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Abstract It is widely believed that partial root
drying (PRD) reduces water losses by transpiration
without affecting yield. However, experimental work
carried out to date does not always support this
hypothesis. In many cases a PRD treatment has been
compared to a full irrigated treatment, so doubt re-
mains on whether the observed benefits correspond to
the switching of irrigation or just to PRD being a
deficit irrigation treatment. In addition, not always a
PRD treatment has been found advantageous as
compared to a companion regulated deficit irrigation
(RDI) treatment. In this work we have compared the
response of mature ‘Manzanilla’ olive trees to a PRD
and an RDI treatment in which about 50% of the crop
evapotranspiration (ET.) was supplied daily by
localised irrigation. We alternated irrigation in the
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PRD treatment every 2 weeks in 2003 and every
3 weeks in 2004. Measurements of stem water
potential (W), stomatal conductance (g;) and net
CO, assimilation rate (A) were made in trees of both
treatments, as well as in trees irrigated to 100% of
ET. (Control trees) and in Rain-fed trees. Sap flow
was also measured in different conductive organs of
trees under both PRD and RDI treatments, to evaluate
the influence of alternating irrigation on root water
uptake and tree water consumption. We found small
and random differences in W, gs and A, which gave
no evidence of PRD causing a positive effect on the
olive tree performance, as compared to RDI. Stomatal
conductance decreased in PRD trees as compared to
Control trees, but a similar decrease in g; was also
recorded in the RDI trees. Sap flow measurements,
which reflected water use throughout the irrigation
period, also showed no evidence of g being more
reduced in PRD than in RDI trees. Daily water con-
sumption was also similar in the trees of the deficit
irrigation treatments, for most days, throughout the
irrigation period. Alternating irrigation in PRD trees
did not cause a change in either water taken up by
main roots at each side of the trees, or in the sap flow
of both trunk locations and main branches of each
side. Results from this work, and from previous work
conducted in this orchard, suggest that transpiration is
restricted in trees under deficit irrigation, in which
roots are left in drying soil when water is applied by
localised irrigation, and that there is no need to
alternate irrigation for achieving this effect.
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Introduction

The response of the olive tree to reduced irrigation is
well known. Different deficit irrigation strategies
applied to olive orchards have been evaluated, from
the supplementary (Abdel-Rahman and El-Sharkawi
1974) and complementary irrigation (Lavee et al.
1990; Pastor and Orgaz 1994) to what Chalmers et al.
(1986) named as regulated deficit irrigation, RDI
(Goldhamer 1999; Girona 2001). Most deficit irriga-
tion strategies in olive orchards use RDI to apply
irrigation water when the tree is least tolerant of
water stress. However, RDI techniques have been
increasingly perfected and used in parallel with the
increased knowledge on crop water response at dif-
ferent physiological and phenological stages. Nowa-
days the RDI approach is widely accepted for
supplying water to many fruit tree species (Fereres
et al. 2003). In olive, Motilva et al. (2000) studied the
effect of RDI strategies on oil yield and oil compo-
sition of ‘Arbequina’ olive trees. There are also a
variety of papers showing the response of different
varieties to other deficit irrigation strategies, such as
those by Fernandez et al. (1997), Moriana et al.
(2003), d’Andria et al. (2004) and Tognetti et al.
(2004, 2005).

Another deficit irrigation technique that has also
become common in recent years is partial root
drying, PRD (Dry et al. 1996). With this technique
half of the rootzone is kept under dry soil, by
alternating irrigation from one half to the other
every 2-3 weeks. In many species, when exposing a
part of the rootzone to soil drying a root-to-shoot
signalling mechanism is triggered, which induces
partial stomata closure. This reduces water loss by
transpiration, which increases the water use effi-
ciency (Dry et al. 1996, 2001; Stikic et al. 2003).
The nature of the signals is complex. Most pub-
lished work refers to chemical signals (Gowing
et al. 1990; Davies et al. 2001; Sobeih et al. 2004),
some to hydraulic signals (Yao et al. 2001), and
some to the interaction of both of them (Tardieu and
Davies 1992, 1993; Augé and Moore 2002). The
PRD technique has been tested in many species,
including both herbaceous (Davies et al. 2000; Yao
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et al. 2001; Stikic et al. 2003; Kirda et al. 2004,
Wakrim et al. 2005) and woody crops.

Most PRD in woody crops has been on grapevine,
which seems to be a species that responds well to this
deficit irrigation strategy. Dry et al. (1996) report
PRD reduced shoot growth but not fruit yield, while
the fruit quality was improved. Dry and Loveys
(1999) used PRD in two different grape cultivars
growing in split-root containers. They observed a
reduction in shoot growth and stomatal conductance.
Additional studies in containers-grown and field-
grown grapevines have also been published (Dry
et al. 2000a, b, 2001; Loveys et al. 2000; Stoll et al.
2000). Recently dos Santos et al. (2003) and de Souza
et al. (2003, 2005) have provided more information
on the effect of PRD on field-grown grapevines.
Their results support the hypothesis that PRD
decreases stomatal conductance without reducing
carbon assimilation, which increases water use effi-
ciency. They concluded, however, that the differ-
ences between their PRD and other deficit irrigation
treatments were subtle, and that further research with
different varieties and weather conditions is required
before recommending the use of PRD in commercial
vineyards. In a recent review on the effect of soil
water status on grapevines, Cifre et al. (2005) also
point out the need for more research before con-
firming the usefulness of PRD at the agronomic level.

Concerning fruit tree species, the PRD approach
has been tested, to our knowledge, in pear, peach
and olive. Kang et al. (2002, 2003a, b) observed
positive effects after applying PRD to pear trees,
as compared to a fully irrigated treatment, but
they did not have an RDI treatment comparison.
Goldhamer et al. (2002) compared PRD with RDI
in young peach trees. They found no differences
between treatments, except for a slightly less neg-
ative early morning stem water potential measured
in PRD trees at the end of stage 2. They concluded
that ‘‘more information is needed to elucidate root
signal mechanism and if any, identify opportunities
for exploring them to improve fruit tree culture’’.
More recently, Wahbi et al. (2005) and Centritto
et al. (2005) published the only pieces of work we
have found on PRD applied to the olive tree. They
used the same orchard, with ‘Picholine marocaine’
olive trees. Centritto et al. (2005) found, in a
PRD treatment in which 50% of the crop water
evapotranspiration (ET.) was applied, a significant
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decrease in time-course leaf water potential,
although leaf relative water content and photosyn-
thetic capacity were similar to that of the control
plants irrigated in both sides to 100% of ET..
Wahbi et al. (2005) found, for the same conditions,
a PRD-induced yield reduction of 15-20% only,
and no reduction on yield quality. Unfortunately, as
pointed out by these authors in their conclusions,
they did not have a companion RDI treatment, so
once again we do not know whether similar ben-
efits could have been obtained with RDI. To clarify
whether PRD has any advantage on RDI is
important for orchardists, since PRD implies the
use of double tubing, making the irrigation system
more expensive and difficult to manage than that
required for RDI.

The aim of this work was to compare the
response of mature ‘Manzanilla’ olive trees to two
deficit irrigation treatments in which about half of
the crop water needs were supplied daily by
localised irrigation. In one treatment we used the
PRD approach, and in the other the RDI one.
Measurements of stem water potential, stomatal
conductance and net CQO, assimilation rate were
made in trees of both treatments, as well as in trees
both under dry farming conditions and irrigation to
replace 100% of the crop water needs. Sap flow
measurements were also made in different con-
ductive organs of the two deficit irrigation treat-
ments, to evaluate the influence of alternating
irrigation on root water uptake and tree water
consumption.

Materials and methods
Orchard characteristics

The experiments were conducted during 2003 and
2004, in an 0.5 ha olive orchard at La Hampa, an
experimental farm of the Spanish Research Council
(CSIC) 15 km South of Seville, in southwest Spain
(37°17" N, 6°3" W, elevation 30 m). The trees
(Olea europaea ‘Manzanilla de Sevilla’, from now
on ‘Manzanilla’), planted at 7 m X 5 m, were
35 years old in 2003. They have a single trunk and
two main branches from 0.7 to 1.5 m above
ground. The canopies, of spherical shape and a
diameter of about 4.5 m, are usually open at the

top, due to the type of pruning applied in the area.
The trees were pruned every year, reaching a
maximum leaf area index of about 1.7 at the end of
the growing season. The ground cover was about
34% throughout the experiments. The rest of
management practices also align with those rec-
ommended for the area. Trees of the irrigated part
of the orchard were well adapted to localised irri-
gation from the beginning of the experiment
(Palomo et al. 2002). During the dry season the soil
was left free of weeds using herbicide.

The slope of the orchard ranges from 3% to
6%. The soil is a sandy loam (Xerochrept) with
depth ranging from 0.9 to 2 m. Below this a hard
limy sandstone pan impedes root and water pene-
tration. The texture is quite homogeneous with
depth, with average values from the surface to the
pan of 14.8% clay, 7.0% silt, 4.7% fine sand and
73.5% coarse sand. Laboratory measurements
showed that the volumetric soil water content (0,
m® m™) is 0.33 m® m™ for a soil matric potential
of 0 MPa, and 0.10 m’ m™ for —1.5 MPa. Field
values of 0 close to the drippers a few hours after
irrigation were rarely greater than 0.20 m®>m™.
The climate of the area is typically Mediterranean,
with a mild, wet season from October to April, and
being hot and dry from May to September. The
average rainfall and evapotranspiration values for
the period 1971-2004 are 501 mm and 1445 mm,
respectively.

Irrigation treatments

The orchard was divided into four plots of similar
size, each receiving a different water treatment. In
treatment 1 (Control) trees were irrigated daily for the
whole season, from May to October. Enough water to
replace ET. was supplied with a single pipe per row
with five 3 1 h™" drippers per tree, 1 m apart. The
following equation was used to calculate ET.:

ETc = K¢ Kr ETo, (1)

where the coefficient related to the percentage of
ground covered by the crop (K;) was determined after
Fereres and Castel (1981), resulting a value of 0.7 for
the ground cover in the orchard; ET,, is the reference
evapotranspiration calculated with the FAOS56
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Fig. 1 Irrigation amounts (IA) supplied to the olive trees of the
three irrigated treatments (see text for details) during the
irrigation season of 2003. The numbers at the right end of
the lines indicate the total amount of water supplied to each
treatment (mm), and the total reference (ET,, mm) and crop
evapotranspiration (ET., mm) for the measurement period. The

Penman—Monteith equation (Allen et al. 1998).
Meteorological data was collected from a site next to
the orchard (see below). We calculated ET, every
week, based on the meteorological data of the pre-
vious week, and adjusted the daily irrigation doses of
each irrigation treatment accordingly. The values of
the crop coefficient (K.) were determined in previous
years for the orchard conditions, resulting 0.76 in
May, 0.70 in June, 0.63 in July and August, 0.72 in
September and 0.77 in October. In a previous paper
(Fernandez and Moreno 1999) we give lower K.
values for the same orchard; this is because those
values were calculated for the case of ET,
being determined by the FAO-Penman equation
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precipitation (P) amounts are shown in the central graph. The top
graph shows the daily evolutions of ET, and ET.. The values of
ET, were calculated from the records of the meteorological
station in the farm and the FAO56 Penman—Monteith equation.
The values of ET, were calculated with Eq. (1) described in the
text. DOY=day of year (DOY 150 = May 30)

(Doorenbos and Pruitt 1977), which Mantovani et al.
(1991) evaluated as the most suitable for our area.
Gavilan and Berengena (2000) presented results
showing that the most accurate values of ET, are
determined in the area by using the FAO56 Penman-—
Monteith equation. We have therefore corrected our
K_ values. Treatment 2 (RDI) was based on values
given by Girona (2001); enough water was supplied
to replace ET. for 3 weeks at the beginning of pit
hardening and again on the 3 weeks before harvest
(flowering occurred within the rainy season). At both
periods the trees are less tolerant to water stress; for
the rest of the time we adjusted the irrigation amounts
(IA, mm) to replace 30% of ET.. In treatment 3
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Fig. 2 As in Fig. 1, but for 2004

(PRD) two laterals per tree row were used, each
equipped with three 3 1h™" drippers 0.6 m apart,
being the one closer to the trunk at 0.8 m from it.
Each lateral had the drippers at a different side of the
tree, east and west, which allowed irrigation to each
side independently. As in the RDI treatment, we
irrigated to 100% of ET. on the 3 weeks at the
beginning of pit hardening and on the 3 weeks before
harvest. For the rest of the irrigation season, we
adjusted irrigation to supply 30% of ET. to one side
of the tree, switching to the other every 2 weeks in
2003 and every 3 weeks in 2004. Details on the
applied IA are given in Fig. 1 for 2003 and in Fig. 2
for 2004. Also shown in the figures are the calculated
ET, and ET. values for each experimental season. In
Treatment 4 (Rain-fed) trees were under dry-farming
conditions. The only water supply for those trees was
that of precipitation (P, mm), shown in Figs. 1 and 2.

All treatments were generously fertilized, to avoid
the influence of any possible nutritional deficiency on
the observed variables. Each tree received about
0.60 kg of N, and 0.25 kg of both K and P per year.
The fertilizers also contained enough amounts of Fe,
B and other elements to cover the crop needs, as
described by Fernandez-Escobar (2001). In the irri-
gated trees the fertilizers were injected in the irriga-
tion system, six days a week, throughout all the
irrigation period. In the Rain-fed trees two fertilizer
applications were made, in mid February and early
June; in both cases the fertilizers were distributed on
the whole ground area covered by the canopies.

Measurements

Three trees per treatment were instrumented with
access tubes for the neutron probe (Troxler 3300,
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Research Triangle Park, NC, USA); in one of the trees,
four access tubes were installed at distances of 0.5, 1.5,
2.5 and 3.5 m from the trunk along the tree row; in the
other two trees, two access tubes were installed at 1.5
and 2.5 m from the trunk, along the tree row. The 6
measurements were made every 0.1 m, from 0.2 m
down to the maximum depth of the rootzone (2 m). In
the top 0.2 m, 6 was calculated from gravimetric
measurements and the average values of soil bulk
density measured in the field: 1.43 Mg m™> for the
0.0-0.1 m soil layer and 1.59 Mg m™ for the
0.1-0.2 m soil layer. Soil water profiles were re-
corded every week for the RDI and PRD treatments,
and every two weeks for the Rain-fed and Control
treatments, throughout the two irrigation seasons.
These values were used to calculate a depth equiva-
lent of water, expressed as the level of relative
extractable water (REW, mm) defined by the equation
(Granier 1987):

R — Rmin
REW = —— 2
Rmax - Rmin ’ ( )

where R (mm) is the actual soil water content, R,
(mm) the minimum soil water content measured
during the experiments, and R, (mm) is the soil
water content at field capacity. The values of R,
and R,,,x were 218 and 388 mm, respectively. Based
on our soil water measurements, and on a previous
work we did in the same orchard (Palomo et al.
2002), we assumed a negligible runoff during the
experimental periods, and less than 10% water lost
by drainage in the Control treatment. From the wetted
ground areas and the soil evaporation model derived
by Diaz-Espejo et al. (2004) for the orchard condi-
tions, we estimated an average difference between
treatments in soil evaporation values of about 1.5 1
per tree and day, which is a small amount as com-
pared to the applied IA (Figs. 1, 2).

The response of the trees to the imposed water
treatments was characterised by measurements of the
plant water status, leaf gas exchange and sap flow in
different conductive organs. We recorded diurnal
time courses of stem water potential (W, MPa),
which was assumed to be equal to the xylem pressure
potential at the petiole of leaves wrapped in alumin-
ium foil some 2 h before the measurements with a
pressure chamber (Soilmoisture Equipment Corp.,
Santa Barbara, California, USA) in 6 leaves per
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treatment (2 leaves per tree, 3 trees per treatment).
The sampled leaves were the fourth or fifth from the
apex of sunlit, healthy twig at about 1.5-1.9 m above
ground. In 2003, these measurements were made in
the Rain-fed and Control treatments in one day of
each month all throughout the irrigation season, and
in the RDI and PRD treatments one or two days after.
In 2004, all the treatments were measured on the day.
At the same times Wy, was measured, we used a
portable photosynthesis system (LI-6400, Li-Cor,
Inc., Lincoln, NE, USA) to record stomatal conduc-
tance (gs, mol m™> s_l) and net CO, assimilation
(A, pmol m™? s™') in the same number and type of
leaves. In 2003, sap flow was recorded in the trunk of
a representative PRD tree. We used the compensation
heat-pulse method, with probes, associated electron-
ics and software made by the Environmental and Risk
Management Group of the HortResearch in Palmer-
ston North, New Zealand. Details of gear and method
are given in Green et al. (2003). The method was
calibrated for olive by Fernandez et al. (2006). One
probe set was installed in the main branch, in the
trunk and in a main root (about 0.04 m diameter) in
each of the two sides affected by irrigation of a PRD
tree (three probes in the east side and another three in
the west side of each tree). Sap flow readings were
taken every half hour, from August 11 to September
1. In 2004, we used the same method and probe
distribution to record sap flow in 3 RDI trees and 3
PRD trees, throughout the experimental season, from
May 12 to September 15. In the RDI trees, we
installed three probe sets at about equal spacing
around the circumference of each trunk. In the PRD
trees, we used the same probe distribution as in 2003.
From the sap flow data and leaf area measurements
(LA, m?) we estimated the total daily transpiration
per unit leaf area (E,, day™' m™?) of each instru-
mented tree. To do so we estimated LA of the three
RDI and PRD trees in which sap flow was recorded in
2004. In March 25 we counted the leaves of a sector
of the canopy of each of the six trees, accounting for
some one fifth of the total volume; then we estimated
the LA of each sector from the measurement with a
leaf area meter of the LA of some 300 leaves ran-
domly taken from the experimental trees; the total LA
of the trees was eventually estimated by extrapolation
from the measured sector to the rest of the canopy of
each tree. The evolution of the total LA of each tree
throughout the period in which sap flow recorded was
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Fig. 3 Seasonal evolution of the relative extractable water
(REW, calculated with Eq. (2) as described in the text)
recorded for each treatment (see text for details) during the
irrigation seasons of 2003 and 2004. Broken lines show the

estimated from the LA of 20 twigs per instrumented
tree, measured in June 2, July 1, August 4 and
September 15.

Meteorological measurements were continuously
carried out with an automatic station (Campbell
Scientific Ltd., Shepshed, UK) located next to the
orchard, and ET, was calculated with the REF-ET
Reference Evapotranspiration Software (Allen 2002).

Data analysis

Rather than replicating the treatment plots we relied
on the detailed measurements made within each of
them. We were bound to do so due to the high cost of
the instrumentation required for recording sap flow,
one of the main variables, and for the high labour and
time required for the LA measurements. The distribu-
tion of the Wym, gs and A sets of data was tested for

200 220 240 260 280

DOY

periods of both irrigation seasons for which the sap flow
measurements are shown in Figs. 8 and 9. In the PRD
treatment, measurements of soil water content were made in
the west half of the rootzone. DOY=day of year

normality by Kolmogorov—Smirnov test, kurtosis and
skewness. A Student’s z-test was used to assess dif-
ferences between mean values. Statistical analyses
were made with the program SPSS 11.5 for Windows.

Results

The TA added to the Control treatment throughout
the irrigation periods amounted to 102% of the
calculated ET, in 2003 (Fig. 1) and to 94% of the
calculated ET. in 2004 (Fig. 2). For the RDI treat-
ment, the IA supplied at the period in which the
crop was more tolerant to water stress, assumed as
the whole irrigation season except 3 weeks at the
beginning of pit hardening and another 3 weeks
before harvest, amounted to 33% of ET. in 2003
and 30% of ET, in 2004. In the PRD treatment, the
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Table 1 Mean values (n = 6) of stem water potential (W) measured in trees of the four studied treatments throughout the

irrigation seasons of 2003 and 2004

Month Treatment Mean W, (MPa)
2003 2004
Predawn Daily minimum Predawn Daily minimum
May Rain-fed -0.31a -0.85a
Control —0.28a —-0.75a
RDI —0.29a -1.27b
PRD —0.22a —-1.15b
June Rain-fed —-0.55a —1.56b —-0.36a -1.73a
Control —-0.52a —1.15a —-0.38a -1.71a
RDI -0.51a —-1.74b —-0.49a —1.58a
PRD —0.50a —-1.89b —0.42a —1.44a
July Rain-fed —0.30a —1.52a —-0.68a —-1.88b
Control —0.28a —1.34a —-0.55a —1.40a
RDI —-0.39a —-1.38a -0.77a —1.49b
PRD —0.36a —1.59a —0.65a -1.52b
August Rain-fed -0.70b -1.75b
Control -0.48a —1.17a
RDI —-0.48a -1.87b
PRD —0.61ab -1.77b
September Rain-fed -0.61b -2.04b —-1.48b -2.70b
Control -0.37a -1.38a —0.70a —1.35a
RDI -0.42a —1.44a -0.77a -1.27a
PRD —0.46ab -1.77b —0.81a —1.50a

In 2003, measurements were made in the Rain-fed and Control treatments in one day of each month, and in the RDI and PRD
treatments one or two days after. In 2004, all the treatments were measured on the same day. See text both for details on the
measurements and definition of treatments. Means followed by a common letter are not significantly different at the 5% level

amounts of water supplied by irrigation on the same
periods were 33% of ET, in 2003 and 29% of ET,
in 2004. These data shows that we managed irri-
gation reasonably well. The amount of water sup-
plied to the RDI trees during the whole irrigation
season was 58% of ET. in 2003 and 48% of ET. in
2004; in the PRD treatment, we supplied a total of
65% of ET. in 2003 and 46% of ET. in 2004.
Figure 3 shows the seasonal evolution of the REW
values calculated with Eq. (2) for each one of the
treatments, both for 2003 and 2004. In the Rain-fed
treatment the soil dried up all throughout the dry
seasons, the average value of 6 in the rootzone at the
end of the dry season being 0.11 m®> m™>, both in
2003 and 2004. In the Control treatment, REW values
were usually over 0.8. The average value of 0 in the
wet bulbs for the whole irrigation season was
0.19 m’m™, both in 2003 and 2004. The REW
values of the RDI and PRD treatments fluctuated
between 0.5 and 0.8. The average value of 6 all
throughout the irrigation season of 2003, in the wet
bulbs of both deficit irrigation treatments, was
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0.17 m>m™>. In the irrigation season of 2004, we
recorded an average of 0.17 m®>m™ for the RDI
treatment and 0.16 m® m™> for the PRD treatment.
Data on the seasonal evolution of W, at predawn
and midday are shown in Table 1. In 2003, differ-
ences between irrigated and unirrigated trees became
significant from the first week of August. As expected,
the values closer to zero were recorded in the Control
trees, both at predawn and midday. Differences in
predawn W, between irrigated treatments were
never significant. At midday in August, the values
recorded in the trees of the two deficit irrigation
treatments were significantly lower (P <0.05) than
that of the Control trees. These differences were lower
in September, probably because IA matched 100% of
ET. in both treatments since August 18, DOY 230
(Fig. 1). In addition, the atmospheric demand in
September 4, the day in which we measured W, in
the deficit irrigation treatments, was lower than
in September 2, the day in which we measured in the
Rain-fed and Control trees (Fig. 4). No differences in
Y em between the RDI and PRD treatments were
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Fig. 5 As in Fig. 4, except that the measurements were made on 2 September 2004

observed, except for the minimum daily values
measured in September (Table 1). In 2004, measure-
ments in June and July show no differences between
treatments in predawn Wye,. In July, we measured at
midday greater values of Wy, in the Control trees
than in the rest of the treatments. In September the
measurements were made on the second day of the

month, so the deficit irrigation treatments were not
affected by the recovery of irrigation, since IA values
were not 100% of ET, until September 6, DOY 251
(Fig. 2). This month we found significant differences
(P<0.05) in W, between the unirrigated and the
irrigated treatments, both at predawn and midday. No
differences, however, were found between the Control
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Fig. 6 Diurnal time course of sap flow per unit leaf area (Q)
calculated from the sap flow measurements made in the trunk
of representative trees of the treatments RDI and PRD at the
end of July and at the beginning of September 2004. Data

and the deficit irrigation treatments. Both in 2003 and
2004, the values of predawn W, measured in the
Rain-fed trees were usually below -0.50 MPa
(Table 1), a value considered by many as a threshold
for water stress in olive (Fernandez and Moreno
1999). This threshold value was reported for leaf
water potential (‘We,r), but at predawn Wger, = Wiear-
In general, the recorded W, values were lower in
2004 than in 2003. This agrees with the lowest REW
values measured in 2004 (Fig. 3).
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represent the average of the 3 sets of probes installed in one
RDI tree and that of the 2 sets of probes installed in one PRD
tree. See text for details on the treatments. DOY = day of year
(DOY 245 = September 3)

Table 2 shows data on the seasonal evolution of
the daily maximum values of g; and A measured in
trees of the four studied treatments, during the
experimental seasons of 2003 and 2004. We found
no differences in g between treatments in 2003. In
July 2004 we found some differences between
treatments, and in September the g, values were
significantly lower (P <0.05) in the unirrigated trees
than in the irrigated ones. No differences were
found between irrigated treatments, at this time of
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Table 2 Daily maximum values of stomatal conductance (gs) and net CO, assimilation rate (A) measured in trees of the four studied

treatments throughout the irrigation seasons of 2003 and 2004

Month Treatment g, (mol m™2 sfl) A (pmol m2 sfl)
2003 2004 2003 2004
May Rain-fed 0.193a 23.3a
Control 0.223a 25.3a
RDI 0.202a 18.7a
PRD 0.237a 20.5a
June Rain-fed 0.169a 0.251a 15.0b 18.3a
Control 0.163a 0.260a 16.0b 19.5a
RDI 0.144a 0.239a 9.6a 18.6a
PRD 0.191a 0.261a 8.9a 18.6a
July Rain-fed 0.218a 0.223ab 17.1a 14.6ab
Control 0.247a 0.242b 16.8a 16.0b
RDI 0.215a 0.183a 17.5a 11.6a
PRD 0.188a 0.241b 15.7a 15.3b
August Rain-fed 0.164a 13.8a
Control 0.195a 14.4a
RDI 0.135a 12.4a
PRD 0.168a 14.5a
September Rain-fed 0.190a 0.140a 18.3ab 11.8a
Control 0.230a 0.236b 20.6b 16.1a
RDI 0.202a 0.189ab 16.7a 13.6a
PRD 0.227a 0.226b 17.8ab 14.0a

In 2003, measurements were made in the Rain-fed and Control treatments in one day of each month, and in the RDI and PRD
treatments one or two days after. In 2004, all the treatments were measured on the same day. Data shown are the average of six
sampled leaves. See text both for details on the measurements and definition of treatments. Means followed by a common letter are

not significantly different at the 5% level

the year. Results on A show some differences
between treatments in 2003. In June the A values
recorded in the Rain-fed and Control trees were
greater than those from the RDI and PRD trees.
These differences, however, might be partly due to
differences in PAR between the two measurement
days: the average value of PAR during the mea-
surement of maximum A was 1207 pumol m > s
in June 12, the day in which A was measured in the
Rain-fed and Control treatments, and
304 pmol m~2s7! in June 11, the day in which
A was measured in the deficit irrigation treatments.
In September 2003, at the end of the irrigation sea-
son, the greatest A values were recorded in the
Control trees, and no significant differences
(P<0.05) were observed between the other three
treatments. In 2004, the greatest values of A were
always recorded in Control trees. In July we found
greater A values in the PRD than in the RDI trees. In
September, however, we found no differences be-
tween treatments. Weather conditions in September
2, the measurement day, likely affected the results.

Figures 4 and 5 show the diurnal time courses of
Wsem» &s and A values recorded at the end of the
experimental seasons of 2003 and 2004, respectively.
Also shown are the time courses of R and vapour
pressure deficit of the air (D,, kPa), the two main
weather variables influencing plant water status and
leaf gas exchange, for each measurement day. Data
on Wy, confirms results shown in Tables 1 and 2:
the Wgem values were closer to zero in the Control
trees than in the Rain-fed trees; the values in the
deficit irrigation treatments were somewhere in
between, and no consistent differences between RDI
and PRD were observed. In September 2004 (Fig. 5)
the differences in Wy, between irrigated treatments
were smaller than in September 2003 (Fig. 4). This
could partially be due to the fact that 2 September
2004 was a partially cloudy day with relative low
atmospheric demand, while 2&4 September 2003
were both hot and clear sky days. The W, values
recorded in the Rain-fed treatment were markedly
lower in September 2004 than in September 2003,
despite the small difference in 6 between the two
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Fig. 7 Values of daily transpiration per unit of leaf area (one
side) (E,) estimated from the sap flow measurements made in
one PRD and one RDI tree, at mid May (a), end of July (b), end
of August (c¢) and mid September (d) 2004. The arrow in figure
(a) shows the beginning of the irrigation treatments. Average

dates (0.11 m®>m™> in 2003 and 0.10 m* m™> in
2004). On 2 September 2003, significant differences
(P<0.05) in g, were recorded between the Rain-fed
and the Control treatments, except at sunset, when the
stomata were nearly fully closed (Fig.4). The g,
values recorded in the RDI and PRD trees were in
between those of the Control and Rain-fed trees for
most of the day, and no clear differences between
both deficit irrigation treatments were observed. On 2
September 2004 (Fig. 5), the meteorological condi-
tions were likely responsible, at least in part, for the
peak g values having being recorded later on the day
than in September 2003 (Fig. 4). The fact that the g
values were much lower in September 2004 than at
about the same time of 2003 could be explained by
differences in the trees water status, as shown by the
Yem values. Once again, the g, values of the trees
under deficit were in between those of the Rain-fed
and Control trees, and no differences between RDI
and PRD were observed for most of the day. The
daily courses of the sap flow rates measured
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data for each of the measurements periods on reference
evapotranspiration (ET,, mm) and volumetric water content (0,
m> m™>) in the soil of both trees are also shown. See text for
description of the treatments. DOY=day of year

throughout the irrigation season of 2004 in repre-
sentative trees of both deficit irrigation treatments
(Fig. 6), agree with the lack of differences in g
between those treatments. The A values recorded in
the four studied treatments (Figs. 4, 5) showed the
same tendency than the g values: A was significantly
lower (P<0.05) in the Rain-fed trees than in the
Control trees. The values of the two deficit irrigation
treatments fell between the Rain-fed and Control
treatments. Differences between treatments were
smaller in 2004 than in 2003, probably due to the
lower R registered in September 2004.

In Fig. 7 we show the daily water consumption per
unit of leaf area, estimated from sap flow measure-
ments in a representative tree of the PRD and RDI
treatments, at different periods along the experi-
mental period of 2004. Also shown in the figure are
the average values of ET, and 6 for each period and
treatment. Figure 7a shows a clear response of Ej, to
the beginning of irrigation in May 26, day of year
(DOY) 147. Soon after the increase of 6 by irrigation
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Fig. 8 Daily sap flow estimated from heat-pulse the readings of the heat-pulse probe installed at each side of the

measurements made in two main roots (Q,.o) of a tree of the
PRD treatment, each growing in one of the two sides, east and
west, of the rootzone affected by the alternate irrigation.
Measurements, made at the end of August 2003, correspond to
a few days before and after changing irrigation from the east to
the west side. Also shown are the daily sap flow estimated from

(at this time of the year even the deficit irrigation
treatments were irrigated to 100% of ET.) and due to
the atmospheric demand typical of that time of the year,
high enough to enhance transpiration but not as high as
to favour stomatal closure, E, peaked to values over
201 m *day”". At the end of July (Fig. 7b) and

base of the trunk (Quunk), and those recorded at the two main
branches of the tree (Qprancn), Which were also oriented one to
the east and the other to the west. Values of reference
evapotranspiration (ET,) for the measurement days are also
plotted. DOY=day of year (DOY 232=August 20)

August (Fig. 7c) irrigation was reduced to match the
requirements of the imposed deficit irrigation treat-
ments, which could explain the drop on E, to values
between 1 and 1.51m *day™". In mid September
(Fig. 7d) the experimental trees were again irrigated to
100% of ET,, but the low atmospheric demand made
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Fig. 9 As in Fig. 8, but for the measurements made at the end of August and beginning of September 2004

the E, values to remain around 1 I m 2 day”". In
addition, the LA of the trees was at its maximum at this
time of the year (the growing period ended at the end of
July), which contributed to the observed lower tran-
spiration per unit of leaf area. In any case, the key result
from this figure is that no differences in E, between the
two trees under deficit irrigation were found, for most
of the experimental days.

Figures 8 and 9 show that switching irrigation in
the PRD trees, from one half of the rootzone to the
other half, did not have any influence on the sap flow
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recorded in any of the explored conductive organs.
Data shown in these figures were recorded at the end
of the irrigation seasons, and correspond to a single
tree. The other two trees instrumented in 2004 showed
the same tendency. Also shown in the figures are the
daily ET, values calculated for the measurement
periods. The corresponding REW values are shown in
Fig. 3. We were expecting some change in the
recorded sap flow values with the alternate irrigation,
at least in Qo but Figs. 8 and 9 show that the Q
values mimicked the atmospheric demand rather than
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the change of irrigation from one side of the rootzone
to the other. As for the influence of switching irriga-
tion on 0, in 2003, when irrigation was applied to the
other side every 2 weeks, soil water measurements
made around the period shown in Fig. 8 show that 6
decreased in the drying side from 0.19 to
0.17 m* m™>. In 2004, when irrigation was applied to
the other side every 3 weeks, measurements made
around the period shown in Fig. 9 show that 6

decreased from 0.17 to 0.14 m> m™>.

Discussion

The small and random differences found in Wi, &
and A, provide no clear evidence of PRD causing a
positive effect on the olive tree performance, as
compared to RDI (Tables 1 and 2; Figs. 4, 5). Ben-
efits of the PRD approach were reported in the early
work made in grapevine (Dry et al. 1996, 2000a, b,
2001; Dry and Loveys 1999; Loveys et al. 2000; Stoll
et al. 2000), but in those experiments PRD was
compared to full irrigation treatments, and not to
deficit irrigation treatments. Dos Santos et al. (2003)
and de Souza et al. (2003, 2005) had a PRD and a
traditional deficit irrigation treatment in grapevines,
both corresponding to an irrigation of 50% of ET..
De Souza et al. (2003) observed less negative values
0f Wie,r in PRD than in the deficit irrigation affecting
both sides of the vine. They found lower values of g
in the PRD vines than in vines under other deficit
irrigation treatment, at the end of the season only, as
well as in measurements made under controlled
conditions of CO,, light and temperature, and
observed no differences in A between both deficit
treatments. In a companion study, dos Santos et al.
(2003) found that PRD reduced leaf area associated
with lateral shoots, canopy wideness and shoot
weight. All the differences between treatments
reported by de Souza et al. (2003) and dos Santos
et al. (2003) were subtle, and the authors advise more
research before recommending PRD at the commer-
cial level. The work made by de Souza et al. (2005) in
the same vineyard confirms above results.

Kang et al. (2002) studied the influence of PRD in
pear trees. Apart from the peculiarities of their PRD
treatment (water was applied once every 3 weeks by
pond irrigation), the authors mention that groundwater
contribution possibly influenced their results.

Additionally, they compared PRD to full irrigation but
not to a deficit irrigation treatment. Therefore, their
results, and those from further experiments they did in
the same orchard (Kang et al. 2003a, b) are little
illustrating of possible differences between PRD and a
regulated or conventional deficit irrigation treatment.
Goldhamer et al. (2002), however, used typical PRD
treatments and companions RDI treatments in daily-
irrigated pear trees. Both PRD and RDI trees received
50% of ET, during stage 2. They measured the daily
time course of W, at the end of this stage, and found
less negative values in PRD1 than in RDI1, from 6:00
t0 9:00 am. No differences, however, were found in g;.
In addition, they did not detect a reduction in trunk
growth as measured with linear variable displacement
transducers, which supports the assumption that there
was not a PRD effect. They also found no differences
between the PRD and RDI trees neither in fruit growth
patterns nor in individual fruit weights. The authors
concluded that their experiment did not support the
occurrence of PRD-related root signalling. However,
and based on the ¥, results, they recommend more
research specific for fruit trees.

In mature olive trees, Wahbi et al. (2005) and
Centritto et al. (2005) observed that in olive trees
irrigated with 50% of ET,. by PRD, W.,; was sig-
nificantly lower than in control trees irrigated with
100% of ET. on the two sides; the PRD trees closed
their stomata earlier in the day than the control trees,
and both the relative water content and photosyn-
thetic capacity of the leaves were maintained in the
PRD trees. Our results show that the reduction in
Y em Observed in our PRD treatment, as compared to
the Control treatment, was similar to the RDI treat-
ment, except for the midday minimum recorded on 4
September 2003 (Table 1). Figure 4, however, shows
that the recorded Wy, values were similar in both
deficit irrigation treatments for most of the day,
except at 14:00 hours, when the daily minimum was
recorded. We also observed a decrease in gg in our
PRD trees as compared to our Control trees (Table 2,
Figs. 4, 5), but a similar decrease, or even greater
sometimes, was recorded in the RDI trees. The values
of A decreased parallel to the decrease on irrigation
(Table 2, Figs. 4, 5): the greater A values were usu-
ally recorded in the Control trees, and the lower ones
in the Rain-fed trees; the values in the RDI and PRD
trees were somewhere in between, and there were no
differences between these treatments, except in July
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2004, when we recorded a greater daily maximum
in PRD than in RDI (Table 2). This exception
does not allow us to support the assumption of A
being favoured in PRD as compared to RDI. Centritto
et al. (2005) measured g, and A both in ambient
conditions and in controlled conditions (PPFD of
1400 pmol m 2 s leaf temperature fixed to 25 °C,
relative humidity in the range of 45-55%). In
ambient conditions, g, and A were significantly lower
in PRD than in the control treatment in which trees
were irrigated with 100% of ET. on the two sides; in
controlled conditions there was a parallel significant
increase in g and A in all treatments, in comparison
to their respective values obtained in ambient con-
ditions. They also reported that gas exchange studies
of stomatal vs. non-stomatal limitations to A based on
measurements made at ambient CO, concentration,
could lead to significant underestimation of diffu-
sional limitations.

De Souza et al. (2003, 2005) remarked that point
measurements under field conditions such as those
made with a porometer may not reveal stomatal
control as effectively as other more integrated mea-
surements such as stem sap flow or leaf carbon iso-
tope composition. Sap flow measurements made by
the Souza et al. (2003) supported their results on
stomatal closure, in the sense that they recorded
lower sap flow rates in PRD vines than in vines under
deficit irrigation affecting both sides, which suggests
a stronger reduction on gg in the PRD treatment. The
sap flow values recorded in our experimental trees
show a similar transpiration dynamics in both the
PRD and the RDI trees, and no indications of greater
sap flow rates in RDI than in PRD. Figure 6, in fact,
shows even slightly greater sap flow rates per unit
leaf area (Q) in the PRD trees than in the RDI trees.
This, however, could be due to errors in the estima-
tion of either LA or actual sap flow rates. In any case,
our sap flow measurements, which reflect water use
over a long term, agree with our gas exchange mea-
surements, in the sense that both show no evidence of
g, being more reduced in PRD trees than in RDI. The
daily water consumption, also estimated from the sap
flow measurements, was similar in the trees of our
two deficit irrigation treatments for most of the days,
throughout the irrigation period (Fig. 7). The trees
respond clearly and immediately to water supplied by
irrigation, with significant increases in E, (Fig. 7a) on
the days after the start of the irrigation season. This
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quick response of the root water uptake and E, to
water supply is well known in olive (Fernandez and
Moreno 1999; Fernandez et al. 2001). Later in the
season E;, was more influenced by the atmospheric
demand and the soil water status than by the type of
deficit irrigation treatment (Figs. 7b—d). The recorded
values of E, agree with what it is known for olive,
except for those at the beginning of the irrigation
season, which are greater than those previously
reported. Likely the favourable weather and soil
water status at that time of the year, in addition to the
low LA per tree after the winter pruning, were
responsible for the high E,, values recorded on those
days. In a previous work we carried out in the same
orchard (Fernindez and Moreno 1999), sap flow
measurements made in well-irrigated trees later in the
season showed a peak E; value of 1.65 1 m~2 day !,
on a day with maximum values of Ry and D, of
850 W m™2 and 3 kPa, respectively. This agrees with
data recorded in potted olive plants by Natali et al.
(1991), who reported a maximum E, value of
1.7 1 m™% day™". In our previous work we rarely ob-
served E, values greater than 1.201 m~? day” !,
which agree with data shown in Figs. 7b, c, d.
Alternating irrigation in our PRD trees did not
cause a change in either the water taken up by main
roots at each side of the trees, or in the sap flow in
both trunk locations and main branches of each side
(Figs. 8, 9). When we got the results of 2003
(Fig. 8) this lack of response surprised us, since
Fernandez et al. (2001) reported, from measurements
made in the same orchard, that roots of the same
characteristics as those monitored in this work were
able to absorb water immediately after wetting, and
root activity quickly shifted to the regions were the
soil had been wetted. We thought that perhaps
the lack of response shown in Fig. 8 was due to the
relatively high amount of water still remaining in the
soil of the drying part at the end of the 2 weeks
without irrigation. This was one of the reasons we
decided to alternate irrigation every 3 weeks in
2004. The results of that year, however, showed the
same (Fig. 9), despite the lower values of 6 in the
dry side just before switching irrigation, as com-
pared to those measured in 2003. Kang et al. (2003b)
measured sap flows in main roots and in the trunk of
pear trees under different irrigation treatments,
including PRD. They observed a quick increase in
water uptake in roots of the drying side after
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rewatering; their monitored roots had a bigger
diameter than ours (100.4 mm and 64.3 mm diam-
eter roots in the west and east side of the vine), and
their PRD treatment consisted of alternating pond
irrigation between the two sides of the trees once
every 3 weeks, which caused sudden and dramatic
changes in 6, from about 0.25 to 0.40 m> m™. In the
work by Fernandez et al. (2001), 6 = 0.13 m>m™>
before rewatering. Loveys et al. (2000) observed that
switching irrigation every 14 days was appropriate
for grapevine, but they also commented on results
with other woody species showing that this fre-
quency could be delayed. Big trees such as the olive
tree, capable to explore great volumes of soil—the
volume of the wet bulbs in the Control treat-
ment amounts to up to 10 m® (Fernandez et al.
2003)—may have a different response to PRD than
species with smaller and shallower root systems,
such as grapevine. Wahbi et al. (2005) found no
significant differences between alternating irrigation
in olive every 2 or 4 weeks.

In previous work made in our experimental
orchard, Fernandez et al. (2003) showed that in
trees irrigated with 100% ET. by localised irriga-
tion, £, was markedly curtailed, as compared to the
values recorded when the whole rootzone was
wetted. Their results suggest that the water lost by
transpiration was restricted due to a portion of the
roots having being left in drying soil—localised
irrigation wets just part of the rootzone—and that
there is no need to alternate irrigation for achieving
this effect. This hypothesis is supported by the
findings of Wartinger et al. (1990) in almond, a
species of a similar habitat. They observed control
of stomata closure by ABA in young trees growing
in big plastic lysimeters in which different soil
drying treatments were imposed to the whole root
system. They concluded that the hormone is pro-
duced in fine roots in drying soil, and that this
phenomenon occurs as long as soil water content is
high enough to avoid damage to the fine root
system. They stated that ‘it is the integration of
water status over the entire soil profile, or at least a
major part of it, that determines root activity and
thus ABA production by roots’’. It seems, there-
fore, that for some species including olive, no
additional advantages on controlling water use are
achieved by PRD as compared to RDIL

Conclusions

We have observed no improvement on the measured
variables in mature olive trees under PRD as compared
to RDI. Our data on stomatal conductance show that
water lost by transpiration was restricted in the trees of
both deficit irrigation treatments, as compared to the
full irrigated treatment. These data, as well as those
from the sap flow measurements, show that the
reduction on transpiration was similar in the PRD trees
than in the RDI trees. The switching of irrigation in
PRD had no influence either in the water taken up by
main roots at each side of the trees, or in the sap flow in
both trunk locations and main branches of each side.
Results from this work, and from previous work we did
in the same orchard (Ferndndez et al. 2003), suggest
that roots left in drying soil when a localised irrigation
system is used might be responsible for the mentioned
reduction on transpiration, and that there is no need to
alternate irrigation for achieving this effect. Despite
the fact that we did not evaluate the influence of PRD
on either growth or on yield, our results suggest that
similar benefits are to be achieved in olive orchards
with RDI and PRD. Taking into account that an irri-
gation system suitable for the PRD approach is more
expensive and difficult to manage, we see no agro-
nomical advantages on PRD as compared to RDI.

Acknowledgements This work was funded by the Direccion
General de Investigacion of the Spanish Ministerio de Ciencia
y Tecnologia (research project AGL2002-04048-CO3-01). We
thank the staff of the research farm La Hampa. Thanks are also
due to J.C. Barrera, J.M. Larios and F.J. Cornejo for helping us
with the measurements, and to Dr. Tessa Mills for reviewing an
early version of the manuscript.

References

Abdel-Rahman AA, El-Sharkawi HM (1974) Response of olive
and almonds orchards to partial irrigation under dry-
farming practices in semi-arid regions: II. Plant-soil water
relations in olive during the growing season. Plant Soil
41:13-31

Allen R (2002) REF-ET reference evapotranspiration software.
Kimberly Research and Extension Center, University of
Idaho. http://www kimberly.uidaho.edu/ref-et/

Allen R, Pereira LS, Raes D, Smith M (1998) Crop evapo-
transpiration — guidelines for computing crop water
requirements — FAO irrigation and drainage paper
56, FAO, Rome. http://www.fao.org/docrep/X0490E/
X0490E00.htm

@ Springer



290

Plant Soil (2006) 284:273-291

Augé RM, Moore JL (2002) Stomatal response to nonhydraulic
root-to-shoot communication of partial root drying in
relation to foliar dehydration tolerance. Environ Exp Bot
47:217-229

Centritto M, Wahbi S, Serraj R, Chaves MM (2005) Effects
of partial rootzone drying (PRD) on adult olive tree
(Olea europaea) in field conditions under arid climate.
II. Photosynthetic responses. Agric Ecosyst Environ
106:303-311

Chalmers DJ, Burge G, Jerie PH, Mitchell PD (1986) The
mechanism of regulation of Bartlett pear fruit and vege-
tative growth by irrigation withholding and regulated
deficit irrigation. J Am Soc Hort Sci 111:904-907

Cifre J, Bota J, Escalona JM, Medrano H, Flexas J (2005)
Physiological tools for irrigation scheduling in grapevine
(Vitis vinifera L.). An open gate to improve water-use
efficiency? Agric Ecosyst Environ 106:159-170

d’Andria R, Lavini A, Morelli G, Patumi M, Terenziani S,
Calandrelli D, Fragnito F (2004) Effects of water regimes
on five pickling and double aptitude olive cultivars (Olea
europaea L.). J Hort Sci Biotechnol 79:18-25

Davies WJ, Bacon MA, Thompson DS, Sobeih W, Rodriguez
L (2000) Regulation of leaf and fruit growth in plants
growing in drying soil: exploitation of the plants’ chem-
ical signalling system and hydraulic architecture to in-
crease the efficiency of water use in agriculture. J Exp Bot
350:1617-1626

Davies WJ, Wilkinson S, Loveys B (2001) Stomatal control by
chemical signalling and the exploitation of this mecha-
nism to increase water use efficiency in agriculture. New
Phytol 153:449-460

de Souza CR, Maroco JP, dos Santos TP, Rodrigues ML, Lopes
CM, Pereira JS, Chaves MM (2003) Partial rootzone
drying: regulation of stomatal aperture and carbon
assimilation in field-grown grapevines (Vitis vinifera cv.
Moscatel). Funct Plant Biol 30:653-662

de Souza CR, Maroco JP, dos Santos TP, Rodrigues ML, Lopes
CM, Pereira JS, Chaves MM (2005) Control of stomatal
aperture and carbon uptake by deficit irrigation in two
grapevine cultivars. Agric Ecosyst Environ 106:261-274

Diaz-Espejo A, Verhoef A, Fernandez JE, Villagarcia L (2004)
Use of high resolution weighing lysimeters to estimate
main driving variables related to soil evaporation in a drip
irrigated olive orchard. 2004. In: Proc. of the 5th Inter-
nacional Symposium on Olive Growing. 27 September—2
October, Izmir, Turkey, pp 30

dos Santos TP, Lopes CM, Rodrigues ML, de Souza CR,
Maroco JP, Pereira JS, Silva JR, Chaves MM (2003)
Partial rootzone drying: effects on growth and fruit quality
of field-grown grapevines (Vitis vinifera). Funct Plant
Biol 30:663-671

Doorenbos J, Pruitt WO (1977) Guidelines for prediction of
crop water requirements. FAO irrigation and drainage
paper N°. 24, 2nd edn. FAO, Rome

Dry PR, Loveys BR (1999) Grapevine shoot growth and sto-
matal conductance are reduced when part of the root
system is dried. Vitis 38:151-156

Dry PR, Loveys BR, Diiring H, Botting DG (1996) Effects of
partial rootzone drying on grapevine vigour, yield com-
position of fruit and use of water. In: Stockley CS, Sas
AN, Johnstone RS, Lee TH (eds) Proc. 9th Aust. Wine

@ Springer

Ind. Techn. Conf., Adelaide, Australia. Winetitles,
Adelaide, pp 128-131

Dry PR, Loveys BR, Diiring H (2000a) Partial drying of the
rootzone of grape. I. Transient changes in shoot growth
and gas exchange. Vitis 39:3-7

Dry PR, Loveys BR, Diiring H (2000b) Partial drying of the
rootzone of grape. II. Changes in the pattern of root devel-
opment. Vitis 39:9-12

Dry PR, Loveys BR, McCarthy MG, Stoll M (2001) Strategic
irrigation management in Australian vineyards. J Int Sci
Vigne Vin 35:129-139

Fernandez JE, Duran PJ, Palomo MJ, Diaz-Espejo A,
Chamorro V, Girén IF (2006) Calibration of sap flow
measurements by the compensation heat-pulse method in
olive, plum and orange trees: relations with xylem anat-
omy. Tree Physiology 26:719-728.

Fernandez JE, Moreno F (1999) Water use by the olive tree.
J Crop Prod 2:101-162

Fernandez JE, Moreno F, Giron IF, Blazquez OM (1997)
Stomatal control of water use in olive tree leaves. Plant
Soil 190:179-192

Fernandez JE, Palomo MJ, Diaz-Espejo A, Clothier BE, Green
SR, Girén IF, Moreno F (2001) Heat-pulse measurements
of sap flow in olives for automating irrigation: tests, root
flow and diagnostics of water stress. Agric Water Manage
51:99-123

Fernandez JE, Palomo MIJ, Diaz-Espejo A, Giron IF (2003)
Influence of partial soil wetting on water relation param-
eters of the olive tree. Agronomie 23:545-552

Fernandez-Escobar R (2001) Fertilizacion. In: Barranco D,
Fernandez-Escobar R, Rallo L (eds) El Cultivo del Olivo.
Junta de Andalucia y Ediciones Mundi-Prensa, pp 255-284

Fereres E, Castel JR (1981) Drip irrigation management.
Division of Agricultural Sciences, University of Cali-
fornia, Leaflet 21259

Fereres E, Goldhamer DA, Parsons LR (2003) Irrigation water
management of horticultural crops. HortScience 38:1036—
1043

Gavilan P, Berengena J (2000) Comportamiento de los métodos
Penman-FAO y Penman-Monteith-FAO en el Valle medio
del Guadalquivir. Proc. of the XVIII Congreso Nacional de
Riegos, Huelva, 20-22 junio, pp 7, edited on CD

Girona J (2001) Strategia di deficit irriguo controllato
nell’olivo. In: Gestione dell’acqua e del territorio per
un’olivicoltura sostenibile, Naples, 24-28 September.
COL SeSIRCA, ISPAIM

Goldhamer DA (1999) Regulated deficit irrigation for Cali-
fornia canning olives. Acta Hort 474:369-372

Goldhamer DA, Salinas M, Crisosto C, Day KR, Soler M,
Moriana A (2002) Effects of regulated deficit irrigation
and partial root zone drying on late harvest peach tree
performance. Acta Hort 592:345-350

Gowing DJ, Davies WJ, Jones HG (1990) A positive root-
sourced signal as an indicator of soil drying in apple,
Malusxdomestica Borkh. J Exp Bot 41:1535-1540

Granier A (1987) Evaluation of transpiration in a Douglas-fir
stand by means of sap flow measurements. Tree Physiol
3:309-320

Green SR, Clothier BE, Jardine B (2003) Theory and practical
application of heat-pulse to measure sap flow. Agron J
95:1371-1379



Plant Soil (2006) 284:273-291

291

Kang S, Hu X, Goodwin I, Jerie P (2002) Soil water distri-
bution, water use, and yield response to partial root zone
drying under a shallow groundwater table condition in a
pear orchard. Sci Hort 92:277-291

Kang S, Hu X, Du T, Zhang J, Jerie P (2003a) Transpiration
coefficient and ratio of transpiration to evapotranspira-
tion of pear tree (Pyrus communis L.) under alternative
partial root-zone drying conditions. Hydrol Process
17:1165-1176

Kang S, Hu X, Jerie P, Zhang J (2003b) The effects of partial
rootzone drying on root, trunk sap flow and water balance
in an irrigated pear (Pyrus communis L.) orchard. J Hydrol
280:192-206

Kirda C, Cetin M, Dasgan Y, Topcu S, Kaman H, Ekici B,
Derici MR, Ozguven Al (2004) Yield response of
greenhouse grown tomato to partial root drying and
conventional deficit irrigation. Agric Water Manage
69:191-202

Lavee S, Nashef M, Wodner M, Harshemesh H (1990) The
effect of complementary irrigation added to old olive trees
(Olea europaea L.) cv. Souri on fruit characteristics, yield
and oil production. Adv Hort Sci 4:135-138

Loveys BR, Dry PR, Stoll M, McCarthy MG (2000) Using
plant physiology to improve the water use efficiency of
horticultural crops. Acta Hort 537:187-197

Mantovani CE, Berengena J, Villalobos FJ, Orgaz F, Fereres E
(1991) Medidas y estimaciones de la evapotranspiracion
real del trigo de ragadio en Cérdoba. Actas IX Jornadas
Técnicas de Riegos, Granada

Moriana A, Orgaz F, Pastor M, Fereres E (2003) Yield re-
sponses of a mature olive orchard to water deficits. J] Am
Soc Hort Sci 128:425-431

Motilva MJ, Tovar MJ, Romero MP, Alegre S Girona J (2000)
Influence of regulated deficit irrigation strategies applied
to olive trees (Arbequina cultivar) on oil yield and on oil
composition during the fruit ripening period. J Sci Food
Agric 80:2037-2043

Natali S, Bignami C, Fusari A (1991) Water consumption,
photosynthesis, transpiration and leaf water potential in
Olea europea L., cv. ‘‘Frantoio’’, at different levels of
available water. Agric Medit 121:205-212

Palomo MJ, Moreno F, Fernandez JE, Diaz-Espejo A, Gir6n IF
(2002) Determining water consumption in olive orchards
using the water balance approach. Agric Water Manage
55:15-35

Pastor M, Orgaz F (1994) Riego deficitario del olivar. Agri-
cultura 746:768-776

Sobeih WY, Dodd IC, Bacon MA, Grierson D, Davies WJ
(2004) Long-distance signals regulating stomatal con-
ductance and leaf growth in tomato (Lycopersicon escu-
lentum) plants subjected to partial root-zone drying. J Exp
Bot 407:2353-2363

Stikic R, Popovic S, Srdic M, Savic D, Jovanovic Z, Prokic LJ,
Zdravkovic J (2003) Partial root drying (PRD): a new
technique for growing plants that saves water and im-
proves the quality of fruit. Bulg J Plant Physiol (Special
Issue):164-171

Stoll M, Loveys B, Dry P (2000) Hormonal changes induced
by partial rootzone drying of irrigated grapevine. J Exp
Bot 51:1627-1634

Tardieu F, Davies WJ (1992) Stomatal response to abscisic
acid is a function of current plant water status. Plant
Physiol 98:540-545

Tardieu F, Davies WJ (1993) Integration of hydraulic and
chemical signalling in the control of stomatal conductance
and water status of droughted plants. Plant Cell Environ
16:341-349

Tognetti R, d’Andria R, Morelli G, Alvino A (2005) The effect
of deficit irrigation on seasonal variations of plant water
use in Olea europaea L. Plant Soil 273:139-155

Tognetti R, d’Andria R, Morelli G, Calandrelli D, Fragnito F
(2004) Irrigation effects on daily and seasonal variations
of trunk sap flow and leaf water relations in olive trees.
Plant Soil 263:249-264

Wahbi S, Wakrim R, Aganchich B, Tahi H, Serraj R (2005)
Effects of partial rootzone drying (PRD) on adult olive
tree (Olea europaea) in field conditions under arid cli-
mate. II. Physiological and agronomic responses. Agric
Ecosyst Environ 106:289-301

Wakrim R, Wahbi S, Tahi H, Aganchich B, Serraj R (2005)
Comparative effects of partial root drying (PRD) and
regulated deficit irrigation (RDI) on water relations and
water use efficiency in common bean (Phaseolus vulgaris
L.). Agric Ecosyst Environ 106:275-287

Wartinger A, Heilmeier H, Hartung W, Schulze E-D (1990)
Daily and seasonal courses of leaf conductance and
abscisic acid in the xylem sap of almond trees [Prunus
dulcis (Miller) D.A. Webb] under desert condition. New
Phytol 116:581-587

Yao C, Moreshet S, Aloni B (2001) Water relations and
hydraulic control of stomatal behaviour in bell pepper
plant in partial soil drying. Plant Cell Environ 24:227-235

@ Springer




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


