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ABSTRACT. Apple is grown in areas where water for irrigation is often
limited. New water-saving irrigation methods are therefore needed for
production in a sustainable system. Here we have compared commercial
irrigation (CI) with partial rootzone drying (PRD) for their effects on
‘Pacific RoseTM’ in a humid climate during the growing season of
2000-2001. In our PRD treatment only one side of the tree row was wa-
tered at each irrigation time and the other side was kept un-irrigated for
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the entire growing season. In general, diurnal leaf water potential values
were the same for CI and PRD trees, and so were the gas exchange pa-
rameters of photosynthesis, transpiration, and stomatal conductance.
Yield, mean fresh weight of fruit, trunk cross sectional area (TCSA),
yield efficiency (yield/TCSA), and shoot growth were the same for CI
and PRD. But the irrigation water use efficiency was higher by 133% for
PRD trees compared to the CI trees. Fruit quality at harvest; in terms of
dry matter concentration, flesh firmness, total soluble solids concentra-
tion, and background skin colour was the same for the treatments. Be-
sides maintaining fruit yield and quality, the PRD treatment led to a
saving of 0.151 megalitres of water per hectare. PRD could therefore be
recommended where water resources are limited for apple production.
doi:10.1300/J064v30n02_11 [Article copies available for a fee from The Haworth
Document Delivery Service: 1-800-HAWORTH. E-mail address: <docdelivery@
haworthpress.com> Website: <http://www.HaworthPress.com> 2007 by The
Haworth Press, Inc. All rights reserved.]
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INTRODUCTION

Apple is grown in a wide range of climates worldwide often with
limited water availability for irrigation (Westwood, 1993). With the
higher demands for water from increasing world population and grow-
ing industries, water is becoming increasingly limited for irrigation
(Postel, 1998; Bouwer, 2003). New water saving irrigation methods
would therefore have to be explored for food production. This is true
especially for apple production as apple has the second highest acreage
of any fruit crop in the world after grapes (FAO, 2005).

So far, there are two methods of reduced irrigation for saving water in
fruit production. One is deficit irrigation (DI) where a certain percent-
age of evapotranspiration is replaced by irrigation applied over the
entire rootzone. The other, which is a variation of DI, is partial rootzone
drying (PRD) where at each irrigation time only one side of the tree row
is watered with the other side is left to dry, to a pre-determined level,
before being irrigated next. Apple has been extensively researched
under DI but, to our best knowledge, there is only one literature report
(van Hooijdonk et al., 2004) on its responses to PRD, which is a relatively
new technology. Roots in drying soil are expected to send chemical
signals (mainly abscisic acid, ABA) to leaves inducing partial closure
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of stomata, and thereby reducing transpiration rate and improving water
use efficiency, because photosynthesis is expected to decrease to a
lesser extent than does transpiration (Gowing et al., 1990; Dry and
Loveys, 1998; Davies et al., 2002). This potential of PRD has been real-
ised in grape (Loveys et al., 2000; du Toit et al., 2003; de Souza et al.,
2003; dos Santos et al., 2003). Yield and berry quality for two grape-
vine cultivars were the same between PRD vines and fully irrigated
vines, but irrigation water use efficiency improved in the former vines
(Loveys et al., 2000).

However, PRD has had different effects on yield and fruit quality in
various fruit trees. While Kang et al. (2002) reported a significant
increase in the yield of pear under PRD, a similarity of yield and fruit
quality between PRD and fully irrigated trees was reported for peach
(Goldhamer et al., 2002) and for apple (van Hooijdonk et al., 2004). The
potential of PRD as an effective water saving irrigation practice will
have to be further explored. Our objective therefore was to investigate
the effect of PRD on plant and fruit water status, photosynthesis, yield,
fruit quality, and irrigation water use efficiency of ‘Pacific RoseTM’
apple. Because one part of the rootzone is always moist during PRD and
plant water status is expected to equilibrate with this part as observed in
a split root experiment on apple by Gowing et al. (1990), we hypothes-
ised that PRD would not significantly reduce the fundamental physio-
logical processes, and therefore yield and fruit quality would be similar
to trees fully irrigated.

MATERIALS AND METHODS

Experimental Site, Plant Material, and Treatments

The experiment was conducted at the Fruit Crops Unit, Massey Uni-
versity, Palmerston North (latitude 40�2	 S, longitude 175�4	 E) during
the growing season of 2000-2001. The area has humid temperate cli-
mate with an average annual rainfall of 960 mm. The orchard soil is a
Manawatu fine sandy loam.

The experimental block consisted of four rows of four-year-old
‘Pacific RoseTM’ apple growing on M9 interstem and on MM-106
rootstock. The trees were spaced at 4 m between rows and 3 m within
the row and trained as a central leader. Sixteen experimental trees were
divided into four blocks. Each block had two plots of two experimental
trees each. Two guard trees at each end surrounded the experimental plots.
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Two treatments were randomly allocated within each block. They
were commercial irrigation (CI), considered as control, and PRD. The
CI trees were irrigated to maintain the soil moisture at or close to field
capacity. The irrigation water in PRD trees was applied only to one side
of the tree row, while the other side was kept un-irrigated during the
entire growing season. To exclude the rain, soil in the PRD plots
was covered with clear polythene a month before full bloom, which
occurred on October 23, 2000. Trees received standard cultural prac-
tices for local commercial fruit production including fertilization, pest
and disease control, and weed control. Trees were hand-thinned at
53 days after full bloom (DAFB) to 6 fruit per cm2 of trunk cross sec-
tional area (TCSA) (Tustin et al., 1999).

Volumetric Soil Water Content

Volumetric soil water content was monitored once a week by time
domain reflectometry (TDR, Trase System, Soil Moisture Equipment
Corp., Santa Barbara, CA, USA). Two pairs of TDR probes were
installed permanently at a soil depth of 500 mm (one pair on each side
of the row) at distances of 250 and 500 mm away from the emitters
and tree trunk, respectively. Field capacity and permanent wilting point
for this soil are reached at volumetric soil water contents of 0.35 and
0.17 m3 m�3, respectively.

Measurements of Leaf Water Potential

Diurnal leaf water potential was measured on six fully expanded
leaves per plot by using a Scholander pressure bomb (Soil Moisture
Equipment Corp., Santa Barbara, CA, USA). Measurements were taken
at 05:00, 09:00, 13:00, 17:00, and 20:00 hours on 52, 87, 115, and 142
DAFB.

Measurements of Gas Exchange Parameters

Data on stomatal conductance and rates of photosynthesis and tran-
spiration were collected between 12:00 and 13:30 hours with a portable
photosynthesis system (LI-6200, Li-Cor Inc., Nebraska, USA) on eight
mature and exposed leaves per plot. These were taken on the same sam-
pling days as for leaf water potential.
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Measurement of Growth in Trunk, Shoot, and Fruit

Shoot growth was measured by selecting and tagging similar-size
current season shoots at the outer and middle part of the canopy at the
start of the experiment on 37 DAFB. The shoot length was measured at
the end of the growing season. Shoot length values (mm � standard
deviation) at the start of the experiment were: 10.2 � 1.1 and 9.4 � 2.0
for CI and PRD trees, respectively. Fruit growth was recorded at weekly
intervals, in terms of fruit diameter of the equatorial region of each fruit,
on 10 fruit randomly sampled at the outer and middle part of one tree
canopy with a digital caliper (Digimatic, model 50-321, Mitutoyo, Co.,
Japan) commencing on 37 DAFB and until growth ceased. Fruit volume
was estimated by assuming a spherical shape. Tree trunk diameter was
measured before and at the end of the experiment at 400 mm above the
ground level with the same digital caliper. Tree trunk diameter was
expressed in terms of TCSA.

Yield, Irrigation Water Use Efficiency, and Fruit Quality

At harvest, which occurred on 179 DAFB, fruit from each tree were
harvested, counted, and total weight of all fruit measured as gross yield.
Mean fresh weight of fruit was calculated by dividing the gross yield by
number of fruit per tree. Yield efficiency was calculated by dividing
the yield of each tree by TCSA of the same tree. Irrigation water use
efficiency was obtained by dividing the gross yield by litres of water
applied to the tree (kg per tree L�1 H2O).

Six fruit per plot were randomly selected to assess quality. Skin back-
ground colour of fruit, in terms of hue angle, was determined using a
chromameter (CR-200 Minolta, Osaka, Japan). This was done on two
opposite sides of the middle part of each fruit. After removing the fruit
skin, two flesh firmness determinations were done on two opposite
sides in the equatorial part of each fruit using a press-mounted Effegi
penetrometer (model FT 327, Alfonsine, Italy) with an 11.1 mm head.
Total soluble solids concentration was measured with a hand-held
refractometer with automatic temperature compensation (ATC-1 Atago,
Tokyo, Japan) by mixing some drops from each side of the fruit. Dry
matter concentration of fruit was determined from 25 g fresh cortical
tissue oven-dried at 85�C to constant weight and it was expressed on a
fresh mass basis.
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Return Bloom

Return bloom was determined as follows. Four 2-year-old shoots
(25 cm length) per tree were selected a month before full bloom which
occurred on October 10, 2001. The basal diameter of each shoot was
determined and shoot cross sectional area (SCSA) calculated. The flow-
ers on each shoot were recorded and the bloom density was calculated
as the number of open flower clusters divided by SCSA.

Statistical Analysis

Data were analysed by complete randomised block model using
GLM procedure of SAS software (SAS Institute, Cary, North Carolina,
USA). To stabilise the variance, the variables that were expressed in
percentage (such as skin background colour of fruit and volumetric
soil water content) were arcsine-transformed. Number of fruit was
squareroot-transformed (Fernandez, 1992). Means are reported after
back transforming. Treatment means were separated by the least signifi-
cant difference (LSD) test at P 
 0.05.

RESULTS AND DISCUSSION

In PRD, the rootzone is simultaneously exposed to both wet and dry-
ing soil. In our experiment, � in the wet side of PRD and in CI was kept
close to field capacity. In contrast, � in the drying side of PRD slowly
decreased from 44 DAFB and it tended to stabilise from 100 DAFB to
the end of the growing season (Figure 1). The slow drying of the soil did
not necessitate alternating the irrigation in both sides of the root system
in the PRD treatment. We do not discount the possibility of water move-
ment from the wet side to the dry side of PRD plots. However, a stron-
ger possibility is water uptake from the deeper soil profile and the
occurrence of ‘hydraulic lift’ (as defined by Atwell et al., 1999) contrib-
uting to the stabilisation of � in the dry side of PRD trees.

In our PRD treatment the expected hormonal changes, mentioned ear-
lier, might not have been realised. Stomatal conductance and the rates of
transpiration and photosynthesis were the same between CI and PRD
(Table 1). This might be due to the fact that ψleaf was similar between CI
and PRD trees, except for two times at 13:00 and 05:00 hours on 52 and
115 DAFB ( Figure 2). However, most of the time, ψleaf in PRD trees was
slightly lower than in CI trees at midday, possibly due to evaporative
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FIGURE 1. Changes in volumetric soil water content (� in the text) in commer-
cially irrigated (CI) trees and both sides of partial rootzone drying (PRD) trees.
Vertical bars represent the least significant difference (LSD) at P 
 0.05 and
the asterisks indicate significant differences at the P 
 0.05.

TABLE 1. Stomatal conductance, rates of transpiration, and photosynthesis in
response to irrigation treatments (ITs). CI and PRD stand for commercial irriga-
tion and partial rootzone drying, respectively. Photosynthetic photon flux (PPF)
is given for each occasion. Standard error of the mean (SEM) and standard de-
viation (SD) are provided for each mean value.

Parameter ITs Days after full bloom

52 87 115 142

Stomatal conductance CI 13.8 � 1.6 13.8 � 1.2 14.2 � 0.8 13.4 � 1.2
(cm s�1

� SEM) PRD 11.8 � 0.9 17.3 � 0.7 12.9 � 0.9 13.1 � 0.8
Transpiration rate CI 2.2 � 0.1 5.6 � 0.2 9.6 � 0.6 2.5 � 0.1
(mmol m�2 s�1

� SEM) PRD 2.0 � 0.1 6.5 � 0.2 8.8 � 0.3 2.5 � 0.1
Photosynthetic rate CI 14.9 � 0.7 19.2 � 0.3 33.4 � 1.1 16.1 � 0.6
(�mol m�2 s�1

� SEM) PRD 15.1 � 0.4 20.9 � 0.4 34.4 � 0.7 16.6 � 0.3
PPF
(�mol m�2 s�1

� SD)
1764 � 389 1627 � 582 1225 � 667 1313 � 583



demand. The maintenance of ψleaf in PRD trees could be explained, in
part, by an increase of water absorption from the roots in the wet soil
as observed by Green and Clothier (1999). These authors observed that
when a portion of the apple root system is irrigated, this portion has
the capacity to transfer water from the soil at higher rates than when the
whole root system is irrigated. Flore and Lakso (1989) have shown that
stomata of apple leaves close when ψleaf become �3.0 MPa or lower. Leaf
water potential did not decrease to this level in our experiment (Figure 2).

Fruit growth of PRD trees, in terms of volume, was reduced signifi-
cantly from 80 to 120 DAFB ( Figure 3 ) possibly, because of a temporary
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water deficit that is not reflected in our measurements of Figure 2.
Although not significant, fruit growth remained slightly lower than that
of CI fruit until the end of the growing season (Figure 3). Yield and yield
components were also similar between irrigation treatments (Table 2). Our
results disagree with those of Kang et al. (2002) who reported a significant
increase in the yield of pear under PRD. They also reported higher num-
ber of fruit (111 more fruit) in PRD trees than in CI trees. In their experi-
ment, maybe the crop load was not properly adjusted. In our experiment,
at harvest, mean number of fruit (LSD = 56) was 104 and 124 for CI and
PRD trees, respectively. Similar results were found in ‘Golden Delicious’
apple trees undergoing PRD in semi-arid environment (Zegbe, 2005).

Compared to CI, PRD had an increase of 133% in irrigation water use
efficiency (Table 2). Values quoted from the literature are: 27% for pear
(Kang et al., 2002), 89-100% for grape (du Toit et al., 2003; dos Santos
et al., 2003), and 93% for apple (van Hooijdonk et al., 2004). Another
benefit of PRD is the reduction of pruning cost by reducing shoot growth
as shown for field-grown grapevine (Dry et al., 2000; du Toit et al., 2003).
We did not observe changes in growth pattern in apple (Table 2 ). In fact,
shoot growth tended to be higher (although not significantly) in PRD
trees than in CI trees by ca 15%. Return bloom, recorded in the spring of
2001, was the same between the treatments. The values (number of open
flower clusters per cm2 of SCSA � twice the standard error of the mean)
were 4.1 � 1.2 and 2.8 � 0.8 for CI and PRD trees, respectively.

Although PRD trees received only 50% of water given to CI trees,
fruit quality, in terms of higher total soluble solids concentration, flesh
firmness, dry matter concentration, and skin colour of fruit, was the
same in both treatments (Table 3). There was a trend for an increase in
dry matter concentration of PRD fruit by ca 4%. It is reported that red
colour of ‘Pacific RoseTM’ apple can be hampered or delayed by water
deficit (Tustin et al., 1999). However, here red colour tended to increase
by 10% in PRD fruit relative to CI fruit. A benefit of reduced irrigation
is the improvement of fruit quality in apple, but this improvement
depends on the extent of water deficit developed and the timing of it
(Behboudian and Mills, 1997). For instance, ψleaf reduction by �1.5 to
�2.5 MPa is accompanied by increase in sugars, flesh firmness, aroma
volatiles, and storage potential (Ebel et al., 1993; Mills et al., 1996;
Kilili et al., 1996; Mpelasoka et al., 2000). This lowering of ψleaf did not
occur here in the PRD treatment (Figure 2).
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CONCLUSIONS

PRD did not alter plant water status and gas exchange parameters
during the entire growing season in the ‘Pacific RoseTM’apple. Yield,
yield components, and fruit quality were not adversely affected by
PRD. This irrigation method improved irrigation water use efficiency
by 133% and saved 0.151 megalitres of water per hectare. Although
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TABLE 2. Effect of commercial irrigation (CI) and partial rootzone drying (PRD)
on mean fresh weight of fruit (MFMF), trunk cross-sectional area (TCSA), final
shoot length (FSL), and irrigation-water-use efficiency (IWUE) of ‘Pacific RoseTM’

apple. IT = irrigation treatments. Means within columns followed by the same
letter are not significant different by LSD test at P 
 0.05.

IT Gross yield
(kg tree�1)

MFMF
(g)

Yield efficiency
(kg tree�1/cm2

TCSA)

TCSA
(cm2)

FSL
(mm)

IWUE
(kg L�1 H2O)

CI 23.80a 216.04a 1.22a 20.33a 142a 0.06b
PRD 24.38a 187.47a 1.20a 19.82a 163a 0.14a
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FIGURE 3. Cumulative fruit growth, in terms of fruit volume, of ‘Pacific RoseTM’
apple under partial rootzone drying (PRD) and commercial irrigation (CI). Verti-
cal bars represent the LSD at P 
 0.05 and the asterisks indicate significant dif-
ferences at P 
 0.05.



PRD could be suggested as a water saving practice in a humid environ-
ment, research in dry environments needs to be conducted.
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