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Abstract

Partial rootzone drying (PRD) is a water-saving irrigation technology that may affect apple
(Malus domestica Borkh cv. Golden Delicious/Malling7)-tree nutrition if applied for an extended
period. The objective of this study was to test the hypothesis that long-term application of PRD
causes seasonal changes in macro- and micronutrients of apple leaves. The irrigation treat-
ments were: (1) commercial irrigation as control (Cl) and (2) PRD. After 3 years of evaluation,
PRD irrigation had saved about 3240 m3 of water per hectare. Leaf xylem water potential was
slightly lower in the PRD treatment than in Cl. The seasonal concentration of macro- and micro-
nutrients was comparable between treatments, although significant differences were found at
times. The macronutrient concentrations were within the normal range in PRD apple leaves. All
micronutrient concentrations were slightly above the normal range except for Zn, which was
slightly below the normal range. No physiological disorders associated with plant nutrition were
observed on leaves or fruits. Therefore, data suggest that PRD did not alter apple-tree nutrition
during the 3-year trial. Thus, PRD may be feasible for apple production in Central Mexico. How-
ever, further studies need to be conducted in those regions where groundwater is the main water

source for irrigation and rain is negligible, particularly during the growing season.
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1 Introduction

Worldwide, water resources for agriculture have been reduced
dramatically in the last two decades due to overexploitation of
groundwater and increasing nonagricultural demand for fresh
water (Postel, 2003). This is particularly true in the arid and
semiarid regions of Central and North-Central Mexico, where
85% of extracted groundwater are used for agriculture, of which
57% are lost annually due to inadequate hydraulic infrastructure
(CNA, 2008). The challenge of producing more food with less
water could be met using localized irrigation technologies (i.e.,
drip irrigation and microsprinkling systems) combined with
water-saving irrigation strategies such as regulated deficit irri-
gation (RDI) and partial rootzone drying (PRD). The RDI sup-
plies the entire rootzone with less water than the prevailing eva-
potranspiration (Behboudian and Mills, 1997). In contrast, PRD
involves wetting only part of the rootzone at each irrigation
event, while the remainder is allowed to dry to a predetermined
level of soil-water depletion (Zegbe et al., 2008). The PRD has
been successfully applied to herbaceous (Gengoglan et al.,
2006; Shahnazari et al., 2008; Du et al., 2008) and perennial
crops (Kang et al., 2002; Stoll et al., 2002; Goldhamer et al.,
2002; van Hooijdonk et al., 2004; Leib et al., 2006; Zegbe and
Behboudlian, 2008).

Plants undergoing PRD are exposed to heterogeneous soil
water content in the rootzone during the growing season, which
may affect long-term plant nutrition (Zhao et al., 2006). Reports
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from some short-term studies indicate that PRD did not
decrease nitrogen absorption and accumulation in herbaceous
plants (Hu et al., 2006, 2009; Shahnazari et al., 2008) or apple
trees (Nakajimaet al., 2004), but effects of long-term PRD irriga-
tion in apple (Malus domestica Borkh)-tree nutrition have not
been reported. The objective of this study was to test the hypo-
thesis that long-term application of PRD causes seasonal
changes in macro- and micronutrients of apple leaves.

2 Material and methods
2.1 Experimental site and plant material

The experiment was conducted in the Campo Experimental
Zacatecas, Calera de Victor Rosales, Zacatecas, México
(22°54’ N, 102°39" W, elevation 2,197 m) during three conse-
cutive growing seasons from 2005 to 2007. The experimental
site has an annual mean temperature of 14.6°C and receives
416 mm precipitation with 75% occurring between July and
October. Average annual pan evaporation is 1609 mm. The
orchard soil is classified as Kastanozem (Michéli et al., 2006)
with a sandy-loam texture at pH 7.5 and 0.57% organic mat-
ter. Soil-fertility analysis indicated a total concentration (in
mgkg-1) of 10.4 N, 5.44 P, 212 K, 2630 Ca, 774 Mg, 7.25 Fe,
0.71 Zn, 28 Mn, and 1.81 Cu (Jones, 2001). Thirty-two-year-

www.plant-soil.com



460 Zegbe, Serna-Pérez, Gonzalez-Fuentes

old apple trees (Malus domestica Borkh cv. Golden Delicious/
Malling7) were spaced at 5 m x 3.5 m and trained to the cen-
tral leader form. There was a permanent native grass cover
crop (Chloris submutica, Botriochloa barbinodis, and Cyno-
don dactylon) between the tree rows. Except for irrigation, all
trees received standard cultural practices used for local com-
mercial production. These included pruning, application of
chemical endodormancy releasers (2% Tidiazuron, 4%
mineral oil, with 6% biodegradable soap powder as adherent)
on March 10, 2005, March 7, 2006, and March 13, 2007, and
manual thinning to two fruits per spur = 35 d after full bloom.
Pest-management practices were applied as needed.

2.2 Treatments and irrigation

Ten experimental units, each comprising four consecutive trees
in a row, were selected and randomly allocated to two irrigation
treatments (five experimental units per treatment). Two to four
guard trees at each end surrounded the experimental plots. The
irrigation treatments were: (1) Commercial irrigation as control
(Cl) and (2) partial rootzone drying (PRD). The experiment
was arranged in a completely randomized design.

Irrigation was applied in both treatments through two parallel
irrigation lines (one to each side of the row). Trees were drip-
irrigated through ten emitters (five on each side of the tree
row) that emitted a combined total of 40 L h-1, placed 50cm
away from the tree trunk. For this type of soil, the field capa-
city (8gc) and permanent-wilting point (8pyp) were
0.25cm3cm=3 and 0.15cm3cm-3, respectively. The CI treat-
ment involved irrigating both sides of the tree row to return to
Orc. In the PRD-treatment plots, irrigation was applied to one
side of the tree row to return it to 6¢; the other side was left
unirrigated until the following irrigation cycle. Volumetric soil
water content (6, mean * standard deviation) of the dryer side
of PRD plots was measured before each irrigation turn and
was as low as (0.159 + 0.026)cm3cm—3 and (0.161 +
0.019) cm3cm=3 during the 2005 and 2006 growing seasons,
respectively. The first irrigation was given at 0 in both treat-
ments. The 6 was monitored on a single tree per experimen-
tal unit using time domain reflectometry (TDR, Mini-Trase
System-Soil Moisture Equipment Corp., Santa Barbara, CA,
USA). Two pairs of TDR probes were installed permanently
at a soil depth of 40cm (one on each side of the row for one
tree in each of the ten experimental plots) at a distance half-
way between the tree trunk and the emitters.

Reference evapotranspiration (ETo; inmm) was estimated
from a class A evaporation pan (Ev; in mm) using the relation-
ship ETo = Ev x Kp, where Kp is the pan coefficient, which for
the study site is 0.75 (Allen et al., 2006). Meteorological data
were collected from a weather station located near the
experimental orchard. In 2005 and 2006, applied water was
estimated as the difference between 0 at the start and at the
end of each irrigation period at a soil depth of 40cm. The
water consumptive use (WCU) was estimated using a soil
water balance (Allen et al., 2006) considering the 0 readings
and the effective rainfall (Zegbe-Dominguez et al., 2006).

Due to malfunctioning of the TDR during the 2007 growing
season, the WCU between irrigations was determined by the
relationship ETc = ETo x Kc; where ETc is WCU, ETo was
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defined already, and Kc is the crop coefficient estimated for
our local conditions, which varied from 0.4 in March to 1.0 in
July. The applied water was estimated weekly as the differ-
ence between ETc and the effective rainfall (Zegbe-Domin-
guezet al., 2006).

2.3 Fertigation program

Trees were fertigated with 75N-75P-75Kkg ha-1. The
sources for N and K were urea and potassium chloride, re-
spectively. The P source was monoammonium phosphate
(MAP, 12N-46P-00K with solubility of 225 g L-1, Hydrosol
MAP, RhadioFosfatados de México S.A. de C.V). Half of the
N (68 g urea), all of the P (286 g MAP), and all of the K (219 g
potassium chloride) for each tree were applied in the first four
irrigations. For PRD trees, a quarter of the total fertilizer was
applied at the first irrigation to the wet side of PRD trees. For
the next irrigation turn, the second quarter was applied on the
opposite side and so on, so that the same amount of fertilizer
was applied to both treatments. The remaining half of the N
(143 g of urea per tree) was supplied via fertigation to both
treatments 2 weeks after fruit harvest following the protocol
described above.

2.4 Determinations of leaf xylem water potentials

The middle two trees from each experimental unit were used
for data collection. Diurnal changes in leaf xylem water poten-
tial (Wo41) Were recorded using a Scholander pressure bomb
(Soil Moisture Equipment Corp., Santa Barbara, California,
USA) on four (two per tree) fully expanded and mature leaves
from the middle of shoots located in the middle and outer
parts of the trees. This was done 2 d after irrigation at
06:00 a.m., 12:00 noon, and 06:00 p.m. at three phenological
stages: after fruit set, during fruit growth, and before harvest.

2.5 Leaf sampling and nutrient analysis

For leaf-mineral analysis, one leaf was collected midway
along the axis of each of 30 outer canopy fruiting shoots that
were approximately equally distributed around each tree. A
composite sample of 60 leaves per replication (30 per tree)
was prepared. Leaves were sampled on the same three
dates as the ¥, determinations, and a fourth sampling was
collected 43, 41, and 40 d after harvest in 2005, 2006, and
2007, respectively. Each sample was washed with distilled
water, dried at 65°C for 48 h, and ground. Leaf tissue was
wet-digested using a micro—Kjeldahl apparatus to determine
N concentration. For determination of the concentrations of
other nutrients, samples were wet-digested and analyzed
with an inductively coupled plasma—emission spectrometer
(Fisons Instruments, Dearborn, MI).

2.6 Nitrogen-status determination

Leaf color, as a leaf-nitrogen-status indicator, was measured
in the field using a portable Ch meter SPAD 502 (Minolta
Camera, Osaka, Japan) on four leaves in the vicinity of those
used for ¥, determinations on the same sampling dates
used for leaf-nutrient analysis.
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2.7 Data analysis

Data were analyzed by a completely randomized model using
the general linear model (GLM) procedure of SAS (Version
9.1; SAS Institute, Cary, NC, USA). Treatment means were
compared using Fisher’s least-significant-difference (LSD)
test at < 5%.

3 Results and discussion

According to the applied water values, on average PRD irri-
gation saved about 47% (3240 m3 ha-1) of the water applied
to the control (Tab. 1). The ETc, in terms of water consump-
tive use, was also enhanced around 41% by PRD irrigation.
Compared to commercial irrigation practices, PRD irrigation
enhanced water-use efficiency (WUE) by 51%. lIrrigation
water-use efficiency (IWUE) was improved by 81%, because
the yields of Cl and PRD trees were similar. The 3-year-aver-
age yields were 34.1 and 31.4 kg tree-1 (LSD = 8.2 kg tree-1)
for Cl and PRD, respectively. The corresponding values for
IWUE were 30.7 and 55.5kg ha-'mm-1 (LSD = 10.6kg
ha-1mm-1), respectively, and the WUE values were 23.9 and
36.1kg ha-'mm-1 (LSD = 7.4kg ha-'mm-1), respectively.
The improvement in IWUE partially agreed with that reported
for apple trees cv. Fuji growing in a semiarid climate with
PRD (Leib et al., 2006). The discrepancy in IWUE between
that study and ours was due to the high volume of water
applied to the PRD treatment during the second growing sea-
son of the reported study, which lowered IWUE values
compared to ours. The low average yields reported for both
treatments was in part due to the apple cultivar—rootstock
combination used here compared with the same cultivar
grafted onto other rootstocks (Westwood, 1993). The low
winter chill accumulation in the first two seasons may also
have contributed to low yields. An attempt was made to allevi-
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Table 1: Accumulated reference evapotranspiration (ETo), applied
water, and water consumptive use (WCU) for two irrigation treat-
ments applied in three consecutive growing seasons to apple trees
(cv. Golden Delicious/M.7).

Irrigation treatments ETo/mm  Applied WCU /mm
water /mm

2005

Commercial irrigation 720.0 726.8 788.8
Partial rootzone drying 720.0 4083.0 4452
2006

Commercial irrigation 837.6 740.8 881.7
Partial rootzone drying 837.6 395.8 507.5
2007

Commercial irrigation 775.9 598.6 808.6
Partial rootzone drying 775.9 295.3 505.3

ate this problem by applying endo-dormancy releasers (Tidi-
azuron plus mineral oil). However, the applications did not
enhance bud break, and this was reflected in the low yields.
The opposite occurred when chill accumulation was constant
or higher than that observed during the winter 2006-2007
(north latitude). The chill accumulated during the winters
2004-2005, 2005—2006, and 2006—2007 was 243, 254, and
494 chill units (as defined by Anderson et al., 1986), respec-
tively. Variation in chill accumulation, and therefore low yields,
is becoming a problem for the cultivation of temperate fruit
trees in this region as reported for other production areas
(Luedeling et al., 2009). This implies that in the near future,
low-chill apple varieties will be grown to stabilize yields.

Table 2: Diurnal changes in leaf xylem water potential of 32-year-old apple trees (cv. Golden Delicious/M.7) exposed to commercial irrigation
(Cl) or partial-rootzone-drying (PRD) irrigation at specific times of day over the growing season. For each hour, mean separations within a row,
a year (Y), and the days after full bloom (DAFB) were by Fisher’s LSD (p < 5%). Mean values followed by the same lowercase letter are not

significantly different. The readings were collected 2 d after irrigation.

Diurnal time / h

0600 1200 1800

Y/DAFB Cl PRD Cl PRD Cl PRD
2005

54 —-0.59a —-0.59a -1.92a —2.00a —2.10a —2.20a

69 -0.51a —-0.55a —-1.36a —-1.50b -1.27a -1.43b
131 —-0.46a —0.45a —1.65a -1.77a -1.73a -1.82a
2006

85 -0.31a —-0.34a —1.56a -1.67a -1.62a —-1.78a
112 -0.28a —-0.39b -1.47a —1.66a -1.57a —1.68a
126 —-0.26a -0.42b —1.50a —1.66a —-1.35a —1.44a
2007

65 -0.52a —-0.65b —-1.85a -1.99b —1.54a -1.83b

93 -0.32a —-0.43b -1.87a -1.89a —1.54a —1.54a
122 —-0.24a —0.25a -1.63a —1.58a -1.81a -1.77a
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Table 3: Effect of commercial irrigation (Cl) and partial rootzone drying (PRD) on macronutrient concentrations of apple leaves (cv. Golden
delicious/M.7). Mean separations within a row, a year, and the days after full bloom (DAFB) were by Fisher's LSD (p < 5%). Mean values
followed by the same lowercase letters are not significantly different.

Macronutrient concentrations / %

N P K Ca Mg
Year/DAFB  Cl PRD o] PRD cl PRD cl PRD cl PRD
2005

54 191a  2.00a 0.19a  0.20a 171a  1.68a 0.99a  1.02a 0.29a  0.29a

69 1.99a  1.86a 0.23a  0.22a 1.49a  1.56a 134a  1.01b 0.35a  0.26a
131 157b  1.83a 0.19a  0.19a 125a  1.16a 134a  1.23a 0.29a  0.27a
174 158a  1.64a 0.17a  0.17a 1.05a  1.00a 1.77a  1.60a 0.36a  0.31a
2006

85 223a  2.08a 0.19a  0.17a 164a  1.39% 1.08a  1.16a 0.34a  0.35a
112 209a  2.05a 0.16a  0.15a 142a 1.21a 142a  1.44a 0.40a  0.36a
126 211b  2.15a 0.17a  0.15a 1.30a  1.00a 120b  1.61a 0.32a 0.37a
167 1.86a  1.83a 0.14a  0.11a 116a  0.92b 177  2.01a 0.41a  0.42a
2007

65 251a  2.50a 0.21a  0.18a 1.75a  1.58a 0.89a  0.92a 0.30a  0.30a

93 228a  2.38a 0.18a  0.18a 127a  1.19a 112a  1.15a 0.33a  0.29a
122 220b  2.34a 0.15a  0.14a 1.08a  0.81b 126b  1.43a 0.32a  0.34a
162 205a 2.01a 0.13a  0.13a 0.90a  0.87a 162a  1.66a 0.37a  0.38a

Table 4: Effect of commercial irrigation (Cl) and partial rootzone drying (PRD) on micronutrient concentrations of apple leaves (cv. Golden Deli-
cious/M.7). Mean separations within a row, a year, and the days after full bloom (DAFB) were by Fisher’s LSD (p < 5%). Mean values followed
by the same lowercase letters are not significantly different.

Micronutrient concentrations / mg kg1

B Fe Zn Cu Mn

Year/DAFB  ClI PRD Cl PRD Cl PRD Cl PRD Cl PRD
2005

54 54.6a 54.7a 136.6a 151.0a 10.3a 10.3a 7.1a 7.4a 32.0a 31.1a
69 53.5a 35.0b 154.0a 112.0b 13.1a 09.3b 8.2a 7.7a 39.1a 26.6b
131 36.9a 35.5a 150.0a 148.6a 09.2a 09.6a 6.7a 7.2a 38.0a 36.1a
174 32.3a 34.8a 123.6a 125.4a 10.0a 09.5a 6.8a 6.6a 49.2a 45.4a
2006

85 80.1a 78.0a 129.0b  150.4a 09.5a 12.9a 4.3a 4.6a 34.7a 37.6a
112 47.8a 47 4a 127.2a 127.4a 20.8a 11.7b 5.9a 6.5a 49.6a 46.0a
126 46.6a 44.0a 105.0b  142.6a 13.6a 07.2a 5.0b 6.0a 39.3a 46.7a
167 38.9a 42.6a 147.4a 141.8a 11.4a 06.6a 4.8a 4.6a 58.4a 73.1a
2007

65 53.0a 47.7a 123.7a 145.2a 10.4a 8.9a 4.1a 3.8a 33.3a 33.8a
93 40.8a 43.8a 115.4b  147.6a 09.6a 9.8a 2.9b 5.0a 36.5a 33.9a
122 39.9a 36.9a 127.4a 128.6a 09.4a 9.5a 7.3a 7.5a 40.2a 47.0a
162 36.3a 36.9a 106.2a 118.2a 10.6a 9.2a 4.7a 7.0a 52.2a 51.9a
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The Cl trees had higher leaf xylem water potential (‘¥,.4) than
PRD trees on 8 occasions out of 27 throughout the experi-
ment. In general, ¥.,; tended to be lower in PRD trees than
in Cl trees (Tab. 2). The latter ¥ ., pattern is consistent not
only with previous PRD apple experiments conducted in a
humid area (Zegbe et al., 2007; Zegbe and Behboudian,
2008), but also with olive (Ferndndez et al., 2006) and peach
(Goldhammer et al., 2002) grown in semiarid climates.
Although one study disagrees (Gowing et al., 1990), another
reported lower ¥ . in cv. Gala apple trees experiencing PRD
in a split-root experiment (Zhao et al., 2006). Therefore, it is
likely that that PRD trees cannot maintain the same ¥ g, of
Cl trees. Nevertheless, while ¥ z,;; was not low enough to
reduce yield, data suggest that apple trees are sensitive to
small changes in ¥g,; because fruit size, final shoot growth,
and pruning weights were consistently, though not signifi-
cantly, lower in PRD trees. Final average fruit diameters were
6.58cm and 6.13cm for Cl and PRD fruit, respectively (3-
year average, LSD = 1.22cm). The corresponding values for
final shoot growth were 19.1 cm and 15.6cm (LSD = 6.2cm),
respectively, and for pruning weights per tree 5.2kg and
3.4kg (LSD = 2.0kg), respectively.

Despite the relatively lower ¥, in PRD trees than in ClI
trees, macro- and micronutrient concentrations were gener-
ally unaffected by irrigation type during the 3-year experimen-
tal period. While significant differences were detected occa-
sionally between treatments (Tab. 3 and 4), their concentra-
tions and seasonal patterns agreed with those reported
previously (Fallahi et al., 1984; Westwood, 1993; Cheng and
Raba, 2009).

Leaf color, as a leaf-nitrogen (N)-status indicator, followed a
seasonal pattern for both treatments similar to that found by
direct measurement (data not shown). However, only a weak
relationship was found between leaf color (SPAD units) and
the percentage N in both treatments (Fig.1). The data indi-

70 .
@® Commercial

SPAD = 42.38 + 4.85 LNC
O Partial rootzone drying
| 0 R?=0.13
65 CV (%) =3.8

60
55

50 |

SPAD units

45 ]

40 ! !
2.0 25 3.0 35 4.0

Leaf nitrogen concentration / %

Figure 1: Relationship between leaf color (SPAD units) and leaf
nitrogen concentration (LNC) of field-grown apple trees (cv. Golden
Delicious/M.7) undergoing commercial irrigation or partial rootzone
drying during three consecutive growing seasons (2005-2007). The
coefficient of variation and coefficient of determination are CV and R2,
respectively.
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cate that the leaf N concentration was not modified by the irri-
gation treatments. Therefore, PRD was not a limiting factor
for apple-tree nutrition, as is sometimes observed in RDI
(Irving and Drost, 1987; Mills et al., 1994). This finding may
be due to the way the fertilizers were applied here, which was
similar to that used successfully in a split-root experiment
with maize (Hu et al., 2009). It is also possible that lateral
water movement from the wetted roots to the drying part of
the root system (Stoll et al., 2000; Smart et al., 2005) may
have contributed to nutrient acquisition, and therefore nutrient
concentrations became similar between treatments. Addition-
ally, rainfall in the last third of the growing season (late June
and August) may have contributed also to nutrient uptake in
both sides of the root system. Nevertheless, the leaf K and
Zn values suggest that deficiencies of these two nutrients are
possible, and therefore their uptake may need further study
under our conditions and in climates where groundwater is
the main water source for irrigation and rainfall is negligible or
occurs outside the growing season.

4 Conclusions

During a 3-year field trial on a sandy-loam soil with pH 7.5
and 0.57% organic matter, data suggest that PRD irrigation
did not affect apple-tree nutrition in a semiarid agro-ecosys-
tem. Nevertheless, this result must be confirmed in other
semiarid regions where the rainfall is negligible or occurs out-
side the growing season.

Acknowledgments

The authors thank Dr. Richard Evans (University of Califor-
nia, Davis), Dr. Scott R. Johnson (Kearney Agricultural Cen-
ter, University of California, Davis), and Dr. Mary Lou Men-
dum for their valuable comments on the manuscript. We also
thank Manuel Gonzalez-Solis, Juan Bernal-Galvan, and
Jorge Omar Zegbe for technical support. This research was
funded in part by the Fundacion Produce Zacatecas A.C.
(No. Ref.: 1036186A), the CONACYT (No. Ref.: SNI_52538-
Z), and The International Foundation for Science. The Sab-
batical Leave for the first author at the University of Califor-
nia, Davis, was funded by the CONACYT (No. Ref.: 94173),
the INIFAP México, and the Universidad Autonoma de Zaca-
tecas.

References

Allen, R. G., Pereira, L. S., Raes, D., Smith, M. (2006): Crop evapo-
transpiration. Guidelines for computing crop water requirements.
Food and Agriculture Organization of the United Nations, Irrigation
and Drainage Paper 56 (Spanish version). Rome, ltaly, p. 298.

Anderson, J. L., Richardson, E. A., Kesner, C. D. (1986): Validation
of chill unit and flower bud phenology models for ‘Montmorecy’
sour cherry. Acta Hort. 184, 71-78.

Behboudian, M. H., Mills, T. M. (1997): Deficit irrigation in deciduous
orchards. Hort. Rev. 21, 105—131.

Cheng, L., Raba, R. (2009): Accumulation of macro- and micronu-
trients and nitrogen demand-supply relationship of ‘Gala’/‘Malling
26’ apple trees grown in sand culture. J. Am. Soc. Hort. Sci. 134,
3-13.

www.plant-soil.com



464 Zegbe, Serna-Pérez, Gonzalez-Fuentes

CNA (Comision Nacional del Agua) (2008): Estadisticas del Agua en
México 2008. Secretaria del Medio Ambiente y Recursos
Naturales (ed.)., Distrito Federal, México.

Du, T., Kang, S., Zhang, J., Li, F. (2008): Water use and vyield re-
sponse of cotton to alternate partial root-zone drip irrigation in the
arid area of north-west China. Irrig. Sci. 26, 147—159.

Fallahi, E., Westwood, M. N., Chaplin, M. H., Richardson, D. G.
(1984): Influence of apple rootstocks and K and N fertilizers on leaf
mineral composition and yield in a high density orchard. J. Plant
Nutr. 7,1161-1177.

Fernandez, J. E., Diaz-Espejo, A., Infante, J. M., Duran, P, Palomo,
M. J., Chamorro, V., Giron, I. F., Villagarcia, L. (2006): Water rela-
tions and gas exchange in olive trees under regulated deficit irri-
gation and partial rootzone drying. Plant Soil. 284, 273-291.

Gengodlan, C., Altunbey, H., Gengoglan, S. (2006): Response of
green bean (P. vulgaris L.) to subsurface drip irrigation and partial
rootzone-drying irrigation. Agric. Water Manage. 84, 274—280.

Goldhammer, D. A., Salinas, M., Crisosto, C., Day, K. R., Soler, M.,
Moriana, A. (2002): Effects of regulated deficit irrigation and partial
root zone drying on late harvest peach tree performance. Acta
Hort. 592, 343-350.

Gowing, D. J. G., Davies, W. J., Jones, H. G. (1990): A positive root-
sourced signal as an indicator of soil drying in apple, Malus x
domestica Borkh. J. Exp. Bot. 41, 1535—-1540.

Hu, T, Kang, S., Zhang, F., Zhang, J. (2006): Alternate application of
osmotic and nitrogen stress to partial root system: effects on root
growth and nitrogen use efficiency. J. Plant Nutr. 29, 2079-2092.

Hu, T., Kang, S., Li, F., Zhang, J. (2009): Effects of partial root-zone
irrigation on the nitrogen absorption and utilization of maize. Agric.
Water Manage. 96, 208—-214.

Irving, D. E., Drost, J. H. (1987): Effects of water deficit on vegetative

growth, fruit growth and fruit quality in Cox’s Orange Pippin apple.
J. Hort. Sci. 62, 427-432.

Jones, J. B. (2001): Laboratory guide for conducting soil tests and
plant analysis. CRC Press, New York, NY, USA.

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

Leib, B. G., Caspari, H. W., Redulla, C. A., Andrews, P. K., Jabro, J.
J. (2006): Partial rootzone drying and deficit irrigation of ‘Fuji’
apples in a semi-arid climate. Irrig. Sci. 24, 85-99.

Luedeling, E., Zhang, M., Girvetz, E. H. (2009): Climatic changes
lead to declining winter chill for fruit and nut trees in California
during 1950-2099. PLoS ONE 4(7), e6166, doi:10.1371/jour-
nal.pone.0006166.

Michéli, E., Schad, P.,, Spaargaren, O. (2006): World reference base
for soil resources 2006. A framework for international classifi-

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

J. Plant Nutr. Soil Sci. 2011, 174, 459-464

cation, correlation and communication. Food and Agriculture Orga-
nization of the United Nations, World Soil Resources Report 103,
Rome, Italy, p. 128.

Mills, T. M., Behboudian, M. H., Tan, P. Y., Clothier, B. E. (1994):
Plant water status and fruit quality in ‘Braeburn’ apples. Hort. Sci.
29, 1274-1278.

Nakajima, H., Behboudian, M. H., Greven, M., Zegbe-Dominguez, J.
A. (2004): Mineral content of grape, olive, apple, and tomato under
reduced irrigation. J. Plant Nutr. Soil Sci. 167, 91-92.

Postel, S. L. (2003): Securing water for people, crops, and
ecosystems: New mindset and new priorities. Nat. Res. Forum 27,
89-98.

Shahnazari, A., Ahmadi, S. H., Laerke, P. E., Liu, F., Plauborg, F.,
Jacobsen, S. E., Jensen, C. R., Andersen, M. N. (2008): Nitrogen
dynamics in the soil-plant system under deficit and partial root-
zone drying irrigation strategies in potatoes. Eur. J. Agron. 28,
65-73.

Smart, D. R., Catrlisle, E., Goebel, M., NufAez, B. A. (2005): Trans-
verse hydraulic redistribution by a grapevine. Plant Cell Environ.
28, 157—-166.

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

Stoll, M., Jones, H. G., Infante, J. M. (2002): Leaf gas exchange and
growth in red raspberries is reduced when part of the root system
is dried. Acta Hort. 585, 671-676.

van Hooijdonk, B. M., Dorji, K., Behboudian, M. H. (2004):
Responses of ‘Pacific Rose™’ apple to partial rootzone drying and
deficit irrigation. Eur. J. Hort. Sci. 69, 104—-110.

Westwood, M. N. (1993): Temperate Zone Pomolgy — Physiology
and Culture. Timber Press, Portland, Oregon, USA, p. 535.

Zegbe, J. A., Behboudian, M. H. (2008): Plant water status, CO,
assimilation, yield, and fruit quality of ‘Pacific Rose™’ apple under
partial rootzone drying. Adv. Hort. Sci. 22, 27-32.

Zegbe, J. A., Behboudian, M. H., Lang, A., Clothier, B. E. (2007):
Respuesta del manzano cv. ‘Pacific Rose™ al riego parcial de la
raiz. Rev. Chapingo s. Hort. 13, 43—-48.

Zegbe, J. A., Behboudian, M. H., Clothier, B. E., Lang, A. (2008):
Postharvest performance of cv. ‘Pacific Rose™’ apple grown
under partial rootzone drying. Hort. Sci. 43, 952—-954.

Zegbe-Dominguez, J. A., Serna-Pérez, A., Bravo-Lozano, A. G.
(2006): Riego parcial de la raiz en manzano ‘Golden Delicious’ en
un ambiente semi-arido. Rev. Fitotec. Mex. 29, 69-73.

Zhao, J. Y., Wang, L. J., Fan, P. G., Dai, Z. W., Li, S. H. (2006): Effect
of half and whole root drying on photosynthesis, nitrate concen-
tration, and nitrate reductase activity in roots and leaves of micro-
propagated apple plants. J. Am. Soc. Hort. Sci. 131, 709-715.

www.plant-soil.com



