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Abstract – A drip versus pond irrigation experiment was carried out with 30-year-old ‘Manzanilla’ olive trees planted at 7 m ! 5 m in an orchard
in Southwest Spain. At the end of the dry season of 1998, we chose two dry-land trees, D1 and D2, and two drip-irrigated trees, I1 and I2. During
the experiments, the D1 and I1 trees were pond-irrigated, increasing the soil water content to around field capacity in the whole rootzone. The
D2 and I2 trees were drip-irrigated, remaining part of the rootzone in drying soil. The results showed that the ratio between the transpiration of
the pond-irrigated D1 tree and that of the drip-irrigated D2 tree (D1/D2 Ep) increased from an average of 0.88 before irrigation to 1.22 fourteen
days after the first water supply. For the I trees, I1/I2 Ep varied from 0.76 to 1.02 nine days after the I1 tree was pond-irrigated for the first time.
Transpiration, therefore, was restricted when using a drip irrigation system which, despite supplying enough water to cover the calculated crop
demand, affected a part of the rootzone only. During the drip versus pond irrigation experiment, the recovery of leaf water potential, stomatal
conductance and photosynthesis rate was greater and quicker in the pond-irrigated than in the drip-irrigated trees. 
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Résumé – Influence de l’irrigation partielle du sol sur les paramètres des relations hydriques de l’olivier. Une comparaison de l’irrigation
goutte à goutte avec l’irrigation en cuvette a été conduite sur oliviers ‘Manzanilla’ âgés de 30 ans plantés à 7 m ! 5 m dans un verger du sud-ouest
de l’Espagne. À la fin de la saison sèche de 1998, nous avons choisi deux arbres sur sol sec, D1 et D2, et deux arbres sur sol irrigué au goutte
à goutte, I1 et I2. Durant les expériences, les arbres D1 et I1 ont été irrigués en cuvette, en augmentant la teneur en eau du sol jusqu’à la capacité
au champ dans toute la zone racinaire. Les arbres D2 et I2 ont été irrigués au goutte à goutte, laissant une partie de la zone racinaire dans un sol
se desséchant. Les résultats ont montré que le quotient entre la transpiration de l’arbre D1 irrigué en cuvette et celle de l’arbre D2 irrigué au
goutte à goutte (D1/D2 Ep) a augmenté à partir d’une moyenne de 0,88 avant irrigation jusqu’à 1,22 quatorze jours après le premier apport
d’eau. Pour les arbres I, I1/I2 Ep a varié entre 0,76 et 1,02 neuf jours après que l’arbre I1 ait été irrigué en cuvette pour la première fois. Par
conséquent, la transpiration était réduite quand on utilisait un système d’irrigation au goutte à goutte qui, malgré l’apport d’eau suffisant pour
couvrir les besoins potentiels des cultures, a affecté seulement une partie de la zone racinaire. Durant cette comparaison de l’irrigation goutte
à goutte et de l’irrigation en cuvette, la récupération de la teneur en eau des feuilles, de la conductance stomatique et du taux de photosynthèse
était supérieure et plus rapide pour les arbres irrigués en cuvette que pour ceux irrigués au goutte à goutte. 
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1. INTRODUCTION

In most Mediterranean areas where olive is cultivated the
wet season is followed by a long, dry and hot season. Many of
the physiological processes of the plant, including shoot and
fruit growth, take place mainly in the dry months. Irrigation is,
therefore, a compulsory practice in olive orchards where the
maximum productivity is to be achieved. Drip irrigation is the
most popular system for applying water in olive orchards,
mainly due to the fact that most orchards are in arid and semi-
arid areas where water for irrigation is scarce. The influence of

drip irrigation on the root dynamics, root distribution and root
activity of the olive tree was studied by Fernández et al. [13,
14]. Later, Moreno et al. [26] used, for the first time in olive,
the compensation heat-pulse technique, as described by Green
and Clothier [21], to study the water uptake behaviour of the
roots. Further studies on root water uptake were published by
Fernández et al. [15]. In these studies, however, the influence
of the root system on the leaf control of transpiration was not
considered. Bongi and Palliotti [3] carried out a split-root
experiment with young ‘Frantoio’ plants in pots, and detected
stomatal closure in the plants with a small portion of the root
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system left in dry soil. To our knowledge, this is the only pub-
lished reference to a possible root-to-leaf signalling mechanism
in olive, and whether this phenomenon occurs in mature olive
trees under field conditions is unknown. In the field, the root
system develops in the whole rootzone during the growing
months of the wet season. During the dry season, however,
drip and other localised irrigation systems affect a part of the
rootzone only, the other part remaining in drying soil. Under
these conditions stomatal closure might be induced by the
roots left in dry soil, leading to a reduction in gas exchange
between the leaves and the surrounding air. This will influence
water uptake and, probably, crop productivity. Therefore, any
information on this behaviour will be useful to optimise irriga-
tion practices in olive orchards. In fact, the root-to-shoot sig-
nalling process is being exploited in agriculture to increase
water use efficiency [7]. Another phenomenon related to water
use by the olive tree is the recovery of the trees after a lengthy
drought period. This is of interest for designing deficit irriga-
tion strategies, widely used in olive orchards [20]. The recov-
ery of water status and gas exchange after rewatering has been
studied for several olive varieties [11, 16, 27] but, to our
knowledge, the influence of wetting the whole rootzone, or
just part of it, on the recovery, has not been studied yet. 

The main objective of this work was to investigate whether
drip irrigation – as compared with pond irrigation in which the
whole rootzone is wetted - limits water consumption in mature
‘Manzanilla’ olive trees under field conditions. In addition, it
was investigated whether the type of irrigation influences the
recovery of leaf water potential and gas exchange following
rewatering after a long period of drought.

2. MATERIALS AND METHODS

2.1. Experimental orchard

The experiments were conducted in an olive orchard of La
Hampa, the experimental farm of the Instituto de Recursos Nat-
urales y Agrobiología (IRNAS, CSIC), close to Coria del Río,
Seville (latitude 37º17’ N, longitude 6º3’ W, altitude 30 m).
The trees were 30-year-old ‘Manzanilla de Sevilla’ (referred to
here as ‘Manzanilla’) olive trees (Olea europaea L.) at 7 m !
5 m spacing. The soil of the orchard is a sandy loam (Xero-
chrept) of variable depth. A hard limy sandstone pan impedes
the penetration of both roots and water at a depth which varies
within the orchard from about 0.9 to 2.0 m. Soil texture is quite
homogeneous, both vertically and horizontally. From the sur-
face to the hardpan, the average textural values are 14.8% clay,
7.0% silt, 4.7% fine sand and 73.5% coarse sand. The water
table remains far below the maximum depth of the root system
[18]. The volumetric soil water content (", m3·m–3) measured
in the laboratory was 0.33 m3·m–3 in saturated soil samples and
0.10 m3·m–3 at a soil matric potential of –1.5 MPa. In the field,
the values of  measured close to the drippers a few hours after
irrigation were rarely greater than 0.20 m3·m–3. Next to the
experimental orchard there is an automatic weather station
where thirty-minute averages of wind speed and direction, rain-
fall, air temperature and humidity, global solar radiation and
photosynthetically active radiation are continuously recorded.
The climate of the area is typically Mediterranean, being dry
and hot from May to October and mild and rainy for the rest of

the year. For the last 25 years, the average rainfall and reference
evapotranspiration (ETo) registered in the orchard have been
484 mm and 1442 mm, respectively. The crop management
practices carried out in the orchard are similar to those of rep-
resentative commercial orchards in the area. One part of the
orchard has always been under dry-farming conditions (D
trees), whereas the other has always been drip irrigated during
the dry seasons (I trees). In the last five years a single drip line
per tree row has been used, placed on the soil surface and with
five 3 L·h–1 drippers per tree spaced 1 m apart. Daily irrigation
was applied to the I trees during the dry seasons, to replace the
crop water demand (ETc, mm). The irrigation needs were cal-
culated every week, using the equation 

ETc = Kc Kr ETo. (1)

The reference evapotranspiration was calculated by the
FAO-Penman equation [9], which Mantovani et al. [23] vali-
dated as the most appropriate for the area. The values of the
crop (Kc) and reduction (Kr) coefficients were those recom-
mended by Fernández et al. [16] and Fernández and Moreno
[12] for the orchard conditions.

2.2. Irrigation experiment

In 1998, the experimental year, the dry season began in
March. The I trees were irrigated daily from March 24 until the
end of September, when the first autumn rains were recorded.
Once the wetted bulbs – the soil volumes under the drippers
affected by irrigation – were well established, the diameter of
the ground surface wetted by each dripper was rarely greater
than 1 m, which accounts for a maximum wetted ground surface
of about 4 m2 per tree. A rough estimation from soil sampling
around the wetted bulbs allowed us to establish the average
wetted soil volume per tree as about 7 m3, being rarely greater
than 10 m3. This accounts for 20 to 30% of the total soil vol-
ume of each tree. This, together with the data on root distribu-
tion obtained by Fernández et al. [13] in the same orchard,
allows us to assume that just a part of the root system of the
drip-irrigated I trees was affected by irrigation; the other part
remained in drying soil throughout the dry season. In the non-
irrigated D trees, the whole root system was in drying soil
throughout the dry season.

At the end of August 1998 we started what we will call the
drip versus pond irrigation experiment. We chose two dry-
land trees, D1 and D2, and two drip-irrigated trees, I1 and I2.
All the trees were similar in size, about 4.5 m tall and with a
crown diameter of about 5.0 m. They had a single trunk of
about 0.2 m diameter with two main branches at about 1.2–
1.6 m above ground. The previous year Palomo [28] had esti-
mated that the maximum leaf area of the trees ranged from
about 61 to 64 m2. An earthen dyke of 13 m ! 9 m was built
around the D1 and I1 trees, for pond irrigation. Enough water
was added to the D1 and I1 trees (Tab. I) to increase the soil
water content to around field capacity in the whole rootzone
(Tab. II). The D2 tree was drip irrigated from August 25, by a
drip line with five 6 L·h–1 emitters spaced 1 m apart (Tab. I).
The irrigation doses applied to this tree were more than double
the required amount of water to replace the ETc calculated with
equation (1), which averaged 73 L·d–1 for the period between
August 25 and September 11. Thus, in a short period of time

"
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the wetted bulbs were well established in that previously non-
irrigated D2 tree (Tab. II). The I2 tree was irrigated from
March 24, with daily drip irrigation to replace ETc, as
explained above. Therefore, at the beginning of September we
had the D1 tree with the whole rootzone affected by pond irri-
gation and the D2 tree with just part of the rootzone affected
by drip irrigation. This pair of trees was previously under dry-
farming conditions. We also had a second pair of trees, the I1
tree with the whole rootzone affected by pond irrigation and
the I2 tree with just part of the rootzone affected by drip irri-
gation. This pair of trees was drip irrigated from the beginning
of the dry season.

2.3. Sap flow measurements

We used the compensation heat-pulse method, as described
by Green and Clothier [21], for estimating sap flows in the
four experimental trees. Details on the calibration and testing
of the technique for the olive tree, as well as on data analysis,
are given in Fernández et al. [17]. On August 20 three sets of
heat-pulse probes were installed at three equal spacings
around the azimuth of the D1 and D2 tree trunks. On August
31 three sets of probes were also installed in the I1 and I2 trees,
following the same criteria as in the D trees. In all cases the
probes were installed in places free of gnarled knots and scars.
Each probe measured the sap velocity at 5, 12, 22 and 35 mm
below the cambium. Measurements were made every half
hour, for the entire experimental period. The data were col-
lected by a Campbell CR10X data logger (Campell Scientific
Inc., USA). The transpiration of each tree (Ep, L·d–1) was esti-
mated from the sap flow records, calculating the sap flux den-
sities (J, mm·h–1) as described by Fernández et al. [17].

Despite applying the described methodology with rigour
and care, significant differences between the actual transpira-
tion values and the calculated Ep values might not be avoided.
This is due to the high variability of the cross-sectional con-
ductive area in the trunk of mature olive trees, among other
factors described by Fernández et al. [17]. In that work, in fact,
it is shown that individual Ep data from mature olive trees are
influenced by probe location. Consequently, and for the pur-
pose of our study, analysing the ratio between the two pair of
trees (D1/D2 Ep and I1/I2 Ep) was more advantageous than
considering individual Ep data. This allowed us to detect the
influence of wetting the whole rootzone, or just part of it, on
transpiration, at the same time as avoiding making mistakes
caused by the mentioned variability.

Table I. Water supplied to the experimental trees at the end of the summer of 1998, in the drip versus pond irrigation experiment. The dates of
the irrigation events and the irrigation types are specified. Prior to the irrigation events detailed in this table, the I1 and I2 trees were irrigated
daily from the beginning of the dry season, on March 24, while the D1 and D2 trees were under dry-farming conditions. Details are given in
the text. DOY = day of year. GMT = Greenwich Mean Time.

Tree Date DOY Water supplied Irrigation type
D1 August 25

     "      27
     "      31

September 4
     "           7

237
239
243
247
250

142 mm(*)

  62   "
  78   "
  87   "
  72   "

Pond 
   "
   "
   "
   "

D2 From August 25
to September 11

237–254 190 L·d–1 (*) Daily drip

I1 September 3
     "           7

246
250

151 mm(*)

  78   "

Pond 
   "

From August 31
to September 6

243–249 82 L·d–1 Daily drip

From September 7
to September 13

250–256 72 L·d–1 Daily drip

I2 From August 31
to September 6

243–249 82 L·d–1 Daily drip

From September 7
to September 13

250–256 72 L·d–1 Daily drip

(*) The irrigation events of August 25 and September 3 began at about 13.00 GMT.

Table II. Average volumetric soil water content (!) measured around
the experimental trees before and during the drip versus pond
irrigation experiment. The shown data correspond to the soil
volumes affected by irrigation. The average ! values in the soil
volumes non-affected by irrigation were 0.11 m3·m–3 for the D trees
and 0.12 m3·m–3 for the I trees, remaining about constant during the
experiment. Details on the experimental trees and the measurements
are given in the text. DOY = day of year.

! (m3·m–3)
DOY D1 D2 I1 I2

237
238
239
240
243
245
246
250
254

0.14
0.18
0.18
0.20
0.19
0.19

0.19
0.19

0.10
0.12
0.13
0.14
0.15
0.16

0.17
0.17

0.18
0.20
0.19
0.19

0.20
0.21
0.20
0.20
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2.4. Leaf water status and gas exchange measurements

Leaf water potential (!l, MPa) was measured in the D and
in the I trees once per month, from the beginning of the dry
season to the beginning of the drip versus pond irrigation
experiment. Measurements were carried out just before dawn
(!pd) and at around 10.00 GMT (!10) when the leaves
showed the minimum daily values of !l [16]. One sunlit and
healthy leaf of the current year was sampled per tree, in six
trees of both the D and I treatments. We measured the xylem
pressure potential at the petiole with a pressure chamber (Soil-
moisture Equipment Corp., Santa Bárbara, California, USA),
and assumed it to be equal to the leaf water potential. During
the drip versus pond irrigation experiment, measurements of
!pd and !10 were made nearly every day, in six leaves per
tree, in the four experimental trees. Immediately after measur-
ing !10, measurements of stomatal conductance to H2O (gs,
mol·m–2·s–1) and the net photosynthesis rate (PN, #mol·m–2·s–1)
were carried out with a portable photosynthesis system (LI-
6400, LI-COR, Lincoln, Nebraska, USA). These two variables
were measured in 10 leaves per tree of the same type as
described above, in each one of the four experimental trees.
The measurements were made at around 10.30 GMT, when
the daily maximum values of gs were registered.

2.5. Soil water measurements

Measurements of  were made every 15–20 d in three D
and three I trees from the beginning of the dry season to the
beginning of the drip versus pond irrigation experiment. We
used a neutron probe (Troxler 3300, Research Triangle Park,
North Carolina, USA) for measuring " every 0.1 m, from
0.3 m down to the maximum depth explored by the roots. In
the top soil layers  was measured by gravimetry. During the
drip versus pond irrigation experiment, measurements of "
were made nearly every day. The access tubes for the neutron
probe were installed 0.5, 1.5, 2.5 and 3.5 m away from the
trunks of the D1 and I1 trees, and 1.5 and 2.5 m away from the
D2 and I2 trees. The access tubes went to the depth of the hard-
pan, 2 m in the D1 tree, 1.7 m in the D2 tree and 1 m in both
the I1 and I2 trees.

3. RESULTS

3.1. Water status in the orchard throughout 
the dry season

Figure 1 shows the time course of ETo, ", !pd and !10
recorded from the beginning of the dry season to the beginning
of the drip versus pond irrigation experiment, for both the D
and I trees. The daily ETo (Fig. 1a) was over 8 mm often dur-
ing the season, reaching a maximum value of 10 mm on
August 3, day of year (DOY) 215. This illustrates the high
atmospheric demand normally found during the dry and hot
summer months in the area. Figure 1b shows that "$remained at
about 0.19 m3·m–3 in the wetted bulbs of the drip-irrigated I
trees. The fact that " remained constant and close to field capac-
ity throughout the dry season indicates that the water supplied
to the I trees was enough to cover the crop water demand. As

expected, "$around the D trees decreased throughout the dry
season, reaching a minimum average value of 0.12 m3·m–3 on
DOY 230. Significant differences in leaf water status between
the D and the I trees appeared quite late in the season (Fig. 1c).
Although data on relative water content and osmotic potential
are also required to assess the leaf water status, data on !l
(Fig. 1c) show clear differences between the D and I trees just
before the beginning of the drip versus pond irrigation experi-
ment (P < 0.001). Thus, on DOY 230, the last date shown in
Figure 1c, the average !pd was –0.35 MPa in the I trees and
–0.57 MPa in the D trees. The average !10 values recorded on
that day were –2.08 MPa for the I trees and –2.64 MPa for the
D trees.

3.2. Tree transpiration during the drip versus pond 
irrigation experiment

The ratio of Ep between the D1 and D2 trees (D1/D2 Ep)
calculated from the sap flow measurements before and during

"

"

Figure 1. Time course of reference evapotranspiration (ETo),
volumetric soil water content (!) and leaf water potential ("l)
measured at predawn ("pd) and at about 10.00 GMT ("10), when the
daily minimum values were recorded. Measurements were made
throughout the dry season of 1998, in the non-irrigated (D) and drip-
irrigated (I) trees of the experimental orchard. Irrigation of the I trees
began on March 24, DOY 83. For the D1 and I1 trees, each ! point
represents the average of the three soil water profiles measured
through the three access tubes closest to the trunk. For the D2 and I2
trees the " points are averages of the two measured soil water profiles.
For "l each point represents the average of six values. Vertical bars
indicate twice the standard error. Details on the measurements and on
the irrigation treatments are given in the text. DOY = day of year.
GMT = Greenwich Mean Time.
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the drip versus pond irrigation experiment are shown in
Figure 2a. On the days before the beginning of the experiment
the daily D1/D2 Ep rate was quite stable, with an average value
of 0.89. On DOY 238, just one day after the beginning of the
experiment, D1/D2 Ep was 0.96, increasing quickly on the
subsequent days to a maximum of 1.22 on DOY 251. Thus,
two weeks after the beginning of the experiment the increase
in Ep was 37% greater on the pond-irrigated D1 tree than on
the drip-irrigated D2 tree. A similar trend in relative transpira-
tion was observed in the I trees (Fig. 2b). In fact, prior to the
beginning of the drip versus pond irrigation experiment the
average I1/I2 Ep was 0.78, while at the end of the experiment,
on DOY 255, it was 1.02. This means that the increase in Ep
nine days after the beginning of the experiment was 31%
greater for the pond-irrigated I1 tree than for the drip-irrigated
I2 tree. Figures 2a and 2b also show the ETo values calculated
for the measuring days.

Table II shows slightly higher " values on DOY 250 in the
D1 tree than in the D2 tree. The differences, however, were

due to the water stored in deep soil layers only. In fact, below
1 m depth the average " value measured on DOY 250 was
0.21 m3·m–3 in the D1 tree and 0.14 m3·m–3 in the D2 tree. In
the layer of 0–1 m depth, however, the average  value was
0.18 m3·m–3 for both trees, indicating conditions close to field
capacity. Values of  around those of field capacity were also
recorded in the wetted bulbs of the I trees (Tab. II). 

3.3. Leaf water status and gas exchange during 
the drip versus pond irrigation experiment

The recovery of !pd after irrigation began earlier in the D1
tree than in the D2 tree (Fig. 3a). Thus, on DOY 238, one day
after irrigation, the value of !pd in the D1 tree was significantly
greater than on the previous day (P < 0.0001), while in the D2

Figure 2. Relative total daily transpiration between (a) the trees D1
and D2 (D1/D2 Ep) and (b) the trees I1 and I2 (I1/I2 Ep), calculated
from sap flow measurements in the trunk of the trees before and
during the drip versus pond irrigation experiment. The daily values
of reference evapotranspiration (ETo) are also shown. The arrows
represent the irrigation events detailed in Table I. The D1 and I1 trees
were pond irrigated, while the D2 and I2 trees were drip irrigated.
Further details on both treatments are given in the text. DOY = day
of year.

"

"

Figure 3. Leaf water status and gas exchange measurements
measured in current year leaves of the D trees before and during the
drip versus pond irrigation experiment. Figure 3a shows the values
of leaf water potential at predawn ("pd) and at 10.00 GMT ("10);
each point represents the average of six values. Figure 3b and 3c
show the values of stomatal conductance to H2O (gs) and net
photosynthesis (PN), respectively, measured at 10.30 GMT; each
point represents the average of 10 values. Vertical bars indicate twice
the standard error. The D1 tree was pond irrigated, while the D2 tree
was drip irrigated. Further details on both treatments are given in the
text. Figure 3d shows the daily maximum values of vapour pressure
deficit of the air (Da max) and photon flux density (IP max) recorded
on the measurement days. DOY = day of year. GMT = Greenwich
Mean Time.
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tree about the same !pd value was recorded on both days. The
maximum !pd value, observed on DOY 240, was –0.32 MPa
for the D1 tree and –0.49 MPa for the D2 tree. At the end of
the experimental period, on DOY 243, the recorded values
were –0.44 MPa for the D1 tree and –0.69 MPa for the D2
tree. The error bars shown in Figure 3a indicate that the differ-
ences between treatments after rewatering were significant on
all the measuring days. The !10 values shown in the same fig-
ure, although more variable due to the changing weather con-
ditions (Fig. 3d), show that at the end of the experiment, on
DOY 243, the D1 tree was less stressed than the D2 tree. No
significant differences, either in !pd or in !10, were recorded
between the I1 and I2 trees during the drip versus pond irriga-
tion experiment (Fig. 4a).

Figure 3b shows that before irrigating on DOY 237, the
average value of gs measured at 10.30 GMT in the D1 tree
(0.12 mol·m–2·s–1) was significantly lower (P < 0.006) than
that of the D2 tree (0.17 mol·m–2·s–1). The values of gs in both

trees increased quickly during the drip versus pond irrigation
experiment. In fact, the average values of gs just one day after
irrigation were 0.22 and 0.26 mol·m–2·s–1 for the D1 and D2
trees, respectively. After DOY 238 no significant differences
in gs between the D1 and D2 trees were observed. Perhaps the
high values of gs recorded after rewatering were not only due
to the water supplied, but also to the decrease in the atmos-
pheric demand (Fig. 3d), which probably reduced stomatal
closure. The I2 tree showed about the same gs values through-
out the experiment (Fig.  4b). This was expected, since the irri-
gation practice carried out on this tree during the drip versus
pond irrigation experiment was the same as that applied since
the beginning of the dry season, as explained in the “Irrigation
experiments” section. Prior to pond irrigating the I1 tree, the
average gs value measured in this tree (0.19 mol·m–2·s–1) was
significantly lower (P < 0.002) than that of the I2 tree
(0.27 mol·m–2·s–1). No differences in gs between the I1 and I2
trees were observed at the end of the experimental period.

As with gs, the differences in PN between the D1 and D2
trees (Fig. 3c), and also between the I1 and I2 trees (Fig. 4c),
decreased after irrigation, indicating that PN increased more in
the pond-irrigated than in the drip-irrigated trees. In the D
trees, gs increased markedly from DOY 237 to DOY 238
(Fig. 3b), while PN decreased (Fig. 3c). This apparent discrep-
ancy is explained by the weather conditions recorded on both
days. Day of year 237 was a bright day without clouds and
with a relatively high atmospheric demand. Day of year 238,
however, was partially cloudy, with a low atmospheric
demand. At about 10.30 GMT, when the values of gs and PN
were measured, the average values of incident photon flux
density (IP) were 1218 #mol·m–2·s–1 on DOY 237 and
345 #mol·m–2·s–1 on DOY 238. At that time of the day, the val-
ues of vapour pressure deficit of the air (Da) were on average
2.8 kPa on DOY 237 and 0.8 kPa on DOY 238. Thus, on the one
hand the low IP on DOY 238 was responsible for the low values
of PN. For the ‘Manzanilla’ variety, Díaz-Espejo [8] found that
light saturation for PN occurs when IP % 1600 #mol·m–2·s–1.
On the other hand, the low Da of DOY 238 allowed the plant
to keep the stomata open, which explains the high values of gs
recorded on that day. In previous experiments carried out in a
nearby orchard with trees of similar characteristics to those of
our experimental orchard, Fernández et al. [16] found a pro-
portional decrease in gs with increasing Da, for Da values of
up to approximately 3.5 kPa.

4. DISCUSSION

We were only able to instrument two pairs of D and I trees,
due to our limited number of sensors for recording sap flows.
Despite the lack of replications, the same trend on relative Ep
was registered in the two pairs of experimental trees, which
made us trust the results. The fact that the daily transpiration
of the pond-irrigated trees increased substantially more than
that of the drip-irrigated trees (Fig. 2) indicates that the tran-
spiration of the trees in which just a part of the rootzone was
affected by irrigation was curtailed. The time course of atmos-
pheric demand, illustrated by the ETo values shown in the figure,
does not seem to be responsible for the changes in the relative
Ep values. The water contents in the soil volumes affected by

Figure 4. Leaf water status and gas exchange measurements
measured in current year leaves of the I trees before and during the
drip versus pond irrigation experiment. Figure 4a shows the values of
leaf water potential at predawn ("pd) and at 10.00 GMT ("10); each
point represents the average of six values. Figure 4b and 4c show the
values of stomatal conductance to H2O (gs) and net photosynthesis
(PN), respectively, measured at 10.30 GMT; each point represents the
average of 10 values. Vertical bars indicate twice the standard error.
The I1 tree was pond irrigated, while the I2 tree was drip irrigated.
Further details on both treatments are given in the text. Figure 4d
shows the daily maximum values of vapour pressure deficit of the air
(Da max) and photon flux density (IP max) recorded on the
measurement days. DOY = day of year. GMT = Greenwich Mean
Time.
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irrigation were similar for all the experimental trees, and close
to field capacity (Tab. II). We assume that, even in the case of
the D1 and D2 trees where the greatest differences in " were
observed, they did not have any significant influence on the
relative Ep values. Actually, " values for both trees were the
same in the top metre of soil, where the greatest part of the root
system grows [13]. Therefore, the differences in relative tran-
spiration between the pond-irrigated and the drip-irrigated
tree, for both pairs of trees, seem to be due to the amount of the
rootzone wetted by irrigation. Bongi and Palliotti [3], in a split-
root experiment, divided the root system of young ‘Frantoio’
olive plants into two parts. The biggest part was irrigated at
–0.2 MPa soil potential (!soil), while the smallest part was
maintained at –1.1 MPa. Lower stomatal conductance and
growth were observed in these plants than in similar plants
with both split roots irrigated at !soil = –0.2 MPa. The authors
speculated about the idea of a signal originated in the roots,
similar to what Zhang and Davies [34] observed in maize.
Comprehensive reviews on the role of abscisic acid (ABA),
ethylene and other molecules in the capacity of the roots for
sensing soil conditions and signalling these to the shoots have
recently been published [2, 24]. Rather than the effect of a sin-
gle signal, the results obtained by Bongi and Palliotti [3], and
those shown here, may be due to a complex process. As Tar-
dieu and Davies [32] stated, “Stomatal conductance, leaf and
root water potential, water flux, and xylem [ABA] have multiple
interrelations which cannot be summarised by a relationship
between any of these variables”. Hydraulic control of stomata
closure had been reported mainly in woody species such as
Douglas fir [19] and Betula occidentalis [29]. However, it has
recently been reported in semi-woody species such as Hymen-
oclea salsola [5], and in the herbaceous bell pepper plant [33].
Fuchs and Livingston [19] interpreted the difference in sto-
matal response to root pressurisation between woody and her-
baceous plants on the basis that the usually larger woody
plants are less reliant on relatively slow-moving root signals
for short-term stomatal control. The hydraulic signal is a sim-
ple and rapid form of root-to-shoot communication that can
initiate stomatal responses or other leaf–level changes.
Schulze [30] suggested that large woody species would lack a
chemical root signal, because the long transport time would
make root-signalling ineffective for short-term stomatal regu-
lation. Hubbard et al. [22] showed that, under controlled con-
ditions where steady-state flow was promoted, gs and PN in
ponderosa pine were responsive to changes in the hydraulic
conductance of the soil to the leaf pathway. In their study, they
roled out any involvement of a root signal in response to
changes in the hydraulic conductance; first, because the plants
were well-watered throughout the experiment and, second,
because the changes in the hydraulic conductance were
induced dowstream from the roots. We have not investigated
the nature of any signal acting between the roots and the
shoots, but the results shown in Figure 2 indicate that when
part of the root system of mature ‘Manzanilla’ olive trees
growing under field conditions is left in drying soil the transpi-
ration of the trees is curtailed. This can probably be extrapo-
lated to other types of localised irrigation systems, apart from
the drip irrigation used in our orchard. This does not necessar-
ily mean that localised irrigation systems are not appropriate
for irrigating olive or other fruit tree orchards. In fact, the

plants’ stress signalling system is being currently used in agri-
culture to increase the water use efficiency of some crops. This
is the case for the partial root drying approach – PRD irrigation
– on grapevine and tomato [6, 31]. We have to point out, how-
ever, that the conditions of our drip versus pond irrigation
experiment differ from those of the PRD approach, since one
of the key feactures of PRD is that the wetted and drying sides
of the irrigation system must be alternated on a 10–14 day
cycle [7]. The fact that the amount of the root zone wetted by
irrigation influences water losses by transpiration should be
taken into account by the users of equation (1), in the sense
that the soil volume affected by irrigation must be considered
before assuming than a Kc value taken from the literature is
appropriate for the orchard.

After rewatering during the drip versus pond irrigation
experiment, the recovery of water status and gas exchange of
the leaves was greater and quicker in the pond-irrigated D1
tree than in the drip-irrigated D2 tree. This agrees with the
results on relative transpiration discussed above, supporting
the hypothesis that a drip irrigation system which supplies
water to only a part of the root system limits water consump-
tion of ‘Manzanilla’ olive trees. Results from previous exper-
iments indicate that both !pd and !10 in stressed olive trees
recover quickly after rewatering, and that the values of gs and
PN recover more slowly, the delay depending on the level of
water stress previously reached [11, 16, 27]. Our results show
that gs and PN increased quickly in the D trees after rewater-
ing, reaching similar values to those of the I trees just a couple
of days after applying water for the first time (Figs. 3 and 4).
This quick recovery was probably due to the fact that the
degree of water stress reached by the D trees before rewatering
was not too severe (Fig. 3a). The unusually high rainfall of the
hydrological year 1997-98, 717.2 mm, led to average " values
on DOY 231 of 0.17 m3·m–3 in the 1–2 m deep soil layer, in
both the D1 and D2 trees. These values are greater than those
recorded in the orchard at the end of the dry season on years of
average rainfall [25]. Maximum values of !pd were recorded
on the D trees two days after rewatering. These values
remained below –0.3 MPa, while the !pd values recorded in
the I trees were close to –0.2 MPa. Even so, the !pd values of
the D trees after rewatering were well above –0.5 MPa, con-
sidered as a threshold for water deficit in olive [16], as well as
in other species [4, 10]. In fact, !pd is closely related to the soil
water content, and it is generally accepted that !pd can be used
as an indicator of water stress in fruit trees. Although there are
limitations to this assumption [1], the work by Natali et al. [27]
and Fernández et al. [16], among others, shows that the value
of !pd can be used as an indicator of the degree of water
recovery of the olive tree at night. Although !10 depends
greatly on the atmospheric conditions, the values of !10 recorded
in the D trees also recovered substantially after rewatering.

5. CONCLUSIONS

Drip irrigation in which a part of the root system is left in
drying soil limits transpiration in ‘Manzanilla’ olive trees. This
may apply to any other type of localised irrigation system sup-
plying water to a part of the rootzone only. This may be due to
stomatal closure induced by roots left in dry soil, although this
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point has not been investigated in this work. This does not nec-
essarily mean that localised irrigation systems are not appro-
priate for irrigating olive or other fruit tree orchards. On the
one hand, a reduction in transpiration could increase the water
use efficiency in the orchard. On the other hand, any reduction
in transpiration could lead to a decrease in crop performance.
This, and the nature of the signal or signals involved in the
olive’s stress signalling system could be the topics for pioneer-
ing lines of research. In unirrigated olive trees, the recovery
after the dry season of both leaf water potential and gas
exchange was greater and quicker with pond irrigation than
with drip irrigation.
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