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Resum

Resum

El presseguer és un fruiter important a la regictfcola de Lleida (nord-est
d'Espanya), amb un augment progressiu durant elsrdanys. Les tendéncies actuals
van cap a plantacions d'alta densitat, noves asietsistemes de reg per goteig. Els
productors de presseguer estan interessats enorgastel reg i la fertilitzacio
nitrogenada, per que afecten el creixement derdarlpoden ajudar a millorar els
resultats de collita i qualitat de la fruita. Esestablir un experiment de camp de tres
anys (2006-2008) en presseguer cv. Andross en uaatapio comercial amb
recol-lecci6 mecanica per a la industria del preste€ls arbres estaven formats en un
sistema de palmeta lliure i sense aclarir la carrdg fruits. Els arbres es van
recol-lectar mecanicament amb un vibrador de trontinu. El sol era de textura
franca, ben drenat, amb una baixa capacitat denciéted'aigua (30% en volum
d'elements grossos i un horitzé petrocalcic a 45erprofunditat). Es van avaluar tres
estrategies de reg d'acord amb les fases de cremtatal fruit: reg complet durant tota
la temporada de cultiu (FI), restriccio del regatrla fase-Il (IR2, 70% de restriccio) i
restriccio del reg durant la fase-lll (IR3, 30% destriccié), combinat amb tres
tractaments de fertilitzacié nitrogenada: 0, 60 kg N h& any'. Els arbres es van
fertigar diariament. El disseny experimental va serblocs complets a l'atzar amb
guatre repeticions. Es va mesurar el creixementiestal del fruit, el contingut d'aigua
del sol, la contraccié del tronc, I'estat hidridsdarbres i la nutricio6 mineral. A la
recol-leccié es van determinar els components geolduccio i a repos hivernal el pes
de la poda. Els resultats mostren que els cangigsden contingut d'aigua del sal,
mesurat amb sondes de capacitancia, es poderorelagmb el déficit d'aigua en cada
fase de desenvolupament, i que el balan¢ d'aiguexypdicar el curs de la contraccio del
tronc, mesurat amb dendrometros. La restricciorelglva afectar el contingut d'aigua
del sol i el potencial hidric de tija al migdia. iaat la fase-lll, es va establir un nivell
llindar de 0,167 mm* en contingut d'aigua del sol per a la disminua® gbtencial
hidric de tija al migdia. La conductancia estonstt migdia va augmentar al llarg del
periode de creixement del fruit. En tots els armgfstractament IR2 va reduir la
concentracié de K foliar, mentre que va passaoelrari en la concentracio en fulla de
Ca i Mg. També IR2 va augmentar el pes especifimdalla i va reduir el pes de la
poda. Aquests efectes es van mantenir tot i quegetomplet va ser restablert durant la
fase-lll. Al contrari, I'estrategia IR3 no va afactes relacions nutritives ni el pes de la
poda. L'aplicacié de N va suposar un augment denaentracié de N en fulles, fruits i
brots a I'hivern, des del primer any experimentaicrement de la dosi de N va produir
una disminucié de la concentracio de K en fullapp@& augmentar la concentracio de S
en fulla. En arbres amb FI, 'aplicacié de N vacsgn un augment de la carrega de
fruits, de la mida de la copa i de la collita. T&ntlplicacié de N va augmentar l'index
de productivitat de l'aigua. La collita total va seenor el 2006 que el 2007 i 2008, a
causa de canvis en la carrega de fruits dels aBle&)07, pero, I'efecte del reg durant
la fase-Ill va dependre de l'aplicacié de N, i esobservar un efecte positiu sobre la
collita amb l'increment de N en arbres amb FI, meigjue va passar el contrari en els
arbres amb IR3. Aixi, la collita menor es va ohtemnb IR3 combinat amb N120. Amb
IR2, la collita va ser independent de I'aplicacsdNl EI 2008, amb un major contingut
d'aigua del sol, no hi va haver efecte d'intergccitaplicacié6 de N va augmentar la
collita en tots els tractaments de reg. L'aplicacith IR2 durant I'enduriment de l'os va
permetre augmentar l'index de productivitat degdaii millorar la maduracié dels
fruits. D'altra banda, IR3 va reduir la mida deiitfi va augmentar solids solubles totals
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Resum

a collita. Amb tots els tractaments es va obtema worrelacido positiva entre el
percentatge de materia seca del fruit i els saladigbles totals. Tot i que l'aplicacié més
elevada de N va retardar la maduracio dels fruits,hi va haver una interaccio
significativa entre el reg i I'aplicacié de N. Eengral, I'aplicacio de 120 kg N hany*
proporciona una dosi maxima de N en les condiciteguesta plantacié, que podra ser
reduida sota restriccio de reg.
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Resumen

Resumen

El melocotonero es un frutal importante en la negde Lleida (noreste de
Espafia), con un aumento progresivo en los Ultinios.aLas tendencias actuales van
hacia plantaciones de alta densidad, nuevas vdesda sistemas de riego por goteo.
Los productores de melocotonero estan interesadoggestionar el riego y la
fertilizacion nitrogenada, por que afectan el ereento del arbol y pueden ayudar a
mejorar los resultados de cosecha y calidad deifa. fSe establecié un experimento en
campo de tres afios (2006-2008) en melocotonercAndross en una plantacion
comercial con recoleccién mecanica para la industel procesado. Los arboles estaban
formados en un sistema de palmeta libre y sin aclar carga de frutos. Los arboles
fueron cosechados mecénicamente con un vibradwoweo continuo. El tipo de suelo
era de textura franca, bien drenados, con unachg@cidad de retencion de agua (30%
en volumen de elementos gruesos y un horizontegatico a 45 cm de profundidad).
Se evaluaron tres estrategias de riego de acuerdtas fases de crecimiento del fruto:
riego completo durante toda la temporada de cu{fp restriccion del riego durante la
fase-ll (IR2, 70% de restriccion) y restriccion delgo durante la fase-lll (IR3, 30% de
restriccion), combinado con tres tratamientos dtlifmcion nitrogenada: 0, 60 y 120
kg N ha' afic®. Los arboles se fertigaban diariamente. El disefferimental fue en
bloques completos al azar con cuatro repeticioBesmidié el crecimiento estacional
del fruto, el contenido de agua del suelo, la @maivn del tronco, el estado hidrico de
los arboles y la nutricion mineral. A cosecha seem@inaron los componentes de la
produccion y en reposo invernal el peso de la pbda.resultados mostraron que los
cambios diarios en contenido de agua del sueloidogedon sondas de capacitancia, se
pueden relacionar con el déficit de agua en caslade desarrollo, y que el balance de
agua puede explicar el curso de la contracciértrdato, medidos con dendrémetros.
La restriccion del riego afecto el contenido deaadal suelo y el potencial hidrico de
tallo al mediodia. Durante la fase-lll, se establem nivel umbral de 0,167 %m™ en
contenido de agua del suelo para la disminucion padééncial hidrico de tallo al
mediodia. La conductancia estomatica al mediodiaeato a lo largo del periodo de
crecimiento del fruto. En todos los afos, el tragamo IR2 redujo la concentracion de
K foliar, mientras que ocurrié lo contrario en lancentracion en hoja de Ca y Mg.
También IR2 aumenté el peso especifico de la hogdyjo el peso de la poda. Estos
efectos se mantuvieron a pesar de que el riegoletomipe restaurado durante la fase-
lll. Al contrario, la estrategia IR3 no afectd ledaciones nutritivas ni el peso de la
poda. La aplicacién de N supuso un aumento derleerracion de N en hojas, frutos y
brotes en invierno, desde el primer afio experinheBtancremento de la dosis de N
produjo una disminucién de la concentracion de K leja, pero aumentd la
concentracion en hoja de S. En arboles con Fplleaaion de N supuso un aumento de
la carga de frutos, del tamafio de la copa y d®@saaha. También la aplicaciéon de N
aumento el indice de productividad del agua. Etlirerento total fue menor en 2006
gue en 2007 y 2008, debido a cambios en la carfauts de los arboles. En 2007, sin
embargo, el efecto del riego durante la fase-Ipeielio de la aplicacion de N, y se
observé un efecto positivo de la cosecha con erenmento de N en arboles con Fl,
mientras que ocurrid lo contrario en los arboles t®3. Asi, la cosecha menor se
obtuvo con IR3 combinado con N120. Con IR2, la cbaefue independiente de la
aplicacion de N. En 2008, con un mayor contenidagiea del suelo, no hubo efecto de
interaccion, y la aplicacion de N aumenté el reneitto en todos los tratamientos de
riego. La aplicacion con IR2 durante el endureanideadel hueso permitié aumentar el
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indice de productividad del agua y mejorar la maddn de los frutos. Por otra parte,
IR3 redujo el tamafio del fruto y el aument6é deddbdos solubles totales a cosecha.
Con todos los tratamientos se obtuvo una correlapmsitiva entre el porcentaje de
materia seca del fruto y los sélidos solubles ¢stahunque la aplicacion mas elevada
de N retras6 la maduracion de los frutos, no hutminteraccion significativa entre el
riego y la aplicacién de N. En general, la apliéadile 120 kg N Haafic" proporciona
una dosis maxima de N en las condiciones de eatdagion, que podra ser reducida
bajo restriccion de riego.
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Summary

Summary

Peach is an important fruit tree in the horticuidtuegion of Lleida (Northeast of
Spain), with a progressive increase in the lastsyeRecent trends in peach orchards
have been towards high density plantings, newwarki and drip irrigation systems.
Peach producers are interested to manage irrigatidmitrogen fertilization, that affect
tree growth and may help to achieve good resulygeld and fruit quality. A three year
field experiment (2006-2008) on peach cv. Andross wonducted in a commercial
orchard for the processing industry. Trees werioned and trained on a free palmeta.
Trees were mechanically harvested with a contintumk shaker. The soil type was
loam textured, well drained, with a low water halglicapacity (30% volume of coarse
elements and a petrocalcic horizon at 45 cm defiimee irrigation treatments were
evaluated according to fruit growth stages: fuilgmtion during all the growing season
(F1), irrigation restriction during stage-Il (IRZ0% restriction) and irrigation restriction
during stage-lll (IR3, 30% restriction), combinedttwthree nitrogen fertilization
treatments: 0, 60 and 120 kg N'hgeai* Trees were daily fertigated. The experimental
design was randomised complete block with four tigpes. Seasonal fruit growth, soill
water content, trunk shrinkage, tree water stahgsraineral nutrition were monitored.
Yield components were determined at harvest andipguweight was determined at
tree rest. Results show that daily changes of waa@iter content, measured with
capacitance probes, could be correlated to wataitder each development stage, and
that water balance can explain the daily coursdraik shrinkage, measured with
dendrometers. Irrigation restriction affected swdter content and midday stem water
potential. For stage-lll, a threshold level for threset of midday stem water potential
decline was established at 0.167 m* of soil water content. Midday stomatal
conductance increased along the fruit growth peiiading all years, IR2 reduced leaf
K concentration, while the opposite occurred wehflCa and Mg concentration. Also
IR2 increased the specific leaf weight and reduited pruning weight. These effects
were maintained although complete irrigation wastaieed during the stage-lll. In
contrast, IR3 did not affect nutrient relationgpouning weight. N application supposed
an increase in N concentration in leaves, fruitd dormant shoots, from the first
experimental year. Increasing N application produeedecrease in leaf K, but an
increase in leaf S. In FI trees, N application sagmgl an increase in fruit load, canopy
size and yield. Also N application increased theewgroductivity. Total yield was
lower in 2006 than in 2007 and 2008, due to chanmgésit load. Nevertheless, in 2007
the effect of irrigation during stage-lll was dedent on N application, and a positive
yield effect of N dose in FI trees was observed)ewne opposite occurred in IR3 trees.
Thus the lowest yield was obtained in the IR3 coradiwith N120. Under IR2, yield
was independent of N application. In 2008, withheigsoil water content, there was no
interaction effect, and N application increaseddyigithin all irrigation treatments. The
application of IR2 during pit hardening alloweditzrease the water productivity and
enhance fruit ripening. On the other hand, IR3 ceduthe fruit size and increased the
total soluble solids at harvest. Among all treattagthe percentage of fruit dry matter
was positively correlated with the total solublelid® Although the highest N
application delayed fruit ripening, there were nigndicant interaction between
irrigation and N application. As an overall, intfées, the application of 120 kg N*ha
year! provides a maximum N dose in such orchard comtitiovhich may be reduced
under irrigation restriction.
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Introduction

1. Introduction

1.1. Background and objectives

1.1.1. Peach production in Spain

The peachPrunus persicd.. Batsch, is native of south-eastern China (Sxarm
Okie, 1990). In Spain, peach is an important fingie with a progressive increase in the
last years (Table 1). In the horticultural regidriLieida (oriental zone of Ebro Valley at
the north-eastern Spain), peach is distributed @4e435 ha, which represents 18% of
total national peach cultivated surface (MARM, 2D@8ach production for processing
industries is also increasing (Cuadragtoal, 2000). This region is characterized by
calcareous soil conditions and semiarid climatanguthe growing season when the
warm summer coincides with a dry environment (Parta Julia, 1983).

Table 1. Peach production in Spain and in the horticultural region of Lleida (in parenthesis
percentage respect total national peach production, MMARM, 2008).

Year Cultivated surface (ha) Production (t)

Spain Lleida Spain Lleida
2001 74779 10595 (14%) 1081 488 178 767 (17%)
2006 80 528 14 435 (18%) 1 245 527 262 219 (21%)

1.1.2. Fruit tree orchards

Recent trends in fruit tree orchards in the holtigal zone of Lleida have been
towards high-density plantings, new cultivars ang@ drigation systems (Urbinat al,
1999; Nollaet al, 2006; Pascuatt al, 2007). Tree root and canopy growth can be
controlled by rootstock/scion combination and pacing to achieve higher yields and
earlier returns from the initial investment (Urbiatial, 2007). Breeding programmes
have generated differefrunus rootstocks to different soil conditions (lglesiasd
Carbd, 2006) and a large number of peach, nectaeclingstone-peach cultivars,
which differ in the length of the fruit developmeperiod, timing of fruit harvest and
fruit quality (Carb6 and Iglesias, 2002). The miogportant benefit of drip irrigation is
that it wets only a fraction of the soil volume ¢$Bert, 2003), maintains high soil water
content throughout the season preventing cyclesadér deficit (Brylaet al, 2005),
root system confinement increases the overall leraith density (Ruiz-Sanchez al,
2005) and increases the irrigation use efficiemgsperg and Bresler, 1985). Since drip
irrigation affects both spatial root distributiondanutrient distribution (Mmolawa and
Or, 2000), this has stimulated interest in ferimattechniques which allow frequent
additions of smaller amounts of nutrients, moreselp timed to tree demand and
reducing nitrate leaching below the rooting zone @tlal, 2003; Paramasivaet al,
2001; Kusakabet al, 2006).

1.1.3. Irrigation and nitrogen fertilization
In semiarid conditions water and nitrogen (N) aggdion are needed early in the
life of the tree to fill its allotted space. Ondesthas been achieved, efficient irrigation

strategies and N fertilization during the currezda®on can control yield components and
fruit quality (Faust, 1989). Some responses ofjation strategies have been obtained in
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fruit orchards in the horticultural zone of Lleida¢cluding peach (Marsal, 1996; Gelly,
2003; Lopez, 2006), apple (Rufat, 2003; Reyes, RQt¥ar (Marsakt al, 2002b), olive
(Luna, 2000; Alegre, 2001) and grapevine (Reyef62@livo, 2007). The combined
effect of irrigation and N application have beeamdstd in apples trees (Rufat, 2003) and
there has been an evaluation of N fertilizationddferent fruit trees (Villar and Aran,
1999).

In peach trees, different processes are sensiiveigation restriction, such as
root growth, canopy growth, flower bud differenimat, fruit set, fruit cell division, fruit
expansion and fruit maturation (Chalmersal, 1983; Behboudian and Mills, 1997,
Goodwin and Boland, 2000; Naor, 2006). N fertiliaataffects quality of peach puree
(Olienyk et al, 1997), but applying excessive N have few bemefihd much
disadvantages because of shading by excessive ycagawth, delay of fruit
maturation, unbalanced nutrition in calcareousssaild N leaching below the rooting
zone (Daaneet al, 1995; Marcelle, 1995; Crisostt al, 1997; Neilsen and Neilsen,
1997). Whereas, applying insufficient N resultseduced tree growth (Johnson, 1988).

Evapotranspiration becomes a key factor in irrtgascheduling as a management
tool (Villar, 2001). An increasing proportion olft orchards in the horticultural region
of Lleida schedule drip irrigation inputs accordittggestimations of precipitation and
crop evapotranspiration (Nabau, 2004). Howevegation scheduling based alone on
meteorological variables, rather than measurind water content, do not allow to
increase the water use efficiency. Developmentaxtenic capacitance sensors allows
to measure the volumetric water content of the @dillar and Ferrer, 2005). Soil
moisture probes may be installed at different depththe rooting zone to control
irrigation at real time and monitor daily patteraft drip irrigation (O’Connell and
Snyder, 2004). Knowing the current soil water canhie important to track with both
crop evapotranspiration and precipitation (Pla,49®rainage can be measured with
gee passive capillary lysimeter buried beneathsthierooting zone (Fonsecet al,
2007). In semiarid conditions the soil water cohtahthe beginning of the season
remains high due to winter precipitation and lowa@stranspiration. But as the growing
season progresses, tree evapotranspiration exhswses proportion of the soil water
content reservoir since there are not precipitatidrops are sensible to soil water
restriction during some development stages (Dooosnamd Kassam, 1979). The main
objective of irrigation scheduling is to maintainilswater content between upper
drained level and lower level of water extractioetermined in field conditions and
according to orchard management (Feeteal, 2007). Soil water content attains upper
level when excess water has drained after an froigar precipitation event and lower
level when water uptake by roots becomes difficlite amount of readily available
water for root uptake is the difference betweenengnd lower level and is related to
the effective rooting depth of the plant and theewdolding capacity of the soil. The
water holding capacity depends on soil conditia@sture and coarse elements (P@tta
al., 1994). In addition, soil salinity produces adeeeffects on the physiology of fruit
trees (Bolancket al, 1993; Bolancet al, 1997).

N is the base for protein synthesis and is an mategpmponent of chlorophyll
(Marschner, 1995). Thus, N deficiency results itegaeen leaves, reduces leaf growth
and leaves tends to abscise as the season pragreéssder low N conditions,
anthocyanin production is favoured, and appearsddish tinge that develops on the
petioles, stems and leaf blades. These symptombecanonounced in peach (Ogaeta
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al., 1995; Strand, 1999). Orchard management by tiZation allows to maintain N
tissue concentration and control physiological peses within the tree (Faust, 1989).
There are three approaches to diagnostic nutriextlgms: soil analysis, leaf analysis
and recognition of visual symptoms (Villar and Ar&008). The last approach is
quickly, but it requires experience in recognisgygnptoms and often it is not practice
to wait until a deficiency appears. Soil analygishe@ onset of winter rest indicates the
potential availability of N that roots may take upder favourable conditions and is
useful to diagnostic problems that may appear duitie growing season, because soill
particles cannot hold a large reserve of N andathes due to water deep percolation.
Leaf N analysis is a useful method to diagnosticd&ficiency or excess as a
complement to soil analysis. Leaf N concentratiam de compared with reference
levels (Villar and Aran, 2008). Other methods tsess peach tree N status include
nutrient analysis of fruits (Taylor and van den &nd970a), winter pruning wood
(Johnsoret al, 2006), flowers (Sanet al, 1995; Zarrouket al, 2005), roots (Taylor
and van den Ende, 1969) and leaf relative lighbdd@nce (Rubio-Covarrubias al,
2008).

1.1.4. Objectives

1. Characterization of the developmental stage<limigstone peach cv. Andross,
according to vegetative growth and fruit growthdatime contribution of water
relations between the soil, the tree and the athersp

2. Assessing the effect of irrigation restrictiancartain stages on soil water content,
and its effect on tree water status and mineraitran, in a soil with a low water
holding capacity.

3. Assessing the effects of N application on theadtyics of N and other macronutrients
in leaves, fruits and shoots, as well as on yielexNortations and nitrate remaining
in the soil.

4. Evaluation of the effects of irrigation restiict and N application on vyield
components and fruit quality, in a commercial ordhaith mechanical harvesting
for the processing industry.

5. Analysis of the interaction between irrigatiamdaN application on fruit yield, and
determination the N dose to apply, for local condi.

6. Determination of the water productivity undeffetient irrigation and N strategies.

1.2. Seasonal growth of fruit trees
1.2.1. Root growth

Knowledge of dynamics of peach root growth is int@ot for adjusting irrigation
and fertilization. Root growth proceeds by a batamé biomass according to leaf
growth (Mediene, 2002), since roots system abs@temand nutrients, whereas canopy
intercept radiation and proportionate photo-assited (Faust, 1989; Kozlowski and
Pallardy, 1997). In young peach trees, root:shaio rincreases under soil water
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restriction (Steinbergt al, 1990; Hippset al, 1995), soil salinity (Massait al, 2004)
and low N supply (Almalioti®et al, 1997), although this is largely due to the it

of shoot growth, rather than to increased root ¢noim mature peach trees, any change
in the growth ratio between roots:canopy due te trmnagement is accompanied by a
modification of yield components (Marsatl al, 2003; Lopezt al, 2007b).

Root growth can be determined by different methadsh as taking soil cores at
different depths and root washing (Smigh al, 2000). Root system comprises a
perennial structure and a continuous productiome¥ root during the season (Doussan
et a., 1999). Root distribution in the soil depermufs soil properties, tree spacing,
irrigation system and soil management (Havis, 1988¢hell and Black, 1968; 1971;
Romo and Diaz, 1985). However, the seasonal stultiasot support the observation
that root growth stops during periods of high sdémand by fruit growth. In young
non-bearing trees grown under field conditions,t rgwth is active throughout the
growing season (Glenn and Welker 1993). Also inngpbearing trees grown in pots,
seasonal root growth is continuous but with a peéakng summer (Williamson and
Coston, 1989). Recently, minirhizotron camera hasnbused as a non-destructive
method to measure root length density of youngibgdrees in field conditions under
drip irrigation (Abrisquetaet al, 2008). Under such conditions, root growth rae i
continuous at 0.01 cm c¢inday’, indicating favourable soil water content and
temperature. Although a peak of growth extends fiday until mid-August and attains
a maximum root growth rate of 0.04 cm trday* at mid-July. Also roots are mostly
located in the upper 0.55 m of soil and are pddity concentrated at 0.40-0.55 m
depth, but then declines markedly with depth infleesl by soil porosity. More than
88% of these roots are very thin, with diameters@b mm (Abrisquetat al, 2008).

1.2.2. Canopy growth

In fruit trees, canopy growth affects radiationenception, water transpiration,
CO2 assimilation, and photo-assimilate translocat®m maintain root and fruit growth
(Faust, 1989; Kozlowski and Pallardy, 1997). Cangpywth can be determined by
different methods, such as on tagged shoots duhi@geason, on trunk cross-section
area or on pruning weight at winter (Weilalal, 2003). On young peach trees, leaf
growth decreases under low N supply (Lokital, 2001) and soil water restriction
(Steinberget al 1990). Reduced shoot length by soil water rdgiricis due to
differences in internode extension and not to thmiver of internodes (Hippst al,
1995). In mature peach trees, trunk growth consnutil leaf fall and is affected by
soil water restriction (Larsoet al, 1988; Gironaet al, 2003) and N application (Taylor
and van den Ende, 1969). Trunk cross-section apardls on different orchard training
systems and therefore canopy volume is preferredgfWet al, 2002). There is a
correlation between canopy volume and annual appiliggation on cherry trees
(Dehghanisanijet al, 2007). Canopy growth is limited under heavy tfrioad
(Grossman and DeJong, 1995c; Berman and DeJongal®erman and DeJong,
2003).

Canopy structure is complex and is organized intipial leaf levels. Leaf area
index can be determined directly as total one-siéedl area per unit ground area or
indirectly making use of radiation transfer methd@éseda, 2003). The fraction of
intercepted PAR (FIPAR) depends on leaf absorptobraracteristics, leaf angle
distribution, tree extinction coefficient and tregentation, shape and size (Norman and
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Campbell, 1989; Campbell and Norman, 1998). CanBfBAR is used in peach
orchards for irrigation scheduling (Ayaes$ al, 2003; O’'Connelkt al, 2006). Pruning
of peach trees under mid-summer decreases FIPARBces the water requirements of
the trees (Goodwin at al., 2006) and delays de aappee of leaf wilting symptoms
(Lopezet al, 2006). N fertilization increases seasonal FIRAReciduous trees (Allen
et al, 2005). In addition, canopy FIPAR is used to gsmlyield components by the
ratio of sink demand to source strength (Regimedital, 2007) and for the determination
of efficiencies in dry matter accumulation (Se&fical, 2005).

1.2.3. Peach fruit growth

Peach flower induction occurs during the initiatipe of active vegetative growth
and floral differentiation starts when canopy groweases (Greene, 1996). Full bloom
depends on location and cultivar, and after swfitichilling temperatures have
occurred to release from dormancy (Couvillon anezEd985), flowering in the spring
is a temperature dependent process (Schvedrtd, 1997). Effects on flowering and
fruit set by orchard management determine tree lioad (Faust, 1989; Kozlowski and
Pallardy, 1997).

Fruit growth occurs by accumulation of water ang dnatter (Fishman and
Génard, 1998). There are different methods to nreafsuit growth such as diameter,
perimeter, volume or fresh weight (Opara, 2000),ctvhare related by several
allometric equations (Dalmases al, 1998). Under field non-limiting conditions, ftui
growth potential follows a curve that is cultivgresific (Bermaret al, 1998). Growth
curve is monitored according to degree-day accutioulausing an upper and lower
threshold for peach of 35 and 7°C, respectivelyd(idg and Goudrian, 1989). There is
a strong negative correlation between the sum gfegedays accumulated in the first
month after full bloom and the number of days betwé&ull bloom to harvest (Smith,
1985; Ben Mimoun and DeJong, 1999) and fruit siz@aavest (Lopez and DeJong,
2007) for several peach cultivars. The interactmnfruit growth potential with
additional factors, including fruit load and lengththe fruit growth period, determines
fruit dry matter at harvest (Bermagt al, 1998). Interfruit competition limits fruit
growth (Johnson and Handley, 1989; Rowe and JoHk#8®; Dalmasest al, 2001;
Gugliuzzaet al, 2002; Ingleset al, 2002) and fruit thinning is used to attain aies
fruit size (Njoroge and Reighard, 2008). Fruit atelmaturing cultivars have higher dry
matter proportion than fruit of early maturing owdirs (Bermanet al, 1998). N
fertilization extends fruit development period andreases fruit sink capacity (Saegiz
al., 1997; Rufat and DeJong 2001).

The peach fruit growth curve is double-sigmoidalhwthree development stages
(Chalmers and van den Ende, 1975). Stage-l conspareinitial phase of rapid fruit
growth by cellular division, followed by stage-lif @lecreasing growth rate that
coincides with synthesis of lignin and pit hardepirand finally stage-Ill of fruit
expansive growth until maturation. During stag&ére are considerable demands on
storage carbon to growing roots, leaves and frlitging stage-Il, demand for carbon
by the fruit decreases and most of the photo-akdiesi produced is partitioned into
active root and leaf growth. The duration of stdges under both genetic and
environmental control. Carbon assimilation and $uman be limiting at stage-Ill of
high fruit sink demand. After harvest, carbon dedsarare reduced considerably
especially if leaf growth has ceased (Chalnetral, 1975).
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In addition to the rapid changes in growth ratardustage-lll, the process of fruit
maturation begins, identified by physical and clehchanges in the mesocarp, such as
colour, flesh softening, accumulation of sugars anghnic acids and production of
ethylene and aroma volatile compounds (Chapmiaal, 1991; Gellyet al, 2004).
Fruits mature earlier in exposed regions of theopgr{Dann and Jerie, 1988; Marigi
al., 1991) and applying excessive N rates delay maturation (Crisostet al, 1997).
Soil water restriction during stage-Ill is more @ce in terms of fruit quality, since it
increases soluble solids concentration (Bessat, 2001; Ben Mechliat al, 2002).

In peach cultivars with harvest date during eadymid August, like Andross
clingstone peach (Gironat al, 2005), fruit dry matter accumulation is 2.4 gidg
stage-l (0.04 g DM da}), 8.4 g during stage-ll (0.21 g DM dfyand 27 g during
stage-IIl (0.6 g DM day), for periods of 60, 40 and 45 days, respectiv@ly.the other
hand, approximately 10% of the total fruit growthfiesh weight occurs during active
canopy growth, whereas 80% of fruit growth occutsew canopy growth is almost
complete. This asynchrous growth of peach fruitd &saves reduces competition
between assimilates and water, and provides a Wasi@pplication of irrigation
efficient strategies with water savings withoutlgidoss in late maturing cultivars
(Chalmerset al, 1984; Li and Hughet, 1989; Bolaetlal, 1993).

1.3. Nitrogen and interaction between nutrients
1.3.1. lon uptake

There are three components of ion transport froen il to the root surface
(Marschner, 1995; Fitter and Hay, 2001). lons mayifitercepted during the root
elongation process across the soil. lons dissdlvéide soil solution may be transported
from the bulk soil to the root surface through miew driven by soil water potential
gradient. Transport by mass flow depends on iorceotnation in the soil solution and
root water uptake. N, Ca and Mg are mainly trangabby mass flow. In addition, ions
may be transported by diffusion driven by concditragradients and then a depletion
zone appears around the root. Transport of potas¢i) and phosphorous (P) are
affected by diffusion due to low ion diffusion céefent in soil pores and high buffer
power of clay particles. The soil volume explorgdthe root hair cylinder becomes
important since it is positive correlated with Ktalpe rate per unit root length. However
as root length density increases, the distancedsgtwoots decreases and the uptake
rate attains a plateau due to inter-root competifior ions. Transport by diffusion
depends on soil water content, and as soil dries,supply of K and P are more
impaired than that of calcium (Ca) and magnesiurg)(Mhich may be increased.

Root ion uptake from the rhizosphere occurs simelbaisly with radial flow of
water across the apoplast, through interfibrillargs of the cell walls, until the
endodermis. In the endodermis, ions are transparigm the symplast (cytoplasm
connected by plasmodesmata) via carrier proteinghen plasma membrane. The
suberized Casparian strip prevents the back-ddfusof ions. Finally, adjacent
parenchyma cells controls loading of ions intotkiem vessels (De Boer and Volkov,
2003). Root ion uptake against an electrochemigtdrgial gradient and xylem loading
require metabolic energy (Bowling, 1981). Also,aatinual supply of carbon skeletons
is required for sustain nitrate assimilation to moracids (Ruftyet al, 1989) and root
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nitrate uptake depends on soil temperature (Bi®&2;1Scholbergt al, 2002). Most of
the nitrate assimilation occurs on roots but asatdt concentration increases some
proportion is assimilated on leaves (Andrews, 198&] nitrate is found in the xylem
sap (Gojonet al, 1991) and leaves (Leeet al, 1972). Xylem nitrate translocation
shows a diurnal variation, with maximum values e first half of the illumination
period and decreases to the end of light periadependent of nitrate uptake and sap
flow (Siebrechtet al, 2003).

Xylem vessels are responsible for long distancesprart of ions from roots to
leaves, both by transpiration stream and root pres@viohr and Schopfer, 1995). Root
pressure is important under low evaporative demdmdng the night (Tanner and
Beevers, 2001). At spring during bud burst, iond angar molecules are increasingly
secreted by parenchyma cells of central cylindér the xylem vessels, which under
well soil water conditions osmosis causes a pasitikessure within the xylem vessels
(Ohkawa, 1981). Resultant pressures may have uafisiconsequences such as fruit
splitting (Evertet al, 1988). The xylem sap can be collected after piestgon and
analysed for composition and concentration of i@nd organic solutes. lons, especially
K, can be recirculated from the phloem to the xylexcept nitrate and Ca, which are
almost phloem immobile (Marschner, 1995). Nitratel & transport in the xylem are
closely related and nitrate depletion causes arase in the xylem loading of organic
anions to maintain electroneutrality (Siebrecht dmsthner, 1999). Al soil dries the
composition of the xylem sap changes and pH ineeéSollaret al, 1992).

1.3.2. Tree nitrogen dynamics

During the growing season root N uptake comes frameralization of soil
organic matter and from soil N fertilizer, whicheareduced and assimilated into amino
acids in the roots (Faust, 1989). Other sourced can be foliar applied urea that is
used in combination with soil N fertilization (Jadom et al, 2001; Furuya and
Umemiya, 2002) and ammonia taken up by leavesdhatbe important in locations
where N deposition is increasing (Pearson and 3$tetv@93). The dynamics of root N
uptake and partitioning over the season can berdeted in field grown trees by root
excavation method (Niederholzet al, 2001) or in sand culture experiments by
supplying labelled N isotopes to young potted tnebgch are destructively harvested
(Mufiozet al, 1993).

In deciduous trees, root N uptake is relatively lowspring, and early tissue
growth occurs at expenses of N stored in peremmgdns (Tagliavinet al, 1998). An
internal cycling comprises the storage of N duswvigter as protein in the bark and the
remobilisation of N when the buds break (Blasatgl, 1990; Millard 1995; Tagliavini
and Millard, 2005). The concentration of amino acid the xylem sap rise following
bud burst and decreases during fruit set, coingiehith the period of N remobilisation
to growing leaves during spring (Malagatial, 2001). The amino acid glutamine is the
main compound irPrunus species (Anderseat al, 1995). In peach trees during the
first 30 days after full bloom, leaf and fruit grdtwmainly relies on N remobilised from
reserves (Rufat and DeJong, 1999), which accownrts/$-80% of total N in new
growth until fruit set (Policarpet al, 2002). Fruit set depends on stored N in apple
(Toldam-Andersen and Hansen, 1995).
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Tree N demand varies according to metabolic presessgrowing tissues (Habib
et al, 1989). Root N uptake requires the availabilitypboto-assimilates (Huett, 1996),
thus in young peach, root N uptake increases wativea leaf growth, remains high
during the growth period to a maximum of 314 N g* root day* and then decreased
again during leaf senescence (Wallattal, 1990). If photo-assimilate translocation to
the root is affected then root N uptake decreakmslgnet al, 1998; 2001). Also root N
uptake is a consequence of favourable soil temprermi{Malcolmet al, 2008) and soil
exploration by roots (Raet al, 1994). Root N uptake is unaffected by removal of
ripening fruits and remains high during the periadwhich canopy growth ceases
(Tagliavini et al, 1999; Policarpaet al, 2002). The average daily N demand per tree
remains nearly constant at 1 g N ttegay’ from 40 days after full bloom to harvest
(Rufat and DeJong, 1999). Recovery of applied Nilitegr is 14.9-18.0% (Huett and
Stewart, 1999) and 8.3-12.7% (Nadbal, 2003) of total N in the peach tree, including
fruits and winter pruning. N partitioning change$iem leaf growth ceases in late
summer, root N uptake is more effective to buildNipeserves, especially for root N
reserves (Taylor and van den Ende, 1970b; Tagliatial, 1999; Narioet al, 2003).
Soil water restriction affects non-structural cdnjpdrate concentration of roots, but not
N concentration of roots during the dormant pefigsparzaet al, 2001).

During the growing season the leaves are the masimkliand N is incorporated
into proteins, the most important of which in Caugk is rubisco (Marschner, 1995).
The internal N cycle ends with leaf senescencherfall, when a proportion of leaf N is
withdrawn, exported to phloem and stored in pemsniorgans during winter
(Tagliavini et al, 1997). The resorption of P can also be high ed®rCa and Mg
shows low resorption, instead a net increase tghase in leaves, but also leaf
abscission to soil litter is a process that all@amsexternal N recycling (Killingbeck,
1996; Kozlowski and Pallardy, 1997). Higher leafcbhcentration delays the onset of
leaf senescence (Taylor and van den Ende, 1968&i7ét al, 1996). In peach leaves N
resorption is about 45-50% irrespective of tree thtus (Castagnolet al, 1990;
Tagliavini et al, 1997; Niederholzeet al, 2001), although in pear leaves N resorption
increases in exposed leaves (Sanchez and Righ@@f)). Tree stores N compounds
during winter in the bark of peach shoots (Margeaal, 1999; Bafadost al, 2001;
Gonzélez-Rossiat al, 2008) and vegetative storage proteins have tetacted in the
parenchyma and phloem of bark tissues, that aredsto autumn and depleted in spring
(Gomez and Faurobert, 2002). But more N is accutedlan peach roots, and occurs
largely of soluble organic N fraction with arginias the major constituent (Taylor and
van den Ende, 1970b).

1.3.3. Interaction between nutrients

N is generally the most important nutrient in frirge fertilization (Faust, 1989)
and leaves are the primary site of physiologicaicpsses (Marschner, 1995). Peach
trees contain a high proportion of N in leaves (Rimet al, 2004) and N application
increases the leaf N concentration (Taylor and san Ende, 1969). The seasonal
pattern in leaf N concentration displays the badabetween the root absorption from
the soil solution and tree demand (Atkinson, 199Hhis pattern has been established
for peach leaves and decreases during the leaflaenent period (Batjer and
Westwood, 1958; Carpena and Casero, 1987) becadsenobilization from leaves to
fruits (Taylor and van den Ende, 1969). Leaf N @mration decreases more rapidly
with time in trees under flooding versus drip iatign (Romo and Diaz, 1985), low
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winter pruning (Hassan, 1990) and high fruit lod&lafco et al, 2002a). Leaf N
concentration to maintain peach tree growth is betw2.6-3.0% DM, according to a
leaf sample taken from mid-shoot at 100 to 125rdfik bloom (Daaneet al, 1995).
Leaf physiological processes within this N range amet C@ assimilation rate of 8.4
umol m? s* and a chlorophyll content of 22.9 mg BM (Almaliotis et al, 1997). Leaf
weight per area explains best the differences af jysiology under different fruit
loads (Nii, 1997) and sun exposures (Rosatal, 1999). Leaf N content per unit leaf
area is highly correlated to leaf weight per anec @determines the capacity for net £O
assimilation (DeJong and Doyle, 1985).

N application increases fruit N concentration (bayhnd van den Ende, 1970a).
Although fruit N demand increases during stagéRlifat and DeJong, 2001), fruit N
concentration decreases due to N dilution withie trowing fruit (Batjer and
Westwood, 1958). In fleshy fruits, K is the mosuabtant nutrient (Tagliavinet al,
2000) enhances soluble solids and organic acidgiband acts as a osmoticum for the
accumulation of water (Habib, 2000), thus K playsimportant role in fruit growth
(Faillaet al, 1992; Sziics, 1995) and quality (Marcelle, 198BK ratio in peach leaves
is negatively correlated to fruit fresh weight (&te, 1990) and N concentration in kiwi
leaves is negative correlated with fruit storageg(iavini et al, 1995).

The seasonal pattern of leaf concentration in nmadrents display important
differences, P and K decreases as leaf matureogaldoem translocation while Ca and
Mg accumulate in leaves throughout the seasondBatjd Westwood, 1958; Carpena
and Casero, 1987). This seasonal changes affeas rétationships between
macronutrients during the leaf development (Caserd Carpena, 1987; Sanz and
Montafiés, 1993; Sanz, 2000). Leaf analysis of nmatrents can be compared with
peach reference levels (Villar and Aran, 2008)s kuggested an antagonic effect of N
supply respect Ca and Mg concentration in peacheteél_eece, 1976b; Almaliotist
al., 1997) and sometimes respect K concentrationc@,e£976b) and P concentration
(Almaliotis et al, 1997). When fruits do not compete with leavesy thatter
accumulates in leaves and leaf weight per areaasess (Nii, 1997), decreasing leaf
nutrient concentration except for K, which concatim in leaves may increase due to
low fruit K demand (Sadowislat al, 1995).

Soil management of fruit orchards influences thenaical properties of the soill
under the grass alleyways mowed regularly versubidide strips (Komosa, 1990;
Sicher et al, 1995) and nutrient composition of fibrous tremts (Baghdadi and
Sadowski, 1990). Fertigation affects nutrient disition from the emitter (Strabbioli
and Turci, 1995) and increases the nitrate cordenihg the course of the season under
herbicide strips than under grass (Hornig and Biamem 1995). In fruit trees some
correlations have been obtained between soil clerol@aracteristics and leaf nutrient
concentration (Bassat al, 1990; Bogoniet al, 1995a). In grapevine, leaf Ca
concentration is correlated to soil carbonate aaf Mg concentration is negatively
correlated with soil K (Bogonét al, 1995b). In peach an antagonism between Ca and
Mg has been suggested (Van den Ende and Taylo®) 58tce exceeding a threshold of
Ca:Mg in the soil decreases leaf Mg concentratidneft et al, 1997). Also soll
physical characteristics affect the leaf nutritlbo@ncentrations of grapevine since soill
water restriction decreases leaf K concentrationl @mcreases leaf Ca and Mg
concentration, while the opposite occurs by deangasoil temperature (Bogomt al,
1995b). There is a competitive interaction betwKediffusion and Ca and Mg mass-

27



Introduction

transport from the soil to the root when soil watentent decreases (Giulivo, 1990).
The plant growth regulator paclobutrazol, that lmisi shoot growth and increases yield
efficiency in peach (Blancet al, 2002b), affects leaf nutrient concentrations and
decreases de ratio between K:Ca+Mg (Blaetal, 2002a). Soil water restriction also
affects leaf growth, decreases leaf K concentratioapple (Neilseret al, 1995) and
sweet cherry (Neilsert al, 2007), especially under drip irrigation and seatextured
soils (Blasinget al, 1990).

1.4. Water uptake and flow
1.4.1. Root water uptake

Water uptake from the root surface to the xylensgksoccurs through a series of
tissues and is driven by differences in water paaeifNobel, 2005). Root hydraulic
conductance based on the root surface arganfLs* MPa?) controls water uptake by
the relation between the water flo@,, m*> s*) and the difference in water potential
(AY, MPa):

Le = (1/A) AQV/AW) equation 1

where A (nf) is the root surface area. There is a variatio.dralong young roots,
showing a decreasing trend from the root tip (Huangl Nobel, 1994). Root
morphology such as cortex width is related garLseveral species and measurements in
young peach roots give arn bf 3.6x10% m s* MPa* (Rieger and Litvin, 1999). Soil
water content, salinity and temperature affect tgofKramer and Boyer, 1995). As soil
dries, root surface loose contact with soil pagsc(Stirzaker and Passioura, 1996) and
root shrinkage can occur (Huek al, 1970), which gradually decreases theak the
soil-root interface (Nobel and Cui, 1992).

Root Lp can be separated into a radial and axial compsn@m@ndsberg and
Fowkes, 1978). The axial component is generatedvémgr transport through xylem
vessels and can limiteLnear the root tip where the conduits are immagirensch and
Steudle, 1989). However the radial component of ttheues outside the xylem is
generally much lower than the axial component (Nartd Nobel, 1996). A composite
transport model has been established to explain vrgable lp to anatomical
modifications (Steudle and Peterson, 1998; Ste@fle)). In the model, three parallel
pathways for radial water transport are considered,the apoplastic, symplastic and
transcellular pathways, the latter two representing cell-to-cell path. The main
apoplastic resistances are the exodermis and emdglevhich form the outer and
inner boundaries of the root cortex, respectivEhe endodermis contains the casparian
strip on the radial walls and suberin lamellae ttestirects the water flow into the
symplast and maintains a positive pressure in ylenxvessels. A suberized exodermis
becomes fully developed at varying distances frtwn oot tip. On the other hand,
water channels in the plasma membranes of cortéls edfects the cell-to-cell
component of radial water flow. In addition, thedhgulic conductivity may be affected
by secondary growth, suberized periderm and emeegehlateral roots.

Water uptake capacity of peach roots over-sizeswvihter transport capacity
(Doussaret al, 1999) and wetting a part of the root system bagufficient for water
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uptake, maintaining the transpiration rate (Tan Buttery, 1982). Both row spacing
and drip irrigation affect root growth (Chalmest al, 1981; 1985). Maximum water
uptake is from the upper 60 cm of the soil and wadstriction induces a shift in water
uptake towards deeper layers, but the presence aa@licareous conglomerate in the
subsoil limits root growth (Garnieet al 1986). In peach orchards, the success of
irrigation efficient strategies during some devetgmt stages arises from both an
adaptation to moderate soil water restriction iallstv soils and restricted wetted root
volume (Gironaet al, 2003; 2005). In grapevines, partial rootzonandyfPRD) is an
irrigation efficient strategy that allows one paftthe root system to dry out while the
other part is kept wet by frequent irrigation, aitér a certain period of time, irrigation
is switched (Marsaét al, 2008).

1.4.2. Xylem anatomy

Xylem hydraulic flow takes place through trachemsd vessels (Tyree and
Ewers, 1991; De Boer and Volkov, 2003). In themdtional condition these cells are
hollow capillary tubes, since the cells are deathwb membranes and with secondary
cell walls heavily thickened by lignin. Vessels &gically from 20um to as much 500
um in diameter whereas tracheids are aboytrhifo 80um in diameter. Numerous pits
in their lateral walls through which water can passnmunicate adjacent conduits.
These pits are porous regions where the seconédirwall is absent but primary wall
and a middle lamella remains. The shape and patfewall pitting vary with species
and organ type. In addition, the xylem containgefibells, which confer mechanical
support, and living parenchyma cells which are im@d in ion and water transfer and
defence against microorganisms.

Stem hydraulic conductivity (i m* s* MPa&?) evolves from the development and
maturation of xylem vessels. However in peach, #gns not only associated with the
development of primary structures, but also witboselary radial growth according to
diffuse-porous wood. StemKmeasures the relation between the water flow tiir@an
excised stemAQy, m® s%) and the pressure gradiem\®/L, MPa n') across the length
L (Cruiziatet al, 2002):

Kn =AQv / (-AP/L) equation 2

Ky increases with the stem diameter and accordingapeacity to develop secondary
growth and is about&0® m* s* MPa® for apple stem segment (Atkinsenhal, 2003).

In woody plants the largest vessels tend to oatuhé early formed wood of an
individual growth ring but are much smaller in tlaée wood. According to the law of
Hagen-Poiseuille under laminar flow in capillar{€uiziatet al, 2002):

Ky = (/ 1287) > d equation 3

wheren is the xylem sap viscosityg10° MPa s at 20°C). From this, a slight increase in
number of conduits or capillary diameteZ(di“) causes a considerable increase in stem
Ky. Reduced stem Kby soil water restriction is explained by low aage vessel
diameter in vine, however the measurediKless than the predicted value due to vessel
tortuosity (Lovisolo and Schubert, 1998). Also auxaccumulation in the shoot

increases the vessel density while decreases vdisakter, causing a reduction of
shoot K, (Lovisoloet al, 2002).
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1.4.3. Xylem water flow

Tree transpiration determines the real tree watensemption. Hydraulic
architecture of trees is well structured arounddbleesion-tension theory of the ascent
of sap, which deals with the physics of water tpans and the electrical analogy used
for modelling water flow within the soil-plant-atsphere continuum (Ksenzhek and
Volkov, 1998). Canopy transpiration occurs on lsaaad is controlled by stomatal
conductance. The energy requirement of transpiracsolar radiation. In contrast to
root water uptake, xylem water flow is not sengitito temperature (Zimmermann,
1964). Under steady state conditions (Koedeal, 1989), transpiration creates a water
potential difference between the leaves and th&esr@dY = Wi — Wiear, MPa) which
maintains a water flux through the xylef@,, m* s%):

Qv = (Wsoil — Wiean) / Riree equation 4

where tree hydraulic resistance {R MPa s rit) is the series resistance of the tree
conducting path. QandW¥ vary during the day, so assuming thatdhanges little
during the day, the average totale&might be determined from the slope of the linear
regression of hourly measurementsA% on AQ, from predawn to late afternoon on
the same tree. Capacitance of the tree, whichrgelapple trees can amount to 2 h of
transpiration causes hysteresis in the relationghipmay be ignored in field conditions
when environment in changing smoothly (Landshkedrgl, 1976).

The resistance components of trees can be detetrbyesap flow through the
trunk with a calibrated heat pulse probe (Cokéml, 2007). The trunk cross-section
consists of an exterior bark, a water conductingeoxylem (sapwood), a non-
functional inner xylem (hardwood) and a centrahpithe radial distribution of sap
velocity is measured from a heating probe with rthistors inserted at different depths
in the sapwood (Gonzalez-Altozarbal, 2008). Sap velocity decreases gradually with
depth below the bark. The total volumetric sap flate is calculated by integrating the
sap flux density over the sapwood cross-sectioa. 8ap flow begins around 6:00 h in
the morning and ends about 20:00 h in the everihg. hourly values closely follow
the diurnal pattern of reference evapotranspirat@ithough some nighttime water
transport occurs.

W.oil is taken as predawslieor and represents the zero intercept of the pldi'Bf

on Q, (Cohenet al, 1983).We, is taken on shaded and sunlit leaves since wiater f
occurs across these two groups of leaves (Moresladt 1990):

Wieat = 0 Wsyniit + (1-0) Wshaded equation 5

wherea is the fraction of sunlit canopy. Theser, of non-transpiring covered leaves in
the deep shade of the canopy near the trunk iguiilerium with the water potential of
the conducting trunk vessels below the transpidagopy. Then the sap flow equation
IS:

Qv = (Wsoil — Wstem) / Reoot equation 6

where Ryt IS the series resistance of trunk and root pathfr@it trees, Ree is around

7x10® MPa s nt (Solari et al, 2006), roots impose a high resistance to wdosv f
(Basile et al, 2003b) and rootstock affect canopy growth (Sadad DeJong, 2006).
Peach rootstock vigour is related to hormone prodaocin the roots (auxins and
citokinins), which are translocated in the xylerp §8orceet al, 2002).
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1.4.4. Diurnal trunk shrinkage

Because of tissue xylem elasticity, the tensiorhiwide vessel is transmitted to
the trunk, thereby causing slight changes in trdidmeter (Kozlowski and Pallardy,
1997). Various electronic displacement transducargluding linear variable
differential transformers, can be used to measheecontinuous growth of trunk in
diameter (Doltreet al, 2007). Superimposed on an overall trunk diameease over
time, appears a diurnal fluctuation of shrinkage swelling, even under well soil water
conditions (Doltra, 2003). The diurnal fluctuatiansdiameter are the result of changes
in water status in response to environmental cardit which reflects the diurnal water
balance of the whole tree. Maximum trunk diameseatiained on hydrated tissues at
predawn. Trunk begins to shrink when the transpimabecame active, because of
increase in radiation and temperature, and atien®aximum shrinkage at afternoon.
When the transpiration decreases towards the rightrunk restores its water supplies
and its diameter increases. Shrinkage of trunk éianduring the afternoon is stronger
in the case of heavy fruit load (Intrigliolo and gB=&, 2007). In peach trees, the
transition from stage-ll to stage-lll indicateseadtd diurnal water relations (Marszt
al., 2002a). During stage-lll daily shrinkage andhtig swelling are approximately
equal, and little net growth is observed. Fruitntiééer also displays a diurnal pattern
(Ton et al, 2004). During the daytime, when transpiratioactees its maximum value,
the fruit fresh weight does not increase or evanimshes, whereas the dry matter
accumulates during this time. The most intensiveualation of fruit fresh weight
takes place during the night (Fishman and Gén&eB)L

1.4.5. Leaf water potential

The balance between water uptake by roots andpiratisn by leaves, defines at
a given time, the water status of the tree (Kraared Boyer, 1995). The leaf water
potential Peas) is measured with a pressure chamber (Scholastddr, 1965). Predawn
leaf water potential (predawWea) and midday leaf water potentials (midd®eas)
have been proposed for irrigation scheduling int fees (Marsal and Girona, 1997,
Naor, 2004) and grapevines (Williams and Araujd)20However, midday stem water
potential (middayWsen) is more useful, since it depends on canopy sim fauit
distribution (Marsalet al, 2005; Marsakt al, 2006; Lopezt al, 2007a), it is related
with fruit growth rate (Gironaet al, 2006) and high fruit loads tend to increase the
sensitivity to irrigation restriction (Berman andeddbng, 1996; Berman and DeJong,
1997b; Naoret al, 2001; Gironaet al, 2004a). In addition, diurnal changes¥fem
influences the peach stem growth rate that atismainimum at midday (Weibedt al,
2003; Berman and DeJong, 1997b; Basiteal, 2003a). Visible leaf wilting occurs
when middayWsenm reaches —1.8 MPa (Lopezt al, 2007b). Under well soil water
conditions, middayWsem decreases with increasing evaporative demand efath
because of the high resistance of water flow thinailhg xylem vessels. As a result, the
water balance is affected and midddy.n decreases (McCutchan and Shackel, 1992).
The relation between midd&ysemto maximum vapour pressure deficit can be utilized
on grapevines to correct the values and thus redugation dose on days of high
evaporative demand (Olivo, 2009). Soil clay contantd drip wetted volume affect
middayWsiemin pear trees (O’Connell and Goodwin, 2004).
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1.5. Stomatal conductance
1.5.1. Stomatal mechanics

In peach leaves, stomata are present in the epslerinthe abaxial leaf side,
(Leece, 1976a; Baldirét al, 1997), with a density of 221 stomata hand a length of
26.1um (Fernade=zt al, 2008). The pore of the open stomata occupie® @22% of
the total leaf surface area and guard cells conthioroplasts (Nobel, 2005). The
mechanism of stomatal opening (Roelfsema and Hed2@05) is controlled by active
changes in the osmotic potential of the guard dkls$ affects its turgor and ultimately
its cell volume. When the guard cells are flactie stomatal pore is nearly closed.
Stomata open by active *Hextrusion from de guard cells, which hyperpolasizke
membrane potential (lowers the electrical potemtiside relatives to outside) as well as
lowers the cytosol Hconcentration. The lowered membrane potential fes/@assive
K* uptake through Kchannels, which may increase in concentration f@ognto 2.4
nM in a cell, that is electrically balanced maitly the production of organic anions
like malate in the guard cell and partly by @iflux. As osmotically effective solutes
accumulates in the guard cell the osmotic poterdedreases, and thus lowers the
internal water potential. Water then flows from sidiary cells into the guard cells.
This water entry leads to an increase in the tyrgtiich causes them to expand. The
formation of the pore is a consequence of the &noigiw properties of the cell wall. The
open pore width attains about fiBh. The mechanism of stomatal closure (MacRobbie,
1998) is probably caused via the opening*@hannels in the plasma membrane, thus
enabling the rise in Gaconcentration in the cytosol and a depolarisatibthe plasma
membrane, which triggers the” Kfflux. The increase in osmotic potential causasew
to move out, which in turn causes turgor to de@eé=ading to stomatal closure. A
hydropassive stomatal closure (Jones, 1992) cault rebien guard cells lose water
directly by evaporation and so lose turgor.

1.5.2. Stomatal control of transpiration

Drought tolerance involves primarily two mechanisnesluction of water loss and
maintenance of water uptake. However, stomatalrabif transpiration is complex
with interactions with a wide range of environmeéiféators (Jones, 1992). It is possible
to measure canopy conductance with a sap flow semsthe trunk (Granier and Bréda,
1996; Zhanget al, 1997; Gonget al, 2005). For well-coupled canopies such as isdlate
trees, where aerodynamic conductance (due to boutager conductance) is relative
large to canopy conductance (due to stomatal cdadce), heat and mass transfer are
very efficient so that leaf temperature approachiesemperature whatever the input
radiation (McNaughton and Jarvis, 1983). Under sochditions, Penman-Monteith
equation of transpiration rate (E, mmof ') simplifies to (Kdstneet al, 1992):

E=kVPDg equation 7

whereg; is the total conductance of the pathway betweenetraporating sites in the
mesophyll until the bulk air (mmol Ts?), VPD is the vapour pressure deficit of the air
(kPa) andk is 7.663%10° kPa'. Tree transpiration is more linked to stomatalrope
than to boundary layer conductance (Pattkial, 1998). In young apricot trees the
coefficient of stomatal control of transpiratioteds 1Q = 0.89 (Barradast al, 2005),
while in young lemon trees @-= 0.86 to 0.92 (Nicolast al 2008). The decoupling
coefficient Q) represents the control exerted by all other enwrental factors on
transpiration rate (McNaughton and Jarvis, 1983).
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1.5.3. Environmental conditions

Stomatal responses at daily and seasonal scalesddy trees are influenced by
environmental conditions, soil water content, canopize and root system
characteristics (Kramer and Boyer 1995; Kozlowsid #allardy, 1997) and increases
with fruit load and changes with leaf developmefadgn and Richter, 1990; Marsal and
Girona, 1997; Mpelasokat al, 2001). It is possible to measure leaf stomatal
conductance ) with a portable porometer in the field (Jones datidggs, 1989;
Matsumotoet al, 2005).

A diurnal pattern ofgs is observed on sunlit mature peach leaves (Gaamdr
Berger, 1987). Stomata open at the beginning ofdthe as a result of increased solar
radiation, whertP e is not the limiting factor. Daily maximum is measured between
06:30 to 08:30. Full stomatal opening is achievadsblar radiation values between 250
and 300 W rif, whereas minimum light intensity required for stiai opening is 50 W
m?. This process reflects the photoactive feedbaskesy (Roelfsema and Hedrich,
2005). When illumination starts, the @@oncentration within the intercellular air space
of the mesophyll decreases by photosynthesis. Thes€nsor of guard cells measures
the CQ concentration in the substomatal cavity, whichgers stomatal opening, via
ion import or export. Then Can enter and photosynthesis can continue. Itutiged
leaf there is a relation between stomatal condgetaand the rate of photosynthesis
(Gironaet al, 1993; Chengt al, 1996). The C@feedback loop is probably important
only for very low and very high light fluxes. In moal daylight the direct control by
light signals is more important, independent of tgponse to CO These signals are
received in the guard cells by chlorophyll and @ehlight photoreceptor (direct control
by light) that work together (Roelfsema and Hedri2B05). Stomatal opening to the
early morning tends to optimise carbon assimilaiiomelation to water transpiration
(Cowan, 1982).

A reduction ings occurs when VPD is above a threshold of 1.2 kRhadter the
early morning peak, peadp decrease gradually during the rest of the day wih
apparent afternoon recovery (Garnier and BergeB719Under well soil water
conditions, increasing the VPD around a leaf onplasults in decreasing through
two ways (Jones, 1992). Since an increase in VPD imgrease E, thé¥,s may
decrease, leading to a reductiorgirwhich finally has a negative feedback effect on E.
Alternatively, the VPD may influence thgg directly without influencing the bulkeas.
This feed forward mechanism increases the rateastpmatal transpiration and lowers
guard-cell water potential, leading to stomatakuale. Both feedback and feed forward
gs responses to VPD depends on tree species (Tatradr;, 1984; Pataket al, 1998).
Actually gs responds to changes in E rather than VPD (Mont&885).

If the evaporation demand is maintained at a higrell during middayWeas
remains low (Olsson and Milthorpe, 1983; Larsetnal, 1989) since transpiration
exceeds the uptake of water through the roots (Kraand Boyer, 1995). This effect on
gs can be analysed by treating VPD as a driving Bégiaalthough there is a mechanistic
link throughWeos (Olivo, 2009). Leafys can decrease gradually withe,s (Garnier and
Berger, 1987) or more strongly below a critital,s depending on the environmental
conditions (Gollaret al, 1985). Furthermoreys can be reduced withotf,.;s mediation
(Bates and Hall, 1981) and decreagedan act as a regulator Wi.o;, leading to more
negativeWe4s values in well-watered plants that in restricteé® (Jones, 1998).
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In peach trees, leaf; is strongly affected by soil water conditions (§Reet al,
2003) and begins to decrease as available soilrveatetent is extracted by roots
(Sadras and Milroy, 1996; Gironet al, 2002). Under soil water restriction daily
maximum gs decreases and the depressionggofafter the morning peak is greatest
(Garnier and Berger, 1987; Correiea al, 1997; Gonget al, 2005). AlthoughW,eas
recovers within a week after returning water sug@wldhameret al, 2002),9s takes
an additional week to recover (Marsal and Giroi®®,7).

1.5.4. Chemical signalling from roots to leaves

Under soil water restriction, hydraulic signallingpmbine with chemical
signalling from roots to leaves to modify (Tardieu and Davies, 1993) There is
evidence from split-root trees grown in contain@swinget al, 1990) that root drying
during the day can induce abscisic acid (ABA) sgsif in the root tips and then
transported thought the xylem to the leaves wheparticipates in the regulation gf
and leaf growth (Litet al, 2001). Coupled to this process is an increaskepH of the
xylem sap (Wilkinson and Davies, 1997). Also, ABAaynbe synthesized in the leaf,
and can be loaded to the phloem and transporteédet@oots where one part may be
recirculated to the xylem (Harturgt al, 2002). In the leaf, ABA accumulates in the
apoplast next to guard cells (Hartuagal, 1998) where inhibits secretion of dnd
induces an efflux of Kand anions from guard cells, leading to stomatsure by a
hydroactive feedback system (MacRobbie, 1998). &t ¢énd of the water restricted
period, the ABA content usually falls rapidly, basa of breakdown (Hartunet al,
2002).

In irrigated peach trees, the ABA concentratiorthie xylem sap is maintained
between 0.25 to 0.5 mmol frduring the course of the day, while in water ietd
trees, the ABA concentration attain a daytime vahetween 0.6 to 1 mmol Fh
(Correiraet al, 1997). The diurnal changes @ are associated with changes in the
relationship to xylem ABA and stomatal responsignis enhanced throughout the day
(Correiraet al, 1997). High cytokinin concentration at morningthe xylem sap of
lysimeter grown almond trees influence stomataldcatance, acting as a antagonist to
ABA (FuPeder et al, 1992). In anisohydric species, like peach tregem ABA
concentration via root drying accounts for changes regardless oo (Tardieu and
Simonneau, 1998), although there is a relationbleipveenW,s and gs (Garnier and
Berger, 1987). Leaf water status may be more inapoiih other tree species, Sinegas
is a consequence of the balancegofand water flux thought the xylem (Fuchs and
Livigston, 1996).

The seasonal course of ABA concentration in themyksap showed a rise from
may to a maximum on July, such in almond of 0.5 tmid (Wartingeret al, 1990) or
in maple of 0.2 mmol M (Schill et al, 1996), which coincides with the period of leaf
growth (Gonget al, 2005) and root growth (Abrisquesa al, 2008). During the course
of the season there was an inverse relationshipeeet the average ABA concentration
in the xylem sap and maximum as measured in the morning in almond trees
(Wartinger et al, 1990) but in apricot ABA appears to be relatveinimportant
(Loveys et al, 1987). The onset of dormancy was associated loih levels of
citokinins and high contents of ABA (Alvirat al, 1976).
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1.6. Net CQ assimilation

1.6.1. Environmental conditions

The leaf net C@assimilation rate (A characteristics of mature peach leaves are
typical of C3 plants (DeJong, 1983). Response cafw, to increasing photosynthetic
photon flux density (PPFD) is asymptotic with a BPPéompensation point at 20-30
pmol m? s* and a PPFD saturation point at 400-7000l m? s*. The maximum net
CO, assimilation rate (A is 13.6pumol m? s* at 27°C, saturating PPFD levels and
ambient CQ concentration of 32L CO, L™ Apparent quantum efficiencies vary
from 0.04 to 0.06 mol C&fixed mol* PPFD for sun grown leaves. However, response
curve for whole canopy do not show a point of s#tan, because leaf shading and
leaves in the interior receive PPFD levels lesa g&uration (Flore, 1994). Diurnal leaf
A, shows a maximum peak before noon and then declhesg the afternoon
(Chalmers et al, 1975). Peach leaves have a linegr responses to changing
intercellular CQ concentration between 50 and 250 CO, L* with a CQ
compensating point of 6L CO, L™ (DeJong, 1983). Peach leaves exhibit a typical
parabolic relationship between, And temperature (Crewet al, 1975). Under low
PPFD conditions, optimum leaf temperature is 26P@n(and Buttery 1986), whereas
under field conditions leaves can adapt to highemeratures until 32°C (Girorma al,
1993). N increases leaf area (Taylor and van defe Eh969) and chlorophyll content
(Almaliotis et al, 1997). There is a correlation between legf,Aand leaf N content per
unit leaf area basis @ for 5 Prunus species (DeJong, 1983). Therefore leaf N
determines leaf assimilation capacity (DeJong, 19B8ot-zone salinity affects leaf,A
(Massaiet al, 2004).

Water vapour diffuses through the same stomata psrCQ, so any assimilation
is accompanied by transpiration. There is an asyticptelationship betweegs and A,
until ags threshold of 40umol m? s* with a maximum A of 14 pmol m? s* (Girona
et al, 1993; Chenget al, 1996) and changes @ explain most of the variation inyA
along the growing period (Marsal and Girona, 19Ri&geret al, 2003). Two simple
models have been derived to relate assimilatioantaronment conditions (Campbell
and Norman, 1998). Since leaf temperature tendsetquite close to air temperature
when stomata are open and leaves are in the sangifand Sinclair (1983) obtained a
simple mechanistic model relating leaf # environment:

n=k E/DPV equation 8

where k is a proportional constant cultivar specik is leaf transpiration and VPD is
vapour pressure deficit (Ehlers and Goss, 2003)eflization increases seasonal
intercepted radiation and biomass accumulation aody trees (Allenet al, 2005).
During seasonal development of whole canopy them#asion is optimised by
allocating N, to leaves at higher light exposures (DeJong andd)&985).

Monteith (1977) developed an empirical model re;ti tree biomass
accumulation to accumulated solar radiation infete by the canopy:

An=¢f PPFD equation 9

where £ is the fraction of incident PPFD intercepted bg tanopy. The quantity of
incident PPFD depends on latitude of the locatind day of the year. Typically the
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conversion efficiency is 0.01 to 0.03 mol CO2 fixed mbIPPFD for field canopies
(Campbell and Norman, 1998). The correlation betwtee fraction of intercepted
PPFD at harvest and the total aboveground bionmggsach orchards is the same under
different training systems (So#td al, 2005).

1.6.2. Source strength of leaves

In higher plants the photo-assimilate products saegch, insoluble residue and
soluble intermediates, which may be stored in #ef blade (Moinget al, 1994).
Sorbitol, a sugar alcohol, is reported to be a magluble compound in woody
Rosaceae (Moingt al, 1992). In peach leaves, soluble fraction revélads 68% is
sorbitol, 17% is sucrose, 14% is glucose + frucerse 1% is myo-inositol (Nadwodnik
and Lohaus, 2008). Starch, which accumulates irchih@roplast, is a temporary storage
carbohydrate, while sorbitol and sucrose, whichuaudates in cytosol, may be
exported via phloem (Moingt al, 1997) to growing peach fruits (Lo Bianco and
Rieger, 2002a; 2002b). Phloem sap is rich in omgaompounds and the concentration
change during the season (Keller and Loescher,)1%8&g distance transport in the
phloem (Mohr and Schopfer, 1995) takes place insibee tubes that are living cells
connected by sieve plates. Sieve tubes are associgith companion cells and
parenchyma cells. Solutes are loaded in the phlafesource leaves and water is sucked
by osmosis according to Minch mechanism, creatipgsative internal pressure that
induces a mass flow to sink organs where solutesi@oaded.

Environment conditions affect leaf growth by th&atenship between dry matter
accumulation and leaf area expansion. The eariffiett of mild water deficit is to
reduce leaf expansion, a process that is medigtéiophysical events (Kozlowski and
Pallardy, 1997). Thus, as the water content ofehedecreases, the cell walls relax and
result in lower leaf turgor (P). Leaf expansioreréGR) is directly dependent on the
effective turgor by the relationship:

GR=m((P-Y) equation 10

where Y is the turgor threshold for irreversiblagilc deformation and: is the leaf
extensibility. It is therefore understandable tleaf growth rate is particular sensitive to

a decrease in leaf turgor. However, under mild waleficit, leaf A, can continue
(Andersen and Brodbeck, 1988) and sorbitol accutesilan leaves (Lo Biancet al,
2000; Riegeret al, 2003). Leaf A typically declines whetgm falls to -1.5 MPa
(Rieger and Dummel, 1992). Leaf, A&an decrease via stomatal closure alone (Fdore
al., 1985; Boiset al, 1985; Denget al, 1989) and also by a decrease in RuBPCase
activity (Vu and Yelenosky, 1988; Sharkey and Seema989). The fact that leaf,As

less affected thags allows to increase the leaf water use efficierRan(neyet al,
1990; Gironeet al, 1993).

1.6.3. Sink demand of fruits

Seasonal leaf Ais under the control environment conditions andit fisink
demand. Response of leaf & modulated by photo-assimilate demand and fagtsas
a strong carbon sinks (Chalmetsal, 1975) a mechanism that is important for delaying
leaf senescence (Nii, 1997). On peach branchegedeadjacent up to 45 cm distance
away from a fruit have higher leaf,ACrewset al, 1975) and higher fruit growth rate
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during stage-lll increases leaf An (Chalmetsal, 1975; Besseét al, 2001). Under
high fruit loads, apple leaf Aincreases from midseason until fruit harvest (V¢tegt
al., 2000). In apple trees, open transparent cuvateesised to evaluate whole canopy
net CO2 exchange rate (canopy NCER) accordinguio lbad (Winscheet al, 2000;
Reyeset al, 2006). High fruit loads increases canopy NCER armositive linear trend
appears between canopy NCER per unit leaf aredramdoad (Wunscheet al, 2000).
Fruit thinning shows immediate effects on canopyBHRCand after fruit harvest,
differences between previous fruit loads on cand@¥ER are reversed because canopy
leaf area of thinned fruit trees is higher (Regésal, 2006). Sorbitol accumulates on
leaves as sink demand decreases (Lo Biatad, 2000) and leaf starch concentration
increases linearly as fruit load decreases, inocrgdke leaf weight per area (Nii, 1997).
Leaf An is negatively correlated with an increasehie sorbitol and sucrose content of
leaves, providing a down-regulation of photosynithem trees with low fruit loads
(Layne and Flore, 1995).

1.6.4. Osmotic adjustment

Soil water restriction, particularly when soil wateontent decreases relatively
slowly, induces a decrease ¥f; by accumulation of osmotically effective solutgs b
cells (Tyree and Jarvis, 1982). In field conditiosmotic adjustment usually takes
weeks or even months (Arndt al 2000). The compartmentation of ions, specially K,
during active osmotic adjustment occurs withinvheuole, where do not interfere with
enzyme functions, whereas compatible organic seluteust accumulate in the
cytoplasm to maintain water potential equilibriumthin the cell, such as specific
accumulation of soluble carbohydrates, organic sa@d free aminoacids (Taiz and
Zeiger, 1998). In addition to active osmotic adjusit, physical changes in cell size
and cell wall elasticity can promote passive adjgsit and may be important for
concentrating solutes when leaves undergo dehgdrgfilarsal and Girona, 1997,
Dichio et al, 2003; Saito and Terashima, 2004). Furthermdre, water potential
gradient between leaf and root is increased, and the uptake of water by roots is
stimulated (Kramer and Boyer, 1995). Peach leaVved &re capable of osmotic
adjustment can maintain turgor over a wider rangew water potential (Steinbergt
al. 1989). Turgor regulation enables the continuabbmetabolic activity (Andersen
and Brodbeck, 1988), but leaf expansion rate wambited (Woodruffet al, 2004) and
cell wall extensibility is reduced (Rodem al, 1990). Also osmotic adjustment maybe a
cost, since does not have a major effect on prodiyc{Munns, 1988) and there is a
shift in carbon partitioning, since sorbitol accuates in leaves (Lo Bianoet al 2000;
Riegeret al 2003) and starch decreases in roots (Amtdal, 2000; Lopezet al,
2007b). Osmotic adjustment of 0.4-0.5 MPa were ifeskin mature leaves, stems, and
roots of apple (Wangt al, 1995) and sweet cherry (Keller and Loescher9)19ile a
significant higher adjustment of 1.0 MPa was detgah expanding leaves of apple
(Wanget al, 1995) and peach (Steinbexgal, 1989; Rieger, 1995).
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2. Materials and methods

2.1. Site description
2.1.1. Location

The experimental plot was established in a comraerpeach orchard for
producing processed purees, in Torres de Segrieinvitie horticultural zone of Lleida
(41°35'N, 0°26’E and 240 m above sea level), onestern plain of the Ebro Valley
(Figures 1 and 2).

2.1.2. Soll

The soil of the experimental plot is moderately gjeeell drained, of medium
texture, and with a high content of coarse eleméltie water holding capacity is low.
This soil have evolved on a platform from quateyrdeposits of residual type, resulting
in this zone in Serra Pedregosa (IGME, 1999), witiight slope of less than 2%. Until
recently, this soil had got a restricted crop wg#) a low productivity by lack of water.
However, the transformation to irrigated land witigh frequency systems allows to
increase its productivity. The main limiting factof this soil is the presence of a
cemented crust of calcium carbonate, which wasedpm some stretches before
establishing a peach orchard.

There is a superficial horizon which is plougheg)Af 40 cm thick. The content
of coarse elements is high (30% by volume). Theutexis loam. The presence of
organic matter gives a relatively dark colour 7.8 ¥ / 4 (wet). Next, there is a
cemented crust (Bkm) with a thickness between ShO(petrocalcic horizon). The
cemented crust has been ripped in the tree rowsghwdllows root penetration and
water percolation. But in the tree alleys the chaste been not ripped, although it is not
completely continuous. Then, until 75-80 cm depkiere is a calcaric horizon (Bkn)
with abundant nodules, 2-5 cm diameter, roundedvangd hard to break even with a
hammer. There are roots and animal activity. Oanaterial is from sedimentary
origin. Below 80 cm deep there are different litdgit discontinuities (2C, - C, until the
maximum depth described which is at 300 cm. IndHhagers there are sand, silt and
clay, granite blocks from Pyrenees foothills defggsand many coarse elements of
different shapes and sizes. There are no staiosoks along the profile.

The soil is classified at the sub-level as Petmdal xeric (Soil Survey Staff,
1999). At the level of order belongs to Aridisoldaat the suborder belongs to Calcisols
(for the presence of carbonate accumulation). Stheesoil contains a petrocalcic
horizon within the first 100 cm depth, at the grdepel it belong to Petrocalcids. The
subgroup is Petrocalcids xeric since the moistegame is aridic but nearby to xeric.

World reference base for soil resources (lUSS WagykGroup WRB, 2006)
classifies this soil within the group Calcisols tfiReCalcisols).
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experimental
A\, plot

|

Figure 2. Experimental plot of 1.5 ha within a commercial peach orchard of 120 ha
for producing processed purees, from Agrocemeli SCCL.

2.1.3. Climate

The weather station of Lleida was taken for theate classification (1971-2000),
since the distance to the experimental plot wakmi22and similar climatic factors (INM,
2002). Figure 3 shows the ombrothermic diagram witbnthly mean values of
temperature and precipitation. The autumn is wartin@n spring. The average annual
temperature is 14.7°C with a high annual tempegabscillation. The hottest month is
July with 24.7°C and the coldest month is Januatl &.3°C. The precipitations are
scarce and seasonal, of moderate intensity (betdietend mm H). We observe two
maxims of precipitation (Figure 3), one in May aabther less pronounced between
September and October. There is one minimum ofgtation in February and another
in July. Seasonal precipitation shows two maximuong, in spring (32.0%) and another
in autumn (30.1%) and two minimums, one in summMé&rq%) and another in winter
(18.9%). So we can see an annual pattern of rairgjpting > autumn> summer>
winter. The annual precipitation is 354.7 mm. Thesea dry period from July to
September, according to the ombrothermic diagrangu(é 3). The climate is
continental dry Mediterranean (Martin-Vide, 1992).
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Annual pattern of mean monthly temperatufg Was fitted to a periodic Fourier
curve of second order (Little and Hills, 1976), wa coefficient of determination of
99.82%:

T=14.7000- 9.3438 cOX—0.7242 sirCX+ 0.3917+ cos X+ 1.4289 sin X

where X = 0 for 15 JanuaryX = 1 for 15 February and so one urXil= 11 for 15
December and C ®/6 converts to radians (Figure 3).
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Figure 3. Ombrothermic diagram (Lleida, 1971-2000).

Table 2 shows the statistical analysis (Colomeg6]l€astellvi and Elias, 2001)
of monthly mean values of precipitation and refeeevapotranspiration for Lleida
(1971-2000). The time series of precipitation wted to a gamma distribution (withn
and 3 parameters), according to Kolmogorov-Smirnov teish a significance level of
5%. The equation defining the probability densitgdtion is:

%x“’le’x’ﬁ for x>0anda,3>0
f(x;a,B8)= Ma)s equation 11

0 for x<0

The parameterg andg are included to correct the gamma distributiorcfiom, whereg

is the probability of a month without precipitatiandp = 1 —q. On the other hand, the
time series of reference evapotranspiration follavgaussian distribution function
(with p and o parameters as mean and standard deviation, regdgctaccording to
Kolmogdrov-Smirnov test with a significance levdl %%. The equation defining the
probability density function is:

1 |
f(x;u,0)= e?? equation 12

A 2110
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Table 2. Statistical analysis of monthly values of precipitation according to a gamma distribution
function with a, B, p and q parameters and reference evapotranspiration according to a

gaussian distribution function. n is the length of the time series, yu the mean, o the standard
deviation and CV is the coefficient of variation (Lleida, 1971-2000).

Month Precipitation (mm) Evapotranspiration (mm)

n m S Ccv o B p q n m S Ccv
January 28 25.8 31.8 1.23 0.8582 30.0130 1.00 0.00 24 24.0446 7.5194 0.31
February 29 13.7 12.3 0.90 1.1919 12.3736 0.93 0.07 28 47.2942 8.7856 0.19
March 28 26.7 323 1.21 0.7635 34.2163 1.00 0.00 28 81.3348 10.0965 0.12
April 29 37.4 21.7 0.58 2.6906 13.9157 1.00 0.00 29 110.8272 11.5728 0.10
May 26 49.3 37.3 0.76 1.8134 27.1957 1.00 0.00 29 139.2112 12.9470 0.09
June 28 33,5 29.9 0.89 1.0035 33.3780 1.00 0.00 26 169.868 15.7296  0.09
July 29 12,5 13.0 1.04 0.8938 145335 0.97 0.03 29 188.2253 10.9222  0.06
August 28 21.4 16.3 0.76 1.9486 114059 0.96 0.04 28 161.6876 10.4989  0.06
September 28 39.1 32.8 0.84 0.9618 40.6602 1.00 0.00 27 110.7454 9.6502 0.09
October 25 39.3 329 0.84 1.5337 26.6995 0.96 0.04 27 67.0511 6.7629 0.10
November 29 28.3 23.1 0.82 1.0791 26.2452 1.00 0.00 28 31.9900 5.6389 0.18
December 27 27.7 24.1 0.87 1.0228 27.0642 1.00 0.00 28 19.5276 45175 0.23

Figure 4 shows the expected monthly precipitatiomd areference
evapotranspiration for different probabilities, aaing to the distribution function.
Note that almost all months have a very high ist@nual variation in precipitation,
which is reflected in the large range of probapitit precipitation between 95% and 5%
in contrast to evapotranspiration. Annual refereagapotranspiration is 1172.2 mm,
has a maximum in July with 187.2 mm and a minimmnDecember with 16.4 mm
(Figure 4B).
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Figure 4. Expected monthly precipitation (A) and reference evapotranspiration (B) for different
probabilities according to the distribution function (95% lower point, 75% lower line of the box,
50% inner line of the box, 25% upper line of the box and 5% upper point). Black dots are
monthly mean values (Lleida, 1971-2000)
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2.2. Experimental plot
2.2.1. Plant material

For conducting the experiment, peach treBsurfus persica(L.) Batsch. cv.
Andross) were used, grafted on GF-305 (a Frenchhpseedling rootstock) at>62.8
m and trained in hedge until 3.5 m high. The peachard was established in 1999.

The cultivar Andross was obtained at the UniversityCalifornia in 1964. Full
bloom is around mid march and harvest on second weéugust and is a reference
cultivar within this maturation period. The length the fruit development, from full
bloom to harvest is 139 days. Shows aptitude fah doesh consumption and for
processing. Noted for its production and qualitguifis round to slightly oval with
little apparent suture. The flesh is yellow withrs® pigment around the pit. It has a
medium size of 79 mm, a soluble solids concentnadiol2.3°Brix (Carbo6 and Iglesias,
2002).

2.2.2. Irrigation water

The water used for irrigation comes from the Carfisghragon and Catalunya, and
contained Ca as a dominant cation and bicarbosateeadominant anion (Table 3). The
electrical conductivity was 0.30 dS’at 25 ° C, the pH was 7.8 and the SAR was 0.49.
Presented very low salinity and sodicity (Ayers akidestcot, 1987). Nitrate
concentration was low (0.03 megf)L

Table 3. Chemical analysis of irrigation water from Canal of Aragon and

Catalunya.
Cations meq I'* mg I Anions meq I'* mg I
ca* 2.14 42.88 cr 0.31 10.99
Mg 0.35 4.25 S0~ 0.81 38.90
Na* 0.55 12.65 COs” inap. inap.
K" inap. inap. HCOs 1.90 115.92
2.2.3. Soll

At the beginning of the experiment, a composité sample was taken from the
surface layer (0-30 cm) with an auger. The soituex was loam with 40.3% sand,
39.8% silt and 19.9% clay (gravimetric method wdtecontinuous sedimentation). The
concentration of organic matter was 3.3% (WalkegeRlvolumetric method) and the
equivalent CaC@was 22.2% (Bernard mechanic-volumetric methodp 3$bil pH of
8.3 was moderately basic (1:2.5 suspension) angmsented salinity problems with
electrical conductivity of 0.32 dS ‘mat 25°C (1:5 suspension). Initial soil N®
content was 8 ppm (extracted with water, FIA mejhotl7 ppm for P-Olsen
(spectrophotometric method), 185 ppm for K (exedctvith ammonium acetate, ICP
method) and 185 ppm for Mg (extracted with ammonagatate, ICP method).

The gravimetric water content of a soil sample esieat 2 mm was determined
with Richards plates at 0.033 and 0.15 MPa anait@ned values weMY o33= 0.239
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g g* andWp 15 = 0.127 g g, respectively. The water holding capacity of tod §H)
was calculated as:

-V,
H = (Wo o33 =Woas) X [prIKIopSIOnES] xZ equation 13
water

wherepui is the bulk density of the soil (1518 kg®ray field excavation methody, is
the fraction of coarse elements in the soil (0:3 mi®), psonesiS the density of coarse
elements (2191 kg 1), Bwater is the density of water (1000 kg3nandz is the effective
root depth (450 mm since there was a limiting petldc horizon at this level). Thus
theH = 43.3 mm.

2.2.4. Experimental design

Three irrigation strategies were evaluated accgrdio irrigation water
requirements: 100% full irrigation all the seasé),(70% restriction during stage-Il
(IR2) and 30% restriction during stage-Ill (IR3pnebined with three annual doses of N
fertilizer: 0 kg N h& (N0), 60 kg N ha (N60) and 120 kg N Fa(N120). A randomised
complete block design with four repetitions wasabbshed. The number of
experimental plots was 36. Each plot consistechodet contiguous rows of trees, 30
trees in total, and monitoring was done on the rfirakétrees. The total surface of the
experiment was 1.5 ha. The experiment was est&oligih 2006 and during 2008 was
completed the third year.

2.2.5. Weekly scheduling irrigation

Irrigation was supplied by a localized high-freqoersystem with drip emitters
(18 L treé* h) from the beginning of the growing season (firsarivh) to post-harvest
(late October). Reference evapotranspiration (E3aigl precipitation (Prec) of the
previous week were obtained from two near weath&tioss (Raimat and Aitona),
located 10 km from the site study. Effective préaefjion (Pefec) was calculated as:

if Prec< 10 mm week then Pefec =0 mm week
if 10 <Prec< 70 mm weeR then Pefec = Prec/2 mm wéek equation 14
if Prec > 70 mm week then Pefec = 35 mm wetk

Irrigation dose (D) was determined by the FAO-56e water budget methodology as
(Allen et al, 1998):
Irrig = Kc x ETo — Pefec equation 15

No leaching fraction was computed. Crop coeffici@dt) was obtained from values
adjusted for local peach orchards (Table 4). Pdaebs were daily irrigated and
irrigation time was introduced in an automatic col¢r. The amount of water applied
was measured with a flow meter in each experimegaital

Table 4. Crop coefficient (Kc) for peach orchards in the horticultural zone of Lleida (Girona,
1996).

Month  Mar Mar Apr Apr May May Jun Jun Jul Jul  Aug Aug Sep Sep Oct Oct

Days 1-15 16-31 1-15 16-30 1-15 16-31 1-15 16-30 1-15 16-31 1-15 16-31 1-15 16-30 1-15 16-31

Kc 0.26 035 043 058 0.72 081 09 098 109 110 1.09 0.95 0.87 0.81 0.73 0.62
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- Full irrigation (F1) Without nitrogen application (NO)
Irrigation restriction during stage-Il (IR2) Eitroge n application of 60 kg ha -1 (N60)
- Irrigation restriction during stage-IlI (IR3) Nitrogen application of 120 kg ha -1 (N120)

Figure 5. Experimental plot of irrigation and nitrogen treatments according to a randomised complete block design with four repetitions.
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2.2.6. Nitrogen application

Nutrients (N, P, K and Fe-chelates) were suppliga leertigation system with an
injection pump. N 32% fertilizer was used (32-0-0).

2.2.7. Orchard management

Soil management was performed by mowing the grasthé tree alleys and
herbicide application under the tree rows (Figuhg. @rees were pruned but were not
fruit thinned (Figure 6B). The harvest was mechalnwith a continuum trunk shaker
(Figure 6C and 6D). Pesticide applications werefgoered according to minimum
residue, because the fruits are produced for psougand are used in baby food.

¥

c / . B

Figure 6. Peach orchard at mid May (A), fruit of cv. Androé ') and mecha'I- harvesting with
a continuum trunk shaker (C and D).

2.3. Monitoring, collecting samples and determinatins
2.3.1. Seasonal growth of shoots and fruits

The length and diameter at the base of 6 taggeatsland the equatorial diameter
of 6 tagged fruits per experimental plot were meagat weekly intervals. Growth was
monitored according to thermal time by accumuladedgree days from full bloom,

taking 7°C as base temperature and 35°C as upppetature for peach (Zalost al,
1983).
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2.3.2. Dally patterns of soil water content

Soil water content was monitored continuously WECH20-20 capacitance
probes (Decagon Devices Inc., Pullman, Washindit8A) that outputs the volumetric
water content of the surrounding soil. Four mostorobes were inserted in the soil of a
representative tree in each irrigation treatmeunthsas full irrigation during all the
season, irrigation restriction during stage-Il amreyation restriction during stage-Ill.
Probes were installed at 70 cm at each side ofrthik and 15 cm and 30 cm deep
inside the wet bulb. The same installation was agzk in two soil profiles. The time
interval of measurement was 15 minutes. Soil neativater content (RWC) was
determined according to the upper drained leveltaadower level:

equation 16

soil RWC(%) = (100~ D) + D X(ECHZO"OWJ

up-low

which could be obtained for each probe from measargs recorded in the field during
irrigation events and then let the water to drato the soil (Figure 7). These two levels
were measured in spring, when all the treatments wqually irrigated. The maximum
allowable depletion, which was settat 50%.
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Figure 7. Determination of the upper level and the lower level of soil water content from
measurements recorded in the field with capacitance probes.

2.3.3. Trunk radius changes

Trunk radius changes were measured with point denerers (Phytech Co. Ltd.,
Israel) on three trees of a single experimentat. plbe trees received full irrigation
during all the season combined with 60 kg N-h@he dendrometers were attached to
the trunk at 50 cm above the ground level and platehe north side. The electronic
part of the dendrometer was mounted on a carbea flame which was fixed to the
stem by one stainless steel threaded rod implantedhe heartwood. Changes in trunk
external radius were measured with a micrometridDIVsensor (Linear Variable
Differential Transformers) positioned perpendiclyido the trunk. The contact point of
the dendrometer head was positioned 1-3 mm intddhle surface, but still within the
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outermost layer of the bark. The sensors were kil aluminium and invar material
(an alloy of Ni and Fe) with a very low thermal seivity. Each sensor was connected
to a specific Phytech datalogger which recordec @atery hour. The time series of
trunk radius included periods of shrinkage and kmgel mainly the bark (Figure 8).
These data enabled to calculate the difference degtwwthe maximum and the actual
radius of the trunk as an average over the whole da

shrinkage= > (1.~ 1, )/ 24 equation 17
which is a measure of tree water status (Zweifell., 2006).
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Figure 8. Increase in trunk radius measured with LVDT dendrometers.

2.3.4. Stem water potential

The midday stem water potentidVdem at 12:00 h solar time) was measured
periodically over the season, on completely clemysd Three mature leaves per plot
were taken close to the main trunk of the treeveeavere inserted into a small black
plastic bag and covered with aluminium foil, forleast 2 hours before detaching the
leaf from the tree (McCutchan and Shackel, 1992) Qay in stage-lll, the predawn
leaf water potential was measured before sunrigk amiurnal trend ofsem was
obtained from morning to afternoon. Measurementseweaken using the pressure
chamber technique (model 3005, Soil Moisture EqeipihCorp, Santa Barbara, CA,
USA) as described by Scholandral (1965).

2.3.5. Stomatal conductance

The midday stomatal conductangg) (was measured periodically over the season
at midday (12:00 h solar time) under light-satuwtat®nditions, on completely clear
days. Three mature leaves per plot were measurgd) @s steady-state diffusion
porometer (model LI-1600, LI-COR Inc., Lincoln, Nabka, USA) as described by
Pearcyet al (1989). One day in stage-lll, a diurnal trendgefwas obtained from
morning to afternoon.
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2.3.6. Leaf relative light absorbance

Leaf relative light absorbance,j was measured in the orchard using an SPAD-

502 (Konica Minolta Ltd., Hong Kong, Japan). Thadidneld meter has two LEDs that
emit in different wavelengths through an intactfle&hlorophyll absorbance is
measured at red (650 nm) and nonchlorophyll absogat infrared (940 nm). The
ratio of these two measures provides automati¢h#yrelative light absorbance of the
leaf, which is highly correlated with leaf chlorgfihcontent on leaf area basis
(Marquard and Tipton, 1987). The sample size wade80es per experimental plot,
chosen randomly from the middle of the shootsudiclg both sides of the tree rows.

2.3.7. Specific leaf weight

Specific leaf weight (SLW) was calculated as legf\deight to leaf area from 50
leaves in each experimental plot (leaf lamina agitbfe were included). Leaf area was
determined using an LI-3100 area meter (LI-COR,, Iniicoln, Nebraska, USA).

2.3.8. Analysis of the mineral nutrition of leavesiruits and dormant shoots

Leaf samples were collected in 2006 at the endagfeslll (7 August), in 2007 at
the end of stage-Il (19 June), at the end of stihd@4 July) and before leaf fall (22
October), and in 2008 at the end of stage-Il (1&Juat the end of stage-lll (16 July)
and before leaf fall (17 October). The sample gias 50 leaves, fully developed from
the middle of the shoots. Fruit samples were ctdtban 2006 at harvest (7 August), in
2007 at the end of stage-ll (15 June) at harvegiu@ust), and in 2008 at the end of
stage-ll (18 June) and at harvest (12 August). Jdmaple size was 10 fruits. Shoot
samples were collected during winter pruning (iforeary), and sample size was 50
shoots. Each sample was collected randomly withitheexperimental plot, including
both sides of the tree row. The samples were kepied until they were weighted in a
precision balance to obtain fresh weight. The sampVere oven-dried at 65°C to a
constant weight and ground in a cyclone mill tospas40-mesh screen for dry tissue
tests. An aliquot of each sample was sent to agrezed fertilization testing laboratory
(Applus Agroambiental, Sidamon, Lleida). The drgstie was analysed for total N
concentration by the Kjeldhal method and for P&, Mg and S by atomic emission
spectroscopy using a ICP analyser (Inductively Gadiplasma).

2.3.9. Analysis of soil nitrates

For each individual plot, a composite soil sampéswaken from the surface layer
(0-30 cm) within the wet bulb during the rest pdritcn winter, following the growing
season (Kusakabe et al., 2006). All samples wepé ¢@oled until they were air-dried
and sieved (2 mm). An aliquot of each sample wa 8&a recognized fertilization
testing laboratory (Applus Agroambiental, Sidambiejda). The soil extract from 1:2
soil-water solution was determined spectro-photoicaty for NOs-N with a flow
injection analyser (FIA).

2.3.10. Yield components

Before commercial harvest, fruits on the groundeath tree were counted and
weighted. At commercial harvest, all trees of tlkpeziment were harvest during the
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same day. In total 180 trees. Fruit harvest wagaell mechanically using a continuum
trunk shaker (Cepparo, Pomport, France). The htawvefficiency was determined. The
remaining fruit on the tree were counted and weidhtYield components were
determined for each tree according to total froad, total yield and average fruit
weight.

2.3.11. Water productivity

Water productivity (WP) was determined as the tgirld per unit of water used.
The amount of water consumed was computed as theoEeffective precipitation plus
irrigation water applied during whole fruit growingeriod. This index was calculated
for fresh and dry yield.

2.3.12. Fraction of PAR intercepted

The interception of photosynthetically active raidia (PAR) by the trees was
determined using an Accupar Linear PAR Ceptom@&ecg@gon Devices Inc., Pullman,
WA, USA), on completely clear days at solar nooowRbrientation was east to west
and incident PAR (PAf} was measured outside the orchard. PAR not irezde
(PAR,) was measured at ground level from a grid of 1&:sueements per tree: 5
equidistant transects (at 0, 1 and 2 m from thektron both sides of the tree row) and 3
measurements per transect. The fraction of PARdepted (FIPAR) was determined as
(1 - PAR,)/PAR, just after fruit harvest, in two trees per expenal plot.

2.3.13. Pruning weight

At tree rest, pruning fresh weight was determinadthe orchard for each
experimental plot using a roman balance and themvested to dry weight from
subsamples dried to 65°C in an oven.

2.3.14. Percentage of fruit dry matter

Samples of 5 fruits were colleted from both sideshe tree row at 1.5 m above
ground level and preserved in a portable cooldtoffang fruit quality analysis were
performed from this sample). Fruit samples wereghtd in a precision balance to
obtain fresh weight and then dried in a oven a€Ca%til constant weight to obtain fruit
dry weight. Percentage of fruit dry matter was ghted as 10& (dry weight / fresh
weight).

2.3.15. Fruit total soluble solids

All years, the total soluble solids (TSS) of thecguwas determined using a
termocompensated digital refractometer (Atago Gah,LTokyo, Japan) and expressed
in °Brix. In 2008, the puree TTS was also deterghine
2.3.16. Fruit flesh firmness

The flesh firmness of the fruit was measured usingelectronic penetrometer

(Penefel, France) with an 8 mm tip, using two regsifrom two opposite peeled sides.
The penetration force was expressed in ki amd converted to newtons (N).
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2.3.17. Fruit puree consistency

In 2008, fruit purees were obtained from differ&neiatments. Puree consistency
was measured with a Bostwick consistometer in peetties of flow for 30 seconds at
20°C.

2.3.18. Fruit flesh colour

In 2007, fruit flesh colour was measured on indixdfruits with a Minolta CR-
200 Chroma Meter portable tristimulus colorimetdinolta Co., Osaka, Japan) with C
illuminant. Measurements were carried out at twpagite locations of every fruit. The
results were expressed in L*, a* and b* space aqolOllELAB coordinates. The L*
value is the luminosity of colours ranging from Odark to 100 = light. The a*
coordinate is negative for green and positive éat, while b* coordinate is negative for
blue and positive for yellow. Also the hue (h°) ailoma (C*) were calculated. The h°
value was calculated as tatb*/a*) and represents an angle in a colour wheith 0°,
90°, 180° and 270° corresponding to red, yellowegrand blue, respectively. The C*

value was calculated aga* 2 +b*2 and represents the intensity of the hue.

2.4. Statistical analysis

Data for each year was analysed using analysiamdnce (ANOVA) considering
a randomised complete bloc design with four rejosist The coefficient of variation
(CV) was included to compare among years. The L&dDwas applied a posteriori as a
multiple range test between irrigation treatmenith & significance level of 5%. The
polynomial contrasts were used as planned testsnfal (L) and quadratic (Q) trends
by nitrogen application. All statistical analysesres performed using the software SAS
v9.1 package (SAS Institute, Cary, NC, USA).
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3. Results

3.1. Growth pattern of fruits and shoots

3.1.1. Development stages Table 5. Development stages of peach cv.
Andross (2006-2008)

Table 5 shows the qeveIOpmenLYear Stage Date Day of  Thermal time
stages of peach trees during the thr the year _(degree days)
: y2006 Full bloom 20/03/2006 79 0

experimental years  (2006-2007}7"" g rage- 16/05/2006 136 494
Irrigation and N application did not affec’ End stage-l  15/06/2006 166 893

H Harvest 07/08/2006 219 1882
flower phenology in any year. As ar ooy jcaral 11/11/2006 315 3059
average, full bloom occurred on 172007 Fullbloom  14/03/2007 73 0
_ i Begin stage-Il 19/05/2007 139 495
March, stage-ll Iasteq from 18 May unti End stagell  15/08/2007 166 863
17 Jun and commercial harvest was on Harvest 10/08/2007 222 1784
i i 50% leaf fall 30/10/2007 303 2757
August, which are common in the AN e 006 E
for the peach cv. Andross. Developmel Begin stage-Il 18/05/2008 139 497
i i End stage-Il  21/06/2008 173 892
stages were also monlto.red according e o S oao008 o v
accumulated thermal time from full 50% leaf fall  10/11/2008 315 2775

bloom, taking 7 and 35°C as base and

upper temperature, respectively. Thus, the meaatidar of stage-1 was 495 degree
days (63 days), stage-ll was 388 degree days ($4) @and stage-lll was 943 degree
days (53 days). The thermal time from full bloontilunarvest was 1826 degree days.
The fall of 50% of leaves occurred during the fikgtek of November.

3.1.2. Fruit growth
Fruit growth pattern in diameter was double-sigmbidFigure 9A). The thermal

time (7) was used in order to compare the fruit diameygrof different years. The
following equation was fitted to the data using +ioear regression analysis:

y= 4 o T Y ~be .
1+ T 1+ T equation 18
T, T,

where the parameteysandy. are for fruit size; and z, are for thermal time anlg and

be are for the slope to the curve. Subscripdside represent the stages of cell division
and cell expansion during fruit growth, respectvelable 6 shows the estimated
parameters for Fl strategy during 2006-2008. Fgtotwth rate in diameter, determined
asAy/Ar, increased during stage-l and slowed down durtagesll, when attained its

minimum growth rate. Then, growth rate increasegiraguring stage-Ill of expansive

fruit growth (Figure 9B).

Different measures of fruit growth were compareFe 10). Fruit diameter was
measured in the orchard. Fruit fresh weigWif ¢) was calculated as a function of fruit
diameter D, mm) by an allometric relationship using non-linezgression analysis:

M=aD equation 19
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carried out from fruit set until fruit harvest, Wiparametera = 0.0029 g and = 2.58
and a coefficient of determination of 98%.

Fruit dry weight was calculated according to refatidry weight of the fruit
obtained from fruit samples along the season. Sing atr = 1826 degree days (fruit
harvest) was used to standardize fruit growth cuvetween different years during
2006-2008. The double-sigmoidal equation was fitiedhe standardized data using
non-linear regression analysis. Also the respectivé growth rate was calculated
relative to its maximum value. The results are shawFigure 10 carried out with data
for FI strategy.

Fruit growth in diameter was 43% in stage-l, 12%tage-Il and 45% in stage-IIl.
When considering fruit fresh weight, expansive dgfown stage-lll took more
importance, since it was 12% in stage-l, 9% in estihgand 79% in stage-Ill. In dry
weight, fruit growth gained importance at stageflpit hardening, since it was 10% in
stage-l, 18% in stage-Il and 72% in stage-lll. Gilovate attained a maximum in mid-
stage-l and then decreased until end stage-ll, fndrare it increased again to another
maximum in mid-stage-Ill. Growth rate decreasedmduthe last days of fruit ripening.
Growth rate in diameter was at its maximum in stagéile it represented only 50% in
stage-lll. In contrast, the growth rate in freshigh¢ and dry weight was higher in
stage-lll than in stage-l. The minimum growth rateend stage-Il was less pronounced
in dry weight (44%) than in fresh weight (15%).
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thermal time (degree days) thermal time (degree days)

Figure 9. Fruit growth pattern in diameter (A) and its growth rate (B) under full irrigation of
peach cv. Andross according to the experimental year (2006-2008).

Table 6. Estimated parameters and 95% confidence intervals for fruit growth pattern in diameter
of peach cv. Androsss (2006-2008).

Independent Dependent Year Parameters for cell division stage Parameters for cell expansion stage
variable variable Yi LT b; Ye L Te be
Thermal Fruit 2006 FI 37.1+3.8 329.7+11.1 3.88+1.18 92.1+60.2 2100.0+661.1 3.41+1.15

time diameter 2007 FI 37.8+2.9 331.1+28.1 2.41+0.37 32.0+9.4 1482.6+98.7 7.86+2.97

(degree days)  (mm) 2008 FI 40.8+15 311.5+12.2 2.81+0.27 36.8+3.8  1420.1+34.2 8.16+1.30
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A® Figure 10. Standardized fruit growth curve
in diameter (A), fresh weight (B) and dry
100 1 = weight (C) respect to maximum fruit weight
at 1826 degree days during 2006-2008 of
peach cv. Andross under full irrigation (red
dots are observed data and red line is
adjusted curve) and its respective
standardized growth rate respect to
maximum value (blue dots are observed
° o0 data and blue line is calculated from growth
25 | ) °® curve).
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Table 7 shows the effect of irrigation and N apgien on fruit growth in
diameter and its average growth rate for each stag006 and 2007, IR2 reduced
significantly fruit growth rate during stage-ll, bafter restoring complete irrigation,
fruit growth rate recovered during stage-lll, atgldiameter at harvest was not different
from FI fruits. In 2008, IR2 also reduced fruit gih rate during stage-Il, however the
growth rate did not recover during stage-Ill, amdff fruit diameter was lower than FI
fruits. In contrast, IR3 produced important effectsfruit growth rate during stage-lil,
which was significantly lower than FI fruits in ZD@&nd 2008. Also IR3 reduced fruit
diameter at harvest, but the effect was only sigguitly in 2007 .

On the other hand, fruit growth tended to decr@atiehigher N doses in the three
growing seasons, but the effect was only with $icgmt in 2007. In that year, fruit
growth rate was higher at NO followed in order bgONand N120, indicating a
decreasing trend as N application increased. Alsbdiameter at harvest was higher in
trees without N application.
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Table 7. Effect of irrigation and N application on fruit growth in diameter for each stage of peach
cv. Andross (2006-2008).

Year Effect Fruit diameter (mm) Fruit growth rate (mm day ™)
End End End
stage-I stage-I stage-lll Stage-| Stage-ll Stage-lll
2006 CV 9.63% 8.15% 9.40% 9.63% 16.49% 17.54%
Block ns 0.0101 0.0006 ns 0.0001 0.0010
Irrigation ns ns ns ns <0.0001 0.0314
FI 31.0+ 0.6 41.1+09 743 + 2.2 0.543 + 0.011 0.337 £ 0.013 a 0.622 + 0.033 a
IR2 30.9+0.6 40.0+0.7 721+ 20 0.543 + 0.011 0.290 + 0.013b  0.606 + 0.032 ba
IR3 30.3+0.8 409+10 70.1 + 2.2 0.531 + 0.015 0.335+ 0.016 a 0.551 + 0.031b
Nitrogen ns ns ns ns 0.0407 ns
NO 31.1+06 41.3+0.8 734+ 2.1 0.545 + 0.011 0.332 + 0.016 0.597 + 0.034
N60 30.4 + 0.8 40.6 +0.8 723+ 2.3 0.534 + 0.015 0.322 + 0.013 0.601 + 0.032
N120 30.7 £+ 0.7 40.2+0.9 71.1+ 2.0 0.538 + 0.011 0.310 + 0.015 0.582 + 0.032
L ns ns ns ns 0.0171 ns
Q ns ns ns ns ns ns
Irrig x Nit ns ns 0.0428 ns ns ns
2007 cV 6.10% 6.11% 9.82% 6.10% 17.40% 18.88%
Block 0.0389 0.0111 ns 0.0389 ns ns
Irrigation ns 0.0429 0.0011 ns <0.0001 <0.0001
FI 284 +06 343+06ba 635+19 a 0430+0.009 0.231+0.013 a 0.518 + 0.026 a
IR2 286+04 340+04b 632+17 a 0433+0.006 0.200+ 0.010b 0.523 + 0.029 a
IR3 29.0+05 349+05 a 59.3+19b 0.440 + 0.008 0.226 + 0.011 a 0.437 + 0.028 b
Nitrogen ns 0.0009 0.0032 ns 0.0063 0.0188
NO 29.1+0.6 35.2+0.5 64.5 + 2.0 0.441 + 0.010 0.232 + 0.013 0.524 + 0.030
N60 284 +04 340+04 59.7 + 1.9 0.431 + 0.006 0.208 + 0.010 0.463 + 0.033
N120 28.4+05 34.1+0.6 61.1+ 1.6 0.431 + 0.007 0.214 + 0.011 0.478 + 0.023
L ns 0.0027 0.0048 ns 0.0020 0.0120
Q ns 0.0217 0.0052 ns 0.0267 0.0216
Irrig x Nit ns ns 0.0370 ns ns 0.0322
2008 CV 6.45% 6.92% 10.84% 6.45% 17.43% 19.56%
Block ns ns ns ns ns ns
Irrigation ns ns ns ns 0.0335 0.0016
FI 326 + 0.5 40.0+0.8 715+ 2.6 0.486 + 0.008 0.219 + 0.009 a 0.622 + 0.035 a
IR2 325+05 39.6+0.8 68.8 + 2.3 0.485 + 0.007 0.193 + 0.010b  0.557 + 0.040 b
IR3 32.0+ 0.5 39.8+0.9 67.6 + 2.2 0.478 + 0.007 0.222 + 0.014 a 0.523 + 0.038 b
Nitrogen ns ns ns ns ns ns
NO 324 +05 40.7+10 70.1 + 2.7 0.483 + 0.008 0.225 + 0.012 0.574 + 0.047
N60 324 +05 39.1+0.6 70.4 + 2.3 0.484 + 0.007 0.208 + 0.010 0.581 + 0.041
N120 32.3+05 39.7+0.7 67.6 + 2.2 0.481 + 0.008 0.208 + 0.012 0.549 + 0.035
L ns ns ns ns ns ns
Q ns ns ns ns ns ns
Irrig x Nit ns ns ns ns ns ns

Within each year and column, the CV is the coefficient of variation according to ANOVA results
(a = 0.05). Irrigation treatments followed by different letters indicate significant differences by
LSD multiple range test. Lineal (L) and quadratic (Q) contrast indicate significant trends by N
application. Errors are 95% confidence interval of the mean.

3.1.3. Shoot growth

Shoot growth pattern in lengthas sigmoidal (Figure 11A). The thermal tinmg (
was used in order to compare the shoot lengthof different years. The logistic
equation was fitted to the data using non-linegregsion analysis:

k

k_yo
— |eXp—I 7
" o-r7)

y =
1+ equation 20

where the parameteys is the initial shoot lengtlr, is the relative growth rate arkds
the asymptotic shoot length. Table 8 shows theneséid parameters for FI strategy,
from 2006 to 2008. Growth rate in length, deterrdi@sAy/Ar, attained its maximum
value at the beginning of stage-Ill and slowed dowil stage-Ill, when growth rate had
been stopped (Figure 11B).
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Shoot growth in diameter increased from bud spngutintil ending stage-Il and

also this pattern could be fitted to a logistic &ipn (Figure 12A). However shoot
growth in diameter began from an initial high diaemgin comparison to its asymptotic
shoot diameter. Table 8 shows the estimated paeasnfr Fl strategy, from 2006 to

2008. Growth rate in diameter attained its maxinuatlue during stage-I and tended to
decrease during stage-Il (Figure 12B).
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Figure 11. Shoot growth pattern in length (A) and its growth rate (B) under full irrigation of
peach cv. Andross according to the experimental year (2006-2008).
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Figure 12. Shoot growth pattern in diameter (A) and its growth rate (B) under full irrigation of
peach cv. Andross according to the experimental year (2006-2008).

Table 8. Estimated parameters and 95% confidence
intervals for shoot growth pattern in length and diameter
of peach cv. Androsss (2006-2008).
Independent Dependent Year Parameters
variable variable Yo r (x 107 k
Shoot 2006 FI 2.0+0.8 6.862+1.009 39.5+1.4
length 2007 FI 0.6+0.3 6.337+0.844 42.1+1.8
T%:}”;a' (cm) 2008 FI 4.2+1.4 4.480+0.728 42.8+1.7
(degree days) ~ Shoot 2006 FI 25:0.1 2.374%0.315 4.5:0.1
diameter 2007 FI 1.740.3 2.765+0.508 5.1+0.2
(mm) 2008 FI 2.2+0.2 2.873+0.542 4.5+0.1
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Table 9 shows the effect of irrigation and N apgtilen on shoot growth in length
and its average growth rate for each stage. There wo significant effects due to the
application of different treatments. However, adoog to results, IR2 reduced shoot
growth and its growth rate during stage-Il, and ¢ffect was maintained during stage-
[1l. But IR3 did not affect shoot growth when sh@&xtension had ceased. On the other
hand, N application increased the shoot growthisngrowth rate during all the stages.

Table 9. Effect of irrigation and N application on shoot growth in length for each stage of peach
cv. Andross (2006-2008).

Year Effect Shoot length (cm) Shoot growth rate (cm day ™)
End End End
stage-| stage-Il stage-Il| i Siehizal Sl
2006 CV 44.49% 64.50% 73.11% 44.49% 123.38% 297.92%
Block ns ns ns ns ns ns
Irrigation ns 0.0337 0.0275 ns ns ns
FI 248 +24 375+54 a 404 +6.8 a 0.435+ 0.042 0.424 £ 0.113 0.054 + 0.034
IR2 20.7 £ 2.0 286 +3.7b 293+40b 0.362 + 0.036 0.264 + 0.068 0.014 + 0.009
IR3 242 + 238 36.0+6.2 a 385+75 a 0.425 + 0.049 0.394 + 0.129 0.046 + 0.031
Nitrogen ns ns ns ns 0.0465 ns
NO 245 + 2.7 37.3+6.3 404 £ 7.9 0.430 £ 0.047 0.426 + 0.132 0.058 + 0.037
N60 221 +24 29.7+ 44 30.7 + 4.8 0.388 + 0.043 0.255 + 0.079 0.018 + 0.014
N120 23122 35.1+4.9 37.1+538 0.405 £ 0.039 0.400 £ 0.101 0.038 + 0.025
L ns ns ns ns ns ns
Q ns ns ns ns 0.0142 ns
Irrig x Nit ns ns ns ns ns ns
2007 CV 47.95% 44.23% 52.39% 47.95% 51.43% 107.65%
Block 0.0298 ns ns 0.0298 ns ns
Irrigation ns ns ns ns ns ns
FI 99+ 1.1 335+ 35 41.1 £ 5.0 0.150 + 0.017 0.873 + 0.109 0.136 + 0.033
IR2 10.0 £ 1.2 30.3 + 3.2 37.0+ 45 0.151 + 0.018 0.752 + 0.087 0.120 + 0.029
IR3 95+ 1.1 32.6 + 35 40.6 £ 5.3 0.143 £ 0.016 0.857 + 0.108 0.143 + 0.039
Nitrogen ns ns ns ns ns ns
NO 95+ 1.1 30.1 + 3.3 36.7 + 4.9 0.144 + 0.017 0.765 + 0.097 0.117 + 0.032
N60 95+ 1.2 339+34 419 £ 4.9 0.144 + 0.018 0.905 + 0.104 0.142 + 0.034
N120 104 £ 1.1 323+ 35 40.1 £ 5.0 0.157 £ 0.016 0.813 £ 0.104 0.139 + 0.035
L ns ns ns ns ns ns
Q ns ns ns ns ns ns
Irrig x Nit ns 0.0151 ns ns 0.0122 ns
2008 CV 42.63% 61.07% 65.79% 42.63% 98.62% 340.79%
Block 0.0076 ns 0.0539 0.0076 ns ns
Irrigation 0.0142 ns ns 0.0142 ns ns
FI 21.7+23 a 376+5.6 42.1 £+ 6.9 0.324 + 0.258 a 0.469 + 0.116 0.085 + 0.058
IR2 176 £+ 19b 304+ 45 33.7+54 0.263 £ 0.300b  0.374 £ 0.090 0.065 + 0.062
IR3 19.2+19ba 37.0+5.0 39.3+5.6 0.287 + 0.315ba 0.523 + 0.108 0.043 + 0.029
Nitrogen 0.0185 ns ns 0.0185 ns ns
NO 17.3+ 2.0 32.0+5.1 33.8+5.8 0.258 + 0.030 0.432 + 0.106 0.034 + 0.055
N60 20.1 + 2.0 37.2+5.1 41.4 £ 6.0 0.300 + 0.030 0.503 + 0.107 0.081 + 0.043
N120 211 +21 35.8+ 5.0 39.9 +6.2 0.315 + 0.031 0.431 + 0.104 0.079 + 0.056
L 0.0064 ns ns 0.0064 ns ns
Q ns ns ns ns ns ns
Irrig x Nit ns ns ns ns ns ns

Within each year and column, the CV is the coefficient of variation according to ANOVA results
(a = 0.05). Irrigation treatments followed by different letters indicate significant differences by
LSD multiple range test. Lineal (L) and quadratic (Q) contrast indicate significant trends by N
application. Errors are 95% confidence interval of the mean.
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3.2. Water relations
3.2.1. Weather conditions and irrigation dose

Table 10 shows the development stages and the viadaes of the meteorological
conditions prevailing along the three experimeg&ars (2006-2008). During the three
years, temperature and solar radiation were higheing stage-lll, while the relative
humidity was lower, leading to higher VPD under lswonditions in stage-Ill. Wind
speed was higher during stage-lI and stage-Il. \ilebh fstage-I to stage-lll was higher
in 2006 than both in 2007 and 2008, due to highaximum temperature and lower
minimum relative humidity in the first experimentedar.

Table 10. Development stages of peach cv. Andross and meteorological conditions according
to weather stations of Raimat and Aitona (2006-2008). Mean daily values of maximum
temperature (tna), Minimum temperature (t,,), maximum relative humidity (RHpay), minimum
relative humidity (RH.,), vapour pressure deficit (VPD), wind speed velocity at 2 m (U,) and
solar radiation (SR).

Year Stage Duration tmax  tmin  RHmax RHmn VPD U, SR
(days) (degreedays) (°C) (°C) (%) (%) (kPa) (ms') (MIm? day™)
2006 Rest period 135 - 109 04 92 59 0.33 1.05 8.3
Stage-| 57 494 230 76 89 33  1.02 1.09 21.6
Stage-II 31 399 292 116 82 23 172 1.10 27.8
Stage-ll 52 990 34.0 176 84 26 215 0.87 26.1
Post-harvest 96 s 26.1 126 91 43 113 0.89 16.2
Stage-I, Il and Il 140 1882 284 122 85 28 159 1.01 24.7
2007 Rest period 123 - 127 20 92 59 0.40 0.86 7.5
Stage-| 66 495 209 7.1 89 38 091 1.22 18.8
Stage-Il 28 369 281 13.0 86 30 1.48 1.26 25.7
Stage-lll 55 921 31.3 158 84 28 1.82 1.17 26.7
Post-harvest 81 - 26.7 11.3 90 36 1.27 0.76 17.9
Stage-l, Il and Il 149 1784 261 11.4 86 33 135 1.21 23.0
2008 Rest period 134 - 132 04 91 53 0.43 0.87 8.6
Stage-| 67 497 212 71 85 34 094 1.46 19.7
Stage-Il 35 395 252 119 91 39 1.09 0.86 23.1
Stage-llI 51 920 324 169 85 30 1.87 0.84 26.8
Post-harvest 90 - 244 110 91 43 104 0.76 15.6
Stage-l, Il and IlI 153 1812 258 115 87 34 128 112 22.8

Table 11 shows the duration of the developmentestaand the water balance
according to the experimental year (2006-2008).cipitation showed considerable
variation between years, while ETo was less vagiabhus, total precipitation during
fruit growth (including stage-I, 1l and 1ll) was 2i@m in 2006, and increased to 146 mm
in 2007 and 221 mm in 2008. However, for the thyemrs, almost all precipitation was
concentrated to stage-l and Il, with no substamdracipitation during stage-Ill. Total
ETo during fruit growth attained a rather constaalue of 593 mm averaged between
the three years. But, daily ETo showed a rapidease from stage-l (3.12 mm dy
through stage-Il (4.39 mm dayuntil stage-Ill of fruit growth (4.92 mm ddy. Total
irrigation during fruit growth was 467 mm in 200857 mm in 2007 and 467 mm in
2008.

During stage-Il, VPD was higher in 2006 (1.72 kBen in 2007 and 2008 (1.48
and 1.09 kPa, respectively), due to higher maxinb@mperature and lower minimum
relative humidity in the first experimental year affe 10). In addition, the
meteorological deficit, determined as ETo — Pefab(e 11), was more severe in 2006
(4.7 mm day) than in 2007 and 2008 (3.7 and 3.1 mm gagspectively). Thus, the
irrigation dose was greater in 2006 (4.81 mm{lafan in either of the two following
years (3.14 mm d&yin 2007 and 2.23 mm ddyin 2008). Along the three years, IR2
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allowed to save irrigation water respect to FI B9% 62% and 56%, respectively. The
corresponding water balance during stage-Il, datexthby Ko = (Pefec + Irrig) / ETo
was higher for Fl in contrast to IR2 trees (Taklg. 1

As in stage-Il, during stage-Illl, VPD was higher2@06 (2.15 kPa) than in 2007
and 2008 (1.82 and 1.87 kPa, respectively), dueigber maximum temperature and
lower minimum relative humidity in the first experxental year (Table 10). The
meteorological deficit, determined as ETo — Pelab(e 11), was similar between 2006
and 2007 (4.77 and 4.76 mm dayespectively) and the irrigation dose was alstilar
(3.98 and 4.07 mm ddy respectively). However, irrigation dose in 20@87¢ mm
day?) was slightly higher for the corresponding metémgizal deficit (4.92 mm daj),
because crop coefficient (Kc) was increased. Alihvegthree years, IR3 allowed to save
irrigation water respect to FI by 24%, 27% and 23@&spectively. The corresponding
water balance during stage-lll, determined byiddvas higher for Fl in contrast to IR3
trees (Table 11).

Table 11. Development stages and water balance according to irrigation of peach cv. Andross
(2006-2008). Precipitation (Prec), effective precipitation (Pefec), reference evapotranspiration

(ETo), irrigation dose applied (D), percentage respect full irrigation within brackets and
coefficient K40 = (Irrig + Pefec) / ETo.
Year Stage Duration Prec Pefec ETo Fl IR2 IR3
(days) (degree days) (mm) (mm) (mm) Irrig (MmM) Ko Irrig (mm) Kraio i Irrig (mm) Kiaio
2006 Rest period 135 - 98 31 117 0 = 0 = 0 =
Stage-| 57 494 13 2 189 110 0.60 112 0.61 112 0.61
Stage-II 31 399 0 0 146 149 1.02 65 (57%) 0.44 153 1.05
Stage-ll 52 990 13 4 252 207 0.84 193 0.78 157 (24%) 0.64
Post-harvest 96 = 119 37 257 141 0.70 145 0.71 140 0.69
Stage-l, lland Il 140 1882 27 7 587 467 0.81 370 (21%) 0.64 422 (10%) 0.73
2007 Rest period 123 - 70 25 105 0 - 0 - 0 -
Stage-| 66 495 96 40 188 45 045 44 0.45 47 0.46
Stage-II 28 369 44 19 123 88 0.87 34 (62%) 0.43 88 0.87
Stage-lll 55 921 6 0 262 224 0.86 218 0.83 164 (27%) 0.63
Post-harvest 81 = 30 10 235 120 0.55 121 056 121 0.56
Stage-l, lland Ill 149 1784 146 60 573 357 0.73 296 (17%) 0.62 298 (16%) 0.6
2008 Rest period 134 - 43 17 134 6 - 6 - 6 -
Stage-| 67 497 106 38 214 98 064 98 0.64 99 0.64
Stage-II 35 395 89 34 142 78 078 34 (56%) 0.48 73 0.75
Stage-ll 51 920 26 11 262 292 1.16 296 1.17 225 (23%) 0.90
Post-harvest 90 = 141 47 245 159 0.84 162 0.85 157 0.83
Stage-l, lland Ill 153 1812 221 83 619 467 0.89 428 (8%) 0.83 397 (15%) 0.78

3.2.2. Dally patterns of soil water content

Soil relative water content (RWC) was measured iwitihe wet bulb of drip
irrigated trees and showed daily patterns as atresuvater dynamics (Figure 13).
Daily values of ETo were higher in July and thengation supply was increased.
During a given period, ETo was lower in cloudy dagsd specially in days with high
rainfall. Soil RWC increased by irrigation and faih events, showing RWC peaks,
which exceeded the level of 100%. This level wagtamed along the irrigation time.
When irrigation was switched-off, soil RWC decrahsharply since gravitational water
drained into the soil until the slope of the RWQweuchanged. This change may be
associated with the transition from macro-poreh® ¢nset of unsaturated flow within
the micro-porosity. In contrast, when rainfall wéasished, soil RWC decreased
steadily, because rainfall wets the whole soilazef Soil RWC decreased by root water
uptake from the beginning of the day, and was deglantil lower levels in days with
higher ETo. In addition, higher water depletion whserved in July, when canopy size
was maximum.
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Some similarities between 2007 and 2008 can benad$én soil RWC evolution
during stage-Il (Figure 14). In spring several yagtays occurred and there were days
without irrigation, then soil RWC patterns wereegular. Under FI strategy, soil RWC
peaks exceeded the level of 100% on both yearsorirast, under IR2 strategy RWC
peaks did not reached the level of 100% in compari® Fl strategy. Upon end of
stage-ll, complete water supply was restored to tiR2s and soil RWC tended to
increase. But soil RWC under IR2 did not attairstFhtegy, except in 2008.
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Figure 14. Daily patterns of soil RWC under full irrigation and irrigation restriction during stage-I|
in 2007 and 2008.

Between different years, important differences o@xiin soil RWC evolution
during stage-lll (Figure 15). The highet.ls during stage-lil in 2008 in comparison to
2006 and 2007 (Table 11) could have favoured higlmek RWC peaks under FI
strategy, that exceed the level of 100% in 200& iBwall three years, water uptake
reduced soil RWC until low levels. In addition, IR8es depleted soil RWC even more
during stage-lll, specially in 2006 and 2007. I20IR3 strategy only affected slightly
the daily pattern of soil RWC, although with lowRWC peaks that dried faster than FI
strategy. Irrigation dose was higher in 2008 thre2007 (Table 11).
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Figure 15. Daily patterns of soil RWC under full irrigation and irrigation restriction during stage-
Ill'in 2006, 2007 and 2008.
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3.2.3. Seasonal patterns of soil water content

Daily patterns of soil relative water content (RWEJn be averaged for each
development stage to show its evolution, from 269&008 (Figure 16). Soil RWC
under FI strategy followed the same pattern altvegthree years. Thus, average values
were always within the range of 50% and 100%, batntained higher values from
stage-I to stage-lll, due to drip irrigation, amaver values during post-harvest and rest
period. Also, minimum values were similar betwedfecent years, however maximum
values were lower in 2006 and 2007 than in 2008dneral during rest period there
was little variation in soil RWC.

Soil RWC decreased under irrigation restrictionimgistage-1l and stage-Ill, but
some differences occurred when complete water gupas restored (Figure 16). Soll
RWC recovery was slower after IR2 than IR3 strategicept in 2008. Higher water
depletion was observed early in stage-lll, whenoslgyowth rate was still high and
ETo was maximum, than after harvest, when tree® wethout fruit load and with
lower ETo values. Soil RWC recovery after IR2 irD80was partly favoured by higher
water supply during stage-Ill (Table 11).
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3.2.4. Water deficit and soil water content

Water deficit was determined by a simplifiedater balance formula, as
ETo — (Pefec + Irrig). Mean values of soil relativater content (RWC) were calculated
for each day. Also daily ETo and Pefec values vadrtained from two nearby weather
stations, but irrigation supply was not known failg time steps. Thus, time series
analysis was performed for soil RWC and water defiith five days moving average.
Change in soil RWC was dependent on water deficitvo consecutive days. Table 12
shows the existing correlations between these tar@ables of water dynamics. In all
three years, there was a negative correlation &h edevelopment stage. Thus, soil
RWC decrease was higher for days with higher waeéicit. However, this correlation
was not significant for stage-ll, which coincidedttwseveral rainy days and irrigation
was switch-off.

Table 12. Correlation between daily changes of soil RWC and water deficit. Also shown the
estimated parameters and 95% confidence intervals of the lineal regression (2006-2008).

Independent Dependent Year Stage Number of Parameters Correlation p-value
variable variable days Intercept Slope coefficient
2006 Stage-l - - - - -
Stage-ll - - - - -
Stage-lll 51 -0.6970+£0.4060 -3.6736+1.0999 -0.4695 <0.0001
Post-harvest 95 -0.0770+£0.3300 -2.6517+0.5243 -0.5073 <0.0001
Variation in  Variation in = 2007 Stage-| 65 0.2928+0.3809 -0.4217+0.6587 -0.0898 ns
water soil RWC Stage-lI 27 -0.0675+0.5882 -0.8604+0.9432 -0.1965 ns
deficit (% day™) Stage-llI 54 -0.2888+0.2765 -2.0431+1.2134 -0.2520 0.0011
(mm day™) Post-harvest 45 0.3522+0.2640 -2.2723+0.6061 -0.5365 <0.0001
2008 Stage-l 66 0.0529+0.3116 -1.4914+0.5810 -0.3378 <0.0001
Stage-ll 34 0.1158+0.6679 -0.8105+0.8937 -0.1745 ns
Stage-lll 25 0.1581+0.3372 -1.4614+0.6708 -0.4456 <0.0001
Post-harvest 72 0.1046+0.3345 -2.0612+0.6284 -0.4019 <0.0001

3.2.5. Water dynamics and trunk shrinkage

Trunk shrinkage was dependent on water dynamicadaet the soil and the
atmosphere. A time series analysis was performedrimk shrinkage, soil relative
water content (RWC) and water deficit with threeysdanoving average. For each
development stage, change in trunk shrinkage weegjative correlated with changes in
soil RWC between two consecutive days (Table 18}, gositively correlated with
water deficit (Table 14).

Table 13. Correlation between daily changes in soil RWC and trunk shrinkage. Also shown the
estimated parameters and 95% confidence intervals of the lineal regression (2006-2008).

Independent Dependent Year Stage Number of Parameters Correlation p-value
variable variable days Intercept (x10°)  Slope (x10™) coefficient
2006 Stage-l = = = = =
Stage-ll = =
Stage-lll = =
Post-harvest - = = - -
Variation in  Variation in = 2007 Stage-| 12 6.5756+6.4585 0.1096+1.7012 0.0427 ns
soil RWC trunk Stage-Il 27 0.1790+3.9762 -1.4506+0.7530 -0.6134  0.0005
(% day™)  shrinkage Stage-Ill 54 -0.8963+2.7689 -1.7809+0.7502 -0.5474 <0.0001
(mm day™) Post-harvest 33 5.2769+3.9781 -2.4636+1.5757 -0.4906  0.0032
2008 Stage-I 59 2.2108+5.0498 -1.7112+1.2716 -0.3334  0.0092
Stage-Il 34 -0.9492+6.9190 -0.8847+1.1247 -0.2684 ns
Stage-Ill 26 -0.8032+3.9403 -1.2098+1.7255 -0.2775 ns
Post-harvest 47 0.8547+3.6073 -2.0554+0.7558 -0.6281 <0.0001
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However, important differences occurred in theistiadl significance of these
correlations between 2007 and 2008, that wereeckltd water dynamics. Soil water
conditions in 2008 were better than in 2007 (Figlég and trunk shrinkage was better
correlated with soil RWC changes during 2007 (Tdld® In contrast, trunk shrinkage
was better correlated with water deficit during 2Uable 14). Thus tree water status
was linked to the environmental factor more lingtirvhich can be the soil or the
atmosphere.

Table 14. Correlation between daily changes in water deficit and trunk shrinkage. Also shown
the estimated parameters and 95% confidence intervals of the lineal regression (2006-2008).

Independent Dependent Year Stage Number of Parameters Correlation p-value
variable variable days Intercept (x10°)  Slope (x10™) coefficient
2006 Stage-l = = = =
Stage-ll
Stage-lll
Post-harvest = = = =
Variation in ~ Variation in = 2007 Stage-| 12 8.5127+5.7367 7.2195+7.2625 0.5507 ns
water trunk Stage-Il 27 -0.1171+4.7810 3.1903+3.9137 0.3122 ns
deficit shrinkage Stage-Ill 54 -0.0961+3.1495 10.843+10.116 0.2832 0.0361
(mm day™) (mm day™) Post-harvest 33 3.2778+3.1661 4.8355+6.2787 0.2166 ns
2008 Stage-I 59 2.0095+4.8761 8.6054+4.9594 0.4149  0.0010
Stage-lI 34 -1.2744+6.4152 6.5016+4.6366 0.4448  0.0074
Stage-llI 26 -1.6438+4.0034 7.3487+6.2228 0.3443  0.0225
Post-harvest 47 -0.1890+2.9636 9.7543+3.2475 0.6251 <0.0001

3.2.6. Seasonal pattern of midda¥s.emand gs under full irrigation

Figure 17 shows the values of solar radiation amD\attained at solar noon
while taking measures of midd&¥s.mand g under Fl strategy, from 2006 to 2008. In
all three years, solar radiation tended to increag# the end of June, when maximum
values were obtained and then decreased progrssiveontrast, VPD was maximum
one month later, at the end of July. However, VP&enhigher in 2006 than during
following years, except two days in summer 2008iciattained the highest values of
the period. Under FI strategy, midd&.m followed the same seasonal pattern and
attained similar values among the three years (EigirC), irrespective of weather
conditions. Mean values of midd&s.m decreased along the fruit growth period, from
stage-l £0.34 MPa) to stage-IH0.51 MPa) and attained the lowest value in stage-II
(-0.82 MPa), which coincided to expansive fruit growAfter harvest, trees were
without fruit load and there was an increase ofdaydWsem to less negative values
(-0.68 MPa). High VPD on 2006 did not affected mid8&y, In contrast, midda]ysg
(Figure 17D) increased from stage-I (251 mmdl ) to stage-Il (275 mmol ihs™),
maximum values were attained in stage-Ill (349 mmdls?) and decreased at post-
harvest (245 mmol ths?). However in 2006, under high VPD, middayily stage-Il|
remained low (232 mmol ths?).

3.2.7. Comparison of middayWsemand g under irrigation restriction

Figure 18 shows the effect of irrigation restriation seasonal values #%.nand
gs according to experimental year. Irrigation resimic produced important effects on
midday Wsiem €specially in 2006. There were not significanfedénces of irrigation
restriction on midday { although midday gunder IR3 was lower than FI strategy
during stage-Ill. Unlike irrigation, there were significant differences of N application
on middayWsiemandgs.
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Figure 17. Solar radiation (A) and VPD (B) attained at solar noon while taking measures of
midday Wgem (C) and gs (D) under full irrigation of peach cv. Andross according to the
experimental year (2006-2008). Error bars are 95% confidence intervals.

In 2006, IR2 decreased midd#ynat the end of stage-Il up to —1.16 MPa, while
FI strategy maintained —0.56 MPa (Figure 18). ées¢runder IR3, middaWsiem was
—0.55 MPa not different from FI, since the two t&gges received the same complete
water supply. But IR3 decreased middeye.m at the end of stage-Ill up to —1.57 MPa,
while FI strategy maintained —0.81 MPa. Trees unB@r attained —0.95 MPa during
stage-lll not different from FI strategy, due tonguete water supply. Also at post-
harvest trees under IR3 recovered complete waflg and middaWs.mincreased to
—0.80 MPa not different from FI strategy.

The effect of irrigation restriction on midd&¥s..m was significant in 2007 and
2008, although to a lesser extend than 2006 (Figg8yeThus, under IR2, midda¥stem
at the end of stage-ll was less negative in 200¥ 2008 (-0.52 and -0.57 MPa,
respectively), than in 2006 (-1.16 MPa). Also, rad ®f stage-lll middaWsiem values
under IR3, were higher in 2006 than in 2007 and82®®m —-1.57 to —1.19 and —0.93
MPa, respectively).
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Figure 18. Effect of irrigation restriction on seasonal values of midday Wg.n and gs of peach cv.
Andross, from 2006 to 2008. Error bars are 95% confidence intervals.
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3.2.8. Soil water content and tree water status istage-Il

Figure 19A shows the Cate-Nelson scatter diagraate(@nd Anderson, 1977)

between the average values obtained during stagéfiiddayWs.emversus daily mean
soil relative water content (RWC). The overlay wasved to the point where data in
the +/+ quadrants were at a maximum, and a critivididay Wsier, of —0.9 MPa was
attained by a soil RWC of 72%, which correspond®.i67 ni m™. The 100% upper
level was 0.220 fhm™, while the 50% lower level was 0.125 m®,

Figure 19B shows the lineal correlation betweenaherage values of midday g
and Wgem in peach leaves obtained in stage-lll. Trees raaiat lower values of
midday g in 2006 than both in 2007 and 2008. In 2006 it feasd that a decrease in
midday Wsem Caused a little change in. gHowever, in 2007 and 2008, midday g
decreased largely &:.mbecame more negative.
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Figure 19. Scatter diagram between mean values obtained during stage-lll of midday Wsiem
versus daily mean soil RWC (A). Lineal correlation between midday gs and midday Wgen in
peach leaves for 2006 with y = 259 + 30.5x (r = 0.972) and for 2007-2008 with y = 513 + 193.9x
(r =0.971). Error bars are 95% confidence intervals.

3.2.9. Diurnal trend of tree water status

Figure 20A shows the diurnal pattern of solar rgimand VPD for July 5 2007,
which corresponds to beginning of stage-lll (1168grée days). Solar radiation
followed a symmetrical pattern, since increasedfsunrise (04:20 h) to midday, when
reached its maximum value of 972 W?n(solar noon), and decreased again towards
sunset (19:30 h). Also, VPD increased at the beginof the day, but reached its
maximum value of 3.08 kPa during the afternoon{@+18:00 h).

Soil relative water content (RWC) increased at 0hQlue to an irrigation event,
attaining its maximum value at solar noon (Figut@BY which coincided with
maximum solar radiation. Then soil RWC decreaseagnassively. In FI trees, the
RWC peak attained the 100% level, but did not sssphis level. Irrigation supply
under IR2 was the same as Fl. Soil RWC under IRBtaiaed lower values all the day
and showed a little RWC peak than FI strategy.
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A diurnal trend ofWgem was obtained from predawn to midday (Figure 20C).
Under FI strategWsiem decreased from predawn0(22 MPa) to midday-0.41 MPa).
Wsemin IR2 was not different from Fl, bWsemin IR3 was slightly more negative all
the time than FI, including at predawn. On the othand, g under FI strategy
decreased around midday (from 346 to 264 mmdl st), without significant
differences between irrigation strategies (FiguiBR
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Figure 20. Diurnal pattern of solar radiation and VPD (A) and effect of irrigation restriction on
soil RWC (B), Wsem (C)and gs (D)of peach cv. Andross on July 5 2007. For each point, different
letters indicate significant differences by LSD multiple range test (a = 0.05).

Also, a diurnal trend o¥sem and @ was obtained on July 23 2008 (Figure 21),
under maximum solar radiation of 929 WArtsolar noon) and maximum VPD of 3.42
kPa (16:00 h). Sunrise was on 4:40 h and suns&®drb h. These weather conditions
were very similar to that attained on July 5, 208hough on different fruit growth
development stages, since it now coincided witthéidruit growth rate of end stage-lll
(1431 degree days).
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At 03:00 h irrigation was switched-on and soil RWicreased suddenly during
night hours. The soil RWC peak surpassed the 1@884 land attained its maximum
value at 06:00 h (Figure 21B), which coincided grlg morning. Then soil RWC
decreased progressively during daylight hours. 8WC pattern was not different
between FI and IR2, with the same irrigation sup@lithough soil RWC under IR3
overpass the 100% level, values were lower andedsed faster than FI strategy. In all
treatments soil RWC was always above the 50% level.

Under FI strategyWs.em decreased from predawr(0(31 MPa) to midday (-0.66
MPa), and there was not a recovery at 15:00(h60 MPa). IR3 caused a reduction in
the trend oMWgem Significant in midday, but not at predawn (Fig@dC). On the other
hand, gin FI was 449 mmol i s* before midday and decreased to 341 mmdlsh
after midday, without significant differences beémdrrigation strategies (Figure 21D).
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Figure 21. Diurnal pattern of solar radiation and VPD (A) and effect of irrigation restriction on
soil RWC (B), Wgem (C) and gs (D) of peach cv. Andross on July 23 2008. For each point,
different letters indicate significant differences by LSD multiple range test (a = 0.05).
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3.3. Mineral nutrition

3.3.1. Specific leaf weight

The specific leaf weight (SLW) values did not chedidpetween the end of stage-
Il and the end of stage-lll, but increased at pastrest (Table 15). In 2006, irrigation
restriction and N application did not affect theVBlas evidenced by the non-significant
p-values. In 2007 and 2008, IR2 increased the Sittwhea end of stage-Il, and this
effect was significant until post-harvest. In 20QY, application did not produce
significant effects on SLW values, however in 200&, SLW decreased linearly with N
dose, and especially at post-harvest. In leaf sesnpbllected at end stage-lll, higher
SLW values were found in 2006 than in 2007 and 2008

3.3.2. Leaf relative light absorbance

Leaf relative light absorbance ] increased from stage-I to stage-lll, and attained
maximum values after fruit harvest, then decreasdil leaf fall (Figure 22). There
were no significant differences in leaf values by irrigation restriction (Table 15).
However, leafa, values increased linearly with N application. Thaffect was
significant at any stage, from 2006 to 2008. Irf EEmples measured at end stage-lll,
leaf o, values decreased from 2006 to 2008.

50

Figure 22. Seasonal pattern of leaf a, values
during 2007 according to N application. Error
bars are 95% confidence intervals of the
mean.
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3.3.3. Nitrogen

Leaf N concentration decreased specially betweeretid of stage-ll and the end
of stage-lll, and to a lesser extend until postesr (Table 16). The leaf N
concentration was not significantly affected byigation restriction. The leaf N
concentration increased linearly with N applicatidrowever this effect was only
significant in 2007 at the end of stage-ll and @dtgharvest, and in 2008 at the end of
stage-lll. In leaf samples collected at the endstaige-Ill, the leaf N concentration
decreased from 2006 to 2007, and maintained thakees/ in 2008, except in trees
without N application, which decreased also in 2008
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Table 15. Effect of irrigation and N application on specific leaf weight and leaf a, values of
peach cv. Andross (2006-2008).

Year Effect Specific leaf weight (g DM m™) Leaf a, values
end stage-Il  end stage-lll  post-harvest end stage-I end stage-lll post-harvest
2006 CV 6.40% 2.12%
Block 0.0105 0.0187
Irrigation ns ns
FI - 77.7+2.8 45.52+0.63
IR2 - 81.7+4.1 44.88+0.88
IR3 - 78.7+4.3 44.86+0.85
Nitrogen ns 0.0007
NO - 78.6+3.2 44.14+0.79
N60 - 78.9+4.0 45.27+0.65
N120 - 80.7+4.4 45.85+0.55
L ns 0.0002
Q ns ns
Irrig x Nit ns ns
2007 CV 7.20% 2.73% 3.40% 1.46% 1.52% 2.13%
Block 0.0012 0.0001 ns 0.0076 0.0055 0.0431
Irrigation  0.0042 0.0001 0.0025 0.0470 ns ns
Fl 59.9+25b 61.6+x15Db 80.9+15b 41.95+0.69 b 43.22+0.95b 41.21+1.50
IR2 65.1+51 a 64.9+19 a 85.1+19 a 4258+0.46 a 43.74+0.59ba 41.77+0.58
IR3 58.842.1b 61.7+x1.7Db 81.7+23 b 42.11+0.53ba  43.90+0.65 a  41.82+0.79
Nitrogen ns ns ns 0.0004 <0.0001 <0.0001
NO 61.8+3.1 63.7+2.4 82.8+1.8 41.55+0.66 42.61+0.71 40.13+1.00
N60 60.1+2.7 62.6+1.3 81.3+2.4 42.41+0.41 44.03£0.61 41.93+0.55
N120 61.8+5.4 61.9+1.9 83.6+2.3 42.68+0.39 44.22+0.48 42.74+0.65
L ns ns ns 0.0001 <0.0001 <0.0001
Q ns ns ns ns 0.0158 ns
Irrig x Nit ns 0.0067 ns ns 0.0031 0.0020
2008 CV 4.75% 4.26% 3.42% 2.87% 2.40%
Block ns 0.0130 0.0003 ns ns
Irrigation  0.0270 0.0199 0.0017 ns ns
Fl 62.9+2.4b 62.2+1.7 b 81.5+2.7b 39.34+£1.35 41.53+1.10
IR2 65.7+14 a 65615 a 86.2+21 a 39.21+1.01 41.25+1.14
IR3 62.4+25b 63.7+29ba 83.1+3.1b 39.03+1.11 41.33£1.26
Nitrogen ns ns 0.0180 <0.0001 <0.0001
NO 65.3+2.0 65.0+1.7 85.7+2.3 37.40+0.66 39.46+0.70
N60 63.5+1.7 63.6+2.6 82.9+3.0 39.41+0.72 41.65+0.52
N120 62.2+2.8 62.9+2.4 82.3+3.1 40.77+0.79 42.99+0.75
L ns ns 0.0082 <0.0001 <0.0001
Q ns ns ns ns ns
Irrig x Nit ns ns ns ns ns

Within each year and column, the CV is the coefficient of variation according to ANOVA results
(a = 0.05). Irrigation treatments followed by different letters indicate significant differences by
LSD multiple range test. Lineal (L) and quadratic (Q) contrast indicate significant trends by N
application. Errors are 95% confidence interval of the mean.

Fruit N concentration decreased from end stage-arvest (Table 16). Irrigation
restriction had no effect on fruit N concentratibnt was higher by N application. This
N effect was significant only in 2008 at the endstdéige-Il and at harvest, when a
significant increasing trend was obtained. In feamples collected at harvest, fruit N
concentration maintained similar values among tbfie experimental years.

Irrigation restriction had no effect on N concetitna of dormant shoots, but was
higher by N application (Table 16). This N effea@sasignificant in 2007.

Leaf samples collected at the end of stage-llhnee¢ experimental years, showed

a positive correlation between the N concentrafiod a, values (Figure 23). Thus, N
concentration was higher for leaves with highevalues.
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4.0 Figure 23. Correlation between leaf N

concentration and leaf a, values at the end of
stage-lll at contrasting N doses during three
35 - experimental years (2006-2008). Error bars
are 95% confidence intervals of the mean.

y =-2.30 +0.1235 x B
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Table 16. Effect of irrigation and N application on N concentration in leaves, fruits and shoots of
peach cv. Andross (2006-2008).

Year Effect Leaf N concentration Fruit N concentration Shoot N concen.
(% DM) (mg g™* DM) (% DM)
end stage-I| end stage-ll  post-harvest end stage-I| harvest winter pruning
2006 CV 6.49% 21.87% 8.18%
Block ns ns ns
Irrigation ns ns ns
Fl - 3.32+0.15 - - 7.13+1.09 1.17+0.06
IR2 - 3.28+0.13 - - 6.52+1.03 1.15+0.08
IR3 - 3.30+0.18 - - 6.64+0.90 1.17+0.05
Nitrogen ns ns ns
NO - 3.18+0.10 - - 5.74+£0.57 1.14+0.06
N60 - 3.26+0.12 - - 7.27£1.01 1.18+0.07
N120 - 3.46+0.17 - - 7.28+1.06 1.17+0.05
L ns ns ns
Q ns ns ns
Irrig x Nit ns ns ns
2007 CV 5.74% 15.49% 4.54% 15.45% 20.01% 10.57%
Block ns ns ns ns ns ns
Irrigation  0.0017 ns ns ns ns ns
Fl 3.86+0.20 a 3.07+0.31 2.42+0.10 16.90+1.07 7.85+£0.95 1.49+0.09
IR2 3.61+0.18b 2.93+0.30 2.39+0.06 16.45+1.48 8.39+1.42 1.37+0.11
IR3 3.97+£0.12 a 2.92+0.32 2.43+0.14 17.56+2.10 7.66+1.02 1.42+0.13
Nitrogen 0.0017 ns <0.0001 ns ns 0.0050
NO 3.61+0.15 2.83+0.25 2.25+0.10 16.29+1.66 6.93+1.15 1.31+0.12
N60 3.86+0.21 2.98+0.33 2.49+0.05 17.63+1.97 8.56+1.01 1.43+0.11
N120 3.97+0.15 3.12+0.32 2.51+0.05 16.98+0.98 8.41+1.02 1.54+0.05
L 0.0005 ns <0.0001 ns ns 0.0013
Q ns ns 0.0060 ns ns ns
Irrig x Nit ns ns ns ns ns ns
2008 CV 12.93% 8.07% 6.79% 14.48% 13.60%
Block ns ns ns ns ns
Irrigation ns ns ns ns ns
Fl 3.29+0.20 2.82+0.30 2.85+£0.15 12.66+1.69 6.12+0.77 -
IR2 3.00+0.30 2.94+0.12 2.79+0.09 11.68+1.70 5.98+0.68 -
IR3 3.07+0.31 2.89+0.22 2.81+0.16 12.13+1.08 6.34+0.72 -
Nitrogen ns <0.0001 ns <0.0001 0.0003
NO 2.84+0.24 2.57+0.20 2.68+0.10 10.21+0.99 5.28+0.50 -
N60 3.13+0.28 2.91+0.17 2.83+0.16 12.04+1.16 6.26+0.54 -
N120 3.39+0.21 3.18+0.09 2.94+0.10 14.21+1.13 6.90+0.68 -
L ns <0.0001 ns <0.0001 0.0001
Q ns ns ns ns ns
Irrig x Nit ns ns ns ns ns

Within each year and column, the CV is the coefficient of variation according to ANOVA results
(a = 0.05). Irrigation treatments followed by different letters indicate significant differences by
LSD multiple range test. Lineal (L) and quadratic (Q) contrast indicate significant trends by N
application. Errors are 95% confidence interval of the mean.
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Total fruit N exportation was calculated at harviesin total yield, percentage of
dry matter and N concentration. Higher N was e>qblly N application, and this effect
was significant in 2007 and 2008. However, fruitekportation under N60 was not
significantly different from the N120 (Figure 24A).

Soil samples were collected at the beginning ofetkgeriment and also each year
after the growing season for soil M determination (Figure 24B). The initial soil
NOs-N level was not different across the differentatreents. After one year, N
application did not affect the soil NN level. But after two years, N application
showed significant differences. The soil N level was maintained under N120
application, while decreased under N60 and spgchll. However, after three years,
under N120 dose the soil N®I level had also decreased as well as under NON&Gd
doses.
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Figure 24. Effect of N application on fruit N exportations at harvest (A) and soil NOs-N level
after the growing season, with data collected in February of each year. For each point, different
letters indicate significant differences by LSD multiple range test (a = 0.05). Error bars are 95%
confidence intervals.
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3.3.4. Phosphorous

Leaf P concentration decreased specially betweerenik of stage-1l and the end
of stage-Ill, and to a lesser extend until postsast. Fruit P concentration decreased
from the end of stage-ll to harvest. There were smgnificant differences of P
concentration in leaves, fruits or dormant shootenvtreated with different irrigation
strategies and N doses, except in 2008 at the festdge-Ill, when N application tended
to decrease leaf N concentration (Table 17).

Table 17. Effect of irrigation and N application on P concentration in leaves, fruits and shoots of
peach cv. Andross (2006-2008).

Year Effect Leaf P concentration Fruit P concentration Shoot P concen.
(% DM) (mg g™* DM) (% DM)
end stage-I end stage-lll post-harvest end stage-I harvest winter pruning
2006 CV 8.96% 18.88% 7.51%
Block 0.0010 ns ns
Irrigation ns ns ns
Fl - 0.141+0.009 - - 0.95+0.11 0.097 £ 0.004
IR2 - 0.135+0.008 - - 0.93+0.14 0.098 + 0.005
IR3 - 0.134+0.011 - - 0.90£0.13 0.098 + 0.005
Nitrogen ns ns ns
NO - 0.138+0.008 - - 0.93%+0.11 0.102 + 0.004
N60 - 0.138+0.010 - - 0.94+0.14 0.094 +0.003
N120 - 0.134+0.011 - - 0.91+0.12 0.098 + 0.006
L ns ns ns
Q ns ns ns
Irrig x Nit ns ns ns
2007 CV 5.81% 4.69% 12.88% 11.17% 18.14% 9.79%
Block ns 0.0099 ns ns ns ns
Irrigation ns ns ns ns ns ns

FI 0.278+0.011 0.188+0.015  0.150+0.016 1.89+0.05 1.13+0.10 0.149+0.012

IR2 0.263+0.008 0.183+0.020  0.148+0.007 1.90+0.13 1.14+0.14 0.148 +0.009

IR3  0.278+0.012 0.185+0.009  0.140+0.012 1.93+0.16 1.00£0.14 0.142 +0.008
Nitrogen ns ns ns ns ns ns

NO 0.272+0.011 0.178+0.015  0.153+0.015 1.92+0.13 1.09+0.14 0.146 +0.010

N60 0.276+0.010 0.180+0.013  0.142+0.011 1.95+0.14 1.13+0.10 0.151+0.011

N120 0.272+0.012 0.190+£0.013  0.143+0.007 1.85+0.09 1.06+0.15 0.143+0.009

L ns ns ns ns ns ns
Q ns ns ns ns ns ns
Irrig x Nit ns ns ns ns ns ns
2008 CV 6.51% 4.31% 6.13% 7.18% 10.76%
Block ns ns 0.0158 ns ns
Irrigation ns ns ns ns ns

Fl 0.240+0.011 0.211+0.006 0.146+0.007 1.76+0.08 1.18+0.10

IR2  0.234+0.007 0.215+0.003 0.150+0.008 1.83+0.08 1.18+0.08

IR3  0.239+0.013 0.211+0.007 0.142+0.010 1.79+0.06 1.13+0.10
Nitrogen ns ns <0.0001 ns ns

NO  0.235+0.009 0.217+0.006 0.158+0.008 1.78+0.06 1.21+0.10

N60 0.237+0.011 0.211+0.005 0.143+0.005 1.78+0.09 1.12+0.06

N120 0.242+0.012 0.209+0.006 0.138+0.007 1.82+0.07 1.17+0.10

L ns ns <0.0001 ns ns
Q ns ns ns ns ns
Irrig x Nit ns ns ns ns ns

Within each year and column, the CV is the coefficient of variation according to ANOVA results
(a = 0.05). Irrigation treatments followed by different letters indicate significant differences by
LSD multiple range test. Lineal (L) and quadratic (Q) contrast indicate significant trends by N
application. Errors are 95% confidence interval of the mean.

3.3.5. Potassium
Leaf K concentration decreased from the end ofestap the end of stage-Il, and

at a higher amount to the end of post-harvest €raB). As principal effects, there was
significant differences in leaf K concentration wheeated with different irrigation
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strategies and N doses, from 2006 to 2008. IR theel lower leaf K concentration at
the end of stage-Il than in trees under Fl, and #ffect was maintained until post-
harvest. In contrast, IR3 strategy had no effecleai K concentration. The leaf K
concentration was highest at NO followed by N60 &0, indicating a decreasing
trend as N application increased in 2006 and 2008.

Fruit K concentration decreased from the end ofestato harvest (Table 18).
Irrigation restriction and N application had noeeff on fruit K concentration, except in
2008 at harvest, when N application tended to deseréruit K concentration.

In 2006, there were significant differences in ghKoconcentration at winter
pruning when treated with different irrigation ségies and N doses (Table 18). IR2
trees had lower shoot K concentration. Also shoatokcentration decreased linearly
with N application. In 2007 these effects were oimterved.

Table 18. Effect of irrigation and N application on K concentration in leaves, fruits and shoots of
peach cv. Andross (2006-2008).

Year Effect Leaf K concentration Fruit K concentration Shoot K concen.
(% DM) (mg g™* DM) (% DM)
end stage-I| end stage-ll  post-harvest end stage-I| harvest winter pruning
2006 CV 9.33% 10.31% 5.61%
Block 0.0019 ns ns
Irrigation <0.0001 ns <0.0001
Fl - 1.86+0.08 a - - 11.43+0.98 0.45+0.02 a
IR2 - 1.25+0.14b - - 10.12+0.53 0.40+£0.02 b
IR3 - 1.82+0.16 a - - 11.45+0.51 0.44+0.02 a
Nitrogen 0.0322 ns 0.0094
NO - 1.74+0.25 - - 10.67+0.73 0.45+0.03
N60 - 1.62+0.18 - - 11.46+0.80 0.42 +0.02
N120 - 1.56+0.23 - - 10.88+0.83 0.43+0.02
L 0.0109 ns 0.0317
Q ns ns 0.0202
Irrig x Nit ns ns ns
2007 CV 7.71% 8.47% 12.99% 7.96% 11.56% 6.29%
Block ns ns 0.0223 ns ns ns
Irrigation ns <0.0001 0.0036 ns ns ns
Fl 2.50+0.13 2.03+0.10 a 1.15+0.10 a 18.53+0.59 13.40+0.73 0.49+0.02
IR2 2.33+0.14 1.71+0.14b 0.96+0.08 b 17.25+0.87 12.84+1.08 0.48+0.01
IR3  2.59+0.09 2.14+0.09 a 1.14+0.11 a 18.90+1.05 12.40+0.82 0.49 +0.02
Nitrogen ns ns ns ns ns ns
NO 2.50+0.15 2.00+£0.21 1.09+0.13 18.26+1.01 12.89+1.06 0.49+0.02
N60 2.50+0.09 1.96+0.10 1.08+0.11 18.64+0.95 13.38x0.72 0.48+0.01
N120 2.41+0.16 1.92+0.16 1.09+0.09 17.78+0.90 12.37%0.85 0.48+0.01
L ns ns ns ns ns ns
Q ns ns ns ns ns ns
Irrig x Nit ns ns ns ns ns ns
2008 CV 9.36% 10.19% 12.79% 6.61% 7.03%
Block ns ns 0.0056 ns 0.0352
Irrigation 0.0009 0.0002 <0.0001 ns ns

Fl 2.04£0.15 a 1.84+0.13 a 0.94+0.08 a 16.18+0.69 12.28+0.59 =
IR2  1.79+0.17b 1.56+x0.20b 0.67+0.06 c 16.19+0.76  11.56+0.85 =
IR3 2.09+0.12 a 1.90+0.11 a 0.83+0.10 b 16.23+0.56  11.78+0.46 =

Nitrogen 0.0007 0.0009 ns ns 0.0440
NO 2.14+0.13 1.89+0.13 0.86+0.09 16.34+0.51 12.31+0.77 -
N60 1.98+0.08 1.82+0.10 0.83+0.12 16.70£0.69  11.90+0.47 -
N120 1.80+0.20 1.59+0.23 0.76+0.11 15.56+0.58  11.40+0.65 -
L 0.0002 0.0003 0.0327 ns 0.0135
Q ns ns ns ns ns

Irrig x Nit ns 0.0341 ns ns ns

Within each year and column, the CV is the coefficient of variation according to ANOVA results
(a = 0.05). Irrigation treatments followed by different letters indicate significant differences by
LSD multiple range test. Lineal (L) and quadratic (Q) contrast indicate significant trends by N
application. Errors are 95% confidence interval of the mean.
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3.3.6. Calcium

Leaf Ca concentration increased from the end ajestato the end of stage-lil,
and at a higher amount at the end of post-hafVedile 19). In 2007 and 2008, there
were significant differences in leaf Ca concentratiwhen treated with different
irrigation strategies and N doses, but not in 208 trees had higher leaf Ca
concentration at the end of stage-Il than thoseeufd] and this effect was maintained
until post-harvest. In contrast, IR3 strategy hadeffect on leaf Ca concentration. N
application reduced the leaf Ca concentration, isoggmtly in 2007. In leaf samples
collected at the end of stage-lll, leaf Ca con@itn decreased from 2006 to 2007, and
maintained these values in 2008. Fruit Ca concentralecreased from end stage-Il to
harvest (Table 19). Irrigation restriction and Nolgation had no effect on fruit Ca
concentration, except in 2008 at the end of stggeHen IR2 trees had higher fruit Ca
concentration. In 2007, there was significant ddfeces in shoot Ca concentration at
winter pruning, when IR2 trees had higher shoot@aentration (Table 19).

Table 19. Effect of irrigation and N application on Ca concentration in leaves, fruits and shoots
of peach cv. Andross (2006-2008).

Year Effect Leaf Ca concentration Fruit Ca concentration Shoot Ca concen.
(% DM) (mg g DM) (% DM)
end stage-II end stage-Ill post-harvest end stage-II harvest winter pruning
2006 CV 9.14% 27.29% 10.65%
Block ns ns ns
Irrigation ns ns ns
Fl - 4.22+0.33 - - 0.62+0.10 1.39+0.08
IR2 - 4.45+0.28 - - 0.68+0.14 1.32+0.12
IR3 - 4.29+0.21 - - 0.68+0.13 1.36 + 0.09
Nitrogen ns ns ns
NO - 4.36+0.33 - - 0.63+0.12 1.39+0.10
N60 - 4.43+0.15 - - 0.68+0.13 1.32+0.05
N120 - 4.17+0.31 - - 0.66+0.12 1.36+0.12
L ns ns ns
Q ns ns ns
Irrig x Nit ns ns ns
2007 CV 7.48% 7.55% 5.96% 16.22% 23.19% 6.50%
Block ns ns ns ns ns 0.0269
Irrigation 0.0001 0.0131 <0.0001 ns ns 0.0391
Fl 2.27+0.08 b 2.66+0.11ba 3.99+0.19b 1.39+0.16 0.63+0.07 1.72+0.11 ba
IR2 257+0.13 a 2.78+0.18 a 4.37+0.18 a 1.42+0.20 0.64+0.10 1.75+0.07 a
IR3 2.23+0.13b 2.51+0.15b  3.79+0.16 b 1.42+0.08 0.63+0.09 1.64+0.07 b
Nitrogen ns 0.0032 0.0321 ns ns ns
NO 2.40+0.14 2.83+0.13 4.21+0.24 1.37+0.13 0.66+0.12 1.77 £ 0.09
N60 2.36+0.08 2.58+0.11 3.94+0.20 1.33+0.12 0.63+0.06 1.66 + 0.07
N120 2.33+0.21 2.54+0.18 4.00+£0.24 1.53+0.18 0.61+0.07 1.69+0.10
L ns 0.0018 0.0481 ns ns ns
Q ns ns ns ns ns ns
Irrig x Nit ns ns ns ns ns ns
2008 CV 6.40% 5.82% 5.47% 8.56% 18.41%
Block 0.0009 ns ns 0.0076 ns
Irrigation 0.0216 ns 0.0028 0.0002 ns

Fl 3.22+0.26 b 3.58+0.13 4.23+0.17b 0.90+0.06 b 0.43+0.06
IR2 3.44%0.13 a 3.69%0.15 451+0.15 a 1.07+0.08 a 0.48+0.05
IR3  3.22+0.16 b 3.56+0.14 4.15+£0.22 b 0.96+0.04 b 0.47+0.04

Nitrogen 0.0059 ns 0.0340 ns ns
NO 3.16+0.18 3.53+0.07 4.41+0.13 0.94+0.07 0.48+0.06
N60 3.46+0.22 3.68+0.16 4.33+0.18 1.00+0.09 0.45+0.04
N120 3.27+0.15 3.62+0.17 4.15+0.25 0.98+0.07 0.44+0.05
L ns ns 0.0121 ns ns
Q 0.0027 ns ns ns ns
Irrig x Nit ns ns ns ns ns

Within each year and column, the CV is the coefficient of variation according to ANOVA results
(a = 0.05). Irrigation treatments followed by different letters indicate significant differences by
LSD multiple range test. Lineal (L) and quadratic (Q) contrast indicate significant trends by N
application. Errors are 95% confidence interval of the mean.
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3.3.7. Magnesium

Leaf Mg concentration increased from the end ofesth to the end of stage-lil,
and at a higher amount at the end of post-harVedil¢ 20). As principal effects, there
were significant differences in leaf Mg concentatiwhen treated with different
irrigation strategies and N doses, from 2006 ta820hus, IR2 trees had higher leaf Mg
concentration at the end of stage-Il than undeafdl this effect was maintained until
post-harvest. In contrast, IR3 strategy had nacefia leaf Mg concentration. However,
the effect of N application on leaf Mg concentratichanged among years, since N
application reduced leaf Mg concentration in 200®& 2007, but increased such
concentration in 2008.

Fruit Mg concentration decreased from end stagellharvest (Table 20).
Irrigation restriction and N application had noeeff on Mg concentration of fruits and
dormant shoots (Table 20).

Table 20. Effect of irrigation and N application on Mg concentration in leaves, fruits and shoots
of peach cv. Andross (2006-2008).

Year Effect Leaf Mg concentration Fruit Mg concentration Shoot Mg concen.
(% DM) (mg g DM) (% DM)
end stage-I| end stage-Il| post-harvest o end stage-Il  harvest winter pruning
2006 CV 4.99% 14.28% 7.09%
Block ns ns ns
Irrigation <0.0001 ns ns
FI - 0.73£0.03 b - - 0.50+0.04 0.123 £ 0.007
IR2 - 0.82+0.04 a - - 0.48+0.06 0.115 + 0.006
IR3 - 0.73£0.02 b - - 0.50+0.04 0.119 + 0.005
Nitrogen ns ns ns
NO - 0.77+0.06 - - 0.47+0.03 0.123 £ 0.007
N60 - 0.77+0.02 - - 0.52+0.04 0.115 + 0.006
N120 - 0.74+0.04 - - 0.49+0.06 0.119 + 0.006
L ns ns ns
Q ns ns ns
Irrig x Nit 0.0010 ns ns
2007 CV 5.38% 5.66% 6.90% 8.28% 14.99% 4.77%
Block 0.0068 ns ns ns ns ns
Irrigation  <0.0001 0.0002 0.0002 ns ns ns

Fl 0.54£0.02 b 0.58+0.02 b 0.73£0.04 b 1.01+0.04 0.61+0.04 0.181 + 0.006
IR2 0.60+0.03 a 0.62+0.04 a 0.82+0.04 a 0.97+0.06 0.63+0.08 0.184 £ 0.004
IR3  0.52+0.03 b 0.56+0.02 b 0.72+0.03 b 1.03+£0.05 0.58+0.05 0.177 + 0.006

Nitrogen ns 0.0014 ns ns ns ns
NO  0.57+0.04 0.62+0.04 0.78+0.06 1.02+0.04 0.58+0.06 0.181 + 0.007
N60 0.55+0.02 0.58+0.01 0.75+0.03 1.00+0.06 0.64+0.05 0.179 + 0.005
N120 0.54+0.03 0.57+0.03 0.75+0.04 0.99+0.06 0.59+0.06 0.182 + 0.005
L ns 0.0006 ns ns ns ns
Q ns ns ns ns ns ns
Irrig x Nit ~~ 0.0243 0.0421 ns ns ns ns
2008 CV 5.05% 6.01% 7.30% 7.46% 12.12%
Block 0.0158 ns ns ns ns
Irrigation 0.0004 ns 0.0001 ns ns
Fl 0.68+0.02 b 0.74+0.02 0.81+0.03 b 0.93+0.04 0.63+0.05 -
IR2 0.74+0.03 a 0.78+0.03 0.94+0.06 a 0.96+0.04 0.60+0.05 -
IR3 0.67+0.03 b 0.74+0.03 0.83+0.04 b 0.96+0.04 0.60+0.05 -
Nitrogen 0.0338 ns ns ns ns
NO  0.68+0.02 0.74+0.02 0.87+0.06 0.94+0.03 0.60+0.06 -
N60 0.70+0.03 0.75+0.02 0.83+0.03 0.95+0.06 0.63+0.03 -
N120 0.71+0.04 0.77+0.04 0.87+0.07 0.96+0.03 0.61+0.05 -
L 0.0118 ns ns ns ns
Q ns ns ns ns ns
Irrig X Nit ns ns 0.0362 ns ns

Within each year and column, the CV is the coefficient of variation according to ANOVA results
(a = 0.05). Irrigation treatments followed by different letters indicate significant differences by
LSD multiple range test. Lineal (L) and quadratic (Q) contrast indicate significant trends by N
application. Errors are 95% confidence interval of the mean.
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3.3.8. Sulphur

Leaf S concentration decreased from end stagedhtbstage-lll, and at a higher
amount to end of post-harvest (Table 21). Irrigatiestriction had no effect on leaf S
concentration, but was significantly higher by Nolgation at each stage, from 2006 to
2008. The leaf S concentration was lower at N®fedld by N60 and N120, indicating
an increasing linear trend as N application inczdas

Fruit S concentration decreased from end stagefiatvest (Table 21). Irrigation
restriction and N application had no effect ontfi&iconcentration, except in 2008 at
end of stage-Il, when N application tended to iaseefruit S concentration.

There was no significant differences in shoot Sceaotration when treated with
different irrigation strategies and N doses (Tahlg, except in 2006, when IR2 trees
had lower shoot S concentration than those under Fi

Table 21. Effect of irrigation and N application on S concentration in leaves, fruits and shoots of
peach cv. Andross (2006-2008).

Year Effect Leaf S concentration Fruit S concentration Shoot S concen.
(% DM) (mg g™ DM) (% DM)
end stage-I end stage-lll post-harvest end stage-II harvest winter pruning
2006 CV 6.46% 23.23% 9.58%
Block ns ns 0.0011
Irrigation ns ns 0.0402
Fl e 0.150+0.005 - - 0.267+0.041 0.062 + 0.005 a
IR2 - 0.146+0.006 - - 0.225+0.039 0.056+0.004 b
IR3 = 0.149+0.007 - - 0.225+0.029 0.061+0.004 a
Nitrogen ns ns ns
NO - 0.143+0.006 - - 0.217+0.025 0.063+0.004
N60 e 0.150+0.007 - - 0.250+0.043 0.058 + 0.006
N120 e 0.152+0.005 - - 0.250+0.043 0.058 + 0.004
L ns ns 0.0417
Q ns ns ns
Irrig x Nit ns ns ns
2007 CV 3.56% 6.83% 7.56% 13.42% 20.04% 8.87%
Block ns 0.0001 ns ns ns ns
Irrigation 0.0003 ns ns ns ns ns
Fl 0.225+0.007 a 0.193+0.014 0.734+0.037 0.758+0.033 0.325+0.039 0.089 + 0.006
IR2  0.213+0.007 b 0.191+0.010 0.818+0.044 0.733+0.073 0.325+0.039 0.088 + 0.005
IR 0.228+0.005 a 0.193+0.013 0.721+0.031 0.800+0.072 0.300+0.047 0.088 + 0.004
Nitrogen 0.0001 0.0221 ns ns ns ns
NO  0.213+0.006 b 0.183+0.013 b 0.781+0.058 0.792+0.063 0.292+0.033 0.086 + 0.005
N60 0.226+0.007 a 0.196+0.010 a 0.745+0.032 0.750+0.074 0.342+0.033 0.088 + 0.006
N120 0.228+0.006 a 0.198+0.011 a 0.748+0.044 0.750+0.051 0.317+0.053 0.093 +0.003
L 0.0001 0.0100 ns ns ns 0.0487
Q ns ns ns ns ns ns
Irrig x Nit ns ns ns ns ns ns
2008 CV 5.79% 5.98% 4.86% 11.10% 19.04%
Block ns ns ns ns ns
Irrigation ns ns ns ns ns
Fl 0.167+0.009 0.158+0.008 0.144+0.006 0.625+0.067 0.308+0.042
IR2  0.158+0.005 0.162+0.005 0.142+0.005 0.583+0.046 0.292+0.033
IR3  0.165+0.009 0.160+0.008 0.140+0.007 0.583+0.025 0.300+0.038
Nitrogen 0.0002 0.0051 0.0006 0.0091 ns
NO  0.154+0.005 ¢ 0.153+0.007 b 0.135+0.004 b 0.550+0.033 b 0.283+0.046
N60 0.163+0.007 b 0.159+0.007 b 0.143+0.006 a 0.600+0.054 ba 0.300+0.000
N120 0.173+0.007 a 0.168+0.005 a 0.148+0.005 a 0.642+0.042 a 0.317+0.046
L <0.0001 0.0014 0.0002 0.0024 ns
Q ns ns ns ns ns
Irrig x Nit ns ns 0.0170 ns ns

Within each year and column, the CV is the coefficient of variation according to ANOVA results
(a = 0.05). Irrigation treatments followed by different letters indicate significant differences by
LSD multiple range test. Lineal (L) and quadratic (Q) contrast indicate significant trends by N
application. Errors are 95% confidence interval of the mean.
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3.4. Yield components

3.4.1. Total fruit load

In Table 22 is shown the treatment effects on fiaad. In 2006, fruit load was
low (with 126 fruit treé, averaged over FI trees), due to previous wintanipg for
control of canopy size. During this year there wassignificant effect of irrigation and
N application on fruit load. The significant intet@mn was not consistent because the
data presented a high coefficient of variationcémparison to 2006, fruit load was
higher in 2007 and 2008 (with 509 and 459 fruieireespectively, averaged over FI
trees). In both years the irrigation strategies hadignificant effect on fruit load, but
fruit load showed an increasing lineal trend bypylacation. Also in 2007 there was a
significant interaction and fruit load was independof N dose in IR2 trees.

3.4.2. Canopy growth

The pruning weight was measured at tree rest amdei$ults are shown in Table
22. In 2006 the treatments had no significant éfbecthe pruning weight as evidenced
by the non-significant p-values. However in 200d &008, IR2 trees had significant
lower pruning weight than those under Fl. In costirdR3 strategy had no effect on
pruning weight. Also in 2007 and 2008, pruning weigended to increase linearly by N
application, but this effect was significant oniy2008.

The fraction of PAR intercepted (FIPAR) was meagdyust after fruit harvest in
2008 and the results are shown in Figure 25. FIRARes in IR2 was significantly
lower compared to FI trees, but IR3 strategy hadefiect on FIPAR. Also FIPAR
tended to increase linearly by N application, ahid effect was observed within all
irrigation strategies.
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Figure 25. Effect of N application on the 35
fraction of PAR intercepted just after fruit o
harvest in 2008 within each irrigation G
strategy. The p-value is the significance of
the lineal contrast. 30
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N application (kg N ha %)
3.4.3. Fruit load/Pruning weight ratio

The ration between fruit load per pruning weightR@atio) is shown in Table 22.
This ratio was lower in 2006 than in 2007 and 20Q@&yation restriction increased the
Q/P ratio, this effect was specially significantlR2 trees from 2006 to 2008, whereas
in IR3 trees only in 2006 and 2008. Also, the Qiffortended to decrease linearly by N
application, but this effect was significant in 300
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3.4.4. Average fruit weight

Table 22 shows the treatment effects on averagh firit weight and dry fruit
weight. Since fruit load changed among years, fuatght was higher in 2006 than in
2007 and 2008 (fruit fresh weight was 195, 131 a4@ g fruit’ respectively, averaged
over FI trees). There were significant differen@esfruit weight when treated with
irrigation restriction. From 2006 to 2008, the frinesh weight was significantly highest
at Fl followed in order by IR2 and IR3. However,frait dry weight these differences
were only found in 2006 and 2007, but not in 200&re were no significant effects of
N application on fruit weight.

Table 22. Effect of irrigation and N application on yield components of peach cv. Andross

(2006-2008).

Year Effect Total fruit load Pruning weight Q/P ratio Average fruit weight
(fruits tree™) (kg DM tree™) (fruits kg™* DM) (g FM fruit™) (g DM fruit™)
2006 CV 46.04% 27.52% 56.25% 10.81% 10.07%
Block 0.0002 ns <0.0001 0.0031 0.0316
Irrigation ns ns 0.0023 0.0311 0.0422
FI 126 + 15 4.83+0.86 27.5+39 b 195+12 a 295+18 a
IR2 146 + 19 4.25+0.92 39.7+6.7 a 175+15 b 26.9+2.1 b
IR3 152 + 21 4.68 + 0.65 36.3+6.2 a 175+18 b 26.7+24 b
Nitrogen ns ns ns ns ns
NO 129 + 20 4.40+0.78 33.7+6.7 188 + 19 29.1+x2.9
N60 147 + 17 4.77 + 0.96 36.2+6.0 181+ 15 27.4%15
N120 147 + 20 4.60+0.74 33.5+4.6 175+ 14 26.6+2.0
L ns ns ns ns 0.0412
Q ns ns ns ns ns
Irrig x Nit 0.0001 ns 0.0002 ns ns
2007 CcV 14.93% 19.92% 25.16% 7.38% 8.49%
Block <0.0001 0.0409 <0.0001 0.0369 ns
Irrigation ns 0.0126 <0.0001 0.0001 0.0373
FI 509 + 25 3.31+0.55 a 160.5%+10.3 b 1318 19.0x13 a
IR2 518 + 20 255+036 b 213.8+158 a 122+ 7 b 17.8+1.2 ba
IR3 527 + 30 3.14 + 0.40 a 173.4+129 b 111+7 ¢ 17.3+1.0 b
Nitrogen 0.0002 ns ns ns ns
NO 483 + 23 2.67 +£0.43 192.3+15.8 126 + 9 18.6+x1.4
N60 538 + 27 3.21+0.55 178.7+15.1 120+ 11 17.7+£1.3
N120 533 + 23 3.13+0.40 176.6+11.9 118+ 6 17.9+0.8
L 0.0006 ns ns ns ns
Q 0.0163 ns ns ns ns
Irrig x Nit <0.0001 ns 0.0043 0.0084 0.0132
2008 CV 22.18% 21.14% 29.14% 8.89% 11.11%
Block ns ns <0.0001 ns ns
Irrigation ns 0.0282 <0.0001 0.0007 0.0487
FI 459 + 26 4.54 +0.70 a 107.3394 c 149+ 7 a 19.5+09 a
IR2 491 + 33 355+047 b 143.5+12.2 a 128+9 b 17.4+16 b
IR3 490 + 27 4.29+0.74 a 121.2+9.6 b 1336 b 18.0+0.7 ba
Nitrogen 0.0009 0.0096 0.0013 ns ns
NO 443 + 30 3.50+ 0.64 137.5+14.7 138+ 11 18.6+1.5
N60 479 + 23 4.19 + 0.66 121.1+8.9 139+8 18.4+1.0
N120 517 + 30 4.69 + 0.57 113.4+7.6 135+ 10 17.8+1.3
L 0.0002 0.0026 0.0004 ns ns
Q ns ns ns ns ns
Irrig x Nit ns ns ns ns ns

Within each year and column, the CV is the coefficient of variation according to ANOVA results
(a = 0.05). Irrigation treatments followed by different letters indicate significant differences by
LSD multiple range test. Lineal (L) and quadratic (Q) contrast indicate significant trends by N
application. Errors are 95% confidence interval of the mean.
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In order to compare among irrigation strategies) dée relationship between fruit
weight at commercial harvest (M) versus Q/P rat@svdetermined (Figure 26). A
potential equation was fitted to the data using-lnoear regression analysis:

M= a(Q/P)b equation 21

where parametest was maintained fixed in the regression equatiorsle b changed
according to irrigation strategy. The results dneven in Table 23 carried with data
from 2006-2008. For fruit fresh weight, irrigatioestriction reduced significantly the
parameter respect to Fl strategy, specially unB8t In contrast, for fruit dry weight,
only IR3 reduced significantly tHeparameter respect to Fl strategy.
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Figure 26. Potential relationship between fruit fresh weight (A) and fruit dry weight (B) respect
to Q/P ratio according to irrigation strategy with data from 2006-2008.

Table 23. Estimated parameters and 95% confidence intervals for the potential equation fitted
to fruit weight versus Q/P ratio. Differences in b parameter were tested with pairwise t-test.

Independent Dependent Irrigation Number of Parameters Determination
variable variable observations a b coefficient
Fruit fresh weiaht Fl 36 369.14 -0.2000+0.0058 a 86.52%
”&] gfﬂsfrl‘fi’f{? IR2 36 369.14  -0.2104+0.0054 b 88.58%
Q/P ratio IR3 36 369.14 -0.2239+ 0.0054 c 91.47%
(fruits kg™ DM) : _ FI 36 59.81 -0.2298+0.0073 a 85.56%
Fruit dry Wel?ht -
(g DM fruit?) IR2 36 59.81 -0.2360+ 0.0066 a 88.15%
IR3 36 59.81 -0.2456+0.0071 b 86.48%

Average values of soil RWC ands.en were calculated for stage-Ill according to
irrigation strategy, from 2006 to 2008. Also frgitowth rate in fresh weight and dry
weight were calculated from beginning of stagediitil harvest. Table 24 shows the
existing correlations among these variables inestdigThere was a significant positive
correlation between fresh weight and water statof) in the soil and the tree. Thus,
fruit growth rate in fresh weight increased withterastatus in stage-lll. However, this
correlation was not significant for fruit growthteain dry weight, which was
independent of water status, both in the soil arttie tree.
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Table 24. Correlation between fruit growth rate in stage-lll and average water status. Also
shown the estimated parameters and the 95% confidence intervals of the lineal regression
(2006-2008).

Independent Dependent Number of Parameters Correlation Durbin-
variable variable observations Intercept Slope coefficient Watson
Fresh growth rate 9 1.1156+0.4028 0.0124+0.0055 0.8943 2.0279

Soil RWC (g day™) p = 0.0003 p =0.0011 p = 0.0011 ns
(%) Dry growth rate 9 0.2353+0.0651 0.0004+0.0009 0.4094 1.9192

(g day™) p = 0.0001 ns ns ns
Fresh growth rate 9 2.4771+£0.4598 0.4724+0.4481 0.6858 1.9421

Midday Wsem (g day™) p = <0.0001 p =0.0414 p =0.0414 ns
(MPa) Dry growth rate 9 0.2867+0.0469 0.0191+0.0457 0.3499 1.4722

(g day™) p < 0.0001 ns ns ns

3.4.5. Total fruit yield

Table 25 shows the treatment effects on total fmeitd. Since fruit load changed
among years, fruit yield was lower in 2006 thar2@®7 and 2008 (fruit fresh yield was
24.2, 65.6 and 67.8 kg tréaespectively, averaged over FI trees). Figure &ws
these results as total orchard yield in tons petane. The same effect was obtained on
fruit fresh yield and dry yield. In 2006 there was significant effect of irrigation
restriction and N application on fruit yield. Thegrficant interaction was not
consistent because the data presented a highateeffof variation. In 2007 there was a
significant interaction between irrigationN and the effect of N application changed
within each irrigation strategy. In FI trees fryield was significantly lowest at NO
followed in order by N60 and N120, indicating arcrgasing linear trend as N dose
increased. In IR2 trees fruit yield was independehtN dose. Under IR3 trees a
guadratic trend was obtained and fruit yield did doange between NO and N60, but
decreased at N120. However in 2008, fruit yield was affected by irrigation and
interaction. The increase in fruit yield was pagty dependent on N application.
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Figure 27. Total orchard yield according to irrigation and N application from 2006 to 2008.
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3.4.6. Water productivity

In Table 25 is shown the treatment effects on watteductivity (WP). Since fruit
load changed among years, WP was lower in 2006itha007 and 2008 (3.80, 11.37
and 8.82 kg mi respectively, averaged over FI trees). Irrigatidfected significantly
the WP during the three years. Thus WP of IR2 tve&s significantly higher compared
to Fl trees in 2006 and 2007. While WP of IR3 wigmificantly higher than FI in 2007
and 2008. N application increased WP under FIl. Sdrae effect was obtained on WP
in fresh and dry weight.

Table 25. Effect of irrigation and N application on total fruit yield and water productivity of peach
cv. Andross (2006-2008).

Year Effect Total fruit yield Water productivity
in fresh weight in dry weight in fresh weight in dry weight
(kg FM tree™) (kg DM tree™) (kg FM m™) (kg DM m™®)
2006 CV 38.15% 37.96% 38.18% 38.07%
Block 0.0024 0.0003 0.0023 0.0002
Irrigation ns ns 0.0003 0.0001
Fl 242 + 2.6 3.64+0.38 380+£042 b 0.573+0.062 b
IR2 244 + 25 3.76+£0.38 5.02+0.51 a 0.772+0.078 a
IR3 25.0+ 2.9 3.84+0.44 419+049 b 0.644+0.075 b
Nitrogen ns ns ns ns
NO 228 + 2.7 3.50+£0.41 4.19 £ 0.57 0.644 +0.086
N60 258 + 2.4 3.95+0.39 4.42 £ 0.40 0.679+0.066
N120 251+ 28 3.80+0.40 4.40 £ 0.49 0.667+0.071
L ns ns ns ns
Q ns ns ns ns
Irrig x Nit <0.0001 0.0008 <0.0001 <0.0001
2007 CV 12.48% 12.29% 12.58% 12.77%
Block 0.0003 0.0118 0.0107 0.0661
Irrigation <0.0001 0.0278 0.0004 0.0005
Fl 65.6 + 2.4 a 9.54+035 a 11.37+0.38 b 1.656+0.062 b
IR2 62.7 £ 1.8 b 9.14+0.25 ba 12.37+0.37 a 1.802+0.048 a
IR3 578+ 25 ¢ 9.00+£0.35 b 11.51+048 b 1.793+0.072 a
Nitrogen 0.0339 0.0044 ns ns
NO 60.0 + 2.0 8.83+0.28 11.58 £ 0.43 1.707+0.063
N60 63.5 + 23 9.40+0.33 11.96 + 0.40 1.776+0.068
N120 62.7 £ 2.8 9.46 +0.35 11.71+0.44 1.769+0.058
L 0.0153 0.0028 ns ns
Q ns ns ns ns
Irrig x Nit <0.0001 0.0003 0.0001 0.0004
2008 CV 18.26% 18.95% 18.52% 19.41%
Block ns ns ns 0.0072
Irrigation ns ns 0.0113 0.0005
Fl 67.8 £ 3.3 8.87+0.46 8.82+045 b 1.154+0.061 b
IR2 63.1 + 2.9 8.31+0.41 8.84+040 b 1.163+0.056 b
IR3 64.8 £ 3.2 8.76 £ 0.45 9.64 + 0.49 a 1.306+0.071 a
Nitrogen 0.0025 0.0025 0.0078 0.0071
NO 61.0 £ 3.2 8.05+0.43 8.55 + 0.46 1.130+0.064
N60 66.2 £ 3.2 8.82+0.43 9.26 + 0.43 1.236+0.064
N120 68.5+ 2.9 9.07+0.41 9.49 +0.45 1.257+0.064
L 0.0007 0.0009 0.0029 0.0033
Q ns ns ns ns
Irrig x Nit ns ns ns ns

Within each year and column, the CV is the coefficient of variation according to ANOVA results
(a = 0.05). Irrigation treatments followed by different letters indicate significant differences by
LSD multiple range test. Lineal (L) and quadratic (Q) contrast indicate significant trends by N
application. Errors are 95% confidence interval of the mean.
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3.4.7. Fruit drop

Figure 28 shows the effect of irrigation and N &ailon on fruit drop before
commercial harvest. From 2006 to 2008, fruit dnopR2 trees was significantly higher
than FI trees. In, contrast, IR3 had no effect it fdrop. There was no significant
effects by N application, however fruit drop in N&dd N120 was lower than NO.
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Figure 28. Fruit drop before commercial harvest according to irrigation (A) and N application (B)
from 2006 to 2008

3.4.8. Harvester efficiency

The harvester efficiency was lower in 2007 than2008 (Table 26), due to
changes in the frequency on the trunk shaker. th ears, efficiency was not different
between FI and IR3 trees. However, efficiency iasesl in IR2 trees. In addition,
within IR2 trees, efficiency was higher in NO an@(\than in N120 trees.

Table 26. Effect of irrigation and N application on harvester efficiency of peach cv. Andross
(2006-2008).

Year Fl IR2 IR3

NO N60 N120 NO N60 N120 NO N60 N120
2006 - - - - - - - -
2007 78% 80% 79% 86% 86% 79% 80% 81% 83%
2008 87% 87% 89% 92% 89% 86% 89% 87% 86%

3.5. Fruit quality
3.5.1. Percentage of fruit dry matter

The percentage of fruit dry matter (PDM) increassating stage-Il of pit
hardening and then decreased during stage-lll pamsive fruit growth (Figure 29A).
The mean values measured at harvest decrease@@@®nto 2008. Table 27 shows the
treatment effects on PDM of the fruit. During theree years, IR2 increased
significantly the PDM of the fruit measured at esfdstage-Il, however after restoring
complete irrigation during stage-lll the PDM of threit at harvest was not different
from FI. But IR3 increased the PDM of the fruitthé end of stage-lll, although it was
only significant different in 2007. N applicatiomtnproduced significant differences in
the PDM of the fruit and there was not an intecaceffect with irrigation strategies.
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3.5.2. Total soluble solids of the juice

The total soluble solids (TSS) of the juice incezhslong stage-lll and attained
some stable values during the last weeks of fipgning (Figure 29B). As an overall
average, juice TSS measured at harvest decreazad2fd06 to 2007, and specially in
2008. Table 27 shows the treatment effects on TfSBeojuice. In the three years, the
TSS of the juice at harvest under IR2 was not iffe from Fl, because of restoring
complete irrigation during stage-lll. However IR&uced significantly the TSS of the
juice at harvest. N application did not producendigant differences in the TSS of the
juice and there was not and interaction effect wiigation strategies.
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Figure 29. Seasonal pattern of percentage dry matter (PDM) of the fruit (A) and total soluble
solids (TSS) of the juice (B) under full irrigation in peach cv. Andross according to the
experimental year (2006-2008).

The fruit samples obtained at harvest from threargje showed a linear
relationship between the TSS of the juice respe¢heé PDM of the whole fruit. The
TSS of the juice was higher for peach fruits withigher PDM (Figure 30).
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Figure 30. Correlation between the TSS of the
juice respect to the PDM of the fruit measured
at harvest according to irrigation strategy in
peach cv. Andross (2006-2008).
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3.5.3. Fruit flesh firmness

The fruit flesh firmness decreased at a constaatdaring last weeks of stage-Ili
(Figure 31). The firmness during fruit ripening wasver in 2008 than in 2006 and
2007. In Table 27 is shown the treatment effectdirmmess at harvest. In each year,
the firmness of IR2 fruits was lower than in Flifsy although this difference was not
significant any year. In contrast, the firmnessR8 fruits was significantly higher than
FI fruits in 2007, but was not different in 2006daB008. N application tended to
increase firmness linearly and this effect wasifigant both in 2007 and 2008.

Table 27. Effect of irrigation and N application on fruit quality of peach cv. Andross (2006-

2008).
Year Effect Percentage dry matter Total soluble Flesh
of the fruit (%) solids (°Brix) firmness (N)
end stage-| end stage-I end stage-Ill at harvest at harvest
2006 CV 2.50% 3.22% 4.61% 5.06% 14.74%
Block 0.0086 0.0042 0.0353 ns ns
Irrigation ns <0.0001 ns 0.0018 ns
FI 13.20+0.23 19.360.32 b 15.15%0.43 11.95 + 0.40 b 37.4+4.0
IR2 13.41%0.29 20.99%0.68 a 15.46%0.40 12.64 + 0.40 a 335+34
IR3 13.19%0.20 19.31%0.27 b 15.29%0.65 13.07 + 0.47 a 36.2+ 3.0
Nitrogen ns ns ns ns ns
NO 13.42+0.28 19.95+0.68 15.45+0.33 12.54 + 0.42 346+28
N60 13.18+0.21 19.89+0.64 15.21+0.64 12.48 + 0.66 35.1+41
N120 13.19+0.23 19.81+0.75 15.25+0.51 12.53 + 0.48 37.3+£3.6
L ns ns ns ns ns
Q ns ns ns ns ns
Irrig x Nit ns ns ns ns ns
2007 cV 1.84% 2.64% 3.85% 5.75% 9.69%
Block 0.0276 0.0456 0.0357 0.0061 ns
Irrigation ns 0.0001 0.0001 0.0012 0.0009
Fl 12.02+0.17 18.48+0.27 b 1455+0.41 b 11.34 + 0.49 b 42440 b
IR2 11.94+0.17 19.52+0.46 a 14.60+0.36 b 11.39 + 0.41 b 419+43 b
IR3 11.83+0.13 18.67+0.30 b 15.61+0.48 a 12.38 + 0.60 a 488+33 a
Nitrogen ns ns ns ns <0.0001
NO 12.04+0.16 19.08+0.43 14.75+0.43 11.73 = 0.56 385+35
N60 11.89+0.15 18.70+0.41 14.84+0.59 11.69 + 0.69 46.8 £3.9
N120 11.86+0.17 18.89+0.50 15.17+0.52 11.69 + 0.53 47.7+2.8
L ns ns ns ns <0.0001
Q ns ns ns ns 0.0217
Irrig x Nit ns ns ns ns ns
2008 CV 1.51% 1.54% 3.88% 4.01% 17.74%
Block 0.0046 ns ns 0.0008 ns
Irrigation ns 0.0007 ns 0.0113 ns
FI 11.87+ 0.14 19.64+0.20 b 13.06+0.32 10.17 + 0.40 b 19.0+ 3.9
IR2 11.86+0.17 20.10+0.16 a 13.13+0.29 10.15 + 0.28 b 17.8+ 3.8
IR3 11.91+0.12 19.61+0.20 b 13.52+0.40 10.65 + 0.33 a 18.2+ 2.0
Nitrogen ns ns ns ns <0.0001
NO 11.94+0.17 19.79+0.25 13.18+0.32 10.38 + 0.33 13.9+1.6
N60 11.87+0.13 19.80+0.24 13.31+0.44 10.36 + 0.44 18.1+2.7
N120 11.82+0.13 19.76+0.23 13.23+0.31 10.23 + 0.32 229+26
L ns ns ns ns <0.0001
Q ns ns ns ns ns
Irrig x Nit ns ns ns ns ns

Within each year and column, the CV is the coefficient of variation according to ANOVA results
(a = 0.05). Irrigation treatments followed by different letters indicate significant differences by
LSD multiple range test. Lineal (L) and quadratic (Q) contrast indicate significant trends by N
application. Errors are 95% confidence interval of the mean.
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Figure 31. Flesh firmness evolution during fruit
ripening under full irrigation according to the
experimental year (2006-2008).
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3.5.4. Total soluble solids of the puree

In 2008, peach purees were obtained from diffetresattments of peach fruits. The
irrigation strategies affected the TSS of the puateharvest (Table 28). The N
application and the interaction effect did not effftne TSS of the puree of peach fruits
significantly. The TSS of the puree under IR2 was different from FI, because of
restoring complete irrigation during stage-lll. Hover, IR3 reduced significantly the

TSS of the puree at harvest.

Table 28. Effect of irrigation and N application on puree quality of
peach cv. Andross at harvest in 2008.

Year Effect Total soluble Consistency
solids (%) (cm)
2008 CcVv 3.92% 7.30%
Block 0.0050 0.0122
Irrigation 0.0044 ns
Fl 10.29 £ 0.34 8.96+0.69
IR2 10.39 £ 0.28 8.88+0.60
IR3 10.87 £ 0.30 8.41+0.52
Nitrogen ns 0.0001
NO 10.67 £0.31 9.34+0.53
N60 10.46 £ 0.31 8.95+0.49
N120 10.41 £ 0.39 7.96 +0.46
L ns <0.0001
Q ns ns
Irrig x Nit ns ns

Within each year and column, the CV is the coefficient of variation
according to ANOVA results (a = 0.05). Irrigation treatments
followed by different letters indicate significant differences by LSD
multiple range test. Lineal (L) and quadratic (Q) contrast indicate
significant trends by N application. Errors are 95% confidence
interval of the mean.

The TSS values measured in puree samples werethgliglgher than that

measured in juice samples (Figure 32) since weffereint products, although were
correlated i( = 0.6632 withp < 0.0001). Also it is shown how IR3 maintainedHag

TSS in comparison with Fl and IR2.
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Figure 32. Relation between the TSS of the 11
puree respect to the TSS of the juice ® o
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3.5.5. Fruit puree consistency

In 2008, fruit purees were obtained from differéngiatments. Irrigation strategy
had not effect on puree consistency as evidencdtieomon-significant p-value (Table
28). In contrast, when puree consistency of peagitsfwas measured at different N
doses, puree consistency decreased significanbydise increased.

In order to compare the peach purees accordingheetN doses, the time-
dependent progress of their puree consistency meesured during fruit ripening. The
results are shown in Figure 33A carried with fivempling times until commercial
harvest. A monomolecular equation was fitted usiog-linear regression analysis:

CS =k — bexpfr) equation 22

whereCSis the puree consistency as a function of thetima (1) andk, b andr are
regression parameters. The paramdbeandr were maintained fixed in the regression
equations, whilek changed according to N dose (Table 29). Thuparameter was
lower for peach purees with higher fruit N concatitm, and the linear relationship is
illustrated in Figure 33B. This supports the resiitt fruit N concentration is the main
nutrient responsible for the consistency propendfgseach purees.
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Figure 33. Thermal-time dependent progress of puree consistency according to N application in
2008 (A) and correlation of k-parameter on fruit N concentration in 2008 (B).
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Table 29. Estimated k-parameters and its 95% confidence interval for the relationship between

puree consistency with thermal time in 2008 according to N application.
N

Independent Dependent application Number of Parameters Determination
variable variable observations b r k coefficient
. Puree NO 5 85.94 0.00137 16.71+0.50 a 97.91%
Thermal time - o
(degree days) consistency N60 5 85.94 0.00137 15.97+0.57 b 97.64%
(°Bostwick)  N120 5 85.94 0.00137 15.25+0.49 cC 98.01%

3.5.6. Fruit flesh colour

In 2007, the flesh colours (luminosity, a* and bdocdinates, chroma and hue
angle) were obtained from the different samplespeéch fruits (Table 30). The
irrigation strategies had no significant effect thre flesh colour of peach fruits as
evidenced by the non-significant p-value. N appioca did not produce significant
effects on luminosity values of flesh colour. Howewvhe a* coordinate of peach flesh
was lower under N application. The decrease in a8 accompanied by an increase in
b*, indicating that the fruit flesh colour under &pplication was less red and more
yellow than NO. The chroma of peach flesh undemppliaation was significantly more
saturated compared to the NO. Likewise, the hudeangere significantly higher than
that of NO.

There was a significant interaction effect of iatign strategy and N dose on a*
coordinate and hue angle (Figure 34). Higher ati&#alas obtained under IR2 strategy
combined with NO, while the lowest a* value undérstfategy combined with N120.
On the other hand, higher hue angle was obtainddrus strategy combined with N60,
while the lowest a* value under IR2 strategy corebimvith NO.

Table 30. Effect of irrigation and N application on flesh colour of peach cv. Andross in 2007.

Year Effect Luminosity a* Coordinate b* Coordinate Chroma Hue (°)
2007 CV 3.16% 109.27% 4.79% 4.75% 3.53%
Block <0.0001 <0.0001 0.0017 0.0027 <0.0001
Irrigation ns ns ns ns ns
FI 68.82+0.71 3.20 £ 0.99 65.02+0.78 65.21+0.78 87.17+0.88
IR2 68.61+0.81 3.83+1.10 65.01+0.92 65.26 +0.91 86.61+0.99
IR3 68.51+0.69 250+ 1.11 65.15 + 0.83 65.33+0.83 87.82+0.99
Nitrogen ns 0.0007 0.0214 0.0294 0.0002
NO 68.29+0.84 4.59 + 0.92 a 64.21+097 b 64.48+0.93 b 85.82+0.85 b
N60 68.70+0.66 230+1.06 b 65.17+0.72 ba 65.33+0.74 ba 88.03+0.92 a
N120 68.95+0.69 264+115 b 65.80+0.79 a 66.00+0.79 a 87.75+x1.01 a
L ns 0.0024 0.0060 0.0082 0.0008
Q ns 0.0170 ns ns 0.0113
Irrig x Nit ns 0.0161 ns ns 0.0159

Within each year and column, the CV is the coefficient of variation according to ANOVA results
(a = 0.05). Irrigation treatments followed by different letters indicate significant differences by
LSD multiple range test. Lineal (L) and quadratic (Q) contrast indicate significant trends by N
application. Errors are 95% confidence interval of the mean.
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Figure 34. Effects of irrigation and N application on a* coordinate (A) and hue angle (B)
measured in the flesh of peach fruits at commercial harvest 2007. Different letters indicate

significant differences by LSD multiple range test (a = 0.05).
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4. Discussion

4.1. Introduction

Proper irrigation and N fertilization is essenttal maintain tree growth and
optimum orchard vyield. In addition, producers fdretprocessing industries are
interested to provide high quality fruits (Figurg).3

Input Tree growth dynamics Output
Irrigation Source strength of leaves Yield
N fertilization : . : :
: Sink demand of fruits Fruit quality
Interaction
Environmental ]
factors :
Previous
year

Figure 35. Schematic representation of irrigation and N fertilization effects on yield and fruit
quality, via tree growth dynamics. Also are included the environmental factors and the history of
previous year, which determines the reserves of the tree.

4.2. Growth patterns of fruits and shoots

4.2.1. Fruit growth curves

Stone-fruits such as peach, apricot, plum and ghemd some non-stony fruits
like fig, grape and currant have a double-sigmordwgh curve (Opara, 2000).
However, this curve does not seem to be distinaifvéifferent morphological types of
fruits. The whole fruit growth is the expressionitsfconstituents tissues (Faust, 1989).
In peach, an empirical approach can be used to Inflritegrowth in diameter (Génard
et al, 1991). In our study, growth curve in diameterswaodelled by the sum of two
logistic equations with its correspondent paranset&he first equation described the
initial exponential fruit growth and the lag pha3é&ere were little measures of initial
fruit growth fruit from full bloom until fruit setThe second equation described the
second exponential fruit growth leading up to hatvé&he temperature is important in
fruit development (Faust, 1989) and degree dayraatation was used to measure
thermal time (Figure 9A). The accumulated degrees deom full bloom until harvest
was similar to the value of 1850 degree days asteddl for the Andross cultivar
(Bermanet al, 1998). Obtained parameters may be subsequenthpared between
years to explain different environmental conditi@msl endogenous tree factors (Table
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6). There is a positive correlation between fleshildle solids concentration at harvest
and high and late maximal growth rates during stdid&énardet al, 1991). With this
model it was possible to identify the three stagiefuit development (Chalmers and
van den Ende, 1975), originated by the growth &f @onstituent tissues, the
embrio+endosperm (seed or kernel), the endocatpofpstone) and the mesocarp
(flesh). The growth rate in diameter was usefulctmmpare critical stages of fruit
development (Figure 9B), management practices, rarpatal treatments and
responses to the environment (Opara, 2000).

Fruit size and shape are related by simple allamétinctions, which are the
result of coordinated growth (Mohr and Schopfer93)9 Dalmases (1998) used
allometric functions to study the growth of peaadhité based on diameter, perimeter,
volume and fresh weight. Deviations from the refieee relationship have been
associated with susceptibility to split-pit in pbkafruits, presumably due to inter-
relatedness between shape and growth (Opara, 2@0@)netric relationship are
particularly useful in predicting estimates of friresh weight based on diameter during
fruit development when experimental measurememaiape carried out (Equation 19).
To convert fruit diameter to fresh weight, Génandl &luguet (1996) useal = 0.0027
andb = 2.55, similar to our results (equation 19). Hsaconsidered that the function
precision was adequate to meet industry requiresrfentmonitoring fruit weight during
the season. To convert fruit fresh weight to drygheit was necessary to know the
percentage of fruit dry weight.

4.2.2. Fruit growth versus shoot growth

The double-sigmoidal curve of fruit growth and ttenges in growth rate that
cause it are apparent in both fresh weight andwanght graphs (Figure 10B and C,
respectively). Several physiological hypothesiemfit to explain the regulation of
these patterns by endogenous factors (Faust, 188@g stage-I, cell division and
some cell enlargement contribute to rapid fruitvgtoe When growth rate in fresh
weight began to decline, growth rate in dry weigfats still increasing. At this time, it
appears a strong competition between stone and filegshe supply of assimilates, and
there is a change in dry weight from flesh grovatlstone growth. Also the seed attains
its final size, but its dry weight is still low. €hsynthesis of lignin occurs during this
stage-ll of pit hardening. When growth rate in avgight is at its minimum, flesh
growth rate is still low, and this allow assimilat® replenish the seed during stage-lli
(Batjer and Wetwood, 1958; Chalmers and van dereEb@75; Dann and Jerie, 1988).
The flesh regain their capacity to expand rapidlystage-Ill, however flesh growth
doesn’t depend upon the presence of the seed (Elmbknd van den Ende, 1975). The
development of intercellular air spaces is impdrturing stage-Ill, which is observed
in a decrease in the fruit density (Faust, 1989xddition during stage-Ill the process
of fruit maturation begins (Chapmanal, 1991).

During stage-ll, fruit sink demand decreases andtrabassimilates are allocated
to active growth in leaves (Faust, 1989). Shootvnarate in length was maximum at
the beginning of stage-ll and ceased in mid-sum(fégure 11), which occurs in
similar varieties (Grossman and DeJong, 1995; Giatral, 2003; Weibekt al, 2003).
This growth pattern is observed in leaf dry weigiitich shows a limiting period from
200-700 degree days (Grossman and DeJong, 19986hnknast, shoot growth rate in
diameter was maximum at stage-l and did not ce#iee laarvest (Figure 12). Also
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shoot dry weight and trunk radial growth contintle®ugh post-harvest (Grossman and
DeJong, 1995; Gironat al, 2003; Weibekt al, 2003), although decrease in stage-Ili
(Li et al, 1989; Marsaét al, 2002). In peach, the logistic growth equatiors waed to
compare shoot and leaf growth (Steinbeta@l, 1990). In our study, the growth curve
of shoots in length and diameter at the base wateheadl by a logistic equation with its
correspondent parameters according to thermal firable 8). Shoot growth has a high
variability (Marini, 1985), since shoot growth depe on environmental factors and
tree endogenous factors (Kozlowski and Pallardy97)9 Fruits are considered
important sinks for assimilates in fruit trees dndt growth competes with leaf growth
in stage-l and stage-ll but not thereafter (Bermaad DeJong, 2003). However the
presence of fruits reduces trunk radial increm@&rog¢sman and DeJong, 1995) and
wood dry weight (Berman and DeJong, 2003) durihgtaljes. At the begging of stage-
[l canopy growth is almost complete and net adsition on leaves maintain sink
demand of fruits (Chalmeet al, 1983).

There is a relation between the relative growtle rat fruit dry weight (log
transformed) respect to thermal time, with a negaslope that is similar between
varieties. But the slope shift to zero at differgansition points. These two log-lineal
periods indicate distinct periods of sink activiiyeJong and Goudrian, 1989). The
transition point is at 704 degree days for a vandgth a development period similar to
Andross.

Maximum fruit growth potential is genetically datgned and is attained under
optimal environmental conditions without resouneeitiation, in Andross is 240 g FM
and 32 g DM, which corresponds to a relative drygiveof 13.5% (Bermaret al,
1998). Grossman and DeJong (1995a,b) used the ieatp@pproach to model fruit
growth potential in dry weight during the seasortoading to different thinning
treatments. Fruit growth curves were obtained yin§j cubic splines to log
transformed dry weight data according to the thértime. The length of the fruit
development period was similar to Andross. Thet fdry weight at harvest in trees
thinned just before full bloom was not differenorir trees thinned 4 weeks later (166
degree days after full bloom). However, fruit drgight decreased in trees thinned at
521 degree days, 822 degree days and especidifgan without thinning (Grossman
and DeJong, 1995b). Our results show that fruitmjnorate increased to an initial
maximum at about 500 degree days, reached a miniatwhout 900 degree days, then
increased until 1700 degree days (Figure 10C) aaslsimilar to the curve obtained by
Grossman and DeJong (1995b). Fruit growth was sdurdted during the two periods
of dry weight increase (Grossman and DeJong, 1998ag¢h correspond in our results
from 200-700 degree days and from 1300-1900 detpge.

Mechanistic models are used to explain the undeglyrocesses of fruit growth
(Fishman and Génard, 1998). The accumulation oémiatthe sum of the water inflow
from xylem and phloem and the water outflow dudrtit transpiration. On the other
hand, the accumulation of dry matter is the diffieebetween the uptake from phloem
and loss through fruit respiration. Biophysical a&ons are used to calculate the
phloem and xylem transport to the fruit and thepir@sion and transpiration to the
ambient air. The model was suitable in simulatirgagh of fleshy fruits, such as stage-
[l of peach fruit growth and can explain diurnalif shrinkage by combined effects of
water status and fruit load (Fishman and Génaré3)19
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4.3. Water relations

4.3.1. Weather conditions, soil water content and ater dynamics

Weather conditions

The total water requirement is the amount of watsressary for tree growth and
yield, which can be satisfied by irrigation in camdtion with rainfall (Doorembos and
Kassam, 1979). The total water supply (Pefekrig) in the experimental plots was
determined at the end of each stage (Table 1lgnasnportant step in comparing
among years. The daily water requirement variegnduhe season, and includes tree
transpiration and soil evaporation. The water neguent is dependent on plant, soil
and weather conditions. In this study, the equatieed to calculate ETc was developed
by FAO-56 as ETc = Ke< ETo, with a single coefficient (Alleet al, 1998). ETo
depends on solar radiation, but also on the drgifect of the wind and of the vapour
pressure deficit of the air. On the other hand, ESTenodified by an empirical crop
coefficient (Kc) which reflects the water use oftlree during the season. This
coefficient includes tree density, training systana tree height, which contribute to the
roughness of the tree and soil evaporation thatrodaring the early period of canopy
growth (Gironaet al, 2004b). In fruit trees water use also dependsfroit load
(Mpelasokaet al, 2001). In this study, the experimental plotsemfll irrigation were
daily irrigated according to a water budget of pinevious week and the crop coefficient
(Kc) was obtained from adjusted values to peachavds in local conditions (Girona,
1996).

Also, the Kgio was calculated to compare different stages, astdte water
supply (Pefec + Irrig) divided by total ETo (Taldl&). Therefore, during stage-I, o
did not meet 1. But at stage-Il and stage-lll dgraanopy growth, Ko, approached 1
or would even exceed it. At post-harvestgi again decreased. Because of this
variation the total water supply from stage-| tag&-1ll was 70-90% of cumulative ETo
(Table 11). Based on Ben Mechk# al (2002) such Ko, could be used to compare
fruit yield among different years and to determihe effect of irrigation restriction on
total soluble solids of the fruit.

Better predictions of ETc may be obtained by thealdarop coefficient
methodology, determined as ETc = (Kcb + Ke)ETo, where Kcb is the crop
transpiration coefficient and Ke is the soil evagiimn coefficient (Allenet al, 1998)
and has been be used in peach orchards (O’'Coenall, 2006). This Kcb value was
obtained from ETc determinations using a large hieig lysimeter (Ayarst al, 2003),
soil capacitance probes (Parletsal, 2005), a calibrated heat pulse probe (Goodstin
al., 2006) or the eddy covariance method (Patoal, 2006). Tree transpiration
component was related to effective canopy coverQE@&t solar noon made from
FIPAR determinations during the growing seasonnteb = 1.5 ECC (Ayart al,
2003; Goodwiret al, 2006). Soil evaporation was low under drip &tign due to low
wetted area, then Ke = 0.1 (O’Connedtlal, 2006).

Soil water content

The amount of water that can be extracted fromsthiedepends on the depth of
the root system and the volume of coarse elem@aidget al, 1994). In this study, the
soil orchard was shallow with a high content coaetements. A shallow root
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distribution prevents the water uptake from grealepth (Garnieret al, 1986).
Furthermore, peach trees were drip irrigated, wimaintains the soil wetter in spots
near the trees (Dasberg and Bresler, 1985). Unijeirdgation root system are mostly
located in the upper part of soil (Ruiz-Sanclezal, 2005) and root length density
increases within the wet bulb (Abrisquedtal, 2008). Irrigation water was supplied
directly to the tree depending on its requirememtd soil water content changed
accordingly. Soil water content decreased from higinning of the day, and was
depleted until lower levels in days with higher E(Fogure 13). In peach trees, wetting
only a part of the root system can maintain thedpération rate (Doussaet al, 1999).

In addition, higher water depletion was observeduly (Figure 13), when canopy size
was maximum. At high soil water content, the majesistance to water uptake is
located inside the root, as a consequence, rocérwagitake is proportional to the
rooting length density (Mmolawa and Or, 2000). Tisod water content fluctuations
were due to irrigation events and root water uptakhkin the wet bulb, but root length
density is seldom measured (Abrisquetal, 2008).

Availability of stored water is determined by limiset by soil physics (Pla, 1994).
The water retention points were measured at acsuofi0.033 MPa and 1.5 MPa in the
laboratory. The amount of available water was 48m by taking this difference and
soil physical properties. The use of such appraaassential for evaluating soils, that
in this orchard presented a low water holding capatlowever, the upper drained
level and the lower level of water extraction, néede determined in the field so that
actual changes in soil water content can be obdef@ lysimeter grown trees it was
found that allowable depletion had to be maintaiapgroximately until 50% for an
unrestricted evapotranspiration (Giroea al, 2002). The goal of a well-managed
irrigation program is to maintain soil water corit&etween these two levels. In this
study, soil water content was measured with capao# probes (Villar and Ferrer,
2005). But soil heterogeneity required to calcuthtesoil relative water content (RWC)
with the two levels of water extraction obtained éach probe. Soil water content in Fl
trees followed the same pattern along the threesyeath average values always within
the range of 100% and 50%, but daily minimums weveer during stage-Ill (Figure
16). It has been shown that soil water content esmgs during the period of fruit
growth in peach (Garnieet al, 1986) and in grapevine (Ortega-Farésal, 2004).
According to daily drip irrigation, soil water camtt is maintained high in apple trees
during fruit growth (Toret al, 2004), but with higher fluctuations from abotie 1L00%
level just after an irrigation event until 50% |éby soil drying (Figure 15). After fruit
harvest soil water content tended to increase. antand winter precipitation were
important for recovery of soil water content afpest-harvest period (Figure 16).

Water dynamics

Water deficit was determined by a simplifigghter balance formula (Villar
et al, 2002), as ETo — (Pefec + Irrig). The changesoil water content could be
correlated to water deficit for each developmemigst (Table 12). Thus, soil water
content decrease was higher for days with highéemdeficit. The importance of water
balance on soil water content have been reportddferent soil types (Pla, 1994).

Also, trunk shrinkage was correlated with soil watentent for each development
stage (Table 13). The trees were growing on avéthl a low water holding capacity, in
which the changes of soil water content on truninghage were higher under low soil
water conditions than when these conditions wettehesuch as in 2008. In contrast,
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the effect of water deficit on trunk shrinkage wagher during 2008 than in 2007
(Table 14). Thus, soil water content and wateraitefvere found to be the main factors
in explaining the course of trunk shrinkage. Thessilts are in agreement with forest
tree studies showing that trunk radial changes cmeelated with water balance
(Bouriaudet al, 2005; Zweifelet al, 2006). The tree water status is expressed nktru
radius changes and it takes into account thatvatigl parts of a tree are hydraulically
interconnected (Fereres and Goldhamer, 2003; Delted, 2007; Steppet al, 2008).
But according to the results, tree water status deggendent on the environmental
factor more limiting, which can be the soil or titenosphere.

During stage-lll, irrigation restriction affectediswater content (Figure 15) and
consequently middaWs.em (Figure 19A). A threshold level for the onset Wk
decline was established at 72% of soil RWC. Thisghold corresponds to an average
soil water content of 0.167m™ measured with capacitance probes in the soil cdcha
This threshold is higher in coarse textured sditin fine textured soils (Sadras and
Milroy, 1996). Thus this threshold reflects thatil swater content affects tree
physiology (Gironaet al, 2002).

4.3.2. Fruit growth, weather conditions and changes Ws.emand g
Seasonal patterns d#iemand g under full irrigation

In FI trees, middayWs.em decreased along the fruit growth period and athie
lowest value in stage-lll (Figure 17C), which coded to expansive fruit growth. This
seasonal pattern of midd&.mhas been observed in peach trees (Berman and @@eJon
1996; Goldhameet al, 2002; Brylaet al, 2005) and grapevines (Marslal, 2008;
Ortega-Fariaset al, 2004). This supports the observation that midday, is a
sensitive indicator of tree water status in stanéd, including nectarine (Naat al,
2001), Japanese plum (Naor, 2004; Intrigliolo arakt€l, 2006) and French prune
(Lampinenet al, 2008), and also in grapevines (Williams and Aoa2002). After
harvest, there was an increase of middfay,to less negative values (Figure 17C).

In FI trees, midday gwvas low in stage-I, but its pattern changed in ganson to
Wsem SiNce g increased during the period of fruit growth (Figut7D), attaining
maximum values at the end of stage-lll (Marsal &wna, 1997; Marsadt al, 2002).
After fruit harvest midday gtended to decrease (Figure 17D), which is contgistéh
the observed behaviour in other species (Yoon aictit&m 1990). However, this
seasonal pattern is not always observed in peaek grown in deep soils (Giroatal.,
2005). According to Chalmeset al (1983) the development stages of peach are better
described according to fruit growth rate in dry gigj because the changes in sink
demand of fruits explains the effect on leaf g

Fruits and leaves can be considered as competkg 8r water and assimilates.
In trees which are in the stage of high fruit griowdte, assimilates produced in leaves
are transported rapidly to fruits, and a substhlgieel of assimilates are accumulated in
fruits toward the end of its development. Thustfrgiowth produces a progressive
decrease oMW, (Taiz and Zeiger, 1998). This effect can expldia mechanism that
links fruit growth with leaf transpiration and nassimilation rate (Chalmemst al,
1983). Fruit thinning and summer pruning can beduseimprove tree water status
(Marsalet al, 2005; Marsaét al, 2006; Lope=zt al, 2006).
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Daily patterns of%.emand g under full irrigation

A diurnal trend ofWsemmand g was obtained during two different days in stage-I
but with similar weather conditions (Figure 20 &1d respectively). At the beginning
of stage-lll, Wsem decreased steadily from predawn to midday. Bubhatend of stage-
lll, Wsem decreased at a higher rate from predawn to midblaypeach treesWsiem
shows a recovery at 16:00 of solar time (Garnier Berger, 1987; Gironat al, 1993;
Berman and DeJong, 1997a). Diurnal change¥&f, influences peach shoot growth
rate that attains its minimum at midday (Weilstlal, 2003; Berman and DeJong,
1997b; Basileet al, 2003a). Fruit diameter also displays a diurredtgsn (Tonet al,
2004). During the daytime, when transpiration regcits maximum value, the fruit
fresh weight does not increase or even diminisiwbgreas the dry matter accumulates
during this time. The most intensive accumulatidnfrait fresh weight takes place
during the night (Fishman and Génard, 1998).

The daily pattern of gobtained is in the range of other fruit trees (Nebal,
1995; Doltraet al, 2007) and forest trees (Kostredral, 1992; Zhanget al, 1997),
which showed a decreasing trend from the morninigh wo apparent recovery in
afternoon (Figure 20 and 21). In peach trees, wimnly g values are plotted against
Weat Values a hysteresis loop appears during the caidirgee day (Garnier and Berger,
1987). Hourly gincreases at the beginning of the day, showingeimg peak, with a
correspondent decrease W, Stomatal closure occurs thereafter, but not prisve
Wear to fall further in the midday. Diurnal changes‘#,s not exert a major influence
on g, whereas stomata closure allows the recovelyQfin the evening.

In trees, stomata open at the beginning of the dsya result of increased solar
radiation (Kostneret al, 1992), and stomata closes during afternoon spaese to
increasing VPD (Pataket al, 1998). In peach leaves, a reduction gfaffer the
morning peak occurs when the VPD is above a thtdsbb 1.2 kPa (Garnier and
Berger, 1987).

VPD is an important environmental factor contrajlistomatal response at daily
scale (Jones, 1992). The response aogVPD may be non-linear, which suggests a
feed-back control of gby VPD. An increase in VPD will involve an increams leaf
transpiration, and consequently a decreaséV iy that will regulated the stomatal
aperture. Also VPD may affect directly thought a feed-forward control, and then g
decreases linearly with VPD.

Effect of irrigation on%4,emand g

Irrigation restriction affected middaysem which decreased in IR2 trees, but
especially in IR3 trees (Figure 18), since stagevdls longer than stage-Il (Table 10).
Average values were always above the threshold & MPa, when visible leaf wilting
occurs (Chalmerst al, 1983). In contrast, midday gas not affected in IR2 trees, and
was slightly reduced in IR3 trees (Figure 18). ®igect of irrigation restriction is
greater on middasemthan on g (Gironaet al, 2005). After the period of irrigation
restriction, complete irrigation supply was restbend midday¥sem and g tended to
recover (Figure 18). However, the recovery of midd&.m is faster than g(Natali et
al., 1985). This delay insgecovery may be explained because the leaf hasg&in
turgor previously (Torrecillas et el., 1996).
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In FI trees, the middasem followed the same seasonal pattern and attained
similar values among the three experimental yeligufe 18), in spite of lower fruit
load in 2006 than in 2007 and 2008 (Table 22). Tamult appears in well irrigated
trees, in which middasemis independent of fruit load, but under irrigati@striction
midday Wsiem decreases with increasing fruit load (Berman amrdddg 1996; Naor,
2004). However, this later effect was not obsensdice middayse.nm attained lower
values during irrigation restriction, especially2006 with low fruit load (Figure 18).
Then, weather conditions may explain this behaviaander irrigation restriction,
because during the fruit growth period, VPD washbkign 2006 than in 2007 and 2008
(Table 10). Under irrigation restriction, midda¥sen decreases with increasing
evaporative demand of the air because of the ragistance of water flow through the
xylem vessels. As a result, the water balance fexci#d and middaWsem decreases
(McCutchan and Shackel, 1992; Fereres and Goldh&2088). The relation between
middayWsiemto maximum VPD can be utilized on grapevines twemi the values and
thus reduce irrigation dose on days of high evap@aemand (Olivo, 2009).

Predawn W, is related to soil water content since it représethe water
availability in the soil after the equilibrium ofater potential between the soil and the
root at the end of the night (Natat al, 1985; Gironaet al, 1993). Thus, when
irrigation was delayed until midday, the preda¥ig,s was lower in IR3 than in FI trees,
(Figure 20). However, when irrigation was supplleefore sunrise, the predawes
was not different between IR3 and FI trees, (Fig2it¢. Also it was observed how
predawnW,,s decreased during stage-Ill, which occurs duringf fyrowth (Marsal and
Girona, 1997).

During stage-lll middays.em was affected by soil water content (Figure 19A)
and midday gwas negatively correlated with midd&s.em (Figure 19B), which is
consistent with previous reports (Naor, 2004). 0®2 and 2008, midday; glecreased
largely asWsiem became more negative. During a drying period, wailer content is a
strong regulator of g(Granier and Bréda, 1996) and this stomatal ckosuay be
induced in response to soil drying by a hydraukedback through water potential
(Jones, 1998).

However, the trees maintained lower values of nydglan 2006 as opposed to
2007 and 2008, and it was found that a decreasgddayYs.m caused a little change
in gs (Figure 19B). This down-shift is associated withvéo fruit load (Marsakt al,
2008) or higher VPD (Floret al, 1985) for 2006. The effect of fruit load onfgom
other studies is not clear. Thug,mapple trees without fruits is lower than inesewith
fruits during the daytime and along the season €Retyal.,, 2006). But this response to
fruit load changes in lysimeter-grown apple tress] g is higher in trees with low fruit
load, although tree water use is lower, than iagneith higher fruit load (Mpelasola
al., 2001). Also VPD affects stomatal aperture inlwehtered trees (equation 7),
causing a decrease ipas VPD increases.

Mechanistic models are used to explain the undeglyiesponse of canopy
conductance ¢¢) to environmental conditions, soil water contemid acanopy size
(Granier and Bréda, 1996). Under non-limiting coiedis the maximum canopy
conductanceg:may depends on light intensity and VPD. Thgrraxis reduced by using
multiplicative limiting functions, which depends @woil water content and canopy
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growth. Each component function is obtained frorprapriate experiments and take a
non-lineal form. The Penman-Monteith equation fanspiration has been used with an
estimate of). to calculate tree water use in peach (Geinal, 2005).

4.3.3. Effects of irrigation on growth

In peach trees, IR2 strategy reduces shoot exten@Birona et al, 2003).
Maximum shoot growth rate coincided with the begqugnof stage-Il (Figure 11). Also
IR2 reduced shoot extension, although without §icgmt effects (Table 9). The effect
of irrigation was more important in pruning weighhd FIPAR, because these are
measures of the whole canopy growth (Dehghanigdrad), 2007). In IR2 trees canopy
size was lower than in FI trees, while IR3 strategy not affect canopy size when
canopy growth had been ceased (Figure 25 and 22ble

The earliest effect of even mild water deficit aisreduce shoot and leaf growth
rate (equation 10; Andersen and Brodbeck, 198&ebbanet al, 1994). However, as
Wqem decreases, leaf growth is inhibited before tha éessimilation rate (A. Rieger
and Dummel (1992) demonstrated that leaf(@mol m? s') decreased linearly with
Wsiem (MPQ) in peach trees by, A 14.1 + 4. Mgy, Under mild water deficit there is a
shift in assimilate partitioning, dry matter accdatas in leaves and leaf weight per area
increases (Munns, 1988). SLW was higher in IR2sttban in Fl trees, and this effect
was maintained until post-harvest (Table 15). HamvelR3 strategy had no effect on
SLW. This different effect of irrigation restrictioon canopy growth and SLW may be
explained by a higher effect of IR2 during activenepy growth, than when shoot
growth have been ceased during stage-Ill (Figuje 11

Peach fruits can experience compensatory grow#s ratter restoring complete
irrigation, following mild IR2, whereas growth ratef fruits on Fl irrigated trees
remained essentially unchanged (Chalnedral, 1981; Liet al, 1989). These effects
were observed in 2006 and 2007 (Table 7), but m@&008. In this year, IR2 reduced
fruit growth rate in diameter during stage-ll, bafter restoring complete irrigation
during stage-lll, growth rate was lower than Fhastgy (Table 7). On the other hand,
fruit growth is highly responsible to IR3 (Bessat al, 2001) and during all three
growing seasons, IR3 reduced fruit diameter graaté during stage-Ill (Table 7).

4.4. Mineral nutrition

4.4.1. Leaf nitrogen concentration

Seasonal tree growth is linked to N dynamics (Rafad DeJong, 2001). The
seasonal growth of shoots in length was sigmoidath) its maximum growth rate
during stage-Il and then during stage-lll growtkerhad been stopped (Figure 11). N
application increases shoot extension and leaf @@dor and van den Ende, 1969; Jia
et al, 1999). But there was not a clear effect of Nedos shoot growth (Table 9),
probably because shoot extension is highly varig®larini, 1985). However it was
observed that N application increased pruning we(dhable 22) and FIPAR (Figure
25), since these are measures of whole canopy lgr@vt the other hand, trunk growth
continues until leaf fall (Goldhameat al, 2002; Weibelet al, 2003; Gironaet al,
2005) and is affected by N supply (Taylor and vam &nde, 1969). Root N uptake
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requires the availability of assimilates (Huett98) thus increases with active leaf
growth and remains high during the growth perident decreases again during leaf
senescence (Wallaatt al, 1990). Also, white root growth in trees with dpdication
show a rapid increase during May and early Jurlevield by a decrease in mid-June,
then there is a rapid decrease because of suléofiqJiaet al, 1999).

The application of N maintained higher leaf N cartcation and shoot N
concentration (Table 16). The effect of N applicativas also observed in leaf relative
light absorbancea() values (Table 15). This response in peach tvees observed
since the first experimental year. However, theraswot an effect of irrigation
restriction on leaf N concentration. In other réapoN application in peach trees also
increased leaf chlorophyll content (Almaliots al, 1997; Jiaet al, 1999), leafa,
values (Rubio-Covarrubiat al, 2008), leaf N concentration (Taylor and van Hendle,
1969; Rufat and DeJong, 2001) and shoot N condentr@Johnsoret al, 2006). Peach
differs from other deciduous fruit trees by higiherequirements, and N fertilization is
necessary to maintain a suitable tissue N condeoriré-aust, 1989). Leaf, values and
leaf N concentration determined at end stage-bwatd a decreasing pattern along the
three years, especially in NO trees. A minimum IBatoncentration of 2.45% was
measured in 2008 in NO trees, but the leaves didshow deficiency symptoms. In
peach trees, the range considered as adequateesleollected at mid-July is 2.0-3.5%
DM (Villar and Aran, 2008). This range is higherr fpeach trees for processing,
reaching 2.6-3.5 % DM (Ogawet al, 1995), because these trees have to sustain a
higher fruit load.

Leaf a, and N concentration are useful indicators of Nustan peach trees
(Rubio-Covarrubiagt al, 2008). There was a positive relationship betweaha, and
N concentration at the end of stage-Ill (Figure. Zimilar results are observed in other
woody trees (Porr@t al, 2001; Chang and Robison, 2003), although theessgn
equation changes between species. These changebendye to leaf thickness and
water content (Chang and Robison, 2003). Furthalysis show that this equations are
also stage specific, in which the slopes are smailaong stages, but the intercepts are
much more variable (Poret al, 2001).

Unlike irrigation, there was no a significant etf@e¢ N application on middags,
although N application increased leaf N concerdra{iTable 16) and canopy growth
(Figure 25). Similar results have been reportedvandy trees (Alleret al, 2005). In
peach trees net assimilation rate of leaves dexsdashigh N application (Almaliotist
al., 1997; Jieet al, 1999). N application tended to decrease SLWeech leaves (Table
15) and in other woody trees (Walters and Reicl8919SLW is highly correlated to
leaf N content per unit leaf area in peach leaaés;ontrasting sun exposures in the
field, although the slope increases with N appiloca(Rosatiet al, 1999). Also SLW
determine the capacity for net g@ssimilation rate in different fruit species, limd
different leaf physiological processes to environtakconditions (DeJong and Doyle,
1985). The specific leaf weight (SLW) of mid-shded&ves was higher in 2006 than in
2007 and 2008 (Table 15), because when fruits deaompete with leaves, dry matter
accumulates in leaves (Dichet al, 2007) and leaf weight per area increases (Nii,
1997).

Leaves accumulate the highest N content among@ding during the season and
mature leaves were capable of translocating nitroge compounds to other organs
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(Policarpoet al, 2002). According to the results, leaf N concatidn decreased from
the end of stage-Il to the end of stage-lll (Tab#. This pattern has been established
for peach leaves and decreased during the leaflapswent period (Batjer and
Westwood, 1958; Carpena and Casero, 1987).

4.4.2. Fruit nitrogen concentration

Batjer and Westwood (1958) determined the seaguatédrn of N concentration
in the peach flesh, which decreased during staded, tended to increase at the
beginning of stage-Il of pit hardening. This upwamehd continued during stage-Il and
then declined during stage-Illl of fruit expansiv@wth. According to the analysis of
the whole fruit, N concentration decreased fromehd of stage-Il to the end of stage-
[l (Table 16). This pattern resulted from the e between fruit dry growth and N
accumulation within the fruit (Batjer and Westwod®58). Although fruit N demand
increased during stage-lll (Tagliaviat al, 2000), N concentration decreased, due to a
dilution effect by rapid increase in dry weight (Riuand DeJong, 2001).

N application increased fruit N concentration atvieat, but were not significant
different between N60 and N120 (Table 16). Fruiessironger sinks for N than leaves,
particularly under low N application (Rufat and Deg, 2001). In other experiments, N
application also increased fruit N concentrationpefich (Rufat and DeJong, 2001),
apple (Rufat, 2003), apricot (Busst al, 2003) and cherry (Neilseat al, 2007).
However, there was not an effect of irrigation riebn on fruit N concentration (Table
16). In peach there is little information about thects of irrigation restriction on
nutrient composition of fruits (Behboudian and BlilL997). The plant growth regulator
paclobutrazol, that inhibits shoot growth and iases yield efficiency in peach, did not
affect fruit N concentration (Blancet al, 2002b). Under severe irrigation restriction
during the fruit expansive stage of apple, accutrariaof soluble sugars, amino acids
and K occurred in fruits (Faillat al, 1992).

Taylor and van den Ende (1970a) obtained a furithigresting response to N
application on various fruit parts of peach at leatv Thus, N dose increased markedly
the concentration and content of N in the epicarpesocarp and in the whole fruit, but
only slightly in the endocarp. However, N dose dat influence the N concentration
and content of the seed. Seed dry weight was losoimparison to other fruit parts (0.2
g DM), but seed N concentration was very high (836N mg* DM) irrespective of N
dose (Taylor and van den Ende, 1970a).

On the other hand, fruits without N application wied higher growth rates and
higher fruit diameters particularly during stageald stage-lll, although only with
significant effects in 2007 (Table 7), possible dexe in NO trees the fruit load was
lower and maturity occurred earlier. Rufat and DeJ¢2001) observed in peach that
low N application stimulated fruit growth, with tigr fruit dry weight at harvest. As
reported by Saenet al (1997), N application extended the fruit develemmnperiod,
increasing assimilate availability for fruit growtHigh fruit load also extends the fruit
development period, and is associated with inteérfmampetition for assimilates, but the
effect of N is greater than fruit load (Saeet al, 1997). In other experiments N
application did not significantly influence the dmgight of the fruit parts or whole fruit
of peach (Taylor and van den Ende, 1970a).
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4.4.3. Nutrient relations

Among the macronutrients analysed in leaves atstage-Ill, Ca concentration
was the greatest (3.53%), followed in order by N%%30), K (1.79%), Mg (0.70%), P
(0.18%) and S (0.17%). Similar values were obtaibgdBatjer and Westwood (1958)
and Carpena and Casero (1987). However, the sdgsaitern of leaf concentration in
macronutrients displays important differences, & ldrdecreases as leaf matures due to
phloem translocation, while Ca and Mg accumulatéeawves throughout the season
(Batjer and Westwood, 1958; Carpena and Casero7;1B&nco et al, 2002a).
According to the results, leaf P and K concentratiecreased from end stage-Il to end
stage-lll, while Ca and Mg increased (Table 17,188and 20, respectively). Leaf S
concentration decreased slightly during the samegéTable 21).

On the other hand, it was observed that increabimdgN dose produced a decrease
in leaf K, but an increase in leaf S. The effecNotlose on leaf Ca and Mg changed
from 2007 to 2008, since N application reduced (@afand Mg in 2007 but increased
such concentrations in 2008. Leece (1976b) and Kdtiset al (1997) analysed peach
nutritional status and found that N application \@asompanied by a decrease in K, Ca
and Mg leaf concentration. [itrus trees, leaf P, Ca and Mg concentration not respond
to N application, but leaf K concentration decresaskghtly (Heet al, 2003). The
increase in leaf S concentration by N applicatioaynbe associated with proteins,
because S is the constituent of the amino acidgiagsand methionine, and with the
tripeptide glutathione which serves many metabdliactions (Marshner, 1995).
Arginine is another amino acid that contains N, @rghs been shown the concentration
of arginine in roots in dormant trees is the masis#ive indicator of the N status of
peach trees (Taylor and van den Ende, 1969).

The IR2 strategy affected the relationship betwee@a and Mg in leaves (Table
18, 19 and 20, respectively). The strategy IR2 ceddeaf K concentration, while the
opposite occurred with leaf Ca and Mg concentratikeurthermore, these effects were
maintained after restoring complete irrigation dgristage-lll. These results are
consistent with the importance to K uptake at l@mN water content, especially under
drip irrigation and coarse textured soils (Blasatgal, 1990). There is a competitive
interaction between K diffusion and Ca and Mg maassport from the solil to the root
when soil water content decreases (Giulivo, 19B0@rapevines, soil water restriction
decreased leaf K concentration and increased lasdrd Mg concentration (Bogoet
al., 1995b). The plant growth regulator paclobutratioht inhibits shoot growth and
increases yield efficiency (Blancet al, 2002b), affected leaf nutrient concentrations
and decreases K while increases Ca and Mg (Huett, 1997; Blanccet al, 2002a).
Irrigation restriction decreased leaf K concentratin apple (Neilsert al, 1995) and
sweet cherry (Neilseet al, 2007). During stage-Ill shoot extension had edasnd
leaf nutrient concentration, measured in IR3 trgas not different from FI trees.

Analysis carried out in winter pruning shoots dmt show consistent differences
between different treatments, except for N. As eerall average, of the macronutrients
analysed in the shoots at winter pruning, Ca cadnagon was greatest (1.53%),
followed in order by N (1.30%), K (0.46%), Mg (0%%, P (0.12%) and S (0.07%).
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4.4.4. Fruit nitrogen exportation and residual soilNOs-N

The annual N fertilizer requirement depends onttée N demand and the soil N
supply, adjusted for the efficiency of N fertilizeptake &) (Scottet al, 2004):

N

demand
N, =
ef

N

supply

equation 25

The efficiency of N fertilizer uptake for a wha@trus tree is 75% grown in a container
with drip irrigation (Quifionegt al, 2003), but may be 13% in a peach orchard with a
single N application (Nariet al, 2003).

In fruit trees, a complete N demand balance ne&dsneasurement of the
biomass and N concentration of all the various tpleomponents: foliage, fruits,
branches and roots (Rufat and DeJong, 2001). Hawthedruit component is the most
important because fruit yield was exported outsideorchard, whereas foliage, pruning
branches and roots remain in the orchard and eaijnhecomes in organic matter. The
increase in fruit N concentration by N applicatiwas expressed in an increase in fruit
N exportation (Figure 24A). For N60 dose, fruit kpertations increased from 19.8 kg
N ha’ in 2006, to 57.6 kg N Rain 2007 and decreased to 39.6 kg N e2008. These
fruit N exportations were not different between NG@ N120. Moreover, there was not
an effect of irrigation restriction on fruit N exjpations.

On the other hand, N supply comes from soil N adé during the growing
season (Villart al, 2002). Soil N@N was determined in February of each year, after
the growing season (Figure 24B). The initial SoDAN was 29.8 kg ha Soil NO;-N
in NO and N60 treatments tended to decrease in,20B8e N120 maintained higher
values and not decreased until 2009. In peach ashaoil NQ-N increased linearly
with N application until 250 kg N ha yéh¢Daaneet al, 1995). Reference levels of soil
NOs-N are between 10-15 ppm (Villar and Aran, 2008) dnigher concentration
indicate potential N leaching below the rooting edPaaneet al, 1995). These levels
correspond to 38.7 and 58.1 kg'hir this soil, which were not attained in any year
(Figure 24B). Also there is a N supply in decidutregs due to an internal resorption of
N from leaves to perennial organs prior to senesegiKillingbeck, 1996). In the
following season tree N reserves are used for ftaeeelopment and new leaf growth
(Mufiozet al, 1993).

4.5. Yield components
4.5.1. Total fruit yield and water productivity
Full irrigation

In FI trees, favourable soil water conditions wemaintained during the whole
period of fruit development. However, yield was &wn 2006 than in 2007 and 2008,
due to changes in fruit load (Table 22). Yield @ases proportionally with fruit load,
up to a threshold. This fruit load threshold and thaximum vyield are higher in late
maturing cultivars. A lower increase in yield isticeable when the number of fruits per
tree is increased further, probably because okasing source limitation (Johson and
Hanley, 1989). Fruit thinning is used in commerdialt orchards to adjust the number
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of fruits per tree. Although yield is reduced, frsize is increased, which usually results
in greater economic return to the grower. In peaebs, yield is improved if trees are
thinning early, either at blooming or when the ffiigi recently set (Miranda and Royo,
2002). Hand thinning at 20 days after full bloomc@nsidered the best time to thin
peach trees (Njoroge and Reighard, 2008). Howdoepeach trees for processing, the
highest economic return is achieved at a high faat with a relatively small fruit size
(Reginatoet al, 2007). In FI trees from 2006 to 2008, total tfiloead was 126, 509 and
459 fruit tre€', respectively. On the other hand, fruit fresh eigas 195, 131 and 149
g fruit™, respectively.

N application increases yield (Taylor and van demdd; 1970a; Saenet al,
1997). The N effect on yield was not significantidg 2006. But, in 2007 and 2008, N
application supposed an increase in fruit loadppgrsize and yield. Also N application
increased water productivity (WP) (Table 25), beseahigher N uptake allowed to
increase yield with the same amount of water. Harethe increase in fruit yield might
diminish by an excess of N application (Kusakabal, 2006).

Irrigation restriction during stage-Il of pit haraeng

In early experiments conducted in Australia, irtiga dose was restricted to 50-
60% during stage-Il to reduce excessive canopy tjraamd to enhance fruit yield
(Chalmerset al, 1981). In subsequent experiments IR2 reduceckssiee canopy
growth (Bolandet al, 1993) without yield losses (L&t al, 1989). However, soil
orchard conditions (soil depth and water holdingacaty) can affect the response to
irrigation restriction (Behboudian and Mills, 199if) addition to fruit load (Naor,
2006). In small soil volume, irrigation restrictiorduced shoot growth much easily
(Boland et al, 2000). Also, in a shallow soil profile, the edliafter IR2 was rapid in
less than a week (Marsal and Girona, 1997) buteepdsoil profile may take several
weeks (Gironaet al, 1993), determined according to midd#y.:. Under low fruit load,
midday Wsiem tended to recover following IR2 (Na@t al, 1999), by reducing tree
water consumption (Ayarst al, 2003).

From the results of this study in a shallow sodfpe (with a low water holding
capacity) and unthinned trees, it is shown how iB&uced significantly canopy size
(Figure 25), without significant effects on yielBigure 27). Same results are obtained
in peach orchards grown in shallow soils (Girebal, 2003) and deep soils (Girora
al., 2005) with relatively high fruit load. Adequaiteigation is needed during stage-I
when fruit cell division is occurring (Chalmeet al, 1981). Once on stage-Il of pit
hardening, most of the dry matter and water arelewdor leaf growth and irrigation
restriction reduces canopy growth (Bolaedal, 1993). Under IR2, there was not an
effect of N application on yield in 2007, but ina positive yield trend of N dose
was obtained for both total fresh yield and dryldji€lable 25). Soil water conditions
were lower in 2007 than in 2008 (Figure 16).

The application of IR2 strategy, provides a bass ihcreasing WP, with
irrigation water savings but without yield loss @lherset al, 1981; Liet al, 1989).
Thus, IR2 allowed to increase the WP in 2006 ar@/2@spect to Fl strategy, however
IR2 not affected WP in 2008.
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Irrigation restriction during stage-Ill of flesh gwth

Tree water requirements in stage-lll are much highan in stage-1l (Bolanét
al., 1993; Ayarset al, 2003) and fresh yield is more affected than ylejd to IR3,
although high fruit loads tend to increase yielchssigvity to irrigation restriction
(Berman and DeJong, 1996; Girosetzal, 2004).

In 2006, an irrigationx N interaction was obtained but it was not consiste
because the data presented a high coefficient riditicn (Table 25). Nevertheless, in
2007, the effect of irrigation was dependent onpidligation (Table 25), and a positive
yield effect of N dose in FI trees was observed|emie opposite occurred in IR3 trees.
In Figure 27 is shown that higher orchard yieldririrees were obtained in combination
with N120, while in IR3 trees by N60. Thus the I@tverchard yield was obtained in
IR3 trees combined with N120. It is interestingnime that in 2008, with higher soil
water conditions (Figure 16), the interaction effeltsappeared and N application
increased fruit yield within all irrigation (TabRb). Yield increases by irrigation up to a
threshold level (Naoet al, 1999). In Figure 27 is shown that higher orchaedd was
obtained in combination with N120.

Although IR3 saved irrigation water, the WP was different from Fl trees, since
IR3 decreased significantly fruit fresh yield in@and 2007 (Table 25). In 2008,
however, WP of IR3 trees was higher than FI trbesause of irrigation water savings
maintaining total yield.

There is a fairly constant relationship in peacletween the cessation of
vegetative growth and time of flower initiation (i, 1989). After harvest, trees were
without fruit load and there was an increase ofdaydWsem to less negative values
(Figure 17C). In early maturing cultivars, with gpperiods between harvest and leaf
fall, irrigation may be restricted after harvestdave irrigation water (Dichi@t al,
2007). But severe irrigation restriction can havedetrimental effect on vyield
components in the subsequent season (Kaat, 2005) due to lower fruit set (Girona
et al, 2003). Irrigation restriction during post-harvggreases the flower density of the
following season, but unfortunately also increasies occurrence of double fruits
(Johnsonet al, 1992). In fruit thinned trees, there were nofedénces between
treatments according to fruit yield or fruit sizeit fruit ripening was somewhat delayed
(Larson et al, 1988). Complete irrigation supply during postMest to all the
treatments and autumn precipitation was therefoygortant for maintaining soil water
conditions (Figure 16).

4.5.2. Fruit weight at harvest

Average fruit fresh weight at harvest was affedigdrrigation water supply. Also
fruit dry weight depended on the relationships leetw the total fruit load and the
canopy size.

Fruit load/Pruning weight ratio

Important effect of IR2 was the reduction of prugimeight respect to FI, while N
application tended to increase pruning weight. Puginveight is well correlated with
leaf area (Naoet al, 2002), and therefore, may serve as a practicitator of canopy
growth. Since fruit load (Q) and pruning weight (#®re different among years, the Q/P
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ratio was determined (Table 22). Irrigation resioic increased the Q/P ratio in
comparison to FI trees, particularly in IR2 trebs.contrast, the Q/P ratio decreased
under N application. The decrease of Q/P ratielsted with an increase of the source
strength of leaves since it favours the availabit assimilates to sink demand for fruit
growth (Reginatoet al, 2007). The Q/P ratio was used to compare thi¢ faight
under different irrigation strategies to obtain atgmtial relationship (Table 23).
Irrigation restriction reduced significantly theuifr fresh weight respect to FI strategy,
mainly under IR3. In contrast, only IR3 reducedngigantly the fruit dry weight
respect to Fl strategy.

Fruit growth is highly affected by IR3 (Berman abdJong, 1996; Gironat al,
2004), as an important proportion of water andnaggies are accumulated in the fruit
during stage-Ill (Figure 10). In addition, high ifrloads tend to increase the sensitivity
of fruit growth to IR3 (Berman and DeJong, 1996r0Baet al, 2004). Any factor that
reduces the leaf Aduring the stage-Illl, have a greatest influencdroih growth, when
the fruits are the major sink of assimilates (Chlaket al, 1983). In IR3 trees, the leaf
A, decreases and shows an earlier saturation as’ffie Rses (Besset al, 2001), and
incident PPFD is most important during the secoat bf stage-lll (Mariniet al,
1991). Therefore in a shallow soil profile, IR2 wedd fruit fresh weight at harvest as
an indirect effect through Q:P ratio, while fruitydveight was not affected (Figure 26).
On the other hand, IR3 reduced fruit fresh weigttt dry weight at harvest (Figure 26),
as a direct effect through a restricted water sugpid changes in leaf functioning
(Bessett al, 2001).

Water status and fruit growth in stage-lli

There was a significant positive correlation bemvéesh growth rate and water
status during stage-lll, both measured as meay saill RWC and middaysi.m (Table
24). Thus, fresh growth rate increased with watatus in stage-lll. However, this
correlation was not significant for dry growth ratghich was independent of water
status, both in the soil and in the tree. Fruisliraveight at harvest decreases under
lower midday Ws.em during stage-lll in Japanese plum (Naor, 2004) grapevine
(Olivo, 2007). When IR3 is applied to peach treieesh growth rate decreases as
midday Wsem decreases, but dry growth rate is not affectedséues of middaysiem
less negative tharl.12 MPa (as an average during stage-lll), butedesas linearly
below this threshold (Gironat al, 2006). This threshold was surpassed in IR3 trees
during the stage-IlIl of 2006 and 2008, but not@0& (Figure 18). According to Naet
al. (2001) the sink:source ratio is an important feetor that affects tree water status.
Consequently, average fruit size at harvest demkodeboth the Q:P ratio and the tree
water status.

4.6. Fruit quality
Irrigation restriction during stage-Il of pit haraeng

In addition to rapid changes in the growth ratardustage-Ill, the process of fruit
maturation begins, identified by physical and chehchanges (Chapmaat al, 1991;
Jiaet al, 1999; Gellyet al, 2004). Chalmers and van Ende (1975) reportedfthi
chlorophyll concentration increased during stagy&n decreased rapidly during the
first half of stage-Il, and declined less rapidlyaugh the first half of stage-Ill before
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declining rapidly during second half of stage-llhe percentage of fruit dry matter
(PDM) increases during stage-Il of pit hardening #men decreases during stage-Ill of
flesh expansion (Gironet al, 2005). Also flesh firmness declined rapidly dgrstage-

[l (Figure 31). Sucrose, which is the major suganstituent of peach fruits, contributes
largely to the increase in total sugar concentnataring the ripening stage, although
fructose, glucose and sorbitol decreases and @igsitnains very low (Jiat al, 1999).
Malic acid, which is the prominent acid in peachits, decreases rapidly during the
ripening stage (Jiat al, 1999).

During the three growing seasons, IR2 increaseadfgigntly the fruit PDM at the
end of stage-ll (Table 27), however after restodngiplete irrigation, the fruit PDM at
the end of stage-lll was not different from FI sg&ironaet al, 2005). IR2 increased
the total soluble solids (TSS) at harvest only00& when fruit size was higher, but not
in 2007 or 2008 (Table 27). In IR2 trees flesh fieas and puree TSS was higher than
FI fruits in all the sampling times (Table 27 arg)),2although these effects were not
significant. In a previous reports IR2 increase T8S of peach fruits, but not affect
flesh firmness (Gellyet al, 2004). Also, IR2 did not affect fruit quality &tarvest
measured according to puree consistency (Table &Yertheless, during the three
growing seasons, IR2 increased fruit drop (Fig@a)2and harvester efficiency (Table
26), which are indirect measures of fruit ripeni@gnversely, IR3 had no effect on fruit
drop or harvester efficiency. The effect of IR2 densistent with other ripening
processes. Fruit of IR2 strategy start the clintactphase earlier than FI fruits and
ethylene production increases, which is the mossigee parameter of fruit ripening
(Gelly et al, 2004). This effect occur although complete atign is restored during
stage-lll. Also, within IR2 trees, harvester effiscy was higher in trees without N
application (Table 26). In addition, IR2 tendsuontred the peach skin colour with high
a* coordinate and lower hue angle than FI fruitel{zet al, 2004), which was
observed in IR2 fruits but without significant eft§Table 30). Enhancement of colour
is an indirect effect of reduced canopy growth, chhaffects intercepted radiation.
Summer pruning improved light penetration in trdeya (Marini et al, 1991) like as
IR2 strategy increased the fraction of PAR trantdito the ground (Figure 25). Peach
fruit covered for 20 days and then exposed to $ulh for 20 days before harvest
developed better skin colour than if continuallpesed (Mariniet al, 1991).

Irrigation restriction during stage-Ill of flesh gwth

Irrigation restriction during the final stage olifr growth is more decisive in
terms of fruit quality, since IR3 reduces fruitesigBehboudian and Mills, 1997). IR3
increased significantly the juice TSS (Table 279 airee TSS (Table 28) at harvest,
although TSS measure in puree were higher thancdneespondent juice samples
(Figure 32). Nowadays fruit sugar concentration middl suppose any extra price, but it
is appraised by processing industry. Irrigatiortrietson produces sweeter fruits in a
wide range of species (Let al, 1989; Crisostoet al, 1994; Bessett al, 2001;
Mpelasokaet al, 2001; Ben Mechliaet al, 2002; Pérez-Pastat al, 2007). The
primary factor affecting elevated concentrationdroit sugars under IR3 was the result
primarily from high sugar concentration, low watentent, and small fruit size, but not
more sugar per fruit (Behboudian and Mills, 199Fhe fruit samples obtained at
harvest from the three years, showed a linearioaktip between juice TSS and fruit
PDM (Figure 30). The increase in TSS is relatedriancrease of fruit PDM in apple
(Kilili et al, 1996; Mpelasokat al, 2001), suggesting part of the increase in TSS is
due to water loss from the fruit. Fruit TSS is rtegdy correlated with fruit load
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(Crisostoet al, 1997) and increases with increasing leaf ardeutoweight ratio (Naor
et al, 2002). However, severe irrigation restrictiom edicit specific metabolic effects
that are manifested in changes of specific sughks, increase in fruit sorbitol
concentration under soil water restriction (Faékaal, 1992). On the other hand, IR3
increased flesh firmness in 2007, but this effeas wot observed in 2006 and 2008
(Table 27). Fruit firmness depends of fruit sizethwsmaller fruits being generally
firmer than large fruits due to higher cellular digyp Then the influence of irrigation on
fruit firmness has to account the relation withitfieize (Behboudian and Mills, 1997).
However IR3 did not affect puree consistency (T8¢ or flesh colour (Table 30).
Fruit nutrient demand increased during stage-IHdilavini et al, 2000), but IR3 did
not affect the fruit nutrient concentration. As averall mean, of the macronutrients
analysed in the fruit at harvest, K concentratias\greatest (11.92 mg')yg followed in
order by N (6.96 mg, P (1.06 mg §), Ca (0.58 mg ¢), Mg (0.57 mg @) and S

(0.29 mg &).

Nitrogen application

Although N application significantly affected fruiquality, there was no
significant interaction between irrigation and Nphgation (except in flesh colour).
Similar results were obtained i@itrus trees (Heet al, 2003). Fruit fresh weight
decreases by excess N application in peach (Sdealz, 997) andCitrus (Andrews
and Brathwaite, 2006). This effect was observe@0d@7 during seasonal fruit growth
(Table 7), and may be associated with higher faatls (Table 22). Moreover, excess N
application delays ethylene production during fripening in apple fruits (Rufat, 2003)
and impairs the quality parameters at harvest atipdruit (Daaneet al, 1995) and of
the peach puree obtained (Olienyk at el., 1997yofding to the results, the application
of 120 kg N h# year* provides a higher N dose for this peach orchantesit delayed
fruit ripening: increased flesh firmness (Table,2¥9creased puree consistency (Table
28) and delayed flesh colour changes (Table 30yvever, N application did not affect
the fruit PDM (Table 27), the juice TSS (Table &r)}he puree TSS (Table 28). Under
highest N application, the decrease in the a* doatd was accompanied by an increase
in b* coordinate (Table 30), indicating that thesth colour was less red and more
yellow than in fruits without N application (Jé&t al, 1999). The chroma of peach flesh
under high N application was significantly more usated compared to the NO.
Likewise, the hue angle was significantly highearththat of NO (Table 30). Flesh
firmness and ground colour generally are used aéces of maturity negatively
correlated in peach fruits (Crisoset al, 1997) and flesh firmness and ethylene
production are negatively correlated in apple &Rufat, 2003). In the obtained peach
puree, consistency decreased significantly as & dogeased (Figure 33) and fruit N
concentration was the main nutrient responsibletlier consistency properties of the
purees (Table 29). N application increased frug@ddcentration at harvest, significantly
in 2008 (Table 16). Whole fruit nutrient concentrat did not show consistent
differences between different treatments, exceapilfo
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5. Conclusions

In a shallow soil, irrigation restriction affectsail water content and tree water
status. Trunk shrinkage, measured with dendromesfimved a negative correlation
with soil water content, measured with capacitapmesbes. There was also a positive
correlation between soil water content with watefiat determined by the water
balance equation (ETo — (Irrig + Pefec)). DurinagstIll, a threshold of 0.167 *hm™
of soil water content was established based on agigtdlues ofsiem, Unlike irrigation,
there were no significant effects of N applicat@ntree water status.

Water relations and N dynamics affected canopy tiroand mineral nutrition
with consequences for yield and fruit quality. NpBgation increased linearly the N
concentration in leaves, fruits and dormant sho®tas, N application brought an
increase in fruit load and canopy size. In Fl treéles application of N120 increased the
total fruit yield by 13% in comparison to trees hatit N application. Therefore N
application increased the water productivity.

Fruit growth rate has an important effect on seakomanges of midda¥si.mand
gs Their pattern was modified by VPD and to a legséent by fruit load. The fruit dry
weight at harvest decreased non-linearly with iasiey source limitation, determined
as fruit load divided by pruning weight. In all yeathe percentage of fruit dry matter
was positively correlated with the total solublédsy determined at harvest.

The application of IR2 during pit hardening reducggnificantly the pruning
weight, without significant effects on total fryiteld. This allowed an increase in the
water productivity up to 12.37 kg ¥rfor IR2 trees in comparison to 11.37 k&' fior FI
trees in 2007. IR2 strategy also enhanced frugniipg. On the other hand, IR2 reduced
leaf K concentration, while the opposite occurrathvieaf Ca and Mg concentration.
Also, IR2 increased the specific leaf weight. Theffects were maintained although
full irrigation was restored during the stage-IIl.

The application of IR3 during flesh growth decrebfeit size at harvest by 12%
but increased the total soluble solids by 8% in ganson to Fl trees. During stage-lll,
there was a negative correlation between fresh ttjroate and water status, measured
as soil water content and midd&#., but dry growth rate was less affected by water
status. In addition, under low water conditionsimigirstage-Ill, N application reduced
yield. Thus the lowest yield was obtained in th8 t®mbined with N120.

The harvester efficiency was about 85% and therg meastatistical differences
between treatments in this parameter.

Under the experimental conditions, the optimal Ipliation would be between

60 and 120 kg N hayear', since the highest N application delayed fruitenimg,
observed in flesh firmness, puree consistency kast tolour.

111



112



Bibliography

Bibliography

Abrisqueta, J.M., Mounzer, O., Alvarez, S.A., Camej W. Garcia-Orellana, Y., Tapia,
L.M., Vera, J., Abrisqueta, |. and Ruiz-Sanchez{CM2008. Root dynamics of
peach trees submitted to partial rootzone dryindy @ntinuous deficit irrigation.
Agricultural Water Management 95:959-967.

Alegre, S. 2000. Efecto de diferentes estrategeasedjo deficitario controlado durante
la época estival sobre la produccién del oli@e@ europaed..) cv. Arbequina.
Tesis Doctoral, Universitat de Lleida, Spain. 248 p

Allen, R.A., Pereira, L.S., Raes, D. and Smith, M98. Crop evapotranspiration:
guidelines for computing crop water requirement&OHrrigation and Drainage
Paper 56. Food and Agriculture Organization of Wmited Nations, Rome, Italy.
300 pp.

Allen, C.B., Will, R.E., McGarvey R.C., Coyle, D,Rand Coleman, M.D. 2005.
Radiation-use efficiency and gas exchange respotsewater and nutrient
availability in irrigated and fertilized stands efveetgum and sycamore. Tree
Physiology 25:191-200

Almaliotis, D., Therios, I. and Karatassiou, M. X9%ffects of nitrogen fertilization on
growth, leaf nutrient concentration and photosysithen three peach cultivars.
Acta Horticulturae 449:529-534.

Alvim, R., Hewett, E.W. and Saunders, P.F. 197@Gs8ral variation in the hormone
content of willow. I. Changes in abscisic acid emtand cytokinin activity in the
xylem sap. Plant Physiology 57:474-476.

Andersen, P.C. and Brodbeck, B.V. 1988. Water iglatand net C®assimilation of
peach leaves of different ages. Journal of the AgaerSociety for Horticultural
Science 113:242-248.

Andersen, P.C., Brodbeck, B.V., and Mizell, 1..959 Diurnal variations in tension,
osmolarity and the composition of nitrogen and oarbssimilated in xylem fluid
of Prunus persica, Vitidwybrid and Pyrus communisJournal of the American
Society for Horticultural Science 120:600-606.

Andrews, M. 1986. The partitioning of nitrate asitation between root and shoot of
higher plants. Plant, Cell and Environment 9:519:51

Andrews, L. and Brathwaite, R.A.l. 2006. Relatiapshetween soil and leaf mineral
nutrient concentration and yield of selected citapecies. Journal of Applied
Horticulture 8:37-41.

Arndt, S.K., Wanek, W., Clifford, S.C. and Popp, 2000. Contrasting adaptations to
drought stress in field-growZiziphus maurituianaand Prunus persicatrees,
water relations, osmotic adjustment and carborop®tcomposition. Australian
Journal of Plant Physiology 27:985-996.

Atkinson, D. 1997. The optimisation of the supplynoineral nutrients to fruit trees
through diagnosis. Acta Horticulturae 448:307-315.

Atkinson, C.J., Else, M.A., Taylor, L. and Dover,JC2003. Root and stem hydraulic
conductivity as determinants of growth potentiabnafted trees of applévialus
pumilaMill.). Journal of Experimental Botany 54:1221-229

Ayars, J.E., Johnson, R.S., Phene, C.J., Trout, Cldrk, D.A. and Mead, R.M. 2003.
Water use by drip-irrigated late-season peachegation Science 22:187-194.

Ayers, R.S. and Westcot, D.W. 1987. La calidad atpla en la agricultura. Estudio
FAO Riego y Drenaje n°® 29. FAO, Roma, Italia. 1p9 p

113



Bibliography

Baghdadi, M. and Sadowski, A. 1990. Mineral elemeonhtent in cherry roots in
relation to their vertical and horizontal distrilmt in an orchard soil. Acta
Horticulturae 274:25-32.

Baldini, E., Facini, D., Nerozzi, F., Rossi, FdaRotondi, A. 1997. Leaf characteristics
and optical properties of different woody specieges 12:73-81.

Bafados, M.P. Santiago, S. and Scarpa, J. 2001utitroof nitrogen and amino acids
in peach and plum bark. Acta Horticulturae 564:861-7

Barradas, V.L., Nicolas, E., Torrecillas, A. andaén, J.J. 2005. Transpiration and
canopy conductance in young apricBrynus armeniacd..) trees subjected to
different PAR levels and water stress. Agricultivdater Management 77:323-
333.

Basile, B., Marsal, J. and DeJong. T.D. 2003a.\Dsliloot extension growth of peach
trees growing on rootstocks that reduce scion drasvtrelated to daily dynamics
of stem water potential. Tree Physiology 23:695-704

Basile, B., Marsal, J., Solari, L.I., Tyree, M. Birla, D.R. and DeJong, T.M. 2003b.
Hydraulic conductance of peach trees grafted omstocks with differing size-
controlling potential. Journal of Horticultural 8aice and Biotechnology 78:768-
774,

Basso, C., Wilms, F.W.W. and Stuker, H. 1990. $taht-fruit nutritional relationship
in apple orchards in southern Brazil. Acta Hortiatde 274:33-45.

Bates, L.M. and Hall, A.E. 1981. Stomatal closurghwsoil water depletion not
associated with changes in bulk leaf water st&adesologia 50:62-65.

Batjer, L.P. and Westwood. M.N. 1958. Seasonaldtreinseveral nutrient elements in
leaves and fruits of Elberta peach. Proceedinggshef American Society of
Horticultural Science 71:116-126.

Behboudian, M.H. and Mills, T.M. 1997. Deficit igation in deciduous orchards.
Horticultural Reviews 21:105-131.

Ben Mechlia, N., Ghrab, M., Zitouna, R., Ben Mimow. and Masmoudi, M. 2002.
Cumulative effect of five years of deficit irrigaii on peach yield and quality.
Acta Horticulturae 592:301.307.

Ben Mimoun, M and DeJong, T.M. 1999. Using the tretabetween growing degree
hours and harvest date to estimate run-time foctped tree growth and yield
simulation model. Acta Horticulturae 499:107-114.

Berman, M.E. and DeJong, T.M. 1996. Water strasd caop load effects on fruit fresh
and dry weights in peacPi(unus persica Tree Physiology 16:859-864.

Berman, M.E. and DeJong, T.M. 1997a. Crop load water stress effects on daily
stem growth in peachP(nus persica Tree Physiology 17:467-472.

Berman, M.E. and DeJong, T.M. 1997b. Diurnal patesf stem extension growth in
peach Prunus persica Temperature and fluctuations in water statusrdene
growth rate. Physiologia Plantarum 100:361-370.

Berman, M.E., Rosati, A., Pace, L. Grossman, Yhd ®eJong, T.M. 1998. Using
simulation modelling to estimate the relationshgivieen date of fruit maturity
and yield potential in peach. Fruit Varieties JalsR2:229-235.

Berman, M.E. and DeJong, T.M. 2003. Seasonal pattef vegetative growth and
competition with reproductive sinks in peacRrynus persica Journal of
Horticultural Science and Biotechnology 78:303-309.

Besset, J., Génard, M., Girard, T., Serra, V. andsB C. 2001. Effect of water stress
applied during the final stage of rapid growth dadaph trees (cv. Big-Top).
Scientia Horticulturae 91:289-303.

114



Bibliography

Bhat, K.K.S. 1982. Nutrient inflows into apple reotl. Nitrate uptake rates measured
on intact roots of mature trees under field condsi Plant, Cell and Environment
5:461-4609.

Blanco, A., Monge, E. and Val, J. 2002a. Effectspatlobutrazol and crop-load on
mineral element concentration in different orgaris‘@atherine” peach trees.
Journal of Plant Nutrition 25:1667-1683.

Blanco, A., Monge, E. and Val, J. 2002b. Effectspatlobutrazol on dry weight and
mineral element distribution among fruits and skaoait ‘Catherine’ peach trees.
Journal of Plant Nutrition 25:1685-1699.

Blasing, D., Atkinson, D. and Clayton-Greene, K9@9The contribution of roots and
reserves to tree nutrient demand: Implication fa interpretation of analytical
data. Acta Horticulturae 274:51-69.

Bogoni, M., Failla, O., Panont, A., Scienz, A. dralcetti, M. 1995a. Leaf diagnosis in
genotype&environmentabptitudes of a territory. Acta Horticulturae 38831158.

Bogoni, M., Panont, A, Valenti, L. and Scienza,1®895b. Effects of soil physical and
chemical conditions on grapevine nutritional statsta Horticulturae 383:299-
311.

Bois, J.F., Couchat, P. and Lasceve, G. 1985. i@p&dtips between transpiration and
photosynthesis during a water stress. Acta Hotticaé 171:297-304.

Boland, A.M., Mitchell, P.D. Jerie, P.H. and Goodwi. 1993. The effects of regulated
deficit irrigation on tree water use and growthpefach. Journal of Horticultural
Science 68:261-274.

Boland, A.M., Martin, S. and Jerie, P. 1997. Effetsaline irrigation on fruit growth of
peach and nectarine. Acta Horticulturae 449:615-622

Boland, A.M., Jerie, P.H., Mitchell, P.D., Goodwin,And Connor, D.J. 2000. Long-
term effects of restricted root volume and reguateficit irrigation on peach: .
Productivity and water use. Journal of the Americ&ociety of Horticultural
Science 125:143-148.

Bouriaud, O., Leban, J.M., Bert, D. and Deleuze 2Q@05. Intra-annual variations in
climate influence growth and wood density of Norwspruce. Tree Physiology
25:651-660.

Bowling, D.J.F. 1981. Release of ions to the xylenroots. Physiologia Plantarum
53:392-397.

Bréda, N.J.J. 2003. Ground-based measurementsabfalea index: a review of
methods, instruments and current controversiegndbwf Experimental Botany
54:2403-2417.

Bryla, D.R., Dickson, E., Shenk, R., Johnson, RC8isosto, C.H. and Trout, T.J. 2005.
Influence of irrigation method and scheduling ortgras of soil and tree water
status and its relation to yield and fruit qualiipurnal of the American Society
for Horticultural Science 40:2118-2124.

Campbell, G.S. and Norman, J.M. 1998. An Introcarctio Environmental Biophysics.
Springer-Verlag, Berlin. 286 pp.

Carbd, J. y Iglesias, I. 2002. Melocotonero, lasedades de mas interés. Generalitat de
Catalunya, IRTA, Barcelona, Spain. 287 pp.

Carpena, O. and Casero, T. 1987. Evolucién anuahutdentes en melocotonero
‘Sudanell’. Investigacion Agraria: Produccion y faxion Vegetal 2:31-38.

Casero, T. and Carpena, O. 1987. Relaciones wasittn melocotonero ‘Sudanell’.
Investigacion Agraria: Produccion y Proteccion tag:19-30.

115



Bibliography

Castagnoli, S.P., DeJong, T.M., Weinbaum, S.A. aodnson, R.S. 1990. Autumn
foliage application of ZnSO4 reduced leaf nitrogemobilization in peach and
nectarine. Journal of the American Society of Hmiftural Science 115:79-83.

Castellvi, F. and Elias, F. 2001. Tratamiento eéstat de datos. In: Elias, F. and
Castellvi, F. (eds.) Agrometeorologia. Mundi-Premdadrid, pp. 447-486.

Cate, R.B. and Anderson, R.L. 1977. Partitioning soil test — Crop response
probability. In: Peck, T.R., Cope, J.T. and Whith&:A. (eds.) Soil testing:
Correlating and interpreting the analytical result&merican Society of
Agronomy, Special Publication 29, Madison, Wiscan&iSA, pp. 19-38.

Chalmers, D.J. and van den Ende, B. 1975. A re&ggbraof the growth and
development of peach fruit. Australian Journal lain® Physiology 2:623-634.

Chalmers, D.J., Canterford, R.L., Jerie, P.H., 3prieR. and Ugalde, T.D. 1975.
Photosynthesis in relation to growth and distritiof fruit in peach trees.
Australian Journal of Plant Physiology 2:635-645.

Chalmers, D.J., Mitchell, P.D., and van Heek, L819Control of peach growth and
productivity by regulated water supply, tree dgnaidd summer pruning. Journal
of the American Society of Horticultural Sciences13D7-312.

Chalmers, D.J., Olsson, K.A. and Jones, T.R. 198&er relations of peach trees and
orchards. In: Kozlowski, T.T. (ed.) Water Deficamd Plant Growth, Vol. VII.
Academic Press, pp. 197-232.

Chalmers, D.J., Mitchell, P.D. and Jerie, P.H. 1984e physiology of growth control
of peach and pear trees using reduced irrigaticta Morticulturae 146:143-150.

Chalmers, D.J. Mitchell, P.D. and Jerie, P.H. 198be relation between irrigation,
growth and productivity of peach trees. Acta Haitigrae 173:283-288.

Chang, S.X. and Robison, D.J. 2003. Nondestrueting rapid estimation of hardwood
foliar nitrogen status using the SPAD-505 chlordbmeter. Forest Ecology and
Management 181:331-338.

Chapman, G.W., Horvat, R.J. and Forbus, E.R. 189¥sical and chemical changes
during the maturation of peaches (cv. Majesticurdal of Agricultural and Food
Chemistry 39:867-870.

Cheng, L., Cheng, S., Shu, H. and Luo, X. 1996ed$# of mild water stress on €O
assimilation and water use efficiency of field-growpeach trees. Acta
Horticulturae 374:121-125.

Cohen, Y., Fuchs, M. and Cohen, S. 1983. Resistana@ater uptake in a mature citrus
tree. Journal of Experimental Botany 34:451-460.

Cohen, S., Naor, A., Bennink, J., Grava, A. ande€ymM. 2007. Hydraulic resistance
components of mature apple tress on rootstocks igbuvs. Journal of
Experimental Botany 58:4213-4224.

Colomer, M.A. 1996. Modelizacion numerico-estoa@stipara simular series de
precipitacion y temperatura diarias. Aplicacionaaprovincia de Lleida. Tesis
Doctoral. Universidad Politécnica de Catalunyajdde

Correira, M.J., Rodrigues, M.L., Ferreira, M.I. dddreira, J.S. 1997. Diurnal change in
the relation in the abscisic acid in the xylem sdpfield-grown peach trees.
Journal of Experimental Botany 48:1727-1736.

Couvillon, G.A and Erez, A. 1985. Effect of leveldaduration of high temperatures on
rest in the peach. Journal of the American Socfety Horticultural Science
110:579-581.

Cowan, I.R. 1982. Water use and optimisation ob@arassimilation. In: Lange, O.L.,
Nobel, P.S., Osmond, C.B. and Ziegler, H. (eds.cyElopedia of Plant
Physiology, New Series, vol. 12B. Springer-Verlggrlin, pp. 589-613.

116



Bibliography

Crews, C.E., Williams, S.L. and Vines, H.M. 197%hatacteristics of photosynthesis in
peach leaves. Planta 126:97-104.

Crisosto, C.H., Johnson, R.S., Luza, J.G. and €sd5.M. 1994. Irrigation regimes
affect fruit soluble solids concentration and rate water loss of ‘O’Henry’
peaches. HortScience 29:1169-1171.

Crisosto, C.H., Johnson, R.S., DeJdong, T.M. and, BaR. 1997. Orchard factors
affecting postharvest stone fruit quality. Hort®wie 32:820-823.

Cruiziat, P., Cochard, H. and Améglio, T. 2002. Hydic architecture of trees: main
concepts and results. Annals of Forest Science239752.

Cuadrado, S.M., Fernandez, A. and Ortiz-Cafavat2p00. Recoleccion mecanizada
de frutales para la industria de transformaciéda\Rural 3:59-62.

Daan, I.R. and Jerie, P.H. 1988. Gradients in ntgtand sugar levels of fruit within
peach trees. Journal of the American Society fatieldtural Science 113:27-31.

Daane, K.M., Johnson, R.S., Michailides, T.J., &is, C.H., Dlott, J.W., Ramirez,
H.T., Yokota, G.Y. and Morgan, D.P. 1995. Excessogen raises nectarine
susceptibility to disease and insects. Californgmiéulture 49:13-18.

Dalmases, J., Pascual, M., Urbina, V. and Blancd, 9®8. Allometric relationships in
peach fruit. Acta Horticulturae 465:415-424.

Dalmases, J., Urbina, V., Pascual, M. y Dalmal2@®J1. Comportamiento productivo y
crecimiento del fruto en funcién de la carga pradac en melocotonero. Actas de
Horticultura 29:751-758.

Dasberg, S. and Bresler, E. 1985. Drip Irrigatiorandal. International Irrigation
Information Center, Bet Dagan, Israel. 95 pp.

De Boer, A.H. and Volkov, V. 2003. Logistics of watand salt transport through the
plant: structure and functioning of the xylem. RJaell Environment 26:87-101.

Dehghanisanij, H., Naseri, A., Anyoji, H. and Eneji.E. 2007. Effects of deficit
irrigation and fertilizer use on vegetative growdh drip irrigated cherry trees.
Journal of Plant Nutrition 30:411-425.

DeJong, T.M. 1983. CfQassimilation characteristics of filgrunustree fruit species.
Journal of the American Society for Horticulturaié&hce 108:303-307.

DeJdong, T.M. and Doyle, J.F. 1985. Seasonal relsiips between leaf nitrogen
content (photosynthetic capacity) and leaf canagiyt lexposure in peact(unus
persicg. Plant, Cell and Environment 8:701-706.

DeJdong, T.M. and Goudriaan, J. 1989. Modeling pdagh growth and carbohydrate
requirements: reevaluation of the double-sigmoiowgn pattern. Journal of the
American Society for Horticultural Science 114:88@4.

Deng, X., Joly, R.J. and Hahn, T. 1989. Effectsplaint water deficit on the daily
carbon balance of leaves of cacao seedlings. RbggadPlantarum 77:407-412.

Dichio, B. Xiloyannis, C. Angelopoulos, K. Nuzzo, Bufo, S.A., Celano, G. 2003.
Drought-induced variations of water relations pagters inOlea europaeaPlant
and Soil 257:381-389.

Dichio, B., Xiloyannis, C., Sofo, A. and Montana®, 2007. Effects of post-harvest
regulated deficit irrigation on carbohydrate antlagen partitioning, yield quality
and vegetative growth of peach trees. Plant and296i127-137.

Doltra, J. 2003. Funcionamento hidrico del manzadhdto y utilizacion de indicadores
biologicos para la gestion del agua. Tesis Docthmaiversitat de Lleida. 171 pp.

Doltra, J., Oncins, J.A., Bonany, J. and Cohen,2807. Evaluation of plant-based
water status indicators in mature apple trees uffig& conditions. Irrigation
Science 25:351-359.

117



Bibliography

Doorembos, J. and Kassam, A.H. 1979. Yield respomseater. FAO Irrigation and
Drainage Paper 33. Food and Agriculture Organinabb the United Nations,
Rome, lItaly. 193 pp.

Doussan, C., Vercambre, G. and Pages, L. 1999.r"\pteke by two contrasting root
systems (maize, peach tree): Results from a mofidlydraulic architecture.
Agronomie 19:255-263.

Dry, P.R., Loveys, B.R. and During, H. 2000. Pardiying of the rootzone of grape. I.
Transient changes in shoot growth and gas exchafigg 39:3-7.

Ehlers, W. and Goss, M. 2003. Water dynamics inntplaroduction. CABI,
Wallingford. 273 pp.

Esparza, G., DeJong, T.M. and Weinbaum, S.A. 28@fects of irrigation deprivation
during the harvest period on non-structural cardedte and nitrogen contents of
dormant, mature almond trees. Tree Physiology BL1186.

Evert, D.R., Gaines, T.P. and Mullinix, B.G. 198H&fects of split-pit on elemental
concentrations of peach fruit during pit hardeniSgientia Horticulturae 34:55-
65.

Failla, O., Zocchi, G., Treccani, C. and Cocucci,1892. Growth, development and
mineral content of apple fruit in different watetatsis conditions. Journal of
Horticultural Science 67:265-271.

Faust, M. 1989. Physiology of Temperate Zone Hrtees. John Wiley, New York. 338
pp.

Fereres, E. and Goldhamer, D.A. 2003. Suitabilitysm diameter variations and
water potential indicators for irrigation schedgliof almond trees. Journal of
Horticultural Science and Biotechnology 78:139-144.

Fernandez, V., Eichert T., Del Rio, V., Lopez-Casa@., Heredia-Guerrero, J.A.,
Abadia, A., Heredia, A. and Abadia, J. 2008. Léafctural changes associated
with iron deficiency chlorosis in field-grown peand peach: physiological
implications. Plant and Soil 311:161-172.

Ferrer, F., Rodrigo, G., Fonseca, F. and Domene207. La humedad del suelo y la
programacion del riego a tiempo real: de la tearita practica. Fruticultura
Profesional 171:130-134.

Fishmann, S. and Génard, M. 1998. A biophysical ehofl fruit growth: simulation of
seasonal and diurnal dynamics of mass. Plant,aDdlEnvironment 21:739-752.

Fitter, A.H. and Hay, R.K.M. 2001. EnvironmentalyBiology of Plants, 3rd edition.
Academic Press, London. 367 pp.

Fonseca, F. 2006. Balance hidrico en suelos pestssgoon vifia de secano en el
Priorat: efectos por cambios de manejo y clima.isT&octoral, Universitat de
Lleida. 137 pp.

Fonseca, F., Ferrer, F., Villar, J.M. and Pla,002 Adapting the gee passive capillary
lysimeter to soils with poor drainage and shalloatev table. In: Bosch, A.D.,
Teira, M.R. and Villar, J.M. (eds.) Towards a beéficiency in N use.

Flore, J.A. 1994. Stone Fruit. In: Schaffer, B. atblersen, P.C. (eds). Handbook of
Environmental Physiology of Fruit Crops. Volume Tlemperate Crops. CRC
Press, Boca Raton, pp 233-270.

Flore, J.A., Moon, J.W. and Lakso, A.N. 1985. Tlieat of water stress and vapour
pressure gradient on stomatal conductance, watex @8iciency, and
photosynthesis of fruit crops. Acta Horticultura€l1207-218.

Frensch, J. and Steudle. E. 1989. Axial and rddjidtaulic resistance to roots of maize
(Zea mayd..). Plant Physiology 91:719-726.

118



Bibliography

FuBeder, A., Wartinger, A., Hartung, W., Schulze, E.-&hd Heilmeier, H. 1992.
Cytokinins in the xylem sap of desert-grown alm@Rdunus dulci} trees: Daily
courses and their possible interactions with alis@sid and leaf conductance
New Phytologiy 122;45-52.

Fuchs, E.E. and Livingston, N.J. 1996. Hydrauliotool of stomatal conductance in
Douglas fir Pseudotsuga menzles{Mirb.) Franco] and alderAlnus rubra
(Bong)] seedlings. Plant, Cell and Environment 0911-:1098.

Furuya, S. and Umemiya, Y. 2002. The influence lednaical forms on foliar-applied
nitrogen absorption for peach trees. Acta Hortiugale 594:97-103.

Garnier, E., Berger, A. and Rambal, S. 1986. Wh&dance and pattern of soil water
uptake in a peach orchard. Agricultural Water Mamagnt 11:145-158.

Garnier, E. and Berger, A. 1987. The influence rought on stomatal conductance and
water potential of peach trees growing in the fi€dientia Horticulturae 32:249-
263.

Gelly, M. 2003. Effects of different deficit irrigan strategies on peach fruit growth
(Prunus persical. Batch, cv Andross) and fruit quality. Tesis Dural,
Universitat de Lleida. 132 pp.

Gelly, M., Recasens, ., Mata, M., Arboneés, A., &ud., Girona, J. and Marsal, J. 2004.
Effects of stage Il and postharvest deficit irrigat on peach quality during
maturation and after cold storage. Journal of ttierffe of Food and Agriculture
84:561-568.

Génard, M., Bruchou, C. and Souty, M. 1991. Vatigbide la croissance et de la
qgualité chez la péchd’(unus persical Batsch) et liaison entre croissance et
gualité. Agronomie 11:829-845.

Génard, M. and Huguet, J.G. 1996. Modeling the almsp of peach fruit growth to
water stress. Tree Physiology 16:407-415.

Girona, J. 1996. Coeficients de cultiu. Area deribbagia del Reg, Institut de Recerca i
Tecnologia Agroalimentaries, Lleida.

Girona, J., Mata, M., Goldhamer, D.A., Johnson,.Rr&l DeJong, T.M. 1993. Patterns
of soil and tree water status and leaf functiomdngng regulated deficit irrigation
scheduling in peach. Journal of the American Spdet Horticultural science
118:580-586.

Girona, J., Mata, M., Fereres, E., Goldhamer, D#nd Cohen, M. 2002.
Evapotranspiration and soil water dynamics of peaebs under water deficits.
Agricultural Water Management 54:107-122.

Girona, J., Mata, M., Arbonés, A., Alegre, S., Rufa and Marsal, J. 2003. Peach tree
response to single and combined regulated defigintes under shallow soils.
Journal of the American Society for Horticulturaiéhce 128:432-440.

Girona, J., Marsal, J., Mata, M., Arbonés, A. arelléng, T.M. 2004a. A comparison of
the combined effect of water stress and crop loaffuit growth during different
phenological stages in young peach trees. Journ&lodicultural Science and
Biotechnology 79:308-315.

Girona, J., Marsal, L., Mata, M. and del Campo,2004b. Pear crop coefficients
obtained in a large weighing lysimeter. Acta Harliarae 664:277-281.

Girona, J., Gelly, M., Mata, M., Arbonés, A., Ryfdt and Marsal. J. 2005. Peach tree
response to single and combined deficit irrigaticegimes in deep soils.
Agricultural Water Management 72:97-108.

Girona, J., Marsal, J. and Lopez, G. 2006. Estaivlent of stem water potential
thresholds for the response of ‘O’Henry’ peachtfguowth to water stress during
stage Il of fruit development. Acta Horticulturd@3:197-201.

119



Bibliography

Gispert, J.R. 2003. Evaluacion del volumen de suglmedo en micro-irrigacion.
Influencia del porcentaje de este volumen soboe®@iportamiento del olivadlea
europaealL. Cv. ‘Arbequina’). Estudios de la Zona No Satlaalel Suelo 6:51-
57.

Giulivo, C. 1990. Interactions between mineral itigin and tree and soil water status.
Acta Horticulturae 274:149-167.

Glenn, D.M. and Welker, W.V. 1993. Root developmeatterns in field grown peach
trees. Journal American Society Horticultural Sceeth18:362-365.

Gojon, A., Bussi, C., Grignon, C. and Salsac, L9N.9Distribution of NO reduction
between roots and shoots of peach-tree seedlingffeacted by NO uptake rate.
Physiologia Plantarum 82:505-512.

Goldhamer, D.A, Fereres, E., Mata, M., Girona,nd &€ohen, M. 1999. Sensitivity of
continuous and discrete plant and soil water statositoring in peach trees
subjected to deficit irrigation. Journal of the Amsan Society for Horticultural
Science 124:437-444.

Goldhamer, D.A., Salinas, M., Crisosto, C., DayRK.Soler, M. and Moriana, A. 2002.
Effects of regulated deficit irrigation and partralot zone drying on late harvest
peach tree performance. Acta Horticulturae 592:333-

Gollan, T., Turner, N.C. and Schulze, E.-D. 198Be Tesponses of stomata and leaf gas
exchange to vapour pressure deficits and soil watentent Ill. In the
sclerophyllous woody specidkerium oleanderOecologia 65:356-362.

Gollan, T., Shurr, U. and Schulze, E.-D. 1992. Sttahresponse to drying soil in
relation to changes in the xylem sap compositiorHelianthus annuusl. The
concentration of cations, anions acids in, and pthe xylem sap. Plant, Cell and
Environment 15:551-559.

Gomez, L. and Faurobert, M. 2002. Contribution efetative storage proteins to
seasonal nitrogen variations in the young shoofseath treesPfunus persicd..
Batsch). Journal of Experimental Botany 53:2431243

Gong, D., Kang, S. and Zhang, J. 2005. Responsaraipy transpiration and canopy
conductance of peachPiunus persicatrees to alternate partial root zone drip
irrigation. Hydrological Processes 19:2575-2590.

Gong, D., Kang, S., Zhang, L., Du, T. and Yao, Q0@ A two-dimensional model of
root water uptake for single apple trees and itffigation with sap flow and soil
water content measurements. Agricultural Water Mangent 83:119-129.

Gonzalez-Altozano, P., Pavel, E.W., Oncins, J.Aoltla, J., Cohen, M., Paco, T.,
Massai, R. and Castel, J.R. 2008. Comparative sissed of five methods of
determining sap flow in peach trees. Agriculturaatdf Management 95:503-515.

Gonzalez-Rossia, D., Reig, C., Dovis, V. Garighb,and Agusti, M. 2008. Changes on
carbohydrates and nitrogen content in the barkdssnduced by artificial chilling
and its relationship with dormancy bud brealPminussp. Scientia Horticulturae
118:275-281.

Goodwin, 1. and Boland, A.-M. 2000. Scheduling defirrigation of the fruit trees for
optimising water use efficiency. In: Deficit Irrigan practices. FAO Water
Reports 22. Food and Agriculture Organization of thnited Nations, Rome,
Italy. 102 pp.

Goodwin, I., Whitfield, D.M. and Connor, D.J. 20@fects of tree size on water use of
peach Prunus persicd.. Batsch). Irrigation Science 24:59-68.

Gowing, D.J.G., Davies, W.J. and Jones, H.G. 1890ositive root-source signal as an
indicator of soil drying in applévlalusxdomesticaBorkh. Journal of Experimental
Botany 41:1535-1540.

120



Bibliography

Granier, A. and Bréda, N. 1996. Modelling canopgdiuctance and stand transpiration
of oak forest from sap flow measurements. AnnaBavést Science 53:537-546.

Green, D.W. 1996. Flower development. In: Tree tFRinysiology: Growth and
Development: A comprehensive manual for regulatiegiduous tree fruit growth
and development. Maib, K.M., Andrews, P.K., LangAGand Mullinix, K. (eds.)
Good Fruit Grower, Washington, pp 91-98.

Grossman, Y.L. and DeJong, T.M. 1995a. Maximum fyjuowth potential and seasonal
patterns of resource dynamics during peach grofrthals of Botany 75 553-560.

Grossman, Y.L. and DeJong, T.M. 1995b. Maximumtfgrowth potential following
resource limitation during peach growth. Annal8ofany 75:561-567.

Grossman, Y.L. and DeJong, T.M. 1995c. Maximum tagee growth potential and
seasonal patterns of resource dynamics during pgeamhkth. Annals of Botany
76:473-482.

Gugliuzza, G., Caruso, T. and Inglese, P. 2002it Bnd shoot growth, in relation to
leaf vs. fruit ratio and their relative position @anopies of ‘Flordastar’ peach
trees. Acta Horticulturae 592:493-499.

Habib, R., De Cockborne, A-M., Monestiez, P. andblie, F. 1989. An experimental
test of a nitrogen uptake and partitioning modelyloung trees. Tree Physiology
5:403-421.

Habib, R. 2000. Modeling fruit acidity in peachdseeffects of nitrogen and potassium
nutrition. Acta Horticulturae 512:141-148.

Hartung, W., Sauter, A. and Hose, E. 2002. Absasid in the xylem: where does it
come from: where does it go to? Journal of ExpeniaeBotany 53:27-32.

Hartung, W., Wilkinson, S. and Davies, W.J. 1998&ctBrs that regulate abscisic acid
concentrations at the primary site of action at theard cell. Journal of
Experimental Botany 49:361-367.

Hassan, A.H. 1990. Effect of nutrition and severitly pruning on peaches. Acta
Horticulturae 274:187-193.

Havis, L. 1938. Peach tree root distribution. EQgl®9:454-462.

He, Z.L., Calvert, D.V., Alva, A.K., Banks, D.J. i, Y. C. 2003. Thresholds of leaf
nitrogen for optimum fruit production and quality grapefruit. Soil Science
Society American Journal 67:583-588.

Hipps, N.A., Pageés, L., Huget, J.G. and Serra, 9851 Influence of controlled water
supply on shoot and root development of young pdesfs. Tree Physiology
15:95-103.

Hornig, R. and Bunemann, G. 1995. Effects of so&nagement, irrigation and
fertigation in an IP apple orchard on soil nitraentent and on tree mineral
nutrition. Acta Horticulturae 383:339-344.

Huang, B. and Nobel, P.S. 1994. Root hydraulic cohidity and its components with
emphasis on desert succulents. Agronomy Journ@abg67/74.

Huck, M.G., Klepper, B. and Taylor, H.M. 1970. Dnat variations in root diameter.
Plant Physiology 45:529-530.

Huett, D.O. 1996. Prospects for manipulating thgetative-reproductive balance in
horticultural crops through nitrogen nutrition: aview. Australian Journal of
Agricultural Research 47:47-66.

Huett, D.O., George, A.P., Slack, J.M. and Mor8sC. 1997. Diagnostic leaf nutrient
standards for low-chill peaches in subtropical Aalst. Australian Journal of
Experimental Agriculture 37:119-126.

121



Bibliography

Huett, D.O. and Stewart, G.R. 1999. Timing"® fertilizer application, partitioning to
reproductive and vegetative tissue, and nutriemiokal by field-grown low-chill
peaches in the subtropics. Australian Journal aftfPhysiology 50:211-215.

Iglesias, I. and Carb6, J. 2006. Situacié actuakaateristigues i comportament
agronomic dels portaempelts de presseguer. Gemerde Catalunya, Dossier
Técnic 17:3-18.

IGME, 1998. Mapa Geoldgico de Espafia. Fraga. UstiTecnologico Geominero de
Esparfia, Madrid.

Inglese, P., Caruso, T., Gugliuzza, G. And Pacg, R002. Crop load and rootstock
influence on dry matter partitioning in trees ofrlgaand late ripening peach
cultivars. Journal of the American Society for Houttural Science 127:825-830.

INM. 2002. Valores normales y estadisticas de lbseovatorios meteoroldgicos
principales (1971-2000). Volumen 3. Cataluiia, Vai@nMurcia e llles Balears.
Edita el Centro de Publicaciones, Secretaria Gémérica, Ministerio de Medio
Ambiente, Instituto Nacional de Meteorologia, Maldri

Intrigliolo, D.S. and Castel, J.R. 2006. Performeint various water stress indicators
for prediction of fruit size response to deficitigation in plum. Agricultural
Water Management 83:173-180.

Intrigliolo, D.S. and Castel, J.R. 2007. Crop loatfects maximum daily trunk
shrinkage of plum trees. Tree Physiology 27:89-96.

IUSS Working Group WRB. 2006. World reference bfgesoil resources 2006. 2nd
edition. World Soil Resources Reports No. 103. FROme, Italy. 128 pp.

Jia, H., Hirano, K. and Okamoto, G. 1999. Effedtfedilizer levels on tree growth and
fruit quality of ‘Hakuho' peachesP¢unus persica Journal of the Japanese
Society for Horticultural Science 68:487-493.

Johnson, R.S. 1988. Role of nitrogen in fruit sine quality of peach. In: Childers, N.F
and Sherman, W.B. (eds.) The Peach. HorticultutddliBations, Florida, USA,
pp. 593-595.

Johnson, R.S. and Handley, D.F. 1989. Thinningcesp of early-, mid-, and lat-
season peaches. Journal of the American SocietyHfaticultural Science
114:852-855.

Johnson, R.S., Handley, D.F. and DeJong, T.M. 1892g-term response of early
maturing peach trees to postharvest water defioiirnal of the American Society
for Horticultural Science 117:881-886.

Johnson, R.S., Rosecrance, R., Weinbaum. S., Andriand Wang, J. 2001. Can we
approach complete dependence on foliar-applied wigagen in an early-
maturing peach? Journal of the American Society Harticultural Science
126:364-370.

Johnson, R.S., Andris, H., Day, K and Beede, R.6200sing dormant shoots to
determine the nutritional status of peach treesa Morticulturae 721:285-290.

Jones, H.G. and Higgs, K.H. 1989. Empirical modelshe conductance of leaves in
apple orchards. Plant, Cell and Environment 12:308.-

Jones, H.G. 199Plants and microclimate: a quantitative approaclkerteironmental
plant physiology, 2nd edition. Cambridge Universiess, Cambridge (England).
428 pp.

Jones, H.G. 1998. Stomatal control of photosynthesid transpiration. Journal of
Experimental Botany 49:387-398.

Jordan, M.-O., Habib, R. and Bonafous, M. 1998.dWptand allocation of nitrogen in
young peach trees as affected by the amount obpiathates available in roots.
Journal of Plant Nutrition 21:2441-2454.

122



Bibliography

Jordan, M.-O., Gomez, L. and Médiéne, S. 2001. R¢ign of N uptake in young
peach trees in telation to the management of cadmmh nitrogen stores. Acta
Horticulturae 564:63-69.

Keller, J.D. and Loescher, W.H. 1989. Nonstructutatbohydrate partitioning in
perennial parts of sweet cherry. Journal of the Acae Society for Horticultural
Science 114:969-975.

Kilili, A.W., Behboudian, M.H. and Mills, T.M. 1996Composition and quality of
‘Braeburn’ apples under reduced irrigation. Sceeftorticulturae 67:1-11.

Killingbeck, K.T. 1996. Nutrients in senesced leavieys to the search for potential
resorption and resorption proficiency. Ecology 74:8-1727.

Koide, R.T., Robichaux, R.H., Morse, S.R. and Sm@hM. 1989. Plant water status,
hydraulic resistance and capacitance. In: Peardy.,REhleringer, J., Mooney,
H.A. and Rundel, P.W. (eds.) Plant Physiologicablagy. Field Methods and
Instrumentation. Chapman and Hall, London, pp. 183-

Komosa, A. 1990. Changes in some chemical progediig¢he soil under grass sward
and herbicide strips in apple orchards. Acta Halticae 274:223-230.

Kdstner, B.M.M., Schulze, E.-D., Kelliher, F.M., Hoger, D.Y., Byers, J.N., Hunt,
J.E., McSeveny, T.M., Meserth, R. and Weir, P.192.9Transpiration and canopy
conductance in a pristine broad-leaved forest dhbfagus: an analysis of xylem
sap flow and eddy correlation measurements. Oeeofig350-359.

Kozlowski, T.T. and Pallardy, S.G. 1997. Growth @ohin Woody Plants. Academic
Press, San Diego, USA. 641 pp.

Kramer P.J. and Boyer J.S. 1995. Water Relatior®arits and Soils. Academic Press,
San Diego. 495 pp.

Ksenzhek, O.S. and Volkov, A.G. 1998. Plant EnecgefAcademic Press, San Diego.
389 pp.

Kusakabe, A., White, S.A., Walworth, J.L., Wrigl&,C. and Thompson, T.L. 2006.
Response of microsprinkler-irrigated navel orangetertigated nitrogen rate and
frequency. Soil Science Society of American Jounial 623-1628.

Lampinen, B.D., Shackel, K.A., Southwick, S.M. afison, W.H. 2001. Deficit
irrigation strategies using midday stem water piém prune. Irrigation Science
20:47-54.

Landsberg, J.J., Blanchard, T.W. and Warrit, B. 6193tudies on the movement of
water through apple trees. Journal of Experimedtahny 27:579-596.

Landsberg, J.J. and Fowkes, N.D. 1978. Water mowntetheough plant roots. Annals
of Botany 42:493-508.

Larsen, F.E., Higgins, S.S. and Al Wir, A. 1989uiDal water relations of apple,
apricot, grape, olive and peach in an arid enviremim(Jordan). Scientia
Horticulturae 39:211-222.

Larson, K.D., DeJong, T.M. and Johnson, R.S. 198Bysiological and growth
responses of mature peach trees to postharvest stfeess. Journal of the
American Society for Horticultural Science 113:2380.

Layne, D.R. and Flore, J.A. 1995. End-product iittub of photosynthesis ifPrunus
cerasusL. in response to whole-plant source-sink manigaoa Journal of the
American Society for Horticultural Science 120:5830.

Leece, D.R., Dilley, D.R. and Kenworthy, A.L. 197Zhe occurrence of nitrate
reductase in leaves Bfunusspecies. Plant Physiology 49:725-728.

Leece, D.R. 1976a. Composition and ultrastructuréeaf cuticles from fruit trees,
relative to differential foliar absorption. Austiemd Journal of Plant Physiology
3:833-847.

123



Bibliography

Leece, D.R. 1976b. Diagnostic leaf analysis fomstdruit. 7. Effects of fertilizer
nitrogen, phosphorus, and potassium on leaf cormposof peach. Australian
Journal of Experimental Agriculture and Animal Haeldry 16:775-779.

Li, S.-H., Huguet, J.-G., Schoch, P.G. and Orlarflo1989. Response of peach tree
growth and cropping to soil water deficit at vagophenological stages of fruit
development. Journal of Horticultural Science 64:552.

Little, T.M. and Hills, F.J. 1976. Métodos estadizs para la investigacion en la
agricultura. Trillas, México. 270 pp.

Liu, L., McDonald, J.S., Stadenberg, I. And Davi®¥,J. 2001. Stomatal and leaf
growth responses to partial drying of root tipsviiow. Tree Physiology 21:765-
770.

Lobit, P., Soing, P., Génard, M. and Aviv, R. 20E&Iffects of timing of nitrogen
fertilization on shoot development in peach (Prunpersica) trees. Tree
Physiology 20:35-42.

Lo Bianco, R., Rieger, M. and Sung, S.S. 2000. d&fi&f drought on sorbitol and
sucrose metabolism in sinks and sources of pedgfsidtogia Plantarum 108:71-
78.

Lo Bianco, R. and Rieger, M. 2002a. Partitioningsofbitol and sucrose catabolism
within peach fruit. Journal of the American Socidéty Horticultural Science
127:115-121.

Lo Bianco, R. and Rieger, M. 2002b. Roles of sotbénd sucrose in growth and
respiration of ‘Encore’ peaches at the three deraknt stages. Journal of the
American Society for Horticultural Science 127:2%802.

Lopez, G. 2006. Mitigation of effects of extremeoaght during stage Il of peach
(Prunus persicdL.) Batsch, cv ‘O’Henry’) fruit development by sumer pruning
and fruit thinning. Tesis Doctoral, Universitatideida. 69 pp.

Lopez, G., Mata, M., Arbonés, A., Solans, J.R.,06& J. And Marsal, J. 2006.
Mitigation of effects of extreme drought during galll of peach fruit
development by summer pruning and fruit thinningeelPhysiology 26:469-477.

Lopez, G. and DeJong, T.M. 2007. Spring temperathi/e a major effect on early
peach fruit growth. The Journal of Horticultural i§we and Biotechnology
82:507-512.

Lopez, G., Girona, J., Del Campo, J. and Marsa200.7a. Effects of relative source-
sink position within peach trees on fruit growtirdenwater stress conditions. The
Journal of Horticultural Science and Biotechnol8gy 140-148.

Lopez, G., Girona, J. and Marsal, J. 2007b. Respohwinter root starch concentration
to severe water stress and fruit load and its sjuesd effects on early peach fruit
development. Tree Physiology 27:1619-1626.

Loveys, B.R., Robinson, S.O. and Downton, W.J.871%easonal and diurnal changes
in abscisic acid and water relations of apricovésaPrunus armeniacad..) New
Phytology 107:15-27.

Loveys, B.R., Dry, P.R., Stoll, M. and McCarthy,®1.2000. Using plant physiology to
improve the water efficiency of horticultural cropscta Horticulturae 537:187-
197.

Lovisolo, C. and Schubert, A. 1998. Effects of watress on vessel size and xylem
hydraulic conductivity inVitis viniferaL. Journal of experimental Botany 49:693-
700.

Lovisolo, C., Schubert, A. and Sorce, C. 2002. Ayem radial development and
hydraulic conductivity in downwardly-growing grape& shoots influenced by
perturbed auxin metabolism? New Phytologist 156.85-

124



Bibliography

Luna, M. 2000. Funciones de produccion del agualeo joven Qlea europaed..)
cv. ‘Arbequina’: coeficientes de cultivo (Kc). TesDoctoral, Universitat de
Lleida. 160 pp.

MacRobbie, E.A.C. 1998. Signal transduction and amannels in guard cells. The
Philosophical Transactions of the Royal Society.ofhdon, Series B, Biological
Sciences 353:1475-1488.

Malaguti., D., Millard, P., Wendler, R., Hepburn,. Aand Tagliavini, M. 2001.
Translocation of amino acids in the xylem of ap@pple domestic&orkh.) trees
in spring as a consequence of both N remobilisadiwh root uptake. Jouurnal of
Experimental Botany 52:1665-1671.

Malcolm, P., Holford, O., McGlasson, B. and Bar¢Hia2008. Leaf development, net
assimilation and leaf nitrogen concentrations af firunus rootstocks in response
to root temperature. Scientia Horticulturae 115:293.

Marcelle, R.D. 1995. Mineral nutrition and fruti @ily. Acta Horticulturae 383:219-
226

Marini, R.P. 1985. Sample size estimates for peged growth and yield experiments.
Journal of the American Society for Horticulturaiéhce 110:604-608.

Marini, R.P., Sowers, D. and Marini, M.C. 1991. &eé&uit quality is affected by shade
during final swell of fruit growth. Journal of thémerican Society for
Horticultural Science 116:383-389.

MARM, 2008. Anuario de Estadistica Agroalimenta@i@07. Minesterio de Medio
Ambiente, Rural y Marino, Madrid. 908 pp.

Marquard, R.D. and Tipton, J.L. 1987. Relationshgiween extractable chlorophyll
and an in situ method to stimate leaf greennesgSd@nce 22:1327.

Marquat, C., Vandanmm, M., Gendraud, M. and Pégl, 1999. Dormancy in
vegetative buds of peach: relation between carlralbgdbsorption potentials and
carbohydrate in the bud during dormancy and itsas#. Scientia Horticulturae
79:151-162.

Marsal, J. 1996. Water stress measurements in tiegts under different regulated
deficit irrigation regimes. Tesis Doctoral, Univiéas de Lleida. 102 pp.

Marsal, J. and Girona, J. 1997. Relationship betweaf water potential and gas
exchange activity at different phonological stages fruit loads in peach trees.
Journal of the American Society for Horticulturaiéhce 122:415-421.

Marsal, J., Gelly, M., Mata, M., Arbonés, A., Ryfat and Girona, J. 2002a. Phenology
and drought affects the relationship between dailpk shrinkage and midday
stem water potential of peach trees. Journal oftieldtural Science and
Biotechnology 77:411-417.

Marsal, J., Mata, M., Arbonés, A., Rufat, J. ando@a, J. 2002b. Regulated deficit
irrigation and rectification of irrigation schedudj in young pear trees: an
evaluation based on vegetative and productive resgso European Journal of
Agronomy 17:111-122.

Marsal, J., Basile, B., Solari, L. And DeJong, T2003. Influence of branch autonomy
on fruit, scaffold, trunk and root growth duringag§é Il of peach fruit
development. Tree Physiology 23:313-323.

Marsal, J., Lopez, G., Girona, J., Basile, B. arelldhg, T.M. 2005. Heterogeneity in
fruit distribution and stem water potential vamais in peach trees under different
irrigation conditions. Journal of Horticultural $ace and Biotechnology 80:82-
86.

125



Bibliography

Marsal, J., Lopez, G., Mata, M. and Girona, J. 2@¥anch removal and defruiting for
the amelioration of water stress effects on frutvgh during stage Ill of peach
fruti development. Scientia Horticulturae 108:55-60

Marsal, J., Mata, M., del Campo, J., Arbonés, Aallkérdu, X., Girona, J. and Olivo,
N. 2008. Evaluation of partial root-zone drying fostential field use as a deficit
irrigation technique in commercial vineyards acoogdto two different pipeline
layouts. Irrigation Science 26:347-356.

Marschner, H. 1995. Mineral nutrition of higher misy, 2nd edition. Academic Press,
London. 889 pp.

Martin-Vide, J. 1992. El Clima. Geografia GeneralsdPaisos Catalans, Barcelona,
Enciclopédia Catalana.

Massai, R., Remorini, D. and Tattini, M. 2004. Gashange, water relations and
osmotic adjustment in two scion/rootstock combagi of Prunus under various
salinity concentrations. Plant and Soil 259:153-162

Matsumoto, K., Ohta, T. and Tanaka, T. 2005. Depeod of stomatal conductance on
leaf chlorophyll concentration and meteorologicalriables. Agricultural and
Forest Meteorology 132:44-57.

McCutchan, H. and Shackel, K.A. 1992. Stem-wateemial as a sensitive indicator of
water stress in prune treeBrgnus domesticd.. cv. French). Journal of the
American Society of Horticultural Science 117:6Qt6

McNaughton, K.G. and Jarvis, P.G., 1983. Predictfifgcts of vegetation changes on
transpiration and evaporation. In: Kozlowski, TAd() Water Deficits and Plant
Growth, vol. V. Academic Press, New York (USA), p@8.

Mediene, S., Jordan, M.O., Pages, L. Lebot, J.Aadamowicz, S. 2002. The influence
of severe shoot pruning on growth, carbon and g&nostatus in young peach
trees Prunus persica Tree Physiology 22:1289-1296.

Millard, P. 1995. Internal cycling of nitrogen irees. Acta Horticulturae 383:3-14.

Miranda, C. and Royo, B. 2002. Fruit distributiamaearly thinning intensity influence
fruit quality and productivity of peach and neatartrees. Journal of the American
Society for Horticultural Science 127:892-900.

Mitchell, P.D. and Black, J.D.F. 1968. Distributiaf peach roots under pasture and
cultivation. Australian Journal of Experimental Agidture and Animal
Husbandry 8:106-111.

Mitchell, P.D. and Black, J.D.F. 1971. The respooiseeplant peach trees to weedicide,
daily irrigation, nitrogen and phosphorus. AustaliJournal of Experimental
Agriculture and Animal Husbandry 11:699-704.

Mmolawa, K. and Or, D. 2000. Root zone solute dyicanunder drip irrigation: A
review. Plant and Soil 222:163-190.

Mohr, H. and Schopfer, P. 1995. Plant Physiologyglish Edition. Springer Verlag,
Berlin. 629 pp.

Moing, A., Carbonne, F., Rashad, M.H. and Gaudiller.P. 1992. Carbon fluxes in
mature peach leaves. Plant Physiology 100:1878-1884

Moing, A., Escobar-Gutierrez, A. and Gaudillered?.J1994. Modeling carbon export
out of mature peach leaves. Plant Physiology 10668¥D.

Moing, A., Carbonne, F., Zipperlin, B., Svanelladnd Gaudillere, J.P. 1997. Phloem
loading in peach: Symplastic or apoplastic? Phggial Plantarum 101: 489-496.

Monteith, J.L. 1977. Climate and the efficiency @bp production in Britain. The
Philosophical Transactions of the Royal Society.ofhdon, Series B, Biological
Sciences 281:277-294.

126



Bibliography

Monteith, J.L. 1995. A reinterpretation of stomatasponses to humidity. Plant, Cell
and Environment 18:357-364.

Moreshet, S., Cohen, Y., Green, C. and Fuchs, M01%he partitioning of hydraulic
conductances within orange trees. Journal of Erpartal Botany 228:833-839.

Mpelasoka, B.S., Behboudian, M.H. and Green, S(R12Water use, yield and fruit
guality of lysimeter-grown apple trees: responseddficit irrigation and to crop
load. Irrigation Science 20:107-113.

Munns, R. 1988. Why measure osmotic adjustment?trélisn Journal of Plant
Physiology 15:717-726.

Mufioz, N., Guerri, J., Legaz, F. And Primi-Millo, E993. Seasonal uptake of 15N-
nitrate and distribution of absorbed nitrogen inagde trees. Plant and Soil
150:263-269.

Nadwodnik, J. and Lohaus, G. 2008. Subcellular eotrations of sugar alcohols and
sugars in relation to phloem translocatiorPiantago majoy Plantago maritime
Prunus persicaandApium graveolensPlanta 227:1079-1089.

Nabau, C. 2004. Programacié de regs a temps realnanplantaci6 comercial de
presseguers per industria. Treball Practic Tutbtalyersitat de Lleida.

Naor, A., Klein, I. And Doro, I. 1995. Stem watestential and apple size. Journal of
the American Society for Horticultural Science BX¥.-582.

Naor, A., Klein, 1., Hupert, H., Greenblat, Y., Bsy M. and Kaufman, A. 1999. Water
stress and crop level interactions in relation tectarine yield, fruit size
distribution and water potentials. Journal of themekican Society for
Horticultural Science 124:189-193.

Naor, A., Hupert, H., Greenblat, Y., Peres, M., ftaan, A. and Klein, I. 2001. The
response of nectarine fruit size and midday stetemgotential to irrigation level
in stage Ill and crop load. Journal of the Americaociety for Horticultural
Science 126:140-143.

Naor, A., Gal, Y. and Bravdo, B. 2002. Shoot angstr thinning influence vegetative
growth, fruit yield, and wine quality of ‘Sauvigndslanc’ grapevines. Journal of
the American Society for Horticultural Science 628-634.

Naor, A. 2004. The interactions of soil- and steatew potentials with crop level, fruit
size and stomatal conductance of field-grown ‘Blakber Japanese plum.
Journal of Horticultural Science and Biotechnol@§y273-280.

Naor, A., Stem, R., Peres, M., Greenblat, Y., Galand Flaishman, M. 2005. Timing
and severity of post-harvest water stress affelbdbviing-year productivity and
fruit quality of field-grown ‘Snow Queen’ nectarindournal of the American
Society for Horticultural Science 130:806-812.

Naor, A. 2006. Irrigation scheduling and evaluataintree water status in deciduous
orchards. Horticultural Reviews 32:111-165.

Nario, A., Pino, I., Zapata, F., Albornoz, M.P. aBdherle, P. 2003. Nitroger®K)
fertilizer use efficiency in peachP(unus persical.) cv. Goldencrest trees in
Chile. Scientia Horticulturae 97:279-287.

Natali, S., Xiloyannis, C. and Pezzarossa, B. 1®&ationship between soil water
content, leaf wter potential and fruit growth dugyidifferent fruit growing phases
of peach trees. Acta Horticulturae 171:167-80.

Neilsen, G., Parchomchuk, P. and Berard, R. 1995fd\tigation and irrigation affect
potassium nutrition of newly planted apple treesta®orticulturae 383:57-65.

Neilsen, G. and Neilsen, D. 1997. Orchard nutrittonmaximize crop quality and
minimize environmental degradation. Acta Horticrdie 448:365-373.

127



Bibliography

Neilsen, G., Kappel, F. and Neilsen, D. 2007. Batton and crop load affect yield,
nutrition, and fruit quality of ‘Lapins’ sweet chgr on Gisela rootstock.
HortScience 42:1456-1462.

Nicolas, E., Barradas, V.L., Ortufio, M.F., Navaro, Torrecillas, A. and Alarcon, J.J.
2008. Environmental and stomatal control of traregmn, canopy conductance
and decoupling coefficient in young lemon treesarrghading net. Environmental
and Experimental Botany 63:200-206.

Niederholzer, F.J.A., DeJdong, T.M. Saenz, J.L., &ka, T.T. and Weinbaum, S.A.
2001. Effectiveness of fall versus spring soil ifedtion of field-grown peach
trees. Journal of the American Society for Hortictdl Science 15:644-648.

Nii, N. 1997. Changes of starch and sorbitol irvésabefore and after removal of fruits
from peach trees. Annals of Botany 79:139-144.

Njoroge, S.M.C. and Reighard, G.L. 2008. Thinnimget during stage | and fruit
spacing influences fruit size of ‘Contender’ peasbhientia Horticulturae 115:352-
359.

Nobel, P.S. and Cui, M. 1992. Hydraulic conductanaiethe soil, the root-soil air gap,
and the root: changes for desert succulents imgrgoil. Journal of Experimental
Botany 43:319-326.

Nobel, P.S. 2005. Physicochemical and EnvironmeRtaht Physiology, '3 edition.
Elsevier Academic Press, Burlington (USA). 567 pp.

Nolla, J.M., Pascual, M., Dalmases, J. and Urbiha@006. Historia y situacion actual
de la fruticultura de Lleida. Fruticultura Profesab 158:5-15.

Norman, J.M. and Campbell, G.S. 1989. Canopy stracin: Pearcy, R.E., Ehleringer,
J.R., Mooney, H.A. and Rundel, P.W. (eds.) Plantsmitogical ecology: Field
methods and instrumentation. Chapmen and Hall, tongp 301-325.

North, G.B. and Nobel, P.S. 1996. Radial hydraglmductivity of individual root
tissues ofOpuntia ficus-indica(L.) Miller as soil moisture varies. Annals of
Botany 77:133-142.

O’Connell, M.G. and Goodwin, I. 2004. Pear watdatiens under partial root zone
drying. Acta Horticulturae 664:453-459.

O'Connell, N.V. and Snyder, R.L. 2004. Monitoringil smoisture with inexpensive
dielectric sensors (ECH20 probe) in a citrus ordharder low volume irrigation.
Acta Horticulturae 664:445-451.

O’Connell, M.G., Goodwin, I. and Dunn, G.M. 200&WwWards a better understanding of
crop water requirements in orchards: a case stuuiy the Goulburn Valley.
Australian Journal of Experimental Agriculture 4654412.

Ogawa, J.M., Zehr, E.I., Bird, G.W., Ritchie, D.Eriu, K. and Uyemoto, J.K. (eds)
1995. Compendium of Stone Fruit Diseases. APS Pigssaul, Minnesota
(USA). 98 pp.

Ohkawa, M. 1981. Budbreak and xylem exudation geghouse-growwitis vinifera
L. cv. Muscat of Alexandria. Journal of Japanesei&yp for Horticultural Science
50:10-14.

Olienyk, P., Gonzalez, A.R., Mauromoustakos, A.tté?aon, W.K., Rom, C.R. and
Clark, J. 1997. Nitrogen fertilization affects qgtalof peach puree. HortScience
32:284-287.

Olivo, N. 2007. Diagnostico del estado hidrico devifia Yitis viniferal.) y puesta a
punto del potencial hidrico de tallo como indicagdara la programacién de riego.
Tesis Doctoral, Universitat de Lleida. 53 pp.

Olivo, N., Girona, J and Marsal, J. 2009. Seaseaasitivity of stem water potential to
vapour pressure deficit in grapevine. Irrigationeice 27:175-182.

128



Bibliography

Olsson, K.A. and Milthorpe, F.L. 1983. Diurnal asgatial variation in leaf water
potential and leaf conductance of irrigated peaebst Australian Journal of Plant
Physiology 10:291-298.

Opara, L.U. 2000. Fruit growth measurement and yargl Horticultural Reviews
24:373-431.

Ortega-Farias, S., Duarte, M., Acevedo, A., Moréhcand Cérdova, F. 2004. Effect of
four levels of water application on grape compositand midday stem water
potential ofVitis viniferaL. cv. Cabernet Sauvignon. Acta Horticulturae @84-
497.

Paco, T.A., Ferreira, M.I. and Conceicao, N. 2(@&ach orchard evapotranspiration in
a sandy soil: Comparison between eddy covarianasunements and estimates
by the FAO 56 approach. Agricultural Water Managetn@2:305-313.

Paramasivam, S., Alva, A. K., Fares, A. and SajwanrS. 2001. Estimation of nitrate
leaching in an entisol under optimum citrus progutct Soil Science Society
American Journal 65:914-921.

Parkes, M., Jian, W. and Knowles, R. 2005. Peak caefficient values for Shaanxi,
North-west China. Agricultural water Managementl4®-168.

Pascual, M., Ramon, E., Monturiol, A., Nolla, J.Mrbina, V. and Dalmases, J. 2007.
La poda mecanica de los frutales. Caracteristicaspgctos basicos. Fruticultura
Profesional 164:13-24.

Pataki, D.E., Oren, R., Katul, G. and Sigmon, B8L9Canopy conductance Binus
taedg Liquidambar styracifluaand Quercus phellosinder varying atmospheric
and soil water conditions. Tree Physiology 18:303-3

Pearcy, R.W., Schulze, E.D., Zimmermann, R. 1988addrement of transpiration and
leaf conductance. In: Pearcy, R.E., Ehleringer,, Mboney, H.A. and Rundel,
P.W. (eds.) Plant physiological ecology: Field noelt and instrumentation.
Chapmen and Hall, London, pp. 137-160.

Pearson, J. and Stewart, G.R. 1993. The deposifiatmospheric ammonia and its
effects on plants. New Phytology 125:283-305.

Pérez-Pastor, A., Ruiz-Sanchez, M.C., Martinez,.,JMortes, P.A., Artés, F. and
Domingo, R. 2007. Effect of deficit irrigation onragot fruit quality at harvest
and during storage. Journal of the Science of FomtAgriculture 87:2409-2415.

Pla, I., 1994. Modeling hydrological changes iratiein to land degradation processes.
8" ISCO Conference, pp. 1113-1130.

Policarpo, M., Di Marco, L., Caruso, T., Giocchir?, and Tagliavini, M. 2002.
Dynamics of nitrogen uptake and partitioning inlyand late fruit ripening peach
(Prunus persicatree genotypes under a Mediterranean climatentRlad Soil
239:207-214.

Porro, D., Dorigatti, C., Stefani, M. and CeschiAi, 2001. Use of SPAD meter in
diagnosis of nutritional status in apple and grapevActa Horticulturae 564:243-
252.

Porta, J. and Julia, R. 1983. Els sols de CataluAgea Meridional de Lleida. Edita
Generalitat de Catalunya, Departament d’AgicultRamaderia i Pesca. 332 pp.

Porta, J., LOpez-Acevedo, M. and Roquero, C. 18@&fologia para la agricultura y el
medio ambiente, 3a edicion. Mundi-Prensa, Madiid. 8p.

Quifiones, A., Bafiuls, J., Primo-Millo, E. and Legaz2003. Effects of15N application
frequency on nitrogen uptake efficiency f@itrus trees. Journal of Plant
Physiology 160:1429-1434.

Ran, Y., Habib, R., Bar-Yosef, B. and Erez, A. 19B4ot volume effects on nitrogen
uptake and partitioning in peach trees. Agronomydal 86:530-534.

129



Bibliography

Ranney, T.G., Whitlow, T.H. and Bassuk, N.L. 19%®kesponse of five temperate
deciduous tree species to water stress. Tree Rbygi6:439-448.

Reginato, G.H., Garcia de Cortazar, V. and Robingdn 2007. Predicted crop value
for nectarines and cling peaches of different hstréeason as a function of crop
load. HortScience 42:239-245.

Reyes, V.M. 2006. Comportamiento del intercambig@ases a nivel de toda la copa en
manzano Nalusxdomestica Borkh.), peral Pyrus communisL.), vid (Vitis
vinifera L.) y melocoton (Prunus persica L. Batsch) bajerdntes condiciones de
crecimiento y disponibilidad de agua. Tesis Dodtddmiversitat de Lleida. 170
pp.

Reyes, V.M., Girona, J. and Marsal, J. 2006. Eftédate spring defruiting on net GO
exchange and leaf area development in apple tre®pas. Journal of
Horticultural Science and Biotechnology 81:575-582.

Rieger, M. and Duemmel, M. 1992. Comparison of ghiuesistance amorigrunus
species from divergent habitats. Tree Physiolog$d9-380.

Rieger, M. 1995. Offsetting effects of reduced rbwpdraulic conductivity and osmotic
adjustment following drought. Tree Physiology 12385.

Rieger, M. and Litvin, P. 1999. Root system hyd@uwaonductivity is species with
contrasting root anatomy. Journal of ExperimentabBy 50:201-209.

Rieger, M., Lo Bianco, R. and Okie, W.R. 2003. Rewe ofPrunus ferganensjs
Prunus persicaand two interspecific hybrids to moderate drougtiess. Tree
Physiology 23:51-58.

Rincén, L., Garcia-Brunton, J. Saez, J. 2004. Atéarde macroelementos por el
melocotonero. ITEA 100:5-17.

Roden, J., van Volkenburgh, E. and Hinckley, T.i9Q. Cellular basis for limitation
of poplar leaf growth by water deficit. Tré&hysiology 6:211-219.

Roelfsema, M.R.G. and Hedrich, R. 2005. In thetlgfistomatal opening: new insights
into ‘the watergate’. New Phytologist 167:665-691.

Romo, R. and Diaz, D.H. 1985. Root system andtiandl status of peaches under drip
or flood irrigation in warm climates. Acta Horti¢utae 173:167-175.

Rosati, A., Esparza, G., DeJong, T.M. Pearcy, R1909. Influence of canopy light
environment and nitrogen availability on leaf phsytathetic characteristics and
photosynthetic nitrogen-use efficiency of field-gro nectarines trees. Tree
Physiology 19:173-180.

Rowe, R.N. and Johnson, R. 1992. The interactietwden fruit number, tree size and
the yield and fruit size of Fantasia nectarine.aAdbrticulturae 315:171-176.
Rubio-Covarrubias, O.A., Brown, P.H., Weinbaum, SJAhnson, R.S. and Cabrera,
R.l. 2008. Evaluating foliar nitrogen compoundsraicators of nitrogen status in

Prunus persicdrees. Scientia Horticulturae 120:27-33.

Rufat, J. and DeJong, T.M. 1999. Modelled seaspataé&rn of nitrogen requirements of
mature, cropping peach treeBr@nus persica(L.) Batsch). Acta Horticulturae
499:129-135.

Rufat, J and DeJong, T.M. 2001. Estimating seasoitraigen dynamics in peach trees
in response to nitrogen availability. Tree Physigl@1:1133-11440.

Rufat, J. 2003. Influencia del riego y del abonadmgenado sobre el comportamiento
vegetativo y productivo y su efecto en la calidad fluto en manzano. Tesis
Doctoral. Universitat de Lleida. 262 pp.

Rufty, T.W., MacKown, C.T. and Volk, R.J. 1989. &fts of altered carbohydrate

availability on whole-plant assimilation 65|NO;. Plant Physiology 89:457-463

130



Bibliography

Ruiz-Sanchez, M.C., Plana, V., Ortufio, M.F., Tapid). and Abrisqueta, J.M. 2005.
Spatial root distribution of apricot trees in driat soil tillage practices. Plant and
Soil 272: 211-221.

Sadowski, A., Lenz, F., Engel, G. and Kepka, M. 8.98ffect of fruit load on leaf
nutrient content of apple trees. Acta Horticultudd8d:67-71.

Sadras, V.O. and Milroy, S.P. 1996. Soil-water shdds for the responses of leaf
expansion and gas exchange: A review. Field Cragse&ch 47:253-266.

Saenz, J.L., DeJong, T.M. and Weinbaum, S.A. 188fogen stimulated increases in
peach yields are associated with extended fruieldgvnent period and increased
fruit sink capacity. Journal of the American Sogietf Horticultural Science
122:772-777.

Saito, T. and Terashima, I. 2004. Reversible dee®an the bulk elastic modulus of
mature leaves of deciduo@®uercusspecies subjected to two drought treatments.
Plant, Cell and Environment 27:863-875.

Sanchez, E.E. and Righetti, T.L. 1990. Tree nitnoggatus and leaf canopy position
influence postharvest nitrogen accumulation anbleffrom pear leaves. Journal
of the American Society of Horticultural Sciences1434-937.

Sanz, M. and Montafiés, L. 1993. Diagnéstico foantinuado en melocotonero.
Valores de referencia. ITEA 89:79-82.

Sanz, M., Val, J., Monge, E. and Montaés, L. 1985it possible to diagnose the
nutritional status of peach trees by chemical amslpf their flowers? Acta
Horticulturae 383:159-163.

Sanz, M. 2000. Valoracion del diagnostico nutrieioBRIS y DOP a lo largo del ciclo
vegetativo del melocotonero. ITEA 96:7-18.

Schill, V., Hartung, W., Orthen, B. and WeisensédIH. 1996. The xylem sap of
maple Acer platanoidestrees-sap obtained by novel method shows chanmiges
season and height. Journal of Experimental Botany/28-133.

Schwartz, M.D., Carbone, G.J., Reighard, G.L. arldeOW.R. 1997. A model to
predict peach phenology and maturity using metegrodl variables. HortScience
32:213-216.

Scholander, P., Hammel, H., Bradstreet, E. and Hegsen E. 1965. Sap pressure in
vascular plants. Science 148:339-345.

Scholberg, J.M.S., Parsons, L.R., Wheaton, T.ANK&, B.L. and Morgan, K.T. 2002.
Soil temperature, nitrogen concentration, and ezgid time affect nitrogen uptake
efficiency in citrus. Journal of Environmental QtaB1:759-768.

Scorza, R. and Okie, W.R. 1990. Peaclirarfug. Genetic resources of temperate fruit
and nut crops. Acta Horticulturae 290:177-231.

Scott, D.A., Burger, J.A., Kaczmarek, D.J. and KavieB. 2004. Nitrogen supply and
demand in short-rotation sweetgum plantations. $stdeeology and Management
189:331-343.

Sharkey, T.D. and Seemann, J.R. 1989. Mild watessteffects on carbon-reduction-
cycle intermediates, ribulose bisphosphate carla@eyl activity, and spatial
homogeneity of photosynthesis in intact leavesatHPdysiology 89:1060-1065.

Sicher, L., Dorigoni, A. and Stringari, G. 1995.iISnanagement effects on nutritional
status and grapevine performance. Acta Horticut3&3:73-82.

Siebrecht, S. and Tischner, R. 1999. Changes irxyleam exudates composition of
poplar Populus tremulax P. albg-dependent on the nitrogen and potassium
supply. Journal of Experimental Botany 50:1797-1806

131



Bibliography

Siebrecht, S., Herdel, K., Schurr, U. And Tishigr2003. Nutrient translocation in the
xylem of poplar — diurnal variations and spatiatdbution along the shoot axis.
Planta 217:783-793.

Smith, R.B. 1985. Predicting the dates of first coencial harvest of selected Ontario
peach cultivars. Journal of the American Society Horticultural Science
110:650-654.

Smith, A.L., Bengough, A.G., Engels, C., van NooijkwM. and Pellerin, S. (eds.)
2000. Root Methods: A Handbook. Springer-VerlagliBe587 pp.

Sofo, A., Nuzzo, V., Palese, A.M., Xiloyannis, Celano, G., Zukowskyj, P., Dichio,
B. 2005. Net CO2 storage in mediterranean olive jp@ach orchards. Scientia
Horticulturae 107:17-24.

Soil Survey Staff. 1999. Soil Taxonomy: a basideysof soil classification for making
and interpreting soil surveys. 2nd edition. USDAIl Soonservation Service.
Agricultural Handbook n°436. US Government Prinfi€@f Washington, USA.
871 pp.

Solari, L.I. and DeJong, T.M. 2006. The effect @btr pressurization on water relations,
shoot growth, and leaf gas exchange of peRctnus persicatrees on rootstocks
with differing growth potential and hydraulic cordance. Journal of
Experimental Botany 57:1981-1989.

Solari, L.I., Pernice, F. and DeJdong, T.M. 2006.e Ttelationship of hydraulic
conductance to root system characteristics of péanlmus persicarootstocks.
Physiologia Plantarum 128:324-333.

Sorce, C., Massai, R., Picciarelli, P. and LoreRzi,2002. Hormonal relationships in
xylem sap of grafted and ungrafté&ttunus rootstocks. Scientia Horticulturae
93:333-342.

Steinberg, S.L., McFarland, M.J. and Miller, J.C.1989. Effect of water stress on
stomatal conductance and leaf water relations aide along current-year
branches of peach. Australian Journal of Plant iBlogy 16:549-560.

Steinberg, S.L., Miller, J.C. and McFarland, M.89Q. Dry matter partitioning and
vegetative growth of young peach trees under wsttess. Australian Journal of
Plant Physiology 17:23-36.

Steppe, K., De Pauw, D.J.W. and Lemeur, R.2008.tep $owards new irrigation
scheduling strategies using plant-based measursmamd mathematical
modelling. Irrigation Science 26:505-517.

Steudle, E. and Peterson, C.A. 1998. How does wgeithrough roots? Journal of
Experimental Botany 49:775-788.

Steudle, E. 2000. Water uptake by roots: effectswaiter deficit. Journal of
Experimental Botany 51:1531-1542.

Stirzaker, R.J. and Passioura, J.B. 1996. The waltations of the root-soil interface.
Plant, Cell and Environment 19:201-208.

Stoilov, G.P., Jovchev, I.D. and Stefanova, V.M9@9Relation between the leaf
nutrient balance and the growth and productivity péach trees. Acta
Horticulturae 274:437-441.

Strabbioli, G. and Turci, E. 1995. Nutrient leachim a drip irrigated peach orchard.
Acta Horticulturae 383:411-419.

Strand, L. 1999. Integrated Pest Management faneSEsuits. University of California.
264 pp.

Szics, E. 1995. Effect of the soil lime contenptiwsphorous and potassium dynamics
and yield of peach trees. Acta Horticulturae 383:498.

132



Bibliography

Tagliavini, M., Toselli, M., Marangoni, B., Stamp{;., and Pelliconi, F. 1995.
Nutritional status of kiwifruit affects yield anduit storage. Acta Horticulturae
383:227-237.

Tagliavini, M., Millard, P., Quartieri, M. and Mamngoni, B. 1997. Foliar nitrogen
uptake and withdrawal from peach leaves during smmee. Acta Horticulturae
448:459-465.

Tagliavini, M., Millard, P. and Quartieri, M. 1998torage of foliar-absorbed nitrogen
and remobilization for spring growth in young nerta (Prunus persicavar.
nectaring trees. Tree Physiology 18:203-207.

Tagliavini, M., Millard, P., Quartieri, M. and Margoni, B. 1999. Timing of nitrogen
uptake affects storage and spring remobilisationitwbgen in nectarinePfunus
persicavar.nectaring trees. Plant and Soil 211:149-153.

Tagliavini, M., Zavalloni, Z., Rombola, A.D., Qaeti, M., Malaguti, D., Mazantii, F.,
Millard, P. and Marangoni, B. 2000. Mineral nuttigmartitioning to fruits of
deciduous trees. Acta Horticulturae 512:131-140.

Tagliavini, M. and Millard, P. 2005. Fluxes of miggen within deciduous fruit trees.
Acta Scientiarium Polonorum 4:21-30.

Taiz, L. and Zeiger, E. 1998. Plant Physiology® 2dition. Sinauer Associates,
Sunderland. 791 pp.

Tan, C.S. and Buttery, B.R. 1982. The effect of s#od moisture stress to various
fractions of the root system on transpiration, peghthesis, and mineral relations
of peach seedlings. Journal of the American SodetyHorticultural Science
107:845-849.

Tan, C.S. and Buttery, B.R. 1986. Photosynthesmsnatal conductance, and leaf water
potential response to temperature and light inlpddortScience 21:1180-1182.

Tanner, C.B. Sinclair, T.R. 1983. Efficient usewster in crop production: research or
re-search. In: Taylor, H.M., Jordan, W.R. and Sim¢IT.R., (eds.) Limitations to
efficient water use in crop production. Madison SWIUSA): American Society of
Agronomy, Crop Science Society of America-Soil &cee Society of America, pp
1-27.

Tanner, W. and Beevers, H. 2001. Transpiration,rereguisite for long-distance
transport of minerals in plants? Proceedings ofNh&ural Academy of Sciences
USA 98:9443-9447.

Tardieu, F. and Davies, W.J. 1993. Integration yafraulic and chemical signalling in
the control of stomatal conductance and water stafudroughted plants. Plant,
Cell and Environment 16:341-349.

Tardieu, F. and Simonneau. T. 1998. Variability amepecies of stomatal control
under fluctuating soil water status and evaporatigmmand: modelling isohydric
and anisohydric behaviours 49:419-432.

Taylor, B.K. and van den Ende, B. 1969. The nitrogmitrition of peach tree. IV.
Storage and mobilization of nitrogen in mature dre@ustralian Journal of
Agricultural Research 20:869-881.

Taylor, B.K. and van den Ende, B. 1970a. The né@rogutrition of peach tree. 5.
Influence of rate of application of Ca ammoniunrati fertilizer on yield, tree
growth and nitrogen content of fruit. Australianudwal of Experimental
Agriculture and Animal Husbandry 10:214-217.

Taylor, B.K. and van den Ende, B. 1970b. The n#&rogutrition of peach tree. VI.
Influence of autumn nitrogen applications on theuaculation of nitrogen,
carbohydrate and macroelements in 1-year-old pagaels. Australian Journal of
Agricultural Research 21:693-698.

133



Bibliography

Toldam-Andersen, T. and Hansen, P. 1995. Sourd¢essiiations in fruits. VII. The
effect of nitrogen on fruit/leaf-ratios and fruitewklopment in apple. Acta
Horticulturae 383:25-33.

Ton, Y., Kopyt, M., Zachs, I. and Ben-Ner, Z. 20®hytomonitoring technique for
tuning irrigation of fruit trees. Acta Horticultugg46:127-132.

Torrecillas, A., Alarcén, J.J., Domingo, R., Planésand Sanchez-Blanco, M.J. 1996.
Strategies for drought resistance in leaves of dimoond cultivars. Plant Science
118:135-143.

Turner, N.C., Schulze, E.-D. and Gollan, T. 1984e Tesponses of stomata and leaf gas
exchange to vapour pressure deficits and soil veatetent . Species comparisons
at high soil water contents. Oecologia 63:338-342.

Tyree, M. T. and Jarvis, P.G. 1982. Water in tissaied cells. In: Lange, O.L., Nobel,
P. S., Osmond, C. B. and Ziegler, H. (eds.) Enpgidita of Pant Physiology, vol
12B. Physiological Plant Ecology Il. Water relasoand carbon Assimilation.
Springer-Verlag, Berlin, pp. 35-77.

Tyree, M.T. and Ewers, F.W. 1991. The hydraulihaecture of trees and other woody
plants. New Phytology 119:345-360.

Urbina, V., Dalmases, J. and Pascual, M. 1999. t@bg de producciéon en las
explotaciones frutales para la proxima década @6D2Fruticultura Profesional
106:25-31.

Urbina, V., Dalmases, J. and Pascual, M. 2007.d@dldel material vegetal empleado
en plantaciones frutales. Fruticultura Profesidiéd:5-16.

Van den Ende, B. and Taylor, B.K. 1969. Responsgeath seedlings in sand culture
to factorial combination of nitrogen, phosphoroasd sheep manure. Australian
Journal of Experimental Agriculture and Animal Haeldry 9:234-238.

Villar, P. and Aran, M. 1999. Criteris basics ddddilitzacio raonada en fructicultura.
Quaderns de Divulgacio 3. LAF, Laboratori d’Analisi Fertilitat de Sols,
Diputacio de Lleida.

Villar, J.M. 2001. Evapotranspiracion. In: Elias, BAnd Castellvi, F. (eds.)
Agrometeorologia. Mundi-Prensa, Madrid, pp. 259:278

Villar-Mir, J.M., Villar-Mir, P., Stockle, C.O., Feer, F. and Aran, M. 2002. On-farm
monitoring of soil nitrate-nitrogen in irrigated reofields in the Ebro Valley
(Northeast Spain). Agronomy Journal 94:373-380.

Villar, J.M. and Ferrer, F. 2005. Técnicas de madiccontrol de agua en el suelo. In:
Agua y Agronomia. Martin de Santa Olalla, F., Lopester, O. and Calera, A.
(eds.) Editoral Mundi Prensa, Madrid, pp. 25-86.

Villar, P. and Aran, M. 2008. Guia d’InterpretadtAnalisis de Sols i Plantes. Consell
Catala de Produccio Integrada, Lleida. 78 pp.

Vu, J.C.V. and Yelenosky, G. 1988. Water deficid amssociated changes in some
photosynthetic parameters in leaves of 'Valenciange Citrus sinensisL.
Osbeck). Plant Physiology 88:375-378.

Wallach, D., Loisel, P., Goffinet, B. and Habib, ®90. Modeling the time dependence
of nitrogen uptake in young trees. Agronomy Jou8#all135-1140.

Walters, M.B. and Reich, P.B. 1989. ResponseUbhus americanaseedlings to
varying nitrogen and water status. 1 Photosynthastsgrowth. Tree Physiology
5:159-172.

Wang, Z., Quebedeaux, B. And Stutte, G.W. 1995. @snadjustment: Effect of water
stress on carbohydrates in leaves, stems and ebajsple. Australian Journal of
Plant Physiology 22:747-754.

134



Bibliography

Wartinger, A., Heilmeier, H., Hartung, W. and SawylE.-D. 1990. Daily and seasonal
courses of leaf conductance and abscisic acidanxitem sap of almond trees
(Prunus dulcis(Miller) D.A. Webb) under desert conditions. Nevhyiblogy
116:581-587.

Weibel, A., Johnson, R.S. and DeJong, T.D. 2003n@ative vegetative growth
response of two peach cultivars grown on size-oflittg versus standard
rootstocks. Journal of the American Society for tidoftural Science 128:463-
471.

Wilkinson. S. and Davies, W.J. 1997. Xylem sap pttease: a drought signal received
at the apoplastic face of the guard cell which ines the suppression of saturable
ABA uptake by the epidermal symplast. Plant Phygjpl113:559—-73.

Williams, L.E. and Araujo, F.J. 2002. Correlaticammong predawn leaf, midday leaf,
and midday stem water potential and their cormhetiwith other measures of soll
and plant water status i¥itis vinifera Journal of the American Society for
Horticultural Science 127:448-454.

Williamson, J.G. and D.C. Coston. 1989. The refetiop among root growth, shoot
growth and fruit growth of peach. Journal Ameri&otiety Horticultural Science
115:180-183.

Woodruff, D.R., Bond, B.J. and Meinzer, F.C. 200&es turgor limit growth in tall
trees? Plant, Cell and Environment 27:229-236.

Wright, H., Nichols, D. and Embree, C. 2006. Evahgthe accountability of trunk
size and canopy volume models for determining apgle production potential
across diverse management regimes. Acta Hortiadtd07:237-243.

Winsche, J.N., Palmer, J.W. and Greer, D.H. 20@@cts of crop load on fruiting and
gas-exchange characteristics of ‘Braeburn’/M.26 lappees at full canopy.
Journal of the American Society for Horticulturaié&ce 125:93-99.

Yoon, T.M. and Richter, H. 1990. Seasonal changestomatal responses of sweet
cherry and plum to water status in detached le@®egsiologia Plantarum 80:520-
526.

Zalom, F.G., Goodell, P.B., Wilson, L.T., Barne®/.W. and Bentley, W.J. 1983.
Degree-days: The calculation and use of heat unitpest management. UC
DANR Leaflet 21373.

Zarrouk, O., Gogorcena, Y., Gomez-Aparisi, J., 8etrJ.A. and Moreno, M.A. 2005.
Influence of almondpeach hybrids rootstocks on flower and leaf mineral
concentration, yield and vigour of two peach cualiss Scientia Horticulturae
106:502-514.

Zhang, H., Simmonds, L.P., Morison, J..L. and RayD. 1997. Estimation of
transpiration by single trees: comparison of sapwflmeasurements with a
combination equation. Agricultural and Forest Metdagy 87:155-169.

Zilkah, S., Wiesmann, Z., Klein, I. and David, B96. Foliar applied urea improves
freezing protection to avocado and peach. Sciéfardiculturae 66:85-92.

Zimmerman, M.H. 1964. Effect of low temperature ascent of sap in trees. Plant
Physiology 39:568-572.

Zweifel, R., Zimmermann, L., Zeuginand, F. and Newb D.M. 2006. Intra-annual
radial growth and water relations of trees: impglmas towards a growth
mechanism. Journal of Experimental Botany 57:144591

135






