgor pressure-dependent
pressure propagation through the leaf, as demonstrated
by control experiments in which a force sensor with non-
uniform pressure transfer was used (data not shown).
Therefore, throughout the experiments, pads of 20 mm®
area were used that allowed the placing between relatively
small veins of the leaves.

Diurnal leaf patch clamp pressure profiles

Because of nearly constant climate conditions in June and
September 2007, the diurnal changes in the P, values of
grapevines in the vineyard at Quiryat-Gat and irrigated
regularly were very similar. At noon, peak temperatures
of around 37 °C were usually measured. Minimum tem-
peratures of 20 °C or slightly less were recorded at about
04:00 h (EET = Eastern European Time) in the morning.
Conversely, RH dropped down to values of about 20% at
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noon, whereas towards the early morning RH reached
100%, frequently leading to slight drizzle before predawn.
Figure 3 represents P, recordings performed on a grape-
vine in the ‘lysimeter row’ between September 20th and
22nd 2007. This grapevine was located towards the mid-
dle of the row. Figure 3 shows typical diurnal changes in
the P, values of a fully sun-exposed leaf (Fig. 3a; leaf area
about 41 cm?) and of a shaded leaf (Fig. 3b; leaf area
about 61 cm?). The shaded leaf was only exposed to
direct sunlight between 15:15 h and 16:30 h. The corre-
sponding diurnal changes in ambient T and RH measured
in the neighbourhood of the sun-exposed leaf are given
in Fig. 3c. The diurnal profiles of ambient T and RH in
the neighbourhood of the shaded leaf were similar, except
that T around noon was by about 2-3 °C lower than at
the sun-exposed sites. Fig. 3a and b demonstrate that the
diurnal changes in the P, values were very reproducible
over the experimental period. Consistent with the theory
[see Equation (7) above], at noon, when the cell turgor
pressures, P, usually assume minimum values, P, values
peaked, whereas during the night, when P. assumed max-
imum values, the P, values dropped to a minimum. A
close examination of Fig. 3 further shows that the magni-
tude of the P, values of the sun-exposed and shaded
leaves was closely related to the diurnal changes in RH
and T. Temporary changes in ambient RH and T were
reflected in immediate changes in the P, values. Changes
in temperature and RH were more or less closely related
to each other. Thus, it was not possible to unambiguously
separate the effects of these parameters on the P, values.

A non-invasive online-monitoring plant-based sensor

The second peak of the P, values of the shaded leaf,
which occurred regularly in the afternoon, obviously
resulted from the short-term exposure of the leaf and of
the adjacent leaves to sunlight. Direct exposure to sun-
light presumably changed the RH and T close to the leaf
surfaces. Similar results (Fig. 3) were found for other
leaves of regularly irrigated grapevines measured between
June and September 2007.

Figure 4a shows a typical 1-week patch clamp pressure
recording on a grapevine leaf in the vineyard at Quiryat-
Gat after irrigation was stopped on June 19th 2007. The
grapevine was in the middle of the fifth row. The probe
was clamped on a leaf (area about 24 cm?) at the top of
the grapevine. The leaf was fully exposed to sunlight dur-
ing the day. The concomitant online measurements of T
and RH measured close to the site of the leaf patch clamp
pressure probe are given in Fig. 4b. Inspection of the fig-
ure shows that during the night P, assumed a low, nearly
constant value over the entire period of non-irrigation
(June 19th to 24th 2007). Peaking of the P, values always
occurred around noon. Interestingly, peaking of the P,
values (and thus turgor pressure loss) increased concomi-
tantly with the proceeding non-irrigation, but dropped
dramatically upon the onset of irrigation on June 24th.
Irrigation also significantly lowered the P, values during
the night, suggesting improved water uptake and, in turn,
turgescence of the cells. Data collection of recordings of
P, values on other leaves gave the same results, provided
that sun-exposed leaves from the top of the grapevines
were used (data not shown).

P, [kPa]

Irrigation

1 100
180

60

(%) "y

Hf 40

120

19" 20" 21 22"

12 00 12 00 12 00 12 h
23" 24" 25"

1200 12 00 12 00 12 00

26" June 2007

Time (h) (EET)

Fig. 4. Long-term leaf patch clamp pressure, Py, recordings (a) together with the corresponding ambient T (solid line) and RH (dotted line) profiles
(b) performed on a non-irrigated/irrigated grapevine in the vineyard close to Quiryat-Gat, Israel, during June 2007. Measurements were per-
formed on a sun-exposed leaf (area = 24 cm?). Irrigation was stopped at the beginning of the measurements (June 19th, downwardly directed
arrow) and switched on again on June 24th (horizontally directed arrow). Note the effect of irrigation on the peak of the patch clamp pressure
around noon and on the minimum value during the night. For further details, see text. Note that continuous irrigation leads to a permanent

decrease of the peak P, value.
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Fig. 5. Typical patch clamp pressure recordings taken from a 3-month long experiment (a) together with the corresponding ambient T (solid line)
and RH (dotted line) profiles (b) recorded on a grapevine leaf (area = 113 cm?) in the vineyard of Gedera between July 7th and July 27th 2008;
the experiment ended at the end of September). Irrigation is indicated with open columns. Even though the diurnal changes in T and RH were
more variable than during the experiments on grapevines in Quiryat-Gat (Fig. 4), the irrigation effects can clearly be distinguished from microcli-
mate effects on the Py, values. Note that irrigation resulted in an immediate, temporary decrease of the peak P, value at noon.

Figure 5a and b represent typical patch clamp pressure at a height of 1.5 m was clamped. Days were also hot,
recordings together with the ambient T and RH profiles but ambient changes in T and RH during the days and
recorded on a grapevine leaf in the vineyard at Gedera nights were more variable than during the experiments

between July 7th and July 27th 2008. A leaf of the plant on grapevines in Quiryat-Gat. Despite this, it is obvious
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Fig. 6. Three-week leaf patch clamp pressure (P,) recordings (a) together with the corresponding ambient T (solid line) and RH (dotted line) pro-
files (b) performed on a non-irrigated grapevine (leaf area = 121 cm?) in the vineyard close to Wiirzburg, Germany, between August 1st and 20th
2007. Between August 7th and 9th it was very rainy (extremely heavy rainfall on August 8th: 38 | per m?). Note that rainfall had a similar effect
on Py, peaks at noon and on the Py night values during the following days as the onset of irrigation in Figs 4 and 5.
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from the figure that irrigation effects on the P,, values can
clearly be distinguished from microclimate effects. Irriga-
tion on July 7th, 14th, 21st and 23rd led to an immediate
reduction of the peak P, values at noon. In the following
days after irrigation the peak values increased continu-
ously, as observed under the irrigation and climate condi-
tions of Quiryat-Gat (Fig. 4).

Fig. 6 represents typical measurements on grapevines in
the non-irrigated vineyard close to Wiirzburg recorded
between August Ist and 20th 2007 (CET = Central Euro-
pean Time), together with the corresponding T and RH
profiles, as well as rainfall events. As indicated by the
weather data, the days before August 7th were partly
sunny, but were generally very cloudy, whereas the days
between August 7th and August 9th were characterised by
strong rainfall (38 I per m? on August 8th). The following
days were partly cloudy, interrupted only occasionally by
short duration rainfall. During the days of strong rainfall,
the temperature did not exceed 20 °C, whereas the tem-
perature usually reached 30 °C in the preceding and fol-
lowing days. Interestingly, in contrast to the
environmental conditions at Quiryat-Gat and Gedera, RH
dropped down to extremely low values (<10%) at noon,
but usually reached 100% during the early morning.

Before the days of strong rainfall, the P, peaks recorded
at noon increased continuously from day to day, whereas
during the night the P, values assumed a nearly constant
low value. During the rainy days, the P, values remained
at this low level, even during the day. The small changes
in P, values were in the range of accuracy of the sensor.
The onset of significant diurnal changes in P, values
occurred immediately after rainfall stopped. Furthermore,
on the following day the level of P, values during the
night dropped considerably further and remained nearly
constant over the next few days. Similar findings were
measured with other probes, indicating that shifts in
‘night levels’ of P, values were not induced by baseline
drift effects. Rather, the results are consistent with the
findings on grapevines in vineyards at Quiryat-Gat and
Gedera subjected to a non-irrigation/irrigation regime.
Also, similar to the findings on grapevines in the vine-
yards at Quiryat-Gat and Gedera, magnification of the
diurnal changes in P, values demonstrated (not shown)
that changes in T and particularly in RH were immedi-
ately reflected in changes in the magnitude of P, values
before and after the heavy rainfall.

Relationships between patch clamp pressure,
balancing pressure and cell turgor pressure

Figure 7a and b represent diurnal changes in the leaf
patch clamp pressure, P,,, and balancing pressure, Py, val-
ues measured on leaves detached from vines close to
those on which the leaf patch clamp pressure measure-
ments were performed. The balancing pressure experi-
ments in Quiryat-Gat were performed between June 19th
and June 27th 2007 and at Wiirzburg between August st
and August 7th 2007. Results are shown for grapevines at
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Fig. 7. Correlation between balancing pressure values (P,; open cir-
cles) and leaf patch clamp pressures (Py; solid lines). Measurements
were performed on grapevines in the vineyard at Quiryat-Gat (a; probe
was clamped on a leaf of area = 41 cm?) and at Wiirzburg (b; probe
was clamped on a leaf of area = 121 cm?). ¢ Plot of the P, values
against the corresponding P, values; data were taken from (b).
Note that the sigmoid-shaped relationship between the P, and P, values
can be approximated by a straight line up to a balancing pressure of
about 600 kPa (least square method, r = 0.996). For further details,
see text. [New figure added on 26 February 2009, after first online
publication.]

Quiryat-Gat (Fig. 7a) and Wiirzburg (Fig. 7b). It is obvi-
ous that diurnal changes in the P}, values coincided with
diurnal changes in the P, values if the limited accuracy of
the spot measurements of the balancing pressure values is
taken into account. The number of P, data measured on
grapevines at Wiirzburg was large enough to correlate the

Plant Biology 11 (2009) 701-712 © 2009 German Botanical Society and The Royal Botanical Society of the Netherlands 709

78



A non-invasive online-monitoring plant-based sensor

Py, values with the P, values. A cumulative plot of the P,
values against the corresponding Py, values yielded a sig-
moid curve (Fig. 7¢c). Interestingly, up to a balancing
pressure of 600 kPa, the relationship between P, and P,
values was approximated a straight line.

The above theoretical considerations have shown that
the transfer function of a defined leaf area depends only
on turgor pressure if the structural elements do not con-
tribute or constantly contribute to the pressure signal
transfer of the external input pressure to the pressure sen-
sor. In order to prove the theory, parallel measurements
of leaf patch clamp pressure (P,) and cell turgor pressure
(P.) were performed on grapevines of the second row in
the vineyard at Quiryat-Gat that was irrigated daily
(Fig. 8a). For technical reasons, the patch clamp pressure
measurement was performed on the leaf that was closest
to the leaf on which the cell turgor pressure was deter-
mined. Data recorded by the patch clamp pressure probe
and the cell turgor pressure probe are given for Septem-
ber 19th 2007. During the morning hours the leaves were
in the shade; they became sun-exposed around noon. As
indicated in the figure, cell turgor pressure assumed val-
ues of about 500 kPa during the night and dropped to
about 70 kPa around 14:00 h then increased continuously
again during the afternoon (note the reverse scaling of
the P, ordinate in Fig. 8a). The diurnal changes in P, cor-
related surprisingly well with the diurnal changes in P,,.
Interestingly, during the morning hours the drop in tur-
gor pressure lagged by about 20 min behind the corre-
sponding increase in P, The delay in the response of P,
resulted most likely from the distance between the differ-
ent measuring sites on the leaves. After the onset of tran-
spiration, loss of turgor pressure of cells located at the
periphery of the leaves (where P, is measured) will imme-
diately be compensated by water shifting from the xylem
and the cells located close to the main vein (where P is
recorded). Consistent with this explanation, towards the
afternoon, when all cells throughout the leaves exhibit
low turgor pressure, the increase in P. and the decrease
in P, occurred nearly concomitantly. In Fig. 8b the P,
values are plotted against the corresponding P. values
measured during the morning hours (by neglecting the
delayed response of P,). As indicated in the figure, the
data could be fitted quite well to Equation (7), particu-
larly if the limited accuracy of the spot turgor pressure
measurements at low values is taken into account. The
relatively high temperatures measured at this time of day
may also affect the elastic properties of the leaf and thus
the constants a and b in Equation (4). Plots of the P, val-
ues against the corresponding P. data measured during
the afternoon could also be fitted to Equation (7) (data
not shown). A similar dependency of P, on P. was also
obtained if the P values were plotted against P, values
recorded simultaneously on leaves located on the same
branch or on a parallel branch up to 1.5 m away from
the site of the turgor pressure measurements (Fig. 8b),
indicating a hydraulic continuum between the measuring
sites.
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Fig. 8. Online recording of leaf patch clamp pressure, P,, and aver-
age turgor pressure values from 3 to 8-min measurements, P, per-
formed in parallel on a grapevine in the vineyard at Quiryat-Gat, Israel
on September 19th 2007. Plants were irrigated with effluent. The tur-
gor pressure probe was inserted into parenchymal cells located close
to the main vein on the abaxial side of a mostly shaded leaf
(area = 54 cm?). The leaf patch clamp pressure probe was clipped to
the nearest shaded leaf about 2 cm away from the leaf periphery (leaf
area: 129 cm?). a: Diurnal changes in T and RH were similar to those
shown in Fig. 3 (maximum T and minimum RH between 13:00 h and
14:00 h: 34 °C and 45% respectively). Light irradiance measured at
the leaf sites increased from about 13 to 50 pE'm™2:s~' between
05:30 h and 08:30 h; between 09:00 h and 11:40 h light irradiance
was about 100 uE~m’2-s’1 (very cloudy) and increased to about
1600 pE'm~2s™" between 12:00 h and 14:00 h. At this time, the
leaves were in shade (about 80 uE-m~2:s~"). Note that patch clamp
pressure (Pp) and turgor pressure (P.) show opposite, but very similar,
diurnal changes. Note further that, during the morning hours, the
increase in patch clamp pressure was delayed by about 20 min in
comparison to the decrease in turgor pressure. b: Plot of P, values
measured by four leaf patch clamp pressure probes (denoted by
squares, circles, triangles and inverse triangles) against the P. values
measured during the morning hours in (a). Even though the input
pressures were different and the leaves clamped were located up to
1.5 m away on the same and on a parallel branch, respectively, the
dependency of P, on P. could be fitted very well to Equation (7)
(the following values for the input pressure, P;,, and the constants a
and b defined by Equation (4) were used for fitting: squares: 70 kPa,
2.98 and 2.69 kPa; circles: 55 kPa, 3.51 and 2.69 kPa; triangles:
90 kPa, 4.06 and 11.84 kPa; inverse triangles: 95 kPa, 5.23 and
14.01 kPa).

Concomitant measurements of P, and P. on grapevines
in the vineyard at Gedera, which were irrigated once a
week, gave similar results (data not shown).

710 Plant Biology 11 (2009) 701-712 © 2009 German Botanical Society and The Royal Botanical Society of the Netherlands

79



Westhoff, Reuss, Zimmermann et al.

DISCUSSION

As shown here, the leaf patch clamp pressure probe pro-
vides very precise information about the supply of the
leaves with water, independent of the size (i.e. age) of
the leaves and knowledge of the transfer function of the
leaves, which dictates the output patch clamp pressure,
P,. The patch clamp pressure also responded closely to
the wetting and drying of the soil. This was demonstrated
by modulation of the irrigation scheduling in the vine-
yards at Quiryat-Gat and Gedera, Israel (Figs 4 and 5) as
well as by measurements on grapevines in the vineyard at
Wiirzburg, Germany (Fig. 6), where the plants were
exposed to very unsettled weather conditions.

For application of the leaf patch clamp pressure probes
in the field, knowledge of the dependency of the transfer
function on turgor pressure changes (and osmotic pres-
sure changes which will be reflected in corresponding tur-
gor pressure changes) is not required. It is only of
relevance to know that the transfer function assumes
small values at full turgescence and reaches nearly unity
at low turgescence. These boundary values are -easily
found empirically under field conditions, particularly if
the magnetic leaf patch clamp pressure probe is used.
However, introduction of new methods requires calibra-
tion against currently used, physically sound methods,
including the elucidation of their limits. Concomitant leaf
patch clamp pressure and cell turgor pressure measure-
ments have qualitatively demonstrated (Fig. 8) that the
patch clamp pressure is inversely coupled with the turgor
pressure, P, of the leaf cells. The theoretical analysis of
the transfer function of the leaf cells yielded a relationship
between clamp pressure, Piamp, and the attenuated out-
put pressure, Py, which could explain quantitatively the
experimental findings, as demonstrated by the fits of the
curves P, =f (P.) using Equation (7). The equation
shows that the transfer function depends only on the tur-
gor pressure, independent of the selected input pressure
(and clamp pressure). Consistent with this, it was found
that, despite different input pressures, concomitant patch
clamp pressure measurements on various hydraulically
connected leaves yielded relationships between P, and P,
changes that could be fitted to Equation (7) (Fig. 8b).

Thus, theory and experiments show that P, is a mea-
sure of turgor pressure. We can conclude that output
patch clamp pressure values can be converted into turgor
pressure values provided that the probe is calibrated with
the cell turgor pressure probe under leaf clamp condi-
tions. This opens up new avenues to study the effects of
nutrients, pesticides and/or environmental factors on
plant turgescence (and, in turn, on growth) as well as to
unravel pathways of water and solute supply.

The online patch clamp pressure measurements have
also provided insight into the parameters of the leaves
that determine the magnitude of the balancing pressure,
Py, values measured by the Scholander pressure bomb
technique. Provided that a large number of spot measure-
ments of balancing pressure values are available, it can be

A non-invasive online-monitoring plant-based sensor

shown (Fig. 7a and b) that the P}, values roughly reflect
diurnal changes in the P, values and, therefore, in turgor
pressure. Plots of the two parameters against each other
show (Fig. 7c) that a linear relationship between P, and
the Py, values exists up to a balancing pressure value of
600-700 kPa. Taking the dependency between patch
clamp pressure and turgor pressure into account, we can
conclude that the turgor pressure in the leaf cells must be
close to zero at this external pressure value. Therefore,
the further increase of the balancing pressure values, but
not of the patch clamp pressure values, must be taken as
evidence that excessive bomb pressure is required to shift
the remaining water of the turgorless leaf cells to the cut
end of the petiole. In the light of these findings, we can
conclude that interpretation of balancing pressure values
in terms of xylem pressure, as done by several authors
(e.g. Koch et al. 2004), is apparently not correct, even in
the range of turgescence because the probability of cavita-
tion increases with increasing negative pressure, i.e. with
decreasing turgor pressure (Zimmermann et al. 2004).

In summary, in the light of the results presented here,
it is obvious that recordings of leaf patch clamp pressure
can be used for early warning of the onset of water stress.
The leaf patch clamp pressure probe paves the way to an
irrigation on demand regime, both under field and green-
house conditions. Patch clamp pressure recordings are
also useful for basic research on water consumption and
crop growth because they allow us to unravel fundamen-
tal processes and pathways of water and solutes in plants.
Wireless transmission of data provides clear advantages in
control, flexibility and cost.
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Abstract
Background and Aims: Effects of four irrigation treatments on leaf turgor pressure of grapevines were
studied using the novel leaf patch clamp pressure (LPCP) probe. Data were correlated with yield and yield
components.
Methods and Results: The LPCP probe measures leaf water status by monitoring the attenuation of an
external pressure applied magnetically to a leaf patch. The output pressure signals, P, are inversely
correlated with cell turgor pressure. Measurements showed that changes in transpiration and stomatal
conductance induced by environmental parameters were reflected nearly immediately in P,. Ongoing
non-irrigation resulted in a continuous increase of P,, in the occurrence of stomatal oscillations and in an
increased turgor pressure recovery phase during afternoon. Interestingly, analysis of the numerous
diurnal P, data sets showed that east-directed leaves responded more sensitively to water stress than
west-directed leaves.
Conclusions: For the cultivar and conditions used in this study, the probe data as well as the yield data
support irrigation on a 3-day basis with relatively small amounts of water.
Significance of the Study: The results show that the LPCP probe is a user-friendly, high precision
instrument for online-monitoring of leaf turgor pressure in dependency on changes in microclimate and

405

subjected to different irrigation treatments using the leaf patch

3 Abteilung fiir Biophysikalische Chemie, Max-Planck-Institut fiir Biophysik, Max-von-Laue-Str. 3, D-60439 Frankfurt a. M.,

irrigation, thus helping growers to increase yield while simultaneously saving water.

Keywords: grapevine, irrigation, microclimate, pressure probe, turgor pressure

Introduction

Water shortage is an urgent problem in (semi-) arid zones
and has focussed attention on the improvement of
current irrigation treatments. How much water to irrigate
and the optimal time of water application is a complex
decision-making process. Severe under-irrigation stresses
the plant and causes yield reduction (Smith and Griffiths
1993, Battilani and Mannini 2000). Over-irrigation
wastes water, energy and labour (Brennan 2008). Fur-
thermore, it leaches expensive nutrients below the root
zone out of reach of plants, reduces soil aeration and thus
crop yields. Crop quality also depends critically on water
supply. Excessive water increases growth and yield of
grapevines, but can have a negative impact on grape
quality (Moller et al. 2007, Netzer et al. 2009). Monitor-

doi: 10.1111/j.1755-0238.2010.00101.x
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ing of indicators that determine the irrigation need is
therefore crucial. New irrigation programs were intro-
duced in recent years in order to increase yield while
maintaining high quality wines. Irrigation using the
partial root drying method and regulated deficit irrigation
method needs accurate and reliable indicators for moni-
toring plant water status (Bravdo and Naor 1996, Keller
et al. 2008, Intrigliolo and Castel 2009). Measurements of
stem water potential, stomatal conductance, daily varia-
tion in stem diameter, rate of sap flow in the stem and
canopy temperature were reported as putative methods
of controlling irrigation (as reviewed by Cifre et al. 2005;
see also Turner and Long 1980). Plant-based sensing has
several advantages, but a number of practical difficulties
of implementation have prevented the development of
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commercially successful, user-friendly systems so far
(Jones 1990a,b, 2004).

Recently, we have introduced a non-invasive, online-
monitoring, low-cost, plant-based probe (termed leaf
patch clamp pressure (LPCP) probe) for measuring the
pressure transfer function of a clamped leaf patch (Zim-
mermann et al. 2008, Westhoff et al. 2009). The pressure
transfer function is inversely correlated with the turgor
pressure, i.e. at low turgor pressure the attenuation of an
externally applied pressure by the leaf is less (=output
pressure signals are high) than at high turgor pressure
(=output pressure signals are low). Thus, the LPCP probe
is an instrument that allows measurements of relative
changes in leaf turgor pressure or - after calibration
against the cell turgor pressure probe (Zimmermann et al.
2004) - absolute changes in turgor pressure. Recordings
on tall lianas under greenhouse conditions and first mea-
surements on grapevines have evidenced that changes in
turgor pressure in response to environmental changes
and/or watering were reflected in the output patch pres-
sure of the LPCP probe.

In this communication, we have investigated in more
detail the operating convenience, the functional effi-
ciency and the precision of the probes to monitor relative
changes in leaf turgescence on grapevines in dependency
of microclimate and irrigation. The main objective was to
identify wuseful, grapevine-specific, turgor pressure-
related indicators for growers that allow very early detec-
tion of any divergence in leaf water status and that
provide helpful information to a grower to tune or adjust
irrigation according to desired plant water status and
yield. To this end, probe measurements were performed
on grapevines growing in a vineyard in Israel over the
entire vegetation period. The grapevines were subjected
to different irrigation treatments including different
beginnings of irrigation and different amounts of water.
After harvest yield, cluster and berry weight of the grapes
was determined in dependency on the irrigation treat-
ment. Microclimate and irrigation effects were sensed
both on east- and west-oriented leaves by multiple probe
readings in order to resolve possible spatial water stress
effects. Probe data were transferred wirelessly via a
mobile phone network to an Internet server, thus allow-
ing remote real-time evaluation of the effect of irrigation
regimes on leaf water status of the grapevines.

The results demonstrate that LPCP probe measure-
ments yield the essential information for proper irrigation
management and thus for profitable wine production.

Materials and methods

Plants and planting conditions

Measurements were performed on grapevines (for mass
production of wine) between June and September, 2008
in a vineyard located close to Gedera, Israel (N 31°46
24.59”; E 34°44’ 47.22"). The vineyard was irrigated by
drip irrigation. LPCP and turgor pressure measurements,
P, were performed on Vitis vinifera L. cv. French Colom-
bard grafted onto 1103 Paulsen rootstocks. Rows were
aligned from north to south. Vines (about 1.7 m tall) were
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Table 1. Irrigation amounts applied in the vineyard at
Gedera, Israel, in litres per grapevine.

Date E-50 E-100 L-50 L-100
14-04-2008 22 44 - -
21-04-2008 26 52 - -
28-04-2008 29 58 - -
05-05-2008 32 64 - -
12-05-2008 33 66 - -
19-05-2008 37 74 - -
26-05-2008 40 80 - -
03-06-2008 41 82 41 82
09-06-2008 43 86 43 86
19-06-2008 46 92 46 92
24-06-2008 50 100 50 100
30-06-2008 53 106 53 106
07-07-2008 55 110 55 110
14-07-2008 56 112 56 112
21-07-2008 55 110 55 110
23-07-2008 13 26 13 26
28-07-2008 67 134 67 134
04-08-2008 67 134 67 134
11-08-2008 64 128 64 128
18-08-2008 60 120 60 120
25-08-2008 60 120 60 120
01-09-2008 60 120 60 120
06-09-2008 Harvest

08-09-2008 34 68 34 68
22-09-2008 34 68 34 68
Total 1077 2154 858 1716

trained to a vertical shoot positioning trellis system.
Spacing between the rows was 3 m and between the
vines was 1.5 m (2200 grapevines/ha). T and R.H. were
recorded close to the sites of the LPCP probes by using
thermistors (Tinytag; RS Components GmbH, Morfelden-
Walldorf, Germany). Data were taken every 5 min.

Bud break occurred at the end of March and irrigation
usually started about 2 weeks later. In order to determine
the effect of the irrigation amount on yield and to explore
the possibility of saving water (at maintenance of high
yield) by delaying the onset of first irrigation, four irriga-
tion treatments were applied (see Table 1): (Early) Irriga-
tion of part of the rows was started on 14 April when the
length of the shoots was about 40 cm. Four replicates
received the normal amount of water (E-50) while four
other replicates received the double amount of water
(E-100) by passing a second identical drip line along the
row (see Table 1). (Late) Irrigation of plants was started on
3 June when first signs of drought stress (e.g. reduction of
shoot elongation and leaf appearance) were visualised.
Analogous to E irrigation four replicates received the
normal (L-50) and four other ones the double (L-100)
amount of water (see Table 1). Each treatment was
designed in a randomised block distribution with three
rows per replicate and 46 vines per row. Harvest was on
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6 September when the fruit total soluble solids reached
20°Brix.

The above irrigation treatments were scheduled
according to the following equation: K.=0.2609
*LAI + 0.3645 (LAI — lead area index). The equation was
obtained from 7-year trails using drainage lysimeters
(Netzer et al. 2009). LAI was determined monthly (see
below) and K. (crop coefficient) was calculated as follow-
ing: K.= ETJ/ET, (Allen etal. 1998), where ET. is crop-
determined evapotranspiration and ET, is reference
evapotranspiration calculated from regional weather data
according to the American Society of Civil Engineers
Standardized Penman-Monteith equation. The final
amount applied to the treatments was 50% of ET. at the
E-50 and L-50 treatments, and 100% of ET. at the E-100
and L-100 treatments.

LAI

Leaf area of the vines was determined using a non-
destructive Sunscan canopy analysis system (model SS1-
R3-BF3; Delta-T Devices, Cambridge, UK). The method
(‘gap fraction inversion’) is based on photosynthetically
active radiation measurements under the canopy and par-
allel reference measurements above canopy (Cohen et al.
1997). Under each grapevine, 18 radiation measurements
were taken (spaced every 20 cm) covering the soil surface
completely under a given grapevine (for details, see
Netzer et al. 2005).

The leaf patch clamp pressure probe

The magnetic LPCP probe is shown in Figure la. The
principle of the probe is described in detail elsewhere
(Zimmermann et al. 2008). Briefly, the basic idea under-
lying the LPCP probe is that a relatively small patch of a
leaf is used as a sensing element for turgor pressure
changes in the entire leaf. To this end, the stomata in the
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Figure 1. The magnetic leaf patch clamp pressure probe. (a) Pho-
tograph of a probe clamped on a grapevine leaf in the field and (b)
calibration of two probes (open circles and filled squares) by short-
term measurements of cell turgor pressure, P, using the cell turgor
pressure probe (bars =standard deviation; n=23). The different
scaling of the ordinates shows that P..q, and thus the range of the
diurnal changes in P, values of the two probes were quite different.
Despite this, the data could be fitted by Eqn 1 by taking the different
Peamp  values into account (circles:  Peamp=341kPa, a=1,
b= 434 kPa, r?=0.79; squares: Pyam, =189 kPa, a=1, b= 164 kPa,
r2=0.89).
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patch must be closed; simultaneously, the patch must be
in hydraulic contact with its surrounding. This is achieved
by positioning an intact leaf between two planar circular
metal pads integrated into two magnets. The lower pad
contained a receptacle for integration of the pressure
sensor chip. Leaf turgescence is determined by measuring
the pressure transfer function of the leaf patch, i.e. by
measuring the output leaf patch pressure, P, upon appli-
cation of a constantly kept external clamp pressure, Puamy
(up to 250 kPa). Puumy can be varied by changing the
distance between the upper and lower magnet. A detailed
analysis (Zimmermann et al. 2008) has shown that P, is a
power function of the turgor pressure P

b Ya
P, = 'Fa'Pcam (1)
! (aPEHJ o

where a and b are constants. F, is a leaf-specific attenu-
ation factor which takes into account that only a constant
fraction of P, is arriving at the cell level because of
losses due to the compressibility of the silicone of the
sensor chip and of leaf-specific structural elements (e.g.
cuticle and cell walls). In the case of the rigid leaves of the
grapevines F, was c¢. 0.3 as demonstrated by control
experiments (data not shown). The inverse relationship
between P, and P. was verified by concomitant leaf patch
clamp pressure and P. measurements on leaves under in
situ conditions using the cell turgor pressure probe. In
Figure 1b the P, values measured by two probes are
plotted against the corresponding P. values. As indicated
by the figure, Puw, and, in turn, the P, ranges of the
probes were quite different. Despite this, by taking the
different Pu.p values into account, the data points could
be fitted quite well by Eqn 1 down to very low turgor
pressure values (c. 50 kPa).

Control experiments performed in an accessible
climate chamber showed that effects of T on the pressure
reading of the probes could be excluded (<2 kPa between
10 to 35°C). Furthermore, pressure probes mounted in a
non-contact mode close to the leaf surface also showed
only negligible pressure changes over the entire tempera-
ture range under field conditions. Probes clamped to
leaves which were excised after clamping, but kept in the
same surrounding showed (after a transient P, response)
no significant response in the following 24 h. Under both
conditions, the traces were very noisy.

Data acquisition and telemetry

Up to 20 probes were connected to small telemetric
transmitters developed by teleBITcom GmbH (Teltow,
Germany). The battery-powered transmitters read and
amplified the analogue signals of the LPCP probes. The
digitised data were sent together with the transmitter ID
code wirelessly every 5 min via the industrial, scientific
and medical band of 433 MHz to a radio frequency
receiver unit over a distance of more than 100 m. The
receiver was connected via an RS-232 interface to a GPRS
modem. Via a mobile communication network the data
together with time stamps were transferred to an internet
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server at the University Wiirzburg, Germany (NTBB
Systemtechnik GmbH, Zeuthen, Germany) enabling
remote control of the experiments. Electricity was pro-
vided by solar photovoltaic modules.

Turgor pressure probe

Construction and function of the pressure probe has been
described in detail elsewhere (Zimmermann et al. 2004).
The probe was inserted from the abaxial side of the leaves
into the parenchymal cells close to the main vein.

Stomatal conductance measurements

Stomatal conductance was measured using the portable
steady state porometer LI-1600 (Lincoln, Nebraska, USA).
Each data point represents the average value of six mea-
surements on different leaves.

Yield measurements

Total yield and number of clusters of each replicate was
estimated on the basis of the yield of nine central vines
located in the middle row of the replicate. Weight of the
clusters and 100 berry weight was determined from 45
representative clusters taken from each replicate.

Statistical analysis

Average data of the output leaf patch pressure are given
as mean * standard error. Data were analysed by an
unpaired Student’s ¢-test using Origin 6.1 (Microcal Soft-
ware Inc., Northampton, MA, USA). A value of P <0.05
was considered to be statistically significant. The yield and
its components were analysed by determination of the
variance; means were compared with each other accord-
ing to the least significant difference at P <0.05. The
software program JMP IN 5.1 (SAS Institute, Inc., Cary,
NC, USA) was used for these statistical procedures.

Results

The magnitude of Py had no effect on the relative P,
changes in response to changes of environmental factors.
This was proven by clamping of several probes on nearby
leaves exposed to the same microclimate. The relative
diurnal P, changes of all probes were identical (data not
shown). Removal of the probes gave no indications of
lesions. Sometimes very small impressions were seen.
After ¢. 3.5 months clamping the adaxial and abaxial
patches beneath the pads of the probes were somewhat
less green than the surrounding arising from some de-
gradation of chlorophyll. However, the patches were still
turgescent and in hydraulic connection with the other
cells outside the patch as shown by P. measurements. This
conclusion was also supported by the response of P, to
environmental factors and irrigation.

Diurnal P, changes of weekly irrigated grapevines

The LAI of grapevines treated by the irrigation regime
E-100 and L-100 was always slightly higher than the LAI
of the grapevines which received the normal amount of
water (E-50 and L-50). The LAI values measured on 13
July were on average for E-50 and E-100 irrigation plants:
1.03 = 0.07 and 1.23 = 0.14, respectively, and for L-50
and L-100 irrigation plants 0.90 = 0.07 and 1.03 = 0.11,
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Figure 2. Parts of a typical 3-month P, recording on a leaf of a
weekly irrigated grapevine growing in the vineyard at Gedera. (a) 26
June—16 July (b) 23 July—12 August and (c) 19 August-8 September.
The corresponding diurnal changes in ambient T (solid line) and R.H.
(dotted line) are presented in each panel. Irrigation (filled rectangles)
was started in April when the length of the shoot was ¢. 40 cm (E-50
irrigation). The probe was clamped on a west-directed leaf at a height
of 1.5 m. Note that non-irrigation resulted in a continuous increase of
the minimum night P, values and the peak P, values at noon. This
effect was reversible upon irrigation. For further details, see text.

respectively. P, measurements on several leaves per-
formed on irrigated plants yielded predawn and noon
values which were comparable with those measured pre-
viously on grapevines in the vineyard at Kiryat Gat
(Westhoff et al. 2009). The effect of weekly irrigation on
the diurnal changes in P, is shown in Figure 2. The figure
shows parts of a typical 3-month recording on a grapevine
together with the corresponding diurnal changes of T'and
R.H. The plant was subjected to E-50 irrigation. The probe
was clamped on a leaf in a western direction at a height of
1.5m. The amplitude of night and noon P, values
increased continuously with progressing non-irrigation
(Figure 2). T and R.H. effects on P, are superimposed, but
they are much lower than those of non-irrigation. After c.
4 days of non-irrigation P, showed often strong oscilla-
tions between 08:00 h and 14:00 h (data not shown).
Oscillations particularly occurred when R.H. had not
reached 100% in the preceding night. Simultaneously, P.
values as low as 50 kPa were measured by using the cell
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Figure 3. Concomitant
measurements of diurnal

changes in stomatal
conductance (gs) light
irradiation (L/), Py, T, and R.H.
on an east-directed (red line)
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turgor pressure probe. Subsequent 5-h irrigation always
resulted in a drop of the minimum value during the night
and of the P, peak value at noon of the following day in
order to increase then again after 1-2days. The
irrigation/non-irrigation effects on P, peaking at noon
were very reproducible over the entire vegetation period,
particularly from the beginning of July until grape
harvest on 6 September. During this time period, the
weather conditions were quite stable. When irrigation
was switched off after harvest, a steady increase of the
value occurred until leaf wilting (not shown).

The increase of the P, peak value at noon upon non-
irrigation and correspondingly the decrease of this value
upon irrigation were independent of the microclimate in
the neighbourhood of the clamped leaves. An example is
given in Figure 3. P, as well as T, R.H and light irradiation,
(LI) together with stomatal conductance, gs were
recorded on an east-directed (red lines) and a west-
directed (black lines) leaf of two L-50 irrigation plants
1 day before (Figure 3a) and 1 day after (Figure 3b) irri-
gation. As expected in the light of Figure 2, irrigation on
24 June resulted in a decrease of the P, peak at noon both
on the east and west side on the following day, even
though the diurnal changes in 7, R.H and LI at both probe
sites were quite different. On both measuring days, the
maximum and minimum, respectively, values of T, R.H.,
gs and LI (see inset in the upper panel of Figure 3a) were
recorded at ¢. 08:00 h on the east side, but at ¢. 14:00 h on
the west side. Correspondingly, P, of the east-directed leaf
increased faster after sunrise than the P, value of the
west-directed leaf (23 June: APy/Afeassy = 1.05% min™ vs
AP/ Aty = 0.33% min™; 25 June: AP,/Atiuy = 0.89%
min™ vs AP,/Atyesy = 0.27% min™). P, peaking at noon
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occurred earlier on the east side than on the west side (23
June: fieakeasy = 344 MIN VS fpearwesy = 481 min; 25 June:
byeakteasy = 346 MIN VS fyeakwesy = 408 min). Under non-
irrigation conditions the relaxation time of the turgor
pressure recovery phase in the afternoon, 7, of the east-
directed leaf was considerably slower than that of
the west-directed leaf (23 June: Tuy=101min vs
Twes = 86 min). Irrigation significantly decreased 7 both on
the east and west side. One day after irrigation turgor
pressure recovery of the east-directed leaf was somewhat
faster (T.q = 64 min) than that of the west-directed leaf
(Twess = 78 min).

The above data indicate that irrigation significantly
reduce tand the P, peak values at noon, but not AP,/At, and
the time of P, peaking after sunrise which were exclusively
dictated by the microclimate parameters and, in turn, by
stomatal conductance. Comparison of P, data measured on
east- and west-directed leaves of plants subjected to F and
L irrigation treatments confirmed these conclusions (see
Table 2): (i) On average, P, increased on east- and west-
directed leaves at the same time after sunrise. This was
independent of the irrigation regime; (ii) There were indi-
cations (see Table 2) that P, of Eirrigation plants responded
significantly slower after sunrise than plants subjected to L
irrigation (P < 0.05). Furthermore, AP,/At was generally
much larger for leaves in eastern direction than in western
direction (Table 2, P < 0.05). This was independent of the
beginning of irrigation and of the amount of irrigation; (iii)
On average, peaking at noon of east-oriented leaves
occurred much earlier than of west-oriented leaves when
the plants received the double amount of water (P < 0.05).
This was found both for E and L irrigation plants. On
irrigation days, E-50 irrigation plants also showed large
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Table 2. Parameters of the diurnal P, changes measured on weekly irrigated grapevines in the vineyard at Gedera
(average values = standard error of eight probe recordings between 23 June and 18 August, 2008)+.

Parameters Irrigation E (start of irrigation in April) L (start of irrigation in June)
% of ETc
West (n) East (n) West (1) East (n)
tr (min)t 50 4+3 (52) 353 (57) 46 =3 (57) 0 =4 (46)
100 5+6 (24) 47 £2 (53) 28£3 (39) 3+3 (51)
AP/At (%/min)§ 50 0.29 £ 0.01 (56) 0.54 £ 0.03 (54) 0.34 £0.02 (57) 0.67 = 0.05 (46)
100 0.30 £ 0.03 (25) 0.38 £ 0.01 (53) 0.35 £ 0.01 (33) 0.52 £ 0.04 (53)
tpeak (D) 50 473 5 (47) 479 + 8 (47) 427 5 (47) 353 = 15 (38)
100 571 =3 (22) 417 11 (44) 529 =5 (33) 259 + 11 (44)

tNon-irrigation did not significantly affect ¢, and AP,/At. Therefore, the data were pooled. ff, =rise time given in minutes after sunrise. §AP,/At = percentage change
of P, per minute between sunrise and peaking at noon. §t,. = time of P, peaking around noon given in min after sunrise (without consideration of the irrigation

days).

Table 3. The relaxation time, T (min),

of the turgor pressure recovery phase during the afternoon (average

values * standard error of eight probe recordings between 23 June and 18 August, 2008, on grapevines in the vineyard

at Gedera).

Day after irrigation E (start of irrigation in April)

L (start of irrigation in June)

50% 100% 50% 100%
West (n) East (n) West (n) East (n) West (n) East (n) West (n) East (n)
0 78 %3 (9) 876 (9) 59+9 (4 83+7(6) 58%2(9) 92%10(6) 72%4 (5 72+8(7)
1 903 (8) 1145 (8) 71x4 (4 92*4(7) 66%3 (8 97+7(6) 797 (5) 72%7(7)
2 84+3(9) 1073 (9) 616 (4 101x5(8) 76x9(9) 121+12(7) 74%2(7) 76=6 (8)
3 95+6 (8) 113*8(8) 74*7 (4 89*+4(7) 81*5(8) 1269 (6) 90+*13 (6) 80*5 (7)
4 81+6(8) 117*8(8) 79*+8 (4 97+7(7) 81*5(8) 117+12(7) 86*8 (6) 84*9 (7)
5 95+15(7) 113%7 (7) 73%£6 (3) 87%5(6) 84%7(7) 126+7 (6) 91%16(5) 92%9 (7)
6 9Q2+7(6) 122*14(6) 74*2(3) 91*3(6) 966 (6) 133%8(6) 71*9(5 90*6 (6)
Table 4. Yield and yield componentst-.
First irrigation Irrigation Yield No. clusters Cluster Berry
% of ETc (t/ha) per vine weight (g) weight (g)

E (April) 100 27.1° 73.3° 166.9° 1.9°

50 24.4% 68.1° 151.8% 1.7%
L (June) 100 20.4% 60.6% 142.9% 1.5

50 15.7¢ 57.1° 117.8¢ 1.4

+Means within a column followed by different letters are significantly different at P =0.05.

differences in the .. values between west-oriented and
east-oriented leaves (408 = 47 min vs 274 * 37 min,
n=10); and (iv). Consistent with the finding in Figure 2
turgor pressure recovery during the afternoon was greatly
affected by non-irrigation. As indicated in Table 3, 7
increased on average with progressing non-irrigation. The
magnitude of the increase in 7depended on the amount of
irrigation and on the east/west orientation of the leaves.

Yield and yield components
Table 4 shows the effect of various irrigation treatments
on the yield and its components. There was no significant

difference in yield, cluster and berry weight between
treatment E-50 and E-100. A significant increase in yield,
cluster and berry weight was also not observed when
grapevines that were irrigated first on 3 June and
received the double amount of water instead of the
normal one (compare L-50 with L-100). Significant higher
values of yield, cluster and berry weight (but not so
straightforward for the number of clusters per vine) were
achieved when the grapevines were irrigated in early
spring (E-50 > L-50; E-100 > L-100). Interestingly, starting
irrigation in April and applying the normal amount of
water was as effective as starting irrigation in June, when
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applying the double amount of water. Regression analysis
using the least squares method suggested that cluster
weight dictates predominantly the yield and less the
number of clusters per vine and the berry weight (r*

0.75, 0.66 and 0.33, respectively).

Discussion

To date cell turgor pressure could very accurately be
determined by the cell turgor pressure probe (Tomos and
Leigh 1999, Zimmermann et al. 2004, Wang et al. 2006;
see in this context also Shabala 2006). However, the
disadvantage of this technique is the high susceptibility to
leaf movement. Therefore, measurements are restricted
only to a few minutes under field conditions. As demon-
strated here, relative changes in turgor pressure can be
monitored with high sensitivity and robustness by deter-
mination of the pressure transfer function of the leaves.
Theory and experiments performed here and previously
(Zimmermann et al. 2008) have shown that the transfer
function is inversely correlated with turgor pressure pro-
vided that a constant external pressure is applied and
maintained during the measurements (Figure 1b). The
pressure transfer function depends on the compressibility
and thus the turgescence of the leaf tissue. An optimal
value is easily found if the magnetic-based probe is used
because these probes are user-friendly. The clamp pres-
sure can be adjusted by simply changing the distance
between the two magnets on the leaf. The finding of an
optimal clamp pressure by using a spring (Zimmermann
et al. 2008) is much more difficult and requires long-term
experience because manipulations of the spring force
after clamping frequently resulted in a displacement of
the probe. A further disadvantage of spring-based probes
have is that they can only be clamped at the leaf margins,
which is unfavourable if the leaves are large. Problems
with small-sized leaves are their relatively high weight (c.
9 g) which drags the leaf down into an interfered posi-
tion. Moreover, when the leaves are exposed to strong
wind, clamped leaves can break off. Probes made of (mag-
netic) metal dissipate heat much faster than probes made
of plastic, thus temperature effects on the sensor or on the
leaf patch are excluded (see further above). On the other
hand, spring-based probes can be used under laboratory
conditions and have the additional advantage that mea-
surements can be combined with non-invasive nuclear
magnetic resonance imaging methods simultaneously
allowing determination of the dynamics of water shifting
and flow in plants (Kuchenbrod etal. 1998, Kdcken-
berger 2001).

The data reported here show that magnetic-based
probes meet the demands for long-term measurements in
the field. They are lightweight (c. 6 g). The leaf patches
did not show any lesions, even after 3 months of clamp-
ing. The area of the pads of the probes was obviously kept
small enough in order to avoid tissue damage. Further-
more, rapid leaf movements induced by wind and curling
upon water stress did not lead to an interruption of P,
recordings over a measuring period of more than
3 months.

© 2010 Australian Society of Viticulture and Oenology Inc.

Non-invasive online-monitoring of turgor pressure 411

The data have evidenced that the probes sensed
almost instantaneously changes in turgor pressure
induced by changes of temperature, relative humidity
and/or irradiation at high resolution while simulta-
neously not masking effects of water stress. Ongoing
water stress was manifested in the continuous increase of
the night P, and particularly of the peak P, values at noon
and in an increase of the relaxation time of the turgor
pressure recovery process in the afternoon. The effects
could be reversed by irrigation and correlated well with
stomatal conductance measurements.

The above data allow several conclusions. Water
stress symptoms (such as rapid increase of P, in the
morning, increase in P, peaking and slowdown of P,
relaxation in the afternoon with ongoing non-irrigation)
became frequently manifested first in leaves on the east
side. Thus, these leaves should be the preferential sites in
future for monitoring water stress by using the LPCP
probes. The data evidenced further that application of a
double amount of water allayed the turgor pressure loss
during the day and accelerated the turgor pressure
recovery during the afternoon to some extent. However,
watering with double the amount of water had, appar-
ently, no significant effect on the yield and the yield’s
components (Table 4). Yield, cluster and berry weight
were only significantly increased when irrigation was
started in April (E) instead of June (L). The economic
return of the improved productivity is, however, debat-
able if the total consumption of water per plant is
considered.

A possible reason for the finding that excessive
watering had no significant effect on the yield was the
low turgor pressure at noon (particularly during the hot
months of July and August 2008). The amplitude of the
P, peaking recorded after 6 days of non-irrigation
showed that the turgor pressure was c. 50 kPa, i.e. close
to zero turgor pressure. Grapevines responded to the
severe water stress by the occurrence of oscillations in
stomatal conductance and thus in P, and P. (data not
shown). These were observed quite regularly after c.
4 days of non-irrigation (independent of the applied
amount of water and of the beginning of irrigation).
Oscillations of stomatal aperture reduce CO, assimilation
and may be therefore compromising for growth and
yield. This has to be proven in future. In any case, the
data presented here suggest that for the cultivar and
conditions used here, grapevines should be irrigated
twice a week by applying the same normal amount of
water to the plant as by weekly irrigation. This is cor-
roborated by the dramatic increase of the noon P, values
(by ¢. 40%) and of the relaxation time of the turgor
pressure recovery in the afternoon (by c¢. 25%) after
3-4 days. The setting of thresholds depends on the
product quality and yield. As mentioned above, main-
taining a certain level of stress (mainly in red vine cul-
tivars) can be very beneficial in grapevine cultivation as
it frequently stimulates optimal quality parameters
without significantly compromising yield (Moller et al.
2007; see also in this context Stevens et al. 1995, 2008,
Stevens and Walker 2002).
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Conclusions

In the light of the results obtained here by online moni-
toring of turgor pressure of grapevines over the entire
vegetation period using the magnetic clamp probe, it
seems that the irrigation treatments used by the growers
were not optimal. Given the special climate conditions in
Israel, it is suggested that grapevines are irrigated twice a
week by applying the same amount of water to the plant
as by weekly irrigation. Furthermore, the results have
shown that leaf water status should be measured on east-
directed leaves because water stress is manifested in these
leaves more clearly than in west-directed leaves. Indica-
tors for unfavourable water supply are the steady increase
of the peak value of the output pressure at noon and the
increase of the time constant of the turgor pressure recov-
ery phase in the afternoon, as well as the occurrence of
oscillations after a few days of non-irrigation. In general,
the measurements show that LPCP probe measurements
allow the creation of a unique irrigation database for each
vineyard, enabling the grower to reproduce, to a large
extent, the desired yield and quality even under different
climate conditions.
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5. Discussion and Conclusions

Vine irrigation in areas of limited water supply

Water scarcity is a major issue in the world, particularly in arid regions. Climate changes
affect both the amount of precipitation and the pattern of its annual distribution. The
impact of the water used to irrigate agricultural crops is far more wide reaching than
simply its effects on plant vegetative and reproductive performance. Sustainable use of
land must consider the ecological effects of irrigation on the chemical and physical
properties of soils, while taking into account the long-term effects on the quality of
groundwater and soil structure.

This research investigated the major aspects of irrigation of intensively cultivated
vineyards under the semi-arid conditions that are typical of the Mediterranean region.
Under these conditions, irrigation is necessary for profitable commercial grapevine
production. The conclusions derived from this work may serve as useful and applicable
tools for the development of irrigation programs for table-grape and wine-grape
vineyards.

Scheduling irrigation based only on the percentage of estimated evapotranspiration
without taking into account the different phenological stages of the vine at different
points in the season can lead to the wasting of water during certain parts of the season
and to a certain degree of drought stress at other times.

Many works that have examined the effects of irrigation on grapevines have been based
on calculations of evapotranspiration obtained from meteorological measurements. The
questions that arise from these measurements are: Is this method appropriate for irrigation
of deciduous plants, such as vines? Does this method take into account phenological
changes?

It is apparent that irrigation at constant rates based on meteorologically derived
evapotranspiration data may be appropriate for a crop whose canopy dimensions remain
relatively constant throughout the growing season. The use of such a method is more
appropriate for wine grapes than table grapes, because the canopy of wine grapes is kept
constant, by mechanical means, over the course of the growing season. In addition,
during the early growth stages, which are characterized by rapid shoot elongation,

irrigation has not yet started or is applied only for technical purposes such as the
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application of fertilizers. The absence of irrigation during this period forces the plant to
rely on water reserves from winter rains. This practice integrates well with the regulated
deficient irrigation method.

On the other hand, irrigation practices for table grapes must take into consideration
vegetative activity, i.e., the dynamic of canopy dimensions that greatly determine the
plant's transpiration activity. This approach must take in account the fact that the canopy
itself is influenced by water availability, nutrient levels and biotic and abiotic stresses.
Over the past few years, there have been developments in techniques for measuring the
size of the canopy. These new practices are particularly intriguing because they are not
destructive (Cohen et al., 1997; Wilhelm et al., 2000) and some are operated via remote
sensing (Gonsamo, 2010; Stamatiadis et al., 2010). Ben-Asher et al. (2006), Grantz and
Williams (1993), Johnson et al. (2006) and others have reported on the performance of
these measurement techniques in vineyard canopies. In the past, indirect canopy
measurements were not available and, therefore, research methods relied on weighing the
mass of pruned branches as an alternative method of estimating canopy size.

In the present study, vine water consumption was measured using drainage lysimeters.
The choice of less costly lysimeters allowed for the use of a total of 13 measuring
instruments. The following are concerns raised by the use of these lysimeters: How
effectively do these lysimeters represent the water use needs of vines? In what ways do
isolated lysimeter-grown vines represent plants growing in the vineyard? What are the
effects of a restricted root zone on the plant? Are there problems with aeration of the
growth medium in the lysimeters?

In the present study, it appears that the canopies of vines that were planted in the
lysimeters were a maximum of 20% larger than vines in the nearby vineyard that received
the smallest irrigation volumes. Gas exchange and water potential measurements showed
that the vines in the lysimeters did not suffer from aeration stress, as indicated by their
higher stomatal conductance and lower (less negative) leaf and stem water potential
values, as compared to field-grown vines. Although the lysimeter vines had a larger
canopy, the obtained lysimeter data provides us with a better understanding of the overall

annual pattern of evapotranspiration.
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The current study is unique because of the operational connection between the lysimeter-
and field-grown vines. Use of the lysimeters together with meteorological data and
canopy measurements allowed for the establishment of relationships between ET., ET,,
Kcand LALI. Similar work performed in California used one weighing lysimeter planted
with cv. Thompson Seedless and the total water consumption reported in that study was
almost identical to that reported in our own study (Williams et al., 2003b).

More recent publications have focused on table grape performance in the field, while
irrigation amounts was based on lysimeter data (Williams et al., 2009; Williams et al.,
2010). In these studies, yield increased linearly as a function of the amount of water
supplied. In other studies, similar trends of a linear yield increase as function of amount
of water supplied were reported (Van Rooyen et al., 1980; Saldn et al., 2005; Marsal et
al. 2008). Williams et al. (2010) reported a linear increase until 0.6 or 0.8 of ET. Beyond
those values, yields level off and start to decrease due to excessive water in the soil and
decreased soil aeration.

The innovation of the present work is its ability to quantify both the biotic (i.e., canopy)
and abiotic (i.e., climate conditions) factors that together contribute to "maximal vine
water consumption”. The fact that we examined the long-term application of irrigation
treatments and their effects on yield and yield quality make these findings particularly
applicable for growers and researchers developing irrigation programs.

Use of treated waste water (TWW) in vineyards

In recent years, we have witnessed an increase in the use of TWW as a consequence of
the need to disperse wastewater and conserve freshwater (Aharoni and Cikurel, 2006;
Fuchs, 2007). The use of TWW requires a different approach to irrigation practices: new
methods and devices, as well as changes in irrigation intervals, fertilization and water-
soil-plant quality control. The quality of irrigation water has a direct influence on the
quality of agricultural products. The quality of TWW is usually lower than that of
freshwater. The source of the water used for irrigation influences the composition and
concentration of dissolved salts in the crop and soil. Low or excessive salt contents can
harm the quality and quantity of agricultural yields, in addition to affecting soil
properties. When salts are dissolved in water, positively charged ions (cations) and
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negatively charged ions (anions) are formed. The particular cations of interest are
calcium (Ca?"), magnesium (Mg”*) and sodium (Na*) and the anions of interest are
chloride (CI), sulfate (SO,*) and bicarbonate (HCOs). Additional ions that are found in
lower concentrations include potassium (K*), nitrate (NO3’) and, in some cases, boron (B)
ions. In all types of soils, the soil solution contains salts, some of which are nutritional
elements essential for proper plant growth. Negative effects on plants include the osmotic
effects that inhibit plant water absorbance as well as specific ion toxicity, such as that
presented by chloride, sodium and boron. Trees growing under saline conditions tend to
accumulate salts and show visual symptoms such as leaf burn, chlorosis, early leaf
senescence and defoliation. Continuous exposure of clay soils to irrigation with TWW or
saline water with high SAR values leads to the gradual replacement of adsorbed calcium
by sodium, causing an increase in soil sodicity, which may indirectly affect plant
performance.

Potential risks of a large range of elements were monitored in this study. Even though
salinity levels in the TWW we used were moderate (1.83 and 2 dS m™ in TWW and
TWW-+F, respectively), the effects of salinity, particularly sodium ions, on both plant and
soil properties were pronounced.

This study found that prolonged TWW irrigation leads to the following:

1. Sodium accumulation and elevated SAR values in the soil in relation to the
amount of water applied and as factor of the amount of winter precipitation.

2. Elevated amounts of daily irrigation (80% of ET.) can not be considered as
leaching fractions. On the contrary, elevated amounts increase soil sodicity.

3. Sodium gradually accumulates in vine leaves and wood. Sodium concentrations
were higher in the xylem sap of the TWW:-irrigated treatments.

4, Sodium and chloride concentrations in xylem wood can serve as a good index of

accumulated salinity in perennial tissues.

As discussed previously, grapevines are defined as moderately salt-tolerant (Downton,
1977a,b; Maas and Hoffman, 1977; Maas, 1990; Garcia and Charbaji, 1993; Francois and
Mass, 1994) and the damage observed under saline conditions is primilarly caused by
chloride ions (Ehling, 1960; Williams and Matthews, 1990; Walker, 1994). In a previous
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studies, tissue salt content increased significantly with increasing salinity of irrigation
water and chloride concentrations were always higher than sodium concentrations
(Fisarakis et al., 2001). In leaf petioles, chloride concentrations above 10,000 or 15,000
mg kg DW are considered toxic, while sodium concentrations of 5,000 mg kg™ DW or
more are considered toxic (Nagarajah, 1992; Prior et al., 1992; Reuter and Robinson,
1997). The findings of this study do not correspond with previously reported conclusions,
in that we found that sodium (and not chloride) content was the most accumulated
hazardous ion in vine tissues.

The soil in this trial was relatively high in clay (30% sand, 28% silt, and 42% clay) and
most of the chloride (80-95% at 0-30 cm soil depth) was leached during winter
precipitation (372 mm season™), while the sodium was leached to a lesser extent (41-66%
at 0-30 cm soil depth). Soil moisture levels remained high because of the daily irrigation
with relative large amounts of water (minimal irrigation at 40% of ET,. equal to 400mm
season™). Continuous exposure to irrigation with moderately saline TWW with high SAR
values led to the gradual replacement of absorbed calcium by sodium ions, causing an
increase in soil sodicity. It is possible that the constant irrigation and low soil evaporation
(more than 90% of soil surface was shaded by the canopy) did not allow for chloride
concentrations to reach toxic levels. We assume that those conditions along with the
moderate chloride concentrations in the TWW (~ 300 mg I™%) were not sufficient to cause
vine chloride toxicity and that any chloride remaining in the soil was efficiently leached

during winter rains.

Development of physiological tools for optimal irrigation

The most common agricultural tool for supporting irrigation management decisions is the
tensiometer. It is a rather cheap device whose use requires only basic operational skills.
In order to evaluate the status of all wetting zones, a set of three devices at three depths is
usually installed. Some of the concerns regarding the usage of these devices are: How
effectively does one device represent the water availability of the entire vineyard? How
many devices should be installed? How should we interpret contradicting information
from different devices in the same field? And, how effectively does the soil-based

information represents plant water status?

95



Tensiometers are widely used in table-grape vineyards, which are usually irrigated daily
with relatively large amounts of water. In wine-grape vineyards, a deficient irrigation
method is generally applied, with wider irrigation intervals and consequently much
higher water tension values. These conditions rule out the use of tensiometers for most of
the growing season of wine grapes.

Over the last decade, we have witnessed a strong trend of using diminished amounts of
water in Israeli vineyards. This trend was initiated by the wine industry in order to
improve wine quality. As a consequence of this trend, leaf drying and berry shrinkage has
been observed, along with mature vines that have developed poor hydraulic systems. This
phenomenon has challenged the deficient irrigation practice and questioned its
sustainability.

Physiologically based tools for irrigation of wine grapes are used to maintain certain level
of stress while attempting to avoid excessive or deficient irrigation. Cifre et al. (2005)
reviewed several physiological tools for irrigation scheduling in grapevines, including
sap flow sensor meters (Eastham and Gray, 1998; Ginster et al., 1998; Braun and Schmid,
1999; Fernandez et al., 2001), linear transducers of displacement (Fereres et al., 1999;
Moriana et al., 2000), infrared thermometry, canopy reflectance indices and chlorophyll
fluorescence indices.

It is known that low water availability decreases stomatal conductance (gs) and worsens
leaf water potential. The pressure chamber (Scholander et al., 1965) is a useful tool that
provides a reliable method for determining the water status of vines (Choné et al., 2001;
Olivo et al., 2009). Pressure chamber measurements can provide values of pre-dawn leaf
water potential, daily leaf water potential and stem water potential. Daily stem water
potential is influenced by whole plant transpiration and root/soil hydraulic conductivity.
The disadvantages of the pressure chamber measurements are the fact that it is
destructive as well as labor intensive and time consuming and the fact that information is
sometimes collected after the plant has already been exposed to stress. In some cases,
researchers have irrigated according to certain stem water potential values and decreased
or increased irrigation based on data obtained by pressure chamber measurements.

In this study, we examined the leaf patch clamp pressure probe (LPCP), a novel

physiological tool for monitoring of the water relations of table grape and wine grape
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leaves. This probe was developed by a Prof. U. Zimmerman of the University of
Wurtzburg in Germany. The LPCP was tested as a tool for scheduling irrigation in crops
for the first time in the vineyard in Lachish, in collaboration with our laboratory. As a
result of our input, the measuring system was improved substantially and a protocol for
its use a tool for scheduling irrigation based on continous undistractive measurement of
turgor pressure was developed. The probe measures the attenuated output patch clamp
pressure of a clamped leaf in response to an external magnetic applied input pressure.
The measured pressure is inversely correlated with leaf turgor pressure.

There are two components of plant water potential: turgor pressure (also called turgidity)
and osmotic potential. Turgor pressure is defined as the force exerted outward on a plant
cell wall by the water inside the cell vacuole. In water potential terms, turgor is expressed
as the pressure component (‘Fp) that gives the plant its rigidity, which keeps it erect. This
is especially important in young tissues.

Our measurements showed that changes in transpiration and stomatal conductance were
induced by environmental parameters and were reflected in probe readings nearly
immediately. The advantages of the LPCP are its ability to track online water potential
changes simultaneously at several probes attached to leaves that are dispersed throughout
the field. Ongoing stress (as sometimes occurs during long intervals between irrigation
applications) resulted in a pattern of oscillations that indicate a progression of stomatal
patchiness. Further work has to be done in order to set irrigation thresholds and build the
appropriate algorithm so that the LPCP can be used to automatically control irrigation

and not onIy to measure current turgor status.
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