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Resumen

En este trabajo se ha estudiado el efecto del riego deficitario en distintos periodos
fenoldgicos y de la carga de cosecha, tanto sobre la respuesta agronomica como sobre las
relaciones hidricas de una plantacion joven de ciruelo japonés cv. Black-Gold, variedad de
maduracién intermedia. Ademas, se ha evaluado la utilidad de los sensores Watermark®
para la medida del potencial matricial del suelo (¥m), y la eficacia de los dendrometros en

tronco para estimar el estado hidrico de los arboles.

Los resultados muestran distinta sensibilidad del cultivo al riego deficitario segun el
periodo fenoldgico en el que se aplique. En post-cosecha, las restricciones hidricas
permitieron ahorros de agua de hasta un 29%, sin afectar a la intensidad de floracién ni al
cuajado ni al crecimiento del fruto del afio siguiente. Sin embargo, a medio plazo, tres afios,
el estrés hidrico aplicado en post-cosecha puede reducir la produccién de la plantacion,
debido al efecto acumulado de las restricciones sobre el crecimiento del arbol. De todos
modos, esta pérdida de produccion podria ser compensada por los importantes ahorros en
costes de cultivo, en particular poda y aclareo, que pueden conseguirse. Por tanto, el estrés
hidrico en post-cosecha podria emplearse a escala comercial, no solamente en caso de
escasez de recursos hidricos, sino ademas como herramienta para controlar el crecimiento
del arbol.

El estrés hidrico llevado a cabo durante la fase Il y toda la fase Il del crecimiento del
fruto, redujo su tamafio de forma proporcional a la integral de estrés, ademas de reducir el
crecimiento del arbol cuando el estrés hidrico fue severo, o cuando iba asociado a una carga
alta. La restriccion severa del riego exclusivamente durante la fase Il y el principio de la
fase Ill, aunque redujo en un 12% el tamafo del fruto, permitié reducir el crecimiento
vegetativo del arbol y seguramente por ello adelantar la maduracion del fruto.

La restriccion moderada del riego, antes y después de la cosecha, si bien permitio el
mayor ahorro de agua (30%), provoco una reduccion demasiado severa en el crecimiento
del arbol, ademas de afectar al tamafio del fruto cuando el estrés acumulado durante el

periodo de crecimiento del fruto superé el umbral de 45 MPa-dia.



La carga alta de cosecha, 7-8 frutos/cm? seccién de tronco, comparada con 4-5 frutos/cm?
seccion de tronco, en un afio de ensayo, permitié aumentar la produccion de la plantacion
en un 46%, ya que redujo el tamafio final del fruto en un 16%. Ademas, la carga alta
también disminuyo el crecimiento vegetativo del arbol, aunque su efecto fue mayor sobre el
crecimiento del tronco que sobre el desarrollo del area foliar.

El crecimiento del fruto fue afectado de forma similar por el estrés hidrico moderado
independientemente del nivel de la carga de cosecha. Sin embargo, el crecimiento del
tronco fue exclusivamente menor en los &rboles regados deficitariamente cuando la carga
fue alta.

La carga también afecté a las relaciones hidricas del arbol. En particular, en arboles bien
regados aumentd en un 28% la maxima contraccion diaria del tronco (MDC) y redujo en un
23% la tasa diaria de crecimiento del tronco (CT). Estos hechos indican que debe tenerse en
cuenta el nivel de carga de los arboles, cuando se empleen estos indicadores para estimar el

estado hidrico del arbol.

El MDC, el CT y el potencial de hoja no transpirante (‘\Ptallo) respondieron a los cambios
en el estado hidrico de los arboles, por lo que pueden ser indicadores Utiles del estrés
hidrico. La variabilidad de las medidas fue mayor en el MDC y CT que en el Wtallo, por lo
que este altimo es el indicador mas sensible.

Se han obtenido ademas unas ecuaciones de referencia para predecir el valor del MDC y
del Ytallo en funcion de la demanda evaporativa. Estas ecuaciones podran emplearse en
protocolos de riego basados en la medida del estado hidrico de los arboles. Para el Wtallo
deben emplearse dos ecuaciones de referencia a lo largo del ciclo anual de cultivo, una
antes de la cosecha y otra después, debido a una progresiva reduccion en el estado hidrico
de los arboles. Para el MDC una Unica ecuacion de referencia puede ser valida, debido a un
cambio estacional en la relacion MDC-Ytallo que conlleva menores MDC para un mismo
Ytallo durante el periodo post-cosecha, y que por lo tanto compensa la reduccién del estado
hidrico de los arboles.

Se ha evaluado la influencia que tiene el tamafio de los arboles sobre el MDC. En un
rango de didmetro de tronco de 8 a 14 cm, el MDC aumenta un 13% por cada cm de

incremento en el diametro del tronco, debido al mayor espesor de floema de los arboles méas

\%



grandes. Este resultado podria permitir extrapolar la prediccion del Wtallo, obtenida a partir

de las relaciones empiricas entre Wtallo y MDC, a &rboles de otros tamafios.

Los sensores Watermark® respondieron a las restricciones del riego, en particular cuando
fueron severas. Ademas, permitieron estimar con cierta precision el estado hidrico del
arbol, en particular para ¥Ym< -40 kPa, pero no permitieron determinar con la misma
exactitud el Wtallo en el rango himedo (-20 kPa<¥m< -10 kPa). Por ello, no se recomienda
su empleo en los periodos fenoldgicos de mayor sensibilidad al estrés hidrico. Su mayor
limitacion es, de todos modos, la alta variabilidad de sus medidas (coeficiente de variacion
medio de 35-50%).
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Abstract

The effects of deficit irrigation applied during different phenological periods, and of
different crop load levels on the water relations and on tree productivity of young Japanese
plum cv. Black-Gold trees have been evaluated. Moreover, the usefulness of Watermark®
sensor for measuring matric soil water potential (¥m) and of stem diameter sensor to

estimate plant water status has been investigated.

This mid-season maturing cultivar showed different sensitivity to water deprivation
depending upon the phenological period. Thus, deficit irrigation applied during post-harvest
did not affect flowering, fruit set or fruit growth the next season, allowing for a 29% water
saving. However, several seasons of drought after harvest could reduce productivity of
young trees as a consequence of the cumulative effect of water deficit on tree growth.
Nonetheless, the smaller tree size, allows easier pruning and fruit thinning, with potential
cost-saving for producers.

On the other hand, water restriction applied during stages Il and Il of fruit growth,
reduced fruit size in proportion to the integrated water stress achieved and also affected tree
growth when water restrictions were either severe or in conjuction with a high crop load
level. Severe water deficit applied only during stage Il of fruit growth and the beginning of
stage Ill, reduced fruit size by a 12% but advanced fruit maturation probably due to the
important reduction of shoot growth.

Drouhgting based on a moderate, but continuous reduction of irrigation rates from phase
Il of fruit growth until the end of the season, led to a too severe reduction of tree growth,
and may also reduce fruit size if integrated water stress during fruit growth overcomes the
45 MPa-day threshold value.

In a one-year experiment, increasing crop load from 4-5 fruit/cm?® of trunk cross sectional
area (TCSA) to 7-8 fruit/cm? of TCSA, allowed for a 47% increase in yield, as average fruit
weight was only reduced by a 16%. High crop load also reduced the vegetative growth,
with higher effect on trunk growth than on canopy development. It enhanced the sensitivity

to water stress of trunk growth but not that of fruit growth.
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Crop load also affected tree water relations. In well irrigated trees, high crop load
considerably increased the maximum diurnal trunk shrinkage (MDS) and reduced daily
trunk growth (TGR). Thus, these feactures have to be taken in consideration when using the

short term trunk diameter variations for irrigation scheduling.

MDS, TGR and the water potential of non-transpiring leaves (‘\W'stem) all responded well in
agreement to water reductions, therefore they are useful water stress indicators. However,
higher variability of readings was obtained in MDS and TGR that on Wstem, and therefore
Wstem was the most sensitive indicator.

Reference, base-line equations, have been obtained to predict Wstem and MDS values as
a function of the evaporative demand. These reference equations can be a useful guidelines
for scheduling irrigation protocols based on Wstem and MDS measurements.

A decrease in plant water status towards the end of the season occurred even in the well
irrigated trees. Thus, for Wstem, different reference equations have to be used at the
beginning of the season (fruit growth) than at the end (after harvest). A seasonal change in
the relation between MDS and ‘Pstem was observed, which compensated the decrease in
plant water status, and therefore similar MDS values for well irrigated trees can be
expected before or after harvest.

The influence of tree size on the relationship between MDS and Wstem was also
investigated. In a range of tree trunk diameter between 8 to 14 cm, MDS increased a 13%
for each cm of increase of trunk diameter, due to the thicker phloem tissues of larger trees.
This result may allow to extrapolate Wstem prediction based on empirical relations with

MDS to plum trees of different sizes.

Watermark® sensors readings were in reasonable agreement with the irrigation regime
particularly under severe water restrictions. They showed good indication of plant water
status in the dry range of Wm, but not in the wet range (-20 kPa<¥m< -10 kPa). Thus, its
use is not recommended in those phenological periods of high sensitivity to water
deprivation. Nonetheless, the most important drawback in their use was the high variability

of readings (typical coeficient of variation of 35-50%) increasing at the lower ¥m range.
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Resum

S'ha estudiat I'efecte de les restriccions hidricques en distints periodes fenoldgics, i de la
carrega de collita sobre la resposta agronémica i les relacions hidricques d'una plantacio
jove de prunera Japonesa cv. Black-Gold, varietat de maduracio intermédia. A més, s'ha
avaluat la utilitat dels sensors Watermark®, per a la mesura del potencial matricial del sol

(¥m), i l'eficacia, dels dendrémetres per a estimar I'estat hidricc dels arbres.

Els resultats mostren distinta sensibilitat del cultiu al reg deficitari segons el periode
fenoldgic en el qual s'aplique. En poscollita, les restriccions hidricques van permetre
estalvis d'aigua de fins a un 29% sense afectar ni a la intensitat de floracié ni el quallat ni el
creixement del fruit de I'any segiient. No obstant aix0, a mitja termini, tres anys, l'estres
hidricc aplicat en poscollita pot reduir la produccié de la plantaciéo a causa del efecte
acumulat de les restriccions sobre el creixement de l'arbre. De totes maneres, aquesta
pérdua de produccié podria ser compensada pels importants estalvis en costos de
produccio, en particular poda i aclarit, que poden aconseguir-se. Per tant, l'estrés hidricc en
poscollita podria utilitzar-se a escala comercial, no solament en cas d'escassesa de recursos

hidriccs, sind a més com ferramenta per a reduir el creixement de l'arbre.

L'estrés hidricc portat a terme durant les fases Il i tota la fase Il del creixement del fruit,
va reduir el seu tamany de forma proporcional a la integral d'estrés, a més de reduir el
creixement de I'arbre quan I'estrés hidricc va ser sever, 0 quan anava associat a una carrega
alta. En canvi, la restriccio severa del reg exclusivament durant la fase Il i el principi de la
fase Ill, encara que va reduir en un 10% la grandaria del fruit, va permetre reduir el
creixement vegetatiu de I'arbre i segurament per aixo avancgar la maduracio del fruit.

La restriccio moderada del reg, abans i després de la collita, encara que va permetre el
major estalvi d'aigua (30%), va provocar una reduccié massa severa en el creixement de
I'arbre, a més d'afectar al creixement del fruit quan I'estrés acumulat durant aquest periode
va superar el llindar de 45 MPasdia. La carrega alta de collita, 7-8 fruits/cm2 secci6 de
tronc, comparada amb una carrega de 4-5 fruits/cm2 secci6 de tronc en un any d'assaig, va
reduir el tamany final del fruit en un 16%, pero va permetre augmentar la collita en un

46%. A més, la carrega alta també va afectar el creixement vegetatiu de I'arbre, encara que



el seu efecte va ser major sobre el creixement del tronc que sobre el desenvolupament de

I'area foliar.

El creixement del fruit va ser afectat de forma similar per I'estrés hidricc moderat
independentment del nivell de la carrega de collita. No obstant aixo, el creixement del tronc

va ser exclusivament menor en els arbres regats deficitariament quan la carrega va ser alta.

La carrega també va afectar a les relacions hidricques de I'arbre. En particular, en arbres bé
regats, va augmentar de forma considerable la maxima contraccio diaria del tronc (MDC)
aixi com va reduir la taxa diaria de creixement del tronc (CT). Aquests fets indiquen que
deu tenir-se en compte el nivell de carrega dels arbres, quan s'utilitzen aquests indicadors

per a estimar l'estat hidricc de I'arbre.

El MDC, el CT i el potencial de fulla no transpirante (‘\Pbrot) van respondre als canvis en
I'estat hidricc dels arbres, pel que poden ser utils indicadors d'estres hidricc. La variabilitat
de les mesures va ser major en el MDC i CT que en el Wbrot, pel que aquest ultim és

I'indicador més sensible a I'estrés hidricc.

S'han obtingut a més unes equacions de referéncia per a predir el valor del MDC i de el
Yhbrot en funcié de la demanda evaporativa. Aquestes equacions podran utilitzar-se en
protocols de reg basats en la mesura de I'estat hidricc dels arbres. Mentre per a el brot
deuen utilitzar-se dues equacions de referéncia al llarg del cicle anual de cultiu, una abans
de la collita i una altra després, a causa de una progressiva reduccio en I'estat hidricc dels
arbres, per al MDC, una Unica equacié de referéncia pot ser valida, a causa de un canvi en

la relaci6 MDC- Whbrot després de la collita.

S'ha avaluat l'efecte del tamany dels arbres sobre el MDC. En un rang de diametre de
tronc de 8 a 14 cm, el MDC augmenta un 13% per cada cm d'increment en el diametre del
tronc, a causa del major espessor de floema dels arbres més grans. Aquest resultat podria
permetre extrapolar la prediccio de el Wbrot obtinguda a partir de les relacions empiriques

entre Whrot i MDC, a arbres d’altres tamanys.



Els sensors Watermark® van respondre raonablement bé a les restriccions del reg, en
particular quan van ser severes, i permeten estimar amb certa precisio I'estat hidricc de
I'arbre, en particular per a ¥Ym<-40 kPa. Per aix0, no es recomana el seu Us en aquells
periodes fenoldgics sensibles a l'estrés hidricc. La seua major limitacio és, de totes

maneres, l'alta variabilitat de les seues mesures (coeficient de variacid de 35-50%).
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1.- Introduccion general

En una explotacion fruticola el objetivo final es obtener cosechas de la maxima calidad
intentando reducir costes e insumos. Para ello el agricultor debe conjugar los factores
genéticos (conjunto de un patrén y una variedad), los factores edafoclimaticos, y las
técnicas de cultivo. Si bien la eleccion del sistema porta-injerto/variedad adecuado a una
condiciones edéaficas y climaticas, no facilmente modificables, es un primer paso
fundamental, cultivar el sistema genético elegido de forma apropiada es un segundo paso
No menos importante.

Del mismo modo, mientras el potencial de crecimiento de cualquier érgano del arbol
viene definido fundamentalmente por sus caracteristicas genéticas, su tasa de crecimiento
real esta limitada por una serie de factores tanto internos al propio arbol, como externos.
Estos ultimos pueden afectar al potencial fotosintético del arbol, alterar el reparto de los
fotoasimilados o incluso modificar la capacidad de demanda de los érganos sumideros.

En este contexto tanto el riego como el nivel de carga son los dos factores que a corto
plazo influyen en mayor medida sobre el crecimiento del arbol y en particular, sobre los

principales parametros de calidad del fruto (tamafio y caracteristicas organolépticas).

El riego es una técnica de cultivo con la que se pretenden cubrir las necesidades hidricas
de la planta a fin de evitar situaciones de estrés hidrico, y de este modo incrementar la
biomasa producida y en muchos casos la cosecha (Fereres et al., 2003). Hoy dia, sin
embargo, dado que el agua es un recurso natural escaso y no facilmente renovable y que la
agricultura consume cerca del 87% de los recursos hidricos en todo el mundo (FAO, 2003),
puede no ser justificable, ain cuando fuera posible, proporcionar a la plantacién toda el
agua que requiera.

Ademas, el riego debe encuadrarse dentro del resto de técnicas de cultivo para optimizar
el rendimiento de la explotacion fruticola. Por ello el riego puede servir como herramienta
para, por un lado, controlar el crecimiento del arbol (Ebel et al., 1995) y, por otra parte,
alterar el reparto de fotoasimilados dentro del mismo (Faust, 1989a).

Desde este enfoque surgi6 la idea del riego deficitario controlado, RDC (Chalmers et al.,

1981), el cual se basa en aportes reducidos de agua en periodos determinados de baja



sensibilidad al deficit y en cubrir las necesidades hidricas durante el resto del ciclo
fenoldgico del arbol (Behboudian y Mills, 1997).

Con esta estrategia de riego se pretende no solamente ahorrar agua y costes de
produccion, reduciendo las necesidades de poda y aclareo, sino también favorecer el
crecimiento y la calidad del fruto incrementando su disponibilidad de carbohidratos y su
exposicion a la radiacién solar.

Asi pues, en frutales de hueso, el estrés hidrico se suele llevar a cabo durante el periodo
de endurecimiento del hueso (Agusti, 2000) durante el cual el potencial de crecimiento del
fruto es menor (Pavel y DeJong, 1993) y por lo tanto estd afectado en menor medida por
aquellos factores, como el déficit hidrico, que pueden limitar la fuente de fotoasimilados o
el transporte de agua y nutrientes al fruto. Durante este periodo, en cambio, el crecimiento
vegetativo es notable (Berman y DeJong, 2003) a consecuencia del menor efecto de
competencia del fruto, y puede ser eficazmente controlado mediante el estrés hidrico (Li et
al., 1989a; Girona et al., 2003).

Asi, los primeros ensayos de RDC llevados a cabo en Australia en melocotoneros de
maduracion tardia (Chalmers et al., 1981; Mitchell y Chalmers, 1982), demostraron la
eficacia del RDC, ya que se obtuvieron, incluso incrementos en el tamario del fruto y en su
calidad interna, debido fundamentalmente a un incremento de los solidos solubles totales
por efectos metabolicos (ajuste osmotico del fruto).

En ensayos posteriores los resultados no fueron tan prometedores (Girona, 1989;
Goldhamer et al., 2002), y demostraron que otros factores como la profundidad o
permeabilidad del suelo y la climatologia pueden condicionar los resultados.

En particular, el ciclo fenologico de la variedad en estudio (Flore, 1994) es un factor
critico. Asi, en variedades de maduracion temprana, la fase de endurecimiento del hueso es
muy breve o incluso inexistente (DeJong et al., 1987), por lo que resulta dificil someter a la
planta a estrés hidrico exclusivamente durante ese periodo. En cambio, en estas variedades
la fase de post-cosecha es un periodo largo de tiempo, que, al no estar presente el fruto,
deberia ser ideal para recortar la dosis de riego. Sin embargo, se debe prestar atencion al
posible efecto perjudicial del estrés hidrico sobre la diferenciacion floral (Faust, 1989b) y
sobre la acumulacion de reservas (Oliveira y Priestley, 1988), procesos que ocurren después

de la cosecha. En este sentido un estrés hidrico no demasiado severo en post-cosecha puede



incluso favorecer la acumulacion de carbohidratos de reserva (Dichio et al., 2004) ya que al
reducir la elongacion de los brotes de final del verano-otofio hay una mayor disponibilidad
de fotoasimilados para otros sumideros.

En muchas especies de frutales, el aclareo de frutos es otra técnica de cultivo
frecuentemente empleada para disminuir la competencia entre los frutos, favorecer su
crecimiento y aumentar la calidad de los que quedan (Agusti, 2004). Aln asi es importante
definir una intensidad de aclareo Optima que garantice un tamafio y caracteristicas
organolépticas del fruto adecuadas a las exigencias y precios del mercado, pero que
también permita obtener producciones rentables. Ademas, cabe tener en cuenta que el nivel
de carga no afecta solamente al crecimiento del fruto, sino que puede modificar el
crecimiento del resto de 6rganos de la planta. De hecho, en los arboles con mayor nivel de
carga aunque mayor es la produccion de materia seca por unidad de area foliar (Palmer,
1992; Inglese et al., 2002), es menor el reparto de fotoasimilados hacia los érganos lefiosos
(Palmer, 1992) o a los tejidos de reserva. Por ello, un nivel de carga alta puede reducir
sensiblemente el crecimiento del arbol y a largo plazo, en particular en arboles jovenes,
reducir su productividad (Webster y Brown, 1980).

Por otra parte, la carga puede tener un efecto sobre las relaciones hidricas del arbol
reduciendo su estado hidrico, en particular en condiciones de limitada disponibilidad de
agua en el suelo (Berman y DelJong, 1996; Naor, 2004). Ademas, el nivel de carga puede
modular la respuesta del cultivo al estrés hidrico, aumentando su sensibilidad cuando la
carga sea alta (Goode et al., 1978; Berman y DeJong, 1996; Girona et al., 2004; Intrigliolo
et al., 2004), o al revés, minimizando los efectos negativos del estrés hidrico cuando la
carga sea baja (Freeman et al., 1979). Por ello es importante tener en cuenta este factor a la
hora de establecer un programa de riego deficitario.

Los mecanismos fisioldgicos implicados en esta mayor sensibilidad del cultivo al déficit
hidrico con cargas altas pueden ser varios. Por un lado, el propio efecto de la carga de
reducir el estado hidrico de los arboles en definitiva conlleva, para una misma cantidad de
agua aplicada, un mayor estrés hidrico en los arboles con carga alta con respecto a los de

carga baja. Pero, por otra parte, debe tenerse en cuenta el efecto combinado que pueden



tener una carga alta y el déficit hidrico en reducir la disponibilidad de fotoasimilados para

los érganos en crecimiento.

En particular en programas de riego deficitario, es importante determinar el estrés hidrico
realmente impuesto para evitar que un déficit hidrico moderado y potencialmente
beneficioso pueda convertirse en demasiado severo. A tal efecto es preciso disponer de
herramientas que permitan evaluar el estado hidrico del suelo o mejor ain de la planta.

En cuanto a la informacion derivada del suelo, su principal dificultad estriba en obtener
una medida representativa del agua disponible para la planta (Russo y Bresler, 1982;
Schmitz y Sourell, 2000), dada la alta variabilidad espacial de las caracteristicas hidraulicas
del suelo (Warrick y Nielsen, 1980) y la heterogeneidad en el contenido de agua en el bulbo
himedo en riego localizado. Ademas, existe amplia evidencia de que muchos de los
procesos fisiologicos bésicos para la planta, dependen en mayor medida del estado hidrico
de los tejidos en cuestion, que del estado hidrico del suelo (Hsiao, 1973). A pesar de estas
limitaciones, la informacién derivada del suelo ha sido ampliamente utilizada (Klein, 1983;
Li et al., 1989b) ya que es de facil y directa interpretacion al no depender de las
condiciones ambientales.

En la actualidad existen un buen numero de instrumentos de medida del estado hidrico
del suelo (Leib et al., 2003). Entre los mas empleados, por su bajo coste y facilidad de
manejo, son los tradicionales tensiometros y los sensores de matriz granular (SGM). Estos
Gltimos han sido objeto de amplio estudio en cultivos herbaceos (Schock et al., 1988a;
1988b), pero su utilidad en frutales ha sido menos estudiada.

La planta integra el efecto tanto de la disponibilidad de agua en el suelo como de la
demanda evaporativa y por ello proporciona una informacion méas adecuada para
determinar el efecto de las restricciones del riego sobre su estado hidrico y para la
programacion del mismo (Jones, 2004); sin embargo, tiene el inconveniente de estar
afectada por las condiciones ambientales. Por ello, la determinacién del estado hidrico de la
planta, si no se toma antes del amanecer, puede ser poco informativa si no va acompafiada
de una medida de referencia obtenida en &rboles sin limitacién de agua en el suelo. Para
obviar este inconveniente, pueden emplearse arboles de referencia regados sin limitaciones

en la misma parcela (Goldhamer et al.,, 2001; Velez et al.,, 2005), o bien obtener



previamente unas ecuaciones de referencia, que determinen el valor esperado para un arbol
bien regado segun las condiciones ambientales (Goldhamer y Fereres, 2004). Estas
ecuaciones de referencia han sido obtenidas en almendro (Fereres y Goldhamer, 2003) y
ciruelo para pasificacion (McCutchan y Shackel, 1992) en ambientes secos y con riegos que
mojaban toda la superficie del suelo, y en olivo (Moriana y Fereres, 2004). No existe en
cambio informacion al respecto en climas mas hiumedos y en particular para riego
localizado, donde hay evidencia de que la planta tiende a tener un estado hidrico menor a
consecuencia del reducido volumen de suelo mojado por los goteros (Lampinen et al.,
2001).

Numerosos trabajos en frutales (Shackel et al., 1997; Naor, 2000) han puesto de
manifiesto la utilidad de la medida de potencial hidrico de hoja no transpirante (‘\Wtallo). Su
eficacia radica en su baja variabilidad (McCutchan y Shackel, 1992), buena
representatividad del agua en el suelo disponible para la planta (Naor, 2004), menor
influencia de las condiciones ambientales que en el potencial hidrico de hoja (McCutchan y
Shackel, 1992) y buena prediccién de la respuesta del cultivo al estrés hidrico (Naor et al.,
1995). Ademas el WYtallo integra los efectos, tanto de las restricciones hidricas, como del
nivel de carga de cosecha sobre el estado hidrico del arbol (Naor et al., 2001). A pesar de
todo esto, al ser una determinacion no facilmente automatizable, en los ultimos afios ha
cobrado interés estudiar la eficacia de otras técnicas que permitan estimar en continuo el
estado hidrico de la planta (Jones, 2004) y que ademas puedan actuar directamente sobre
los controladores de riego.

La medida en continuo del flujo de savia, en particular mediante la técnica de
compensacion del pulso de calor (Smith y Allen, 1996), permite estimar la tasa de
transpiracion y el consumo hidrico de la planta. Dicha medida ha demostrado su eficacia en
estudios de ecofisiologia (Alarcon et al., 2003), pero su efectividad a escala comercial para
la programacion del riego ha sido cuestionada debido a la alta variabilidad de estas
determinaciones y a su caracter invasivo (Zreik et al., 2000).

La medida de la temperatura del dosel vegetal ha sido también ampliamente evaluada en
particular en cultivos herbéceos (Jackson, 1982). Su principal inconveniente radica en la
gran influencia que tienen las condiciones ambientales sobre esta medida a pesar de las

correcciones propuestas (Idso et al., 1981).



Finalmente una de las técnicas mas empleadas en cultivos lefiosos, por su robustez y no
excesivo precio, es la medida en continuo de las variaciones de didmetro del tronco (VDT)
mediante los dendrometros. En la actualidad se emplean principalmente dos variables
derivadas del andlisis de las VDT: el crecimiento del tronco (CT) y la maxima contraccion
diaria (MCD). EI CT depende en parte del estado hidrico de la planta (Hsiao, 1973), por lo
que, tanto su evolucion a corto plazo, una semana, 0 a mas largo plazo, puede servir para
estimar el estado hidrico del arbol. No obstante, hay que tener en cuenta que otros factores,
que en definitiva afectan al reparto de carbohidratos en la planta (Chalmers y van den Ende,
1974), pueden influir sobre esta variable, por ejemplo: la edad del cultivo (Goldhamer y
Fereres, 2001), la etapa fenoldgica (Marsal et al., 2002; Intrigliolo et al., 2005) el nivel de
carga (Blanco et al., 1995; Berman y DeJong, 2003) y también la integral térmica. Ademas
su empleo no es aconsejable en aquellos momentos fenoldgicos en los que el crecimiento
del tronco es nulo 0 muy pequefio (Ginestar y Castel, 1996). Por ello, este indicador parece
més adecuado en plantaciones jovenes en las que la tasa de crecimiento del tronco suele ser
mayor (Goldhamer y Fereres, 2001; Moriana y Fereres, 2002) y donde ademas optimizar el
crecimiento del arbol es el principal objetivo agrondémico.

La MCD, en cambio, se debe fundamentalmente a la contraccion de los tejidos elasticos
del tronco, el floema (Molz y Klepper, 1973). Durante las horas centrales del dia hay un
flujo radial de agua desde el floema hacia el torrente transpiratorio cuya fuerza motriz es el
potencial hidrico xilemético. Asi, en periodos cortos de tiempo existe una buena correlacion
entre el Ytallo y la MCD (Cohen et al., 2001). Sin embargo, otros factores, como el mismo
crecimiento del tronco (McBurney y Costigan, 1984), pueden afectar a la relacidon entre
MCD vy Wtallo. De hecho, en algunos trabajos realizados en especies del género Prunus se
ha comprobado que a lo largo de todo un ciclo de cultivo no existe una Unica relacion entre
la MCD vy el Wtallo (Marsal et al., 2002; Fereres y Goldhamer, 2003). A pesar de ello en
numerosos cultivos como melocotonero (Goldhamer et al., 1999), almendro (Fereres y
Goldhamer, 2003), manzano (Naor y Cohen, 2003), vid (Myburg, 1996) y citricos (Ortufio
et al., 2004) se ha demostrado la eficacia del MCD como indicador del estado hidrico de los

arboles, pero no existe informacion al respecto en ciruelo.



Dados estos antecedentes, en este trabajo se han planteado dos ensayos de campo en una

plantacion joven de ciruelo japonés cv. Black-Gold, variedad de maduracion intermedia,

para cumplir con los siguientes objetivos generales:

Estudiar la respuesta agrondmica (crecimiento vegetativo y produccién) a corto y
medio plazo al riego deficitario aplicado en distintos periodos fenoldgicos: i) post-

cosecha, ii) crecimiento del fruto iii) ambos periodos (Capitulo 2).

Evaluar la utilidad de distintas herramientas para la medida del estado hidrico de la
planta (‘\Ptallo, MDC y CT) y del suelo (sensores SGM) (Capitulo 2, 3, 4y 5).

Estudiar el efecto del riego deficitario aplicado durante el crecimiento del fruto, de
la carga de cosecha y de la interaccion de ambos, sobre la respuesta agrondémica
(crecimiento vegetativo, produccion y tamafio y calidad del fruto) y sobre las
relaciones hidricas (potencial matrico de agua en el suelo, conductancia estomatica,
Ytallo, MCD y CT). (Capitulo 3).
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SUMMARY

Drought was applied to a 4 year-old, mid-season Japanese plum (Prunus salicina cv. ‘Black-Gold') orchard over 4
years in Valencia, Spain and the impact on tree water status, growth, yield and fruit size recorded. Water was
restricted during Phases IT and III of fruit growth, or after harvest, replacing 33% or 66% of tree evapotranspiration
(ET.), or during both periods at 66% of ET.. Water deficit during fruit growth reduced average fruit weight, with a
negative correlation between fruit size and integrated midday stem water potential. In contrast, drought after harvest
did not affect flowering, fruit set, fruit growth or yield, in the short-term. However, in the last year of the experiment
there was a 10% reduction in yield compared with control plots because the droughted trees were smaller. Thus, in
young trees, post-harvest droughting may reduce productivity, in the long-term, as a consequence of the cumulative
effects of water deficit on tree growth, Savings in water applications were similar with deficit irrigation applied after
harvest, or before and after harvest. However, deficit irrigation apphied during both periods not only reduced fruit
growth, but also had a greater effect on tree growth. Post-harvest droughting, despite its moderate detrimental effect
in the long-term, should be considered in commercial orchards not only in cases of water scarcity, but also as a tool

to control vegetative growth.

Water is an increasingly scarce resource, with
irrigated agriculture accounting for up to 85% of
global water consumption (van Schilfgarde, 1994),
Regulated deficit irrigation (RDI) was developed in the
1980s as a strategy to save water and improve the
productivity of fruit trees (Chalmers er al., 1981; Mitchell
and Chalmers, 1982; Behboudian and Mills, 1997).
Growth of shoots, flowers and fruit in deciduous trees,
oceurs at different times (Flore, 1994) and therefore the
timing of RDI can influence the result. In stone fruit,
Phase II of fruit growth has been identified as an
appropriate period for RDI. During this period, fruit
growth is minimal and therefore generally not affected
by drought, while shoot growth can be reduced (Li ez al.,
1989; Girona et al., 2003). However, in early cultivars, this
Phase is very short, or non-existant, providing little
saving of water. In these cultivars, the main period of
shoot growth occurs after harvest, and thus may be an
ideal time for droughting (Johnson and Handley, 2000).
Drought after harvest has been reported to have a
negative or no effect on yield of several deciduous trees
species. In mature peach trees, drought after harvest
reduced shaded area, trunk growth and root density, but
there was no loss of production over 4 years of moderate
water deficits (Johnson er al., 1992; Larson et al., 1988),
whereas in apricot (Torrecillas et al., 2000) and almond
(Goldhamer and Viveros, 2000) drought reduced yield in
the following year due to decreased flowering and fruit set.
The effects of water restrictions have not been
investigated extensively in young deciduous orchards
where possible reductions in trunk and root growth due
to post-harvest droughting may have a greater impact on

*Author for correspondence.

future orchard productivity. The objective of this work
was to study the effects of RDI applied before or after
harvest in young Japanese plum trees, and RDI during
both periods on vegetative growth, flowering, fruit set
and fruit size, with the aim of comparing its impacts on
short- and long-term orchard productivity.

MATERIAL AND METHODS
Experimental plot

The experiment was performed over 4 consecutive
years (2000-2003), in a commercial Japanese plum
orchard (Prunus salicina cv. ‘Black Gold" grafted on
‘Mariana GF81” rootstocks) at Liria, Valencia, Spain,
(40°N, elevation 300m). The soil was a sandy loam, 32%
(w/w) stones, with an effective depth of 80 cm. The
irrigation water had an average electrical conductivity of
1.1 dS m™ and an average CI" ion concentration of
122 mg I Trees were planted in 1997 at a spacing of 5 X
3.5 m. P. salicina cvs. ‘Black-Diamond’ and ‘Black-
Amber’ were planted in guard rows as pollinators.
‘Black-Gold' flowers in late February, with 300-400
flowers m™ of branch, and 25-30% fruit set. About 95%
of fruit are removed in an effort to obtain good fruit size.
At the beginning of the experiment, the trees had an
average trunk circumference of 0.23 m, with the canopy
shading 12% of the ground area,

The trees received 150, 33 and 145 kg ha™ year™ of N,
P and K, respectively. Agricultural practices were those
common for the area. Fruit was thinned in April to
provide 300400 fruit per tree. However, in 2000 and
2002, some treatments had lower or higher crop loads
because of irregularities in the hand-thinning procedure.
Weather was recorded at an automated weather station
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near the orchard. During the irrigation season, seasonal
precipitation and reference evapotranspiration (ET,),
calculated from the Penman-Monteith equation using
hourly data according to Allen ef al. (1998), were
(respectively): 375 mm and 1022 mm in 2000; 220 mm
and 805 mm in 2001; 406 mm and 897 mm in 2002; and
387 and 912 mm in 2003,

Treatments

Drip irrigation was applied with four emitters per tree
in 2000 and 2001, and six emitters per tree in 2002 and
2003, delivering 3.85 1 h™" and located in a double line,
parallel to each tree row. Treatments were: (i) control
trees irrigated at 100% of estimated crop
evapotranspiration (ET.) over the whole season;
(ii) trees irrigated at 33% (33-I) or 66% (66-I) ET,,
respectively, during Period I, from pit hardening in
mid-May to harvest in early July and at 100% ET. for the
rest of the season; (iii) trees irrigated at 100% ET, until
harvest and from then until the end of the season
(Period II), irrigated at 33% (33-II) or 66% (66-11) ET,,
respectively; and (iv) trees irrigated at 66% ET, during
period I and II (66-1+11), from pit hardening to the end
of the season in late October.

Crop evapotranspiration, was estimated as the product
of ET, and the crop coefficient (K.), obtained from
Doorenbos and Pruitt (1977) and adjusted for tree size
(Fereres and Goldhamer, 1990). Average K. was 0.15
during 2000 and 2001, 0.2 in 2002, and 0.3 in 2003.
Reductions in the amount of water applied during the
deficit treatments were achicved by reducing the
duration of irrigation, with all treatments irrigated once
a weck in early Spring and Autumn, and 4 times a week
during Summer.

The experimental design was a randomised complete
block, with three replicates per treatment. Each plot had
three rows, with eight trees per row. The six central trees
of the middle row were used for data collection.

Tree water relations

Stem water potential (¥s) (McCutchan and Shackel,
1992) was measured with a pressure chamber (Soil
Moisture Equipment Corp., Model 5100A), with 4
leaves from 2 trees per treatment. Mature, northern-
facing leaves were enclosed in plastic bags covered with
silver foil 2 h before measurements. Measurements were
taken (Turner, 1981), between 1200h and 1300h approx.
every 2 weeks from April to October. The water stress
integral (Z¥s ) in MPa days (MPa d)(Myers, 1988), was
calculated as:

i=1

s =_'_2"; (¥sii-c)n

Where Ws, . ; is the Ws value at the end of each interval
i, i + I;¢ = -0.3 MPa, the maximum ¥s during the study,
and n is the number of d in the interval.

Yield determination

Fruit from each tree was harvested and the average
fruit weight and fruit number per tree were determined
using a commercial grading machine (Fomesa SA,
Spain). Relative crop load was calculated as the number
of fruit per tree per unit of trunk cross-sectional area
(TCSA).

Tree growth

Trunk perimeter was measured about 0.2 m above the
ground on each tree in early Spring, after harvest, and
after leaf fall. Relative trunk growth (RTG) was then
calculated as Atrunk perimeter/initial trunk perimeter.
Tree-shaded area (SA) was measured on each tree in
2000, 2001, 2003 and on 2 trees per plot in 2002, at the
end of the irrigation season, during September, using a
point grid method (Wiinsche er al.,, 1995). A plastic sheet
with grid points spaced 50 X 50 cm was laid under the
canopy, and the percentage of shaded area of each grid
point estimated. Total tree-shaded area was calculated
and corrected for solar elevation.

Flowering and fruit set

The number of flowers per unit branch length, just
before anthesis, was recorded on 4 branches per tree,
with three replicates. Fruit set was estimated before
thinning by counting the number of fruit on the sames
branches used for flowering.

Statistical analysis

For all variables, except s, analysis of variance was
performed separately each year, according to a complete
randomised block design with six treatments, also
considering the block by treatment interaction, whereas
W¥s was analysed using a one-way ANOVA. Dunnett’s
test for comparison of means against a control used the
‘glm’ procedure (SAS Institute, 1994). At the beginning
of the experiment, there were differences in average tree
trunk perimeter in the treatments, hence this factor was
included as a co-variant in the analysis of yield and
tree-shaded area. Average fruit weight was analysed,
with crop load as co-variant, giving an adjusted mean
fruit weight (Steel and Torrie, 1980).

RESULTS
Water relations

Average Ws differed across years (Table I). There was
reduction in ¥s toward the end of the season, even in the
controls which had average ¥s of 0.7 to -1.2 MPa
during fruit growth and -1.2 to -1.8 MPa after harvest.
Before harvest, treatments ‘66-1", ‘66-I+II', and in
particular ‘33-I', had generally lower average ¥'s than the
controls, with a minimum of about ~2.0 MPa, c¢xcept in
2002 when ‘33-I' did not reach -1.5 MPa (data not
shown). After-harvest average ¥s in the drought
treatments were about ~1.6 to -2.2 MPa (Table I).

TABLE I
Average Ws (MPa) in the different Periods under different (deficit)
irrigation treatments

Year Control  *33-I' H6-1" 33T 6610 66-I4I1
Fruit growth (Period T) ¥s

2000 -1.18  -131 -1.36 - - -

2001 -1.16 -1.24 -1.14 - - -1.39%

2002 073 -0.84¢ 0.72 - - 07

2003 099 =1.26* -1.14* - - ~1.18*
Post-harvest {Period 1) ¥s

2000 -1.2 - - ~-1.62*  -1.70* -1.60

2001 -1.80 - - -1.92 =211 =2a7%

2002 -1.29 - - =157 147 -1.48*

2003 -1.19 - - -1.52* -1.32* -1.38*

Values are averaged over each period.
Asterisks indicate significant differences with respect to control based
on Dunnett's test at P < 0.05.
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TasLe 11
Water applications {mm) in the various treatments, with (%) savings®
compared to conrols in parentheses

Year Control ~ ‘33-I' 661" 3311 66-110 t66-1+11
2000 211 165(22) 183 (13) 156(26) 183 (13) 145(31)
2001 207 18B2(12) 197(5) 140(32) 182(12) 152(27)
2002 234 196 (16) 208 (11} 161 (31} 185(21) 160(32)
2003 301 214(29) 254 (16) 219(27) 247 (16) 211 (30)
Mean 238 189(21) 210(12) 169(29) 199(16) 167 (30)
"Defined as: I-irrigation in the tr firrigation in the 1 > 100

Drought before harvest

Drought before harvest led to water savings of 21%
and 12%, in ‘33-I' and ‘66-I" trees respectively, compared
with control plots (Table II). However, in 2003, when
fruits were harvested later, on July 21, the water saving in
‘33-I" was 29%.

Average fruit weight decreased with drought
(Table III). Fruit weight in ‘33-I" was lower than in the
control, except in 2002 where a milder water deficit was
achieved. After the 4 years of drought in Period I there
was a clear reduction in fruit weight in *33-I' and ‘66-I'
(Figure 1), and in total crop yield in ‘33-I".

Deficit irrigation during Period I did not affect
flowering or fruit set in the following year (Table IV).

RTG before harvest decreased in *33-1" in all seasons
compared with the controls, and in ‘66-" in 2001
(Table V). Across the treatments, there was a weak
relationship between RTG and integrated ¥s (Figure 2).
RTG after harvest in ‘33-I' and ‘66-I", in 2002, was
significantly (P < 0.05) higher than in the control
(Table V). There was a compensation in growth in
Period I when 100% ET. was applied to droughted
trees. Over the 4 years, there was an average reduction of
15% in RTG in the more severe treatment (*33-1").

TasLe 11T
Effect of irrigation on yield, crop load, adjusted fruit weight and trunk
perimeter at the beginning of each season and on tree-shaded area (SA)
at the end of each season

Year Control ~ “33-1" ‘66-1" 330 661 66-1+11
Yield (kg tree™)
2000 26.8 29.1 294 281 37.9* 2597
2001 20.3 19.2 227 20.5 20,6 16.87
2002 236 208 209 164* 232 18.17
2003 384 30.4* 381 349 34.8 327
Crop load (No. fruit per unit TCSA)
2000 79 99 10.0 88 13.6* 9.3
2001 6.2 6.3 6.8 6.5 6.4 59
2002 5.0 48 5.0 4.0 5.4 4.9
2003 47 49 5.8* 4.7 4.7 53
Av. fruit wi. (g)
2000 809 708+ 749 788 60.8¢ 70.1*
2001 63.1 58.3* 61.7 62.3 66.0% 59.8%
2002 70.5 69.2 67.8 .8 726 68.3
2003 104.7 Bl 94.1* 105.4 103.8 94.5+
Trunk perimeter (mm)
2000 234 231 225 230 227 219+
2001 260 259 258 254 249+ 236%
2002 296 281 283+ 279+ I 260*
2003 319 304+ 310+ 298+ 297* 278*
Shaded area {m’ tree™)

2000 21 2.1 22 20 21 2.0
2001 34 31 33 34 33 2,847
2002 44 36 4.6 35 39 39
2003 32 39 4.4* 4.0+ 4.5* 387

—_
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Relative average fruit wi. (droughted/control)
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(droughted/control) and TWs before harvest for treatments *33.1' and
'66-1". Values are averages for each treatment over 4 years (n = 8).

Drought after harvest

Water restrictions after harvest gave greater water
savings than those achieved before harvest (Table II).
Treatment ‘33-1I' provided an average saving of 29%
compared with the control.

Yield in ‘33-II" was not affected by deficit irrigation,
except in 2002 when it was lower (Table III). Yield in
‘66-II" was also unaffected by droughting in Period II,
except in 2000 when it was higher than the control due to
lower fruit-thinning and therefore higher crop load.
Because of the higher crop load in 2000, treatment *66-11°
had lower average fruit weight (Table III) and RTG
before harvest (Table V), since the deficit irrigation was
applied only after harvest in the first year. Average
relative fruit weight was not related to the integrated W¥s
in Period II in the former season (P > 0.05).

Average RTG over the four seasons decreased with
deficit irrigation after harvest (Table V). Tree-shaded
area, was also lower with droughting in the last season
(Table III). Deficit irrigation decreased canopy size
slightly each year, with a significant cumulative effect in
2003.

Data are means of 18 trees per treatment except for SA in 2002 which
is mean of 6 trees per treatment.

Asterisks indicate significant differences with respect to control based
on Dunnett's test at P < 0.05.

TIndicates that the effect of the combined stress period is different from
the sum of the individual periods based on contrasts at P < 0.05.
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TasLE IV
Effect of irrigation on flowering, fruit set and number of fruit harvested
Year Control  *33-I' ‘61" ‘3311 ‘66-11"  '66-1+411"
No. Flowers cm™ of branch
2000 21 21 26 2.6 21 26
200 5.6 6.3 47 54 49 54
2002* - - — - - _
2003 3.0 25 25 27 26 26
Fruit set (% flowers)
2000 20.8 20.1 262 25.7 208 214
200 Z1.5 20.3 296 25.7 208 259
2002* < - - - = =
2003 351 36.9 36.2 30.4 30 30.8
No. Fruit harvested tree™
2000 ko] 417 414 367 557+ 355
200 334 339 363 335 m 264
2002 349 305 308 235+ azz 2644
2003 383 369 419 337 131 322

"Flowering and fruit set rates were not determined in 2002,

Data are means of 12 trees per treatment for flowering and fruit set, and
18 trees per treatment for the number of fruit harvested.

Asterisks indi signifi diffi with respect to control based
on Dunnett’s test at P < 0,05,
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TABLE V
Effect of irnigation on relative trunk growth* (%)
Year Control 331’ 661" 3310 66-11"  “66-1+11"
Period |
2000 63° 3g* 49 73 444 43+
2001 57 2.4+ 23 4.5 6.6 50
2002 31 2.1* 26 28 2.6 27
2003 34 21" 26 4.1 41 30
Period 11
2000 6.0 4.7 5.8 2.8* 4.1* 3
2001 4.1 31 4.1 2.5 2.1 2.8
2002 4.6 59+ 6.4* 38 44 29*
2003 25 29 31 1.3+ 1.0+ 1.5*
Seasonal
2000 127 8.8+ 10.9 10.4 B.6* 7.847
2001 9.9 5.6* 6.5% 72 88 13*
2002 79 82 9.2 6.7 71 5747
2003 6.0 49 58 5.4 52 4647
Total (2000-2003)
45.0 38.3¢ 453 36.9* 38 32.547

*Caleulated as (final-initial) % 100/initial values of trunk perimeter
recorded for each period.

ata are means of 18 trees per treatment.
Asterisks indicate significant differences with respect to control based
on Dunnett’s test at £ < 0.05.
TIndicates that the effect of the combined stress period was different
from the sum of the individual periods based on contrasts at P < 0.05.

Water siress after harvest did not effect flowering or
fruit set following year (Table IV).

Drought before and after harvest

Treatment ‘66-1+1I', had a milder, but longer duration
of drought, and gave the highest (30%) water saving
(Table II). Yield was lower than the control only in 2003
(Table III). Average fruit weight in ‘66-I+II' was lower
than the controls in three out four seasons (Table III).
Average RTG in ‘66-1+I1" was 28% lower than controls
(Table V), and greater than the summed reduction of
‘66-I" and ‘66-11".

Flowering and fruit set were not affected by this
treatment compared with controls (Table IV).

DISCUSSION

Ws in our control trees are similar to those reported by
Lampinen et al. (2001) and Naor et al. (2004), but lower
than those reported by McCutchan and Shackel (1992) for
prune trees with the entire orchard floor irrigated. Thus
tree water status is lower when only part of the orchard
soil is irrigated. According to Lampinen er al. (2001) this is
due to the greater proportion of roots in the dry part of
the soil, particularly towards the end of the season.

Drought during fruit growth, saved up to a 29% of
normal water use, but reduced fruit size. This shows that
Phase III of fruit growth, is highly sensitive to water
deficits, as observed in peach (Naor ef al., 2001), apricot
(Torrecillas et al., 2000) and Japanese plum (Naor, 2004;
Naor et al., 2004). However, a moderate deficit
equivalent to a ¥s <-1.5 MPa and 3¥s < 40 MPa d (‘33-
I’ in 2002) did not affect fruit growth.

Average fruit weight was correlated with 2Ws (Figure
1) as in apple (Ebel et al., 2001). Thus ¥s appears to be a
useful tool for irrigation scheduling, as previously found
in plum (Intrigliolo and Castel, 2004; Naor, 2004) and in
other deciduous trees (Naor, 2000; Shackel et al., 1997).

Water deficit after harvest did not effect flowering,
fruit set or fruit growth the next season, even in the
‘33-II’ treatment. In early maturing peach, yield and fruit
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size were not affected by progressive water restrictions
after harvest (Johnson er al., 1992; Larson e al., 1988). In
plum, there was a decrease in yield with decreasing
average Ws in the previous year, but no effect on fruit
weight (Johnson er al., 1994), probably due to a more
severe water deficit.

In the present work, a post-harvest drought reduced
RTG and canopy area, leading, in 2003, to smaller trees
with fewer fruit per tree for a similar crop load: and, as a
consequence, to a slightly (10%) but not significantly
reduced yield compared to controls (Tables III and IV).
It can be concluded that several seasons of drought after
harvest could reduce the productivity of young trees, as a
consequence of the cumulative effect of water deficit on
tree growth.

A small reduction in trunk and canopy growth in fruit
trees will be associated with only a small yield loss.
However, the smaller trees provide for easier harvest,
pruning and fruit thinning, with potential cost-savings for
producers, In modern fruit production, new cultivars and
orchards have a short life. Thus RDI offers scope for
closer tree spacing.

The ‘33-II' and ‘66-I+IT' trees had similar water
savings (30%), although yield and tree growth were
lower under the more severe watering regime of ‘66-1+11"
(Tables IIT and V). Therefore, RDI applied only after
harvest can reduce tree size with only a small effect on
productivity.

In other Prunus species, such as almond (Goldhamer
and Viveros, 2000) and apricot (Torrecillas er al., 2000),
water deficit after harvest reduced yield because of an
impact on flowering or fruit set the next season.
However, this strategy may not necessarily lead to lower
production in plum because heavy fruit thinning is
usually required to obtain acceptable fruit weight.

In plum, flower initiation occurs just after harvest in
late July to early August (Faust, 1989). In the present
work, drought after harvest was imposed gradually and
therefore the lowest Ws were reached at the end of the
season, after bud differentiation. In early maturing plum,
Johnson er al. (1994) observed less flowering, since the
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water deficit occurred during bud differentiation. The
severity of the water deficit during bud differentiation
can influence the impact on flowering and on fruit set,
with drought reducing flowering in some cases (Girona er
al.,2003) and increasing it in others (Johnson er al., 1992).

In peach, water deficit after harvest has been found to
increase the number of double fruit (Johnson et al., 1992)
or fruit with a “deep suture™ (Handley and Johnson,
2000), but none of these disorders were observed in our
experiment. Johnson er al. (1994) reported similar results
in Japanese plum cvs. ‘Red Beaut',"Ambra’ and ‘Durado’
and the same with cv. ‘Black-Amber’ (A. Naor, personal
communication). These results indicate that these
disorders are not common in Japanese plum,

Drought can reduce trunk growth. This response was
predicted by the annual ZWs (Figure 2), as recorded by
Shackel er al. (1997) in almond. Crop load also
influenced trunk growth, with a clear effect of treatment
*66-11" in 2000. This treatment reduced RTG during fruit
growth, due to its higher crop load and greater fruit to
shoot growth competition. In peach, Berman and
DelJong (2003) reported a similar effect of the crop on
shoot growth. This suggests that crop load should be
controlled when tree canopy is not fully developed.

CONCLUSIONS

Mid-season maturing Japanese plum trees showed
different sensitivities to water deprivation depending
upon the phenological Period. Water restriction during
fruit growth reduced fruit size in proportion to the
severity of water siress achieved. Post-harvest
droughting, despite reducing tree size, had no
detrimental effects on flowering, fruit set or fruit growth
and, after 3 years, did not significantly reduce vield.
Droughting based on a moderate but continuous
reduction of irrigation rates from Phase II of fruit growth
until the end of the season is not recommended as fruit
size may be reduced together with severe reductions of
tree growth.

This research was supported by funds from CICYT,
Project AGL2000-0387-C05-03. Thanks are also due to
personnel from the “Servicio de Tecnologia del Riego™
for the meteorological data, to B. Tamargo and field
personnel from “Cooperativa de Lliria” for help in
orchard irrigation and management. Thanks are also due
to Dr. E. Carbonell and J. Pérez for statistical analysis of
the data. Revision of the manuscript by Dr. A, Naor is
gratefully acknowledged.
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Summary We investigated the effects of a combination of two different crop load (CL)
levels (low, commercial CL, and high), with three different irrigation strategies, on plum
water relations, tree growth and fruit size and quality. Deficit irrigation strategies,
compared to fully watered trees, were both based on monitoring plant water status. In the ‘-
1.5MPa’ treatment, moderate deficit irrigation was applied until harvest; whereas in the “St-
Rec’ there was a more severe water restriction during stage Il and the first part of phase Il
of fruit growth, and water was returned at full dosage 25 days before harvest. On average
for the two deficit irrigated strategies, the more cropping trees, required 9% more water
applied, compared to the low cropping ones, to be kept at similar plant water status.

In well-watered plants, high CL increased stomatal conductance, particularly during the
last phase of fruit growth. Despite that, stem water potential was not different between crop
loads, whereas considerable differences were observed for the maximum diurnal trunk
shrinkage (MDS). This higher sensitivity of MDS to CL is probably due to both the
increase in transpiration rates and the lower trunk growth of the heavy cropping trees.

Deficit irrigation reduced both fruit and vegetative growth, however, the ‘St-Rec’
treatments affected more canopy growth than the ‘-1.5MPa’ ones, due to the different
timing in water deficit application. Fruit size, was similarly reduced by both deficit
irrigation strategies, since they had similar integrated water stress. Fruit ripening was only
advanced in the ‘St-Rec’, which led to softer and sweeter fruits, probably due in part to
higher light interception of the interior part of the canopy. This increased fruit quality was
also maintained during cold storage.

High CL, reduced fruit growth and decreased fruit quality, and also affected the
vegetative growth with greater effects on trunk growth than on canopy growth. Deficit

irrigation similarly reduced fruit size in both crop loads, but trunk growth was only severely
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affected by water restrictions in the high CL level. This was probably due to a source
limitation derived from the combined effect of high CL and water deficit, and not to an
effect of CL on lowering plant water status, because the higher cropping deficit irrigated

trees had the same water status than those with light crop load.

keywords: Trunk diameter variations, stomatal conductance, stem water potential, trunk

growth, canopy growth, fruit size, cold storage.
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Introduction
Crop load (CL) and irrigation are the main factors that affect short term stone fruit tree
productivity (Naor et al. 1999, Naor et al. 2004).

High CL is known since long to reduce fruit growth (Weinberger 1931), and it may also
affect the growth of other organ sinks (Flore and Layne 1997). These effects are probably
due to an increased competition for photoassimilates among fruit themselves and also,
between the fruit and other organs simultaneously developing (Grossman and DeJong
1994). In peach, high cropping trees have generally reduced vegetative growth (Grossman
and DeJong 1995a, Berman and DeJong 2003) and root growth (Chalmers and Van Den
Ende 1975).

CL may also affect tree water relations, either by increasing transpiration rates (Hansen
1971, Chalmers et al. 1983) as a consequence of an increased assimilate demand, or by
reducing water uptake due to restricted root growth. The effects of CL on leaf (DeJong,
1986a) or stem (Naor et al. 2001, Naor 2004) water potential, stomatal conductance
(DeJong 19864,), leaf photosynthesis (DeJong 1986b, Gucci et al. 1994) and fruit water
relations (McFayden et al. 1996) have been studied. However, there is a lack of information
about effects of CL on daily trunk diameter variations (TDV). In this sense, CL may affect
TDV not only by increasing transpiration rates, but also by directly affecting trunk growth.
Therefore, in order to use TDV in stone fruit tree irrigation management, it is deemed
necessary to evaluate the effects of CL on TDV.

Deficit irrigation, particularly when applied during the last linear phase of fruit growth,
normally reduces fruit growth (Li et al. 1989, Naor et al. 2004). In a previous work

(Intrigliolo and Castel 2005), we identified a threshold value of plant water stress (-1.5 MPa
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of stem water potential and 45 MPa-day of integrated water stress) that did not reduce fruit
size, even when water deficit was applied during stage 11 of fruit growth.

Since there is evidence that high CL may enhance the sensitivity of fruit growth to water
stress (Goode et al. 1978, Berman and DeJong 1996, Girona et al. 2004), we thought
necessary to check the validity of our previous threshold water stress values for higher CL.

The interaction between CL and deficit irrigation has been investigated for fruit fresh and
dry weight (Berman and DeJong 1996, Girona et al. 2004), yield and fruit size (Naor et al.
1999, Naor et al. 2004) and plant water status (Berman and DeJong 1996, Naor 2004), but
there is less information on the possible interaction of both factors on seasonal trunk
growth. The objectives of our work were to study the responses of plum trees to different
CL levels, in combination with moderate deficit irrigation strategies, and their possible
interaction on: i) tree water relations, including TDV, ii) vegetative growth, iii) fruit growth

and iv) fruit quality at harvest and after cold storage.

Material and methods

Experimental plot and climatic conditions

The experiment was performed during the 2004 season in a commercial Japanese plum
orchard (Prunus salicina, ‘Black Gold’ grafted on ‘Mariana GF81’ rootstock) at Liria,
Valencia, Spain, (39° 45’N, 0 38’° W, elevation 300 m). The soil was a sandy loam 32%
(w/w) stones, with an effective depth of 80 cm. The irrigation water had an average EC of
1.1 dS m™ and an average CI" concentration of 122 mg I™. Trees were planted in 1997 at a
spacing of 5 x 3.5 m. Prunus salicina ‘Black-Diamond’ and ‘Black-Amber’ were planted in

guard rows as pollenizers. At the beginning of the experiment, percentage of shaded area
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and trunk circumference were 29% and 0.32 m, respectively. The trees received 150-33-
145 kg ha® year™ of N, P and K, respectively. Agricultural practices followed were those
common for the area. Fruit were manually thinned at the end of April, when the different
crop load levels were established.

Weather was recorded at an automated meteorological station near the orchard and daily
average air vapour pressure deficit (VPD) and daily reference evapotranspiration (ETo)
were calculated according to Allen et al. (1998). During the experimental period, (March to
July), precipitation and ETo were respectively 275 and 503 mm, however during June and

July precipitation was only 17 mm.

Treatments
Treatments were a factorial combination of three irrigation strategies, and two crop loads
levels. Crop levels were: low (L, commercial CL, with 4 to 5 fruits cm? of trunk cross
sectional area, TCSA), and high (H, 7 to 8 fruits cm™ of TCSA). Thus, the six treatments
were: i) two irrigated at 100% of estimated crop evapotranspiration (ETc) ‘100-L’ and
*100-H’, ii) two deficit irrigated ‘-1.5MPa-L’ and “-1.5MPa-H’ where irrigation rates were
reduced in order to allow a progressive decline towards harvest of midday stem water
potential (¥s) to -1.5MPa, and iii) “‘St-Rec-L’ and ‘St.Rec-H’ where irrigation rates were
reduced in order to allow a sharper decline on Ws to -1.5MPa and after that, irrigation
applied was progressively, in one week, returned at 100% ETc.

Trees were drip irrigated with six emitters per tree, each delivering 3.85 | h™ and located
in a double line parallel to the tree row. Irrigation frequency was the same for all treatments

and varied from once a week in early spring to six times a week during July. Crop
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evapotranspiration, was estimated as the product of ETo and crop coefficient (Kc), obtained
from Doorenbos and Pruitt (1977) and adjusted for tree size (Fereres and Goldhamer 1990).

The experimental design was a factorial of three irrigation regimes and two crop loads
with three replicates per treatment. Each plot had three rows, with eight trees per row. The
six central trees of the middle row were used for data collection of yield and growth

determinations, while the two central trees were used for water relations.

Water relations

Matric soil water potential (¥m), was measured with eight granular matrix sensors per
treatment only on treatments ‘100-L’, ‘100-H’, ‘-1.5MPa-L’ and ‘St-Rec-L’, according to
procedures described by Intrigliolo and Castel (2004).

Midday stem water potential (\V's) was measured with a pressure chamber, following
procedures described by Turner (1981). Two leaves per tree on two trees per treatment
were determined. Mature leaves from the north face near the trunk, were enclosed in plastic
bags covered with silver foil at least two hours prior to the measurements, which were
carried out between 12:00 and 13:00 h solar time. The water stress integral (Z¥s) was
calculated from the determinations of ¥'s as reported in Myers (1988).

Stomatal conductance (Gs) was determined, in the same plants used for ¥s
measurements, on five fully expanded sun-facing leaves per plant. Measurements were
performed around solar midday using a dynamic diffusion porometer (AP4, Delta-T
Devices, Cambridge, UK).

The variations of tree trunk diameter (TDV) were measured continuously following

procedures described by Intrigliolo and Castel (2004), only on treatments ‘100-L’, ‘100-H’,
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‘-1.5MPa-L’ and ‘St-Rec-H’. Linear variable differential transformers (LVDT,
Schlumberger Mod. DF-2.5) were installed, in the main trunk of six trees of similar size per
treatment, at about 20 cm from the ground on the north side by a metal frame of Invar (a
metal alloy with a minimal thermal expansion). From TDV we calculated three different
indexes: maximum daily trunk diameter (MXTD), trunk growth rate (TGR) as the
difference between the MXTD of two consecutive days, and maximum daily shrinkage
(MDS), obtained as the difference between the maximum diameter reached early in the

morning and the minimum reached normally during the afternoon.

Vegetative growth

Trunk circumference was measured in early spring and after harvest at marked sections
located about 0.2 m above the ground on each tree. Relative trunk growth (RTG) was then
calculated as Atrunk perimeter/initial trunk perimeter.

Tree shaded area (SA) was measured by a point grid method (Winsche et al. 1995) on
each tree after harvest. A plastic sheet with grid points spaced at 50 X 50 cm was laid under
the canopy, and percentage of shaded area of each grid estimated. Total tree shaded area
was calculated and corrected for solar elevation.

The percentage of photosynthetically active radiation (PAR) reaching the internal part of
the canopy (RAD) was measured by means of an Accupar Linear PAR Ceptometer
(Decagon Devices, Inc., Pullman, Wash.). On each experimental tree, just after harvest, two
measurements of incident PAR were performed on both sides of tree row at 80 cm from
tree trunk and at 100 cm height from the ground. RAD was then calculated considering the

PAR radiation at full sun exposure.
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Yield

Fruit from each tree were individually harvested in two commercial picks, on 13" and 19"
July. The percentage of fruit collected in the first pick (1FC) was then obtained, and used as
a maturity earliness variable. Average fruit weight (FW), was obtained using a commercial
grading machine (Fomesa SA, Spain) and relative crop load, was calculated as the number

of fruit per tree per unit of TCSA, .

Fruit quality

Two samples of 50 fruits from each plot, six independent samples per treatment, were used
for fruit quality assessment. Fruit were randomly selected from those collected during the
first harvest and half were used for determination of fruit quality at harvest, while the other
half, was stored during 14 days at 4°C and 82% RH for determination of post-harvest
quality. Flesh firmness (FF) was obtained with an 8 mm tip fruit pressure tester using two
measurements per fruit from two opposite peeled sides.

Juice was extracted from combined samples of longitudinal unpeeled slices from each
fruit of the sample. Total soluble solids concentration (TSS) was determined with a
temperature compensated digital refractometer (Atago, Co., Japan) and tritable acidity (TA)
by tritating to an end point, pH 7.0, with a 0.1M NaOH and expressed as g malic acid I"".
Dry matter fraction (DM) (dry weight/fresh weight) was determined at harvest in a sample
of 25 fruits per treatment collected from those of the first pick. Each fruit was weighed, and

dried at 65°C in a forced air draft oven, and dry weight recorded.

Statistical analysis
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The effects of irrigation and crop load on yield, yield components, vegetative growth and
fruit quality were analysed as a factorial ANOVA with irrigation, crop load and blocks as
main factors, also exploring the significance of the irrigation x crop load interaction.
Dunnett’s test for means comparisons against the control (‘100 for irrigation and ‘low’ for
crop load) was carried out using the ‘glm’ procedure (SAS Institute 1994).

Since there were differences in the crop load of the different irrigation strategies, FW,
RTG, SA and RAD, were analysed, with actual crop load level of each irrigation strategy as
covariant, giving an adjusted mean of each variable (Steel and Torrie 1980).

For the water relation variables, differences between treatments were assessed by
Dunnett’s test against the ‘100-H’ (Control) and by designed contrasts among treatment
pairs.

Simple linear regression analysis to explore relationships between variables was carried

out using the ‘reg’ procedure (SAS Institute 1994).

Results

Water relations
Crop load effects on well-irrigated trees
During the entire experimental period W¥m of the well-irrigated treatments showed nearly
stable values around -20 to -30 kPa, without differences between crop load levels (Figure
1B).

Stomatal conductance in the well-irrigated plots did not differ (p>0.181) between crop

loads until day of the year (DOY) 170, one month prior to harvest; thereafter, ‘100-H’ had
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higher (p<0.05) Gs than °100-L’ (Figure 1C). On a seasonal basis average Gs was
significantly (p<0.05) higher in the high CL (285 mmol m?s™), than in the low one (249
mmol m?s™).

No significant differences (p>0.201) in Ws were observed on all days of measurement
(Figure 1D), but instead, there were large differences in MDS (Figure 2A). Thus, in most
instances, after DOY 140, trees of the 100-H treatment had higher (p<0.05) MDS than
those of thel00-L. The slope of the linear regression equation of MDS versus VPD was
higher (p<0.05) for the more cropping trees (Figure 3).

Trunk growth rates of the high CL level tended to be lower (Figure 2C), but differences
were in most cases only statistically significant at 0.05<p<0.1, due to the high variability of
the measurements. Averaged throughout the period, TGR of the high CL was 28.7 um/day,

which was significantly lower (0.05<p<0.1) than TGR of low cropping trees (37.2 um/day).

Deficit irrigated treatments

Despite the different timing in water restriction application (Figure 1A) similar water
savings, compared to fully watered trees, and similar X¥'s were obtained with both deficit
irrigation strategies (Table 1). The evolution of plant water status was as planned. In the
‘St-Rec’ treatments, there was a sharp decline in s, up to -1.5 MPa (Figure 1D). When
water was returned at full dosage, ¥m recovered soon to similar values of the 100’
treatments, but Ws and Gs remained significantly (p<0.05) lower than in control trees
(Figure 1). In the *-1.5MPa’ treatments, the decline in s was more progressive, reaching a

minimum value of -1.45 MPa by harvest.

25



The evolution of Ws was similar for both crop load levels within each deficit irrigation
strategy. However, more water had to be applied to the more cropping trees, to keep them
at a same level of plant water status than the light cropping trees (Figure 1 and Table 1).

In both irrigation strategies Gs of the more cropping trees was higher (p<0.05) than in the
low crop load levels, only during the last two measurement days (Figure 1C). However,
pooling data from all treatments and days, the intercepts of the regression lines Gs-''s
between high and light cropping trees differed at p<0.05 (Figure 4).

The “St-Rec-H’, during the period of water restriction, had the highest MDS among all
treatments. It also had a significantly (p<0.05) severe reduction in TGR. The ‘-1.5MPa-L’
had higher (p<0.05) MDS values than the “100-L’ from DOY 140 to harvest, in agreement
with the differences reported for Ws. However, despite this reduction in plant water status,
TGR and MXTD in the “100-L’ were not statistically different (p>0.321) than in the “100-

L’ during the entire experimental period.

Vegetative growth

Both deficit irrigation and high CL reduced the vegetative growth (Table 2). While RTG
was reduced by both deficit irrigation strategies, SA was only significantly (p<0.05)
reduced in the *St-Rec’ treatment, that in concordance had higher (p<0.05) RAD inside the
canopy. CL reduced both RTG and SA, but in the latter the reduction was significant only
at 0.05<p<0.1 (Table 2). For RTG there was also a significant (p<0.05) effect of the
interaction between CL and irrigation (Table 2). In fact, with low crop load, RTG was
unaffected by deficit irrigation, but in the more cropping trees RTG was severely reduced

by the water stress (Figure 5).
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Crop load, crop yield and fruit size

Deficit irrigated treatments had unplanned higher crop loads than control trees (Table 3).
This was due to irregularity on the hand thinning procedure as indicated by the observation
of no differences in flowering and fruit set rates between treatments at the beginning of the
experiment (not shown). Thus, despite deficit irrigation reduced the adjusted average fruit
weight (FW) by 10 to 12%, crop yield was unaffected by irrigation (Table 3). High crop
load allowed for a 47% increase in yield, as FW was only reduced by a 16%. No interaction
on FW was found between irrigation and crop load (Table 3). In fact, the slopes of the
linear regressions between FW and CL were similar for all three irrigation strategies

(Figure 6).

Fruit quality

The *St-Rec’ irrigation strategy increased the 1FC, indicating that fruit ripening was
advanced by this treatment. Low crop load also had higher 1FC, although this effect was
significant only at 0.05<p<0.1 (Table 4).

At harvest, TSS was higher in the deficit irrigated treatments and in light cropping trees.
However, TA was not significantly affected by either irrigation rate nor crop load (Table 4).
DM was higher in both deficit irrigated treatments. FF was decreased by the St-Rec
treatments and in high cropping trees (Table 4).

After the 14 days cold storage period, TSS was still higher in the deficit irrigated
treatments and lower in the high cropping trees, and again there were not significant
differences in TA. FF was still lower in ‘St-Rec’ treatments and in the high CL level,

however in the latest one, the effect was only significant at 0.05<p<0.1 (Table 5).
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Discussion

Several works have reported the effects of crop load, water stress and their interaction on
tree and fruit growth. However, most of them have involved only comparisons between
unthinned and non-fruiting trees, and under severe water stress, which are not real field
conditions. The present work, has explored the whole plum tree response to both factors at
near commercial levels: moderate water deficit and not too heavy CL.

In well-irrigated plots, CL increased Gs, by a 14%, the effect being more pronounced
during the last phase of fruit growth. Towards harvest, fruit dry matter accumulation rate is
at its highest (Grossman and DeJong 1995b) and the growth of other sinks, i.e. shoot
growth, stops (Grossman and DeJong 1995a). Because of that, the fruit effect on the leaf
conductance or assimilation rate is more pronounced by the end of fruit growth, as
frequently reported in apple (Palmer 1992, Palmer et al. 1997) and peach (DeJong 1986b).
Despite this increase in leaf conductance, Ws of the high cropping, well irrigated trees, was
only 6% lower than in the light ones, and moreover not significantly (p>0.201) different
from theirs. This indicates that soil water availability was enough to account for the extra
transpiration rate of the high cropping trees. In fact, in many studies (Berman and DeJong
1996, Naor 2004), a null effect of CL on Ws in well-irrigated trees has been reported.
However, MDS was 28% higher in the treatment “100-H’ than in the ‘100-L’. This higher
sensitivity of MDS than Ws to CL, may be explained considering the reduction in TGR
observed in the more cropping trees. In fact, as trunk growth opposites to trunk shrinkage

(McBurney and Costigan 1984, Genard et al. 2001), the reduction of trunk growth observed
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in the high cropping trees, may have enhanced the effect of the higher transpiration rates.
Thus, in the high CL, larger MDS for a given VPD are predicted by equations reported in
Figure 3. This finding is significant, because it implies that to base irrigation on MDS,
related to a reference previously established (Goldhamer and Fereres 2004), different
reference equations should be used according to the tree CL.

The effect of CL on Ws is more often observed when wather is restricted (Berman and
DelJong 1996, Naor 2004). In the present work, in the deficit irrigated trees, there were not
differences in Ws according to crop loads, probably due to the extra water applied to the
high cropping, deficit irrigated trees, in comparison to the light ones (Table 1). In the “St-
Rec-H’ a 5% more water was applied than in the ‘St-Rec-L’, while the ‘-1.5 MPa-H’
needed 13% more of water compared with the *-1.5 MPa-L’ (Table 1). This difference may
be explained considering that, towards harvest, coinciding with the enhanced Gs effect by
fruit sink, the ‘St-Rec’ treatments were fully watered, while in the *-1.5 MPa’ ones, water
stress continued.

Both deficit irrigation strategies affected similarly fruit size despite the different timing
of water restrictions (Table 3). This is because in this cultivar, similarly to early maturing
peach trees (DeJong et al. 1987), reduction of fruit growth rate by pit hardening is not clear,
and therefore fruit growth is rather linear after the first exponential growth phase (not
shown). Considering the XWs reached (Table 1) this reduction was very close to that
predicted by our previous work (Intrigliolo and Castel, 2005), even though the deficit
irrigated trees, did not surpass the previously identified Ws threshold value (-1.5 MPa). This
indicates that fruit growth respond better to the integral of stress applied, than to a

maximum stress level reached during the deficit period. Instead, canopy growth was more
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affected in the *St-Rec’ strategy than in the *-1.5 MPa’ (Table 2) since it had higher plant
water stress, early in the season when most part of shoot growth occurs. Similarly, CL had
a greater effect on TGR than on SA due to their different timing of growth. While trunk
growth continued until harvest (Figure 2C), shoot growth in part occurred before fruit
thinning and stopped by June.

Interestingly, RTG was only severely decreased by the conjunction of water deficit and
high CL (Figure 5). Given the similar plant water status observed in both CL levels, this
reduction in trunk growth has to be attributed to a source limitation derived from the
combined effect of high CL and water deficit. CL enhanced the sensitivity to water stress of
trunk growth but not of fruit growth. This is not surprising, considering that high CL has
often been found to decrease dry matter allocation to woody tissues (Miller and Walsh
1988, Palmer 1992) and moreover, trunk is considered as smaller sink than fruit at least
during the rapid fruit growth phase (Grossman and DeJong 1995a, Berman and DelJong
2003). Contarily to our work, Berman and DeJong (1996) and Naor et al. (2004), in peach
and plum trees respectively, reported higher effect of water stress on fruit growth with
increasing CL. This may be due to the fact that their high CL, water stressed trees, had
lower plant water status than the light ones, as water application was the same for each CL.
It should be noted that a limitation of our study was not having another set of high cropping
trees, receiving the same amount of deficit irrigation than the light ones. This would have
probably helped in understanding the physiological reasons of this frequently found higher
sensitivity of fruit growth to water stress with high crop loads.

Fruit quality was also affected by both deficit irrigation and CL, but in a different
manner. In the ‘St-Rec’ treatment, fruit physiological maturation was advanced, as

indicated by the higher percentage of 1FC and decreased FF observed in this treatment

30



(Table 4). The conjunction of water stress followed by its alleviation may have led to a
faster ripening process. In fact, recent studies in peach trees submitted to deficit irrigation
only during pit hardening, showed an earlier increase of fruit ethylene production and
respiration (Gelly et al. 2003, Gelly et al. 2004). This fact supports the general
consideration that stress occurring during fruit growth advances fruit maturation (Brady
1987, Saenz et al. 1997). However, the important vegetative growth reduction experienced
by this treatment, which indeed increased the PAR radiation reaching inside the canopy
(Table 2), may have also favoured the fruit ripening process (Gelly et al. 2003). On the
other hand, the increased TSS observed in the ‘St-Rec’ treatment, cannot be attributed
exclusively to advanced fruit maturation (Chapman et al. 1991), since it was also observed
in the *-1.5MPa’, which did not mature earlier. More likely it may be due to a dilution
effect (Génard et al. 2003) or to fruit dehydration, since DM was higher in the deficit
irrigated treatments (Table 4). TA was nonetheless unaffected by both deficit irrigated
strategies as in apple (Mpelasoka et al. 2002), peach (Crisosto et al. 1994) or plum (Naor et
al. 2004), but contrarily to other studies where TA decreased with water restrictions (Mills
et al. 1996, Gelly et al. 2004).

High CL decreased TSS similarly to findings in peach (Crisosto et al. 1997) and apple
(Johnson 1995), probably due to delayed fruit maturation (Chapman et al. 1991), as a
consequence of the increased within-fruit competitions. However, in spite that fruit
maturation was delayed in the high crop load, it had lower FF, most likely due to lower
cellular density. DM was instead not affected by high crop load. This suggests that the
high CL level here studied was not limiting fruit dry matter accumulation. In fact, similar to
findings in apple (Winsche et al 2000), only a significant decrease in the DM was observed

for crop load levels higher than those here studied.
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During the cold storage period it was observed a general increased in TSS, a decreased in
FF, and an important drop in TA (Table 5). These changes are in agreement with general
trends observed during fruit cold storage (Ebel et al. 1993, Gelly et al. 2004). However,
differences in fruit quality between irrigation treatments and crop loads observed at harvest
were maintained during the storage period.

In summary, this study reports the effects of crop load and deficit irrigation timing on the
whole tree response of a mid-season plum cultivar. We studied, for the first time, the effects
of CL on TDV and we found that in well-irrigated plots, crop load significantly increased
MDS. We speculate that this may not only be due to an increased transpiration rate, but also
to a reduction of trunk growth by CL. We also showed that water stress during fruit growth,
followed by its alleviation before harvest, decreased fruit size by 12%, but it advanced
ripening and increased fruit quality. Thus, this strategy may be an alternative to post-
harvest water stress (Johnson et al. 1992, Intrigliolo and Castel 2005) in order to improve
crop value in case of water scarcity. Deficit irrigation reduced fruit size similarly in high or
low crop loads. However, caution should be taken when applying water restrictions with
high crop loads, because their conjunction severely decreased RTG, which may reduce tree
productivity in the longer term (Girona et al. 2005, Intrigliolo and Castel 2005). The
enhanced sensitivity of RTG to water stress under high CL was not due to an effect of CL

on lowering plant water status, but more likely to the interaction between both factors.
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Table 1. Integrated water stress values (X¥'s) and water application (mm) in the various

treatments. Water savings compared to the *100’ treatments (%) in parenthesis.

Treatment  Irrigation, mm  TWs, MPa-day

100-L 159 38
100-H 159 40
-1.5MPa-L 105 (34) 53
-1.5MPa-H 118 (26) 55
St-Rec-L 112 (26) 56
St-Rec-H 117 (27) 57
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Table 2. Effect of irrigation and crop load on relative trunk growth (RTG), shaded area

(SA) and percentage of PAR radiation inside the canopy (RAD).

Factor RTG, % SA, m’ RAD, %

Irrigation

100 3.8 6.9 0.21

<-1.5 MPa 3.0 (0.049)* 6.0(0.123)  0.27 (0.057)

St-Rec 2.9 (0.044) 5.3(0.038) 0.31(0.011)
Crop load

Low 4.0 6.4 0.25

High 2.5(0.042) 5.7(0.093)  0.28 (0.350)
IrrigationxCrop load ~ 0.020° 0.412 0.294

Wp value for the comparison with the respective control (100’ for irrigation and ‘low’ for
crop load)

@p value for the interaction effect from ANOVA
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Table 3. Effects of crop load and irrigation on crop load, yield and adjusted fruit weight

(FW).
Factor Crop load Yield, FW, g
(No, fruit‘cm? TCSA) kg/tree
Irrigation
100 5.6 45.1 97.2
<-1.5 MPa 6.3 (0.009)* 43.1 (0.720) 87.6 (0.027)
St-Rec 6.9 (0.001) 43.7 (0.878) 85.3 (0.026)
Crop load
Low 4.7 35.7 96.8
High 7.9 (0.001) 52.1(0.013) 83.2 (0.008)
IrrigationxCropload 0.877 2 0.889 0.367

Wp value for the comparison with the respective control (‘100 for irrigation and ‘low’ for
crop load)

@p value for the interaction effect from ANOVA
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Table 4. Effects of irrigation and crop load on the percentage of fruit collected in the first

pick (1FC) and on the main fruit quality parameters at harvest: total soluble solids

concentration (TSS), tritable acidity (TA), dry matter fraction (DM) and flesh firmness

(FF).

Factor 1FC, % TSS, % TA, gl DM, % FF,N
Irrigation
100 56.0 145 17.6 15.3 28.0
<-15MPa  61.8(0.358)! 15.9(0.000) 18.0(0.694) 16.3(0.019) 28.6 (0.281)
St-Rec 76.7 (0.013) 15.7 (0.001) 17.9(0.660) 17.5(0.008) 26.8 (0.007)
Crop load

Low 71.9 15.9 18.1 16.5 28.7
High 51.5(0.083) 14.9 (0.000) 17.5(0.201) 16.3 (0.395) 26.9 (0.028)
Irr.xCrop load 0.878 2 0.897 0.071 0.295 0.377

P value for the comparison with the respective control (100’ for irrigation and ‘low’ for

crop load)

@p value for the interaction effect from ANOVA
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Table 5. Effects of irrigation and crop load on the fruit quality parameters after a 14 days
cold storage period: total soluble solids concentration (TSS), tritable acidity (TA) and and

flesh firmness (FF)).

Factor TSS, % TA, gl FF,N
Irrigation
100 15.3 75 23.8

<-15MPa  16.2(0.002)' 8.2(0.109) 24.2 (0.690)

St-Rec 16.6 (0.000) 8.3(0.112) 22.8 (0.008)
Crop load

Low 16.6 8.1 23.9
High 15.4 (0.003) 7.8 (0.245) 23.3 (0.060)
Irr.xCrop load 0.1212 0.234 0.027

Wp value for the comparison with the respective control (100’ for irrigation and ‘low’ for
crop load)

@p value for the interaction effect from ANOVA
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Figures captions

Figure 1. Seasonal evolution of A) cumulative irrigation applied and rainfall, B) matric soil
water potential (¥Ym), C) stomatal conductance (Gs) and D) stem water potential (\¥'s). Data
are means and standard errors of eight granular matrix sensors for ¥m, and ten and four
leaves determined at midday for Gs and YWs, respectively. DOY day of the year, C.V.
coeficient of variation.

Figure 2. Seasonal evolution of A) maximum diurnal shrinkage (MDS), B) maximum
diameter reached daily by the trunk (MXTD) and C) trunk growth rate (TGR) calculated as
average of 10 days. Values are averages and standard errors of six linear variable
differential transformer sensors. DOY day of the year, C.V. coeficient of variation.

Figure 3. Relationship of maximum diurnal shrinkage (MDS) of the fully irrigated trees
with average daily air vapour pressure deficit (VPD). Data are separated according to the
two crop load levels: low (100-L) and high (100-H). Values are averages of six linear
variable transformer sensors. *** significant at p<0.001.

Figure 4. Relationship between stem water potential (\¥'s) and stomatal conductance (Gs)
for high and low cropping trees. Values are averages of four and ten determinations for W's
and Gs respectively, pooled over the season and irrigation treatments. *** significant at
p<0.001.

Figure 5. Adjusted relative trunk growth (RTG) in the various treatments. For each crop
load asterisks indicate significant effect of the irrigation treatments in comparison to the

respective ‘100’ treatments from the ANOVA at P< 0.05. Bars indicate standard error.
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Figure 6. Relationship between relative tree crop load and adjusted fresh fruit weight. Data
are separated in the three deficit irrigation strategies. Each data point represent a tree value.

*** significant at p<0.001.
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4.- Continuous measurement of plant and soil water status for irrigation
scheduling in plum
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Abstrmet The wefulness of continuous measurement of
0l and plant water status for awtomated irrigation
scheduling was studied in a drip-irrigation ¢xperiment
on plum [Prives salicima Black Gald). Two levels of
water restriction were imposad at different phenological
periods {from pit-hardening to harvest, post-harvest)
and comparad with a well irmigated contral treatment.
Sail matrix water potential (e.a) was measured with
granular matrix sensors (Watermark ), and short-periad
trunk diameter variation (TIXV) was measured with
lirear variable displacement transformers. The Water-
mark sensor readings were in reasonable agreement with
the irrigation mgime and showed a good indization of
plant water status across the season (¢ =0062), although
they were a better predictor of stem water potential
[Wme) in the dry range of 5. NWonctheless, the most
impartant drawhack in their use was the high variahility
of readings (typical OV of 35-50%). From TV mea-
summents, maximum daily shrinkage (MIXS) and trunk
growth rate (TGR) were caloulated, Their performance
was also compared with ... which had the lowest
variahility (CV of 7%). During mos of the frut growth
period, when TGR was minimum, MIDE was higher in
the lessirrigated treatment than in the control and
carrelated well (¢ =089 with ... However, after
harvest, when TGR was higher, this cormlation de-
cmreased as the season progressed (7 =10.73-40.52), as did
the slope betwoen MDS and o, suggesting tizsue
clasticity changes. Later in the seazon, TGR was hetter
related to plant water status, These observations indicate
gome af the difficultics in obtaining reference values
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wieful for irgation scheduling based exclusively on
plant water status measurements.

Introduction

Ta sustain agriculture, it is particularly impaortant to
optimize crop yields by minimizing inputs, mainly water
and nutricnt application.

Many approaches to improve water management have
been developed (Fereres and Gaoldhamer 19600, some of
which inwvolve the use of sensors to monitor contimoushy
cither the soil water content (Hanson et al. 2000a) or the
plant water status (Goldhamer and Ferzres 2001).

The gramular matrix semsor {GMS) & an option for
indirectly estimating soil water content (Leibet al. 2003).
It measures sail electrical msistance that can he con-
verted to aoil water potential (W40, cither uwing a cali-
bration formula provided in the litemture for sandy sails
{Irmak and Haman 3001) and =ilt loam soils (Eldredge
et al. 1993}, or calibrating them for a specific 2oi type.

The Watermark { Lamon 1985 iz a relatively low-cost
GME, which iz easy to we and install and can function
comsistently over a range of aoil water tersion From
— 10 kPato —200 kPa (Leib et al. 20603), which is overa
larger range than tensiometers. Howewer, there is evi-
dence of some limitations. For example, the Watermark
does not mapond to changes at =oil water potential higher
than — 10 kPa and, themfo, may not be a suitable toaol
in those cases where imigation practices maintain a low
soil tension (Irmak and Haman 2001; Taber et al, 204025,
Mareowver, the Watermark does not respond properly to
rapid drying or partial rewetting of the =ail, showing
hyateretic behavior (MeCann et al. 1992), which conse-
quently may lead to ineorrect estimation of the actual soil
water satus in thess situations, Finally, them & also
evidence that the Watermark & not suitable far accurate
and mproducible measurement of .o or 2ol water
content, as calibration appears to be unigue for each
individual sensor (Eghert et al 1992; Hanson et al.
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2000b; Leib et al. 2003). In spite of all these limitations,
Watermark may be useful when a relative indication of
soil wetness is needed, as indicated by reports of their
successful use for wrrigation scheduling in some herba-
ceous crops (Shock et al. 1998a, 1998b; Taber et al. 2002)
and woody crops (Hanson et al. 2000a).

In contrast, recording trunk diameter variations
(TDV) has been proposed in several studies as a tool for
continuous estimates of plant water status, particularly
stem water potential (Ygem: Goldhamer et al. 1999;
Cohen et al. 2001; Moriana and Fereres 2002). However,
recent findings in peach (Marsal et al. 2002) and almond
(Fereres and Goldhamer 2003) show that this relation-
ship may change during the season. Therefore, to sche-
dule irrigation based on the information derived from
TDV, the robustness of the relationship between TDV
and ., must be established.

The objective of our study was, then, to determine the
feasibility of using TDV measured with linear variable
displacement transformer (LVDT) sensors and ;) de-
rived from GMS for irrigation scheduling in a drip-
irrigated plum (Prunus salicina L. Black Gold) orchard,
comparing different water deficits (mild, severe) with
well watered plants. The advantages and limits of both
techniques are discussed.

Materials and methods

The experiment was carried out during 2002 in a 5-year-
old plum orchard (P. salicina Black Gold on Marianna
GF81) planted at 5x3.5 m spacing and located at Liria
(39°45'N, 0°38'W, elevation 300 m), Valencia, Spain. At
the beginning of the experiment, the average tree LAI,
percentage of shaded area and trunk circumference were
0.73, 29% and 0.29 m, respectively. The soil was a sandy
loam with abundant stones (32% by weight) and about
80 cm of effective depth. The irrigation water had an
average EC of 1.1 dS m™" (at 25 °C) and an average C1™
content of 122 g m™>, The fertilization applied through
the irrigation system provided N, P,Os and K50 at 150,
75 and 175 kg ha™' year™!, respectively. The agricul-
tural practices followed were those common for the area.
The experiment had six treatments and three replicates in
a randormzed complete block design. Each experimental
plot comprised three adjacent rows of eight trees per row,
with the two center trees of the central row being used for
measurement. To test sensor performance, only the four
treatment groups described below were used:

1. Control group irrigated at 100% crop evapotranspi-
ration (ET.) during the full season

2. Group 33 I irrigated at 33% ET, from pit-hardening
(14 May) to harvest (8 July) and at 100% ET, during
the rest of the season

3. Group 66 I+1I irrigated at 66% ET, from pit-hard-
ening to the end of the season

4. Group 33 Il irrigated at 33% ET, from harvest to the
end of the season and irrigated at 100% ET, until
harvest

ET. was estimated as the product of reference
evapotranspiration (ET,) and crop coefficient (K). ET,,
was calculated from the Penman-Monteith equation,
using hourly data collected by an automated weather
station situated near the orchard. K values were ob-
tained from Doorenbos and Pruitt (1977) and adjusted
for tree size, following Fereres and Goldhamer (1990).
On a seasonal basis, the average K, was 0.2,

. Drip-irrigation was applied with six emitters per tree
(each delivering 3.85 1 h™") which were located in a dou-
ble-irrigation line parallel to the tree row. The reductions
in the amount of water applied during the deficit periods
were achieved by reducing the irrigation duration, while
irrigation frequency was the same for all treatments and
varied from once per week in early spring and autumn te
three times per week during summer. Water meters on
each replicate measured the water application.

Soil water potential was measured with eight GMS
{Watermark model 200ss, Irrometer Co.) per treatment.
They were all tocated at 30 cm depth and 25 cm distance
from the vertical of a dripper situated in the west tree
quadrant and at the same distance from the tree. Each of
the six experimental trees per treatment had only one
Watermark sensor and two trees had an additional
sensor. The calibration equations used to convert the
soil electrical resistance obtained with GMS (adjusted by
soil temperature) to soil water potential were those re-
ported by Allen (2000). Soil temperature was measured
with a model 107 temperature probe {(Campbell Scien-
tific) installed at the same depth and distance from an
emitter as the Watermarks.

TDV were measured with six LVDT (model DF-2.5,
Schiumberger ) per treatment. On each experimental
tree, a sensor was fixed to the main trunk by an Invar
frame (Invar being a metal alloy with minimal thermal
expansion) located about 20 cm from the ground on the
north side. Prior to installation, the transformers were
individually calibrated by means of a precision micro-
meter (Verdtech, Spain). The typical output coefficient
was about 85 mV mm™! V. The resolution of TDV,
including all sources of variation (calibration, non-line-
anty, excitation, output voltage recording, thermal
changes), was about 10 pm. From TDV, we calculated
two different indexes, the maximum daily trunk diame-
ter (MXTD) and the maximum daily shrinkage (MDS),
the latter obtained as the difference between the maxi-
mum diameter reached early in the morning and the
minimum reached normally during the afternoon.

All sensor data were automatically recorded every
30 s, using a model CR23X data logger (connected to an
AMI16/32 multiplexer for soil sensors, connected to an
AM25T multiplexer for LVDT sensors) programmed to
report mean values every 30 min for LVDT and every
2 h for soil sensors.

Vsiem Was measured with a pressure chamber, fol-
lowing the procedures described by Turner (1981), in
four leaves per treatment (two leaves per tree on two
selected trees that also had soil and plant sensors in-
stalled). Mature leaves on the north face near the trunk
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Fig. 1A, B Seasonal patterns of water potentials. A Seasonal
pattern of soil water potential (,,i). For clarity only midday
values (averages of eight sensors per treatment) are plotted. The
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when they had no restrictions are not shown. B Seasenal pattern of
stem water potential (Ygen). Values given are means of four
measurements recorded at midday (1200-1300 GMT), DOY Day of
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were enclosed in plastic bags covered with silver foil at
least 2 h prior to the measurements, which were carried
out between 1200 h and 1300 h (sclar time) approxi-
mately every 10 days from April to November.

L
LI R I R |
200 210 220 230 240 250 260 270 280 290
DOY

Statistical data analysis was performed with Stat-
graphics Plus ver. 4.1.

Results and discussion
Seasonal dynamics
Soil water potential

During the period from pit-hardening to harvest (period
I, Wson in the control treatment was nearly stable,
with values of —20 kPa to —30 kPa, whereas the two
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Fig. 2A, B Seasonal patterns of shrinkage and diameter. A
Maximum diurnal shrinkage (MDS). Data on MDS are presented
only for these days coinciding with determinations of Ygem. B
Maximum daily diameter (MXTD). Values given are averages of
six linear variable displacement transformer (LVDT) sensors per
treatment

restriction levels showed contrasting responses
(Fig. 1A). Thus, group 33 I showed a marked tendency
to decrease, reaching a minimum value of —60 kPa on

day 172. However, group 66 I+1I (despite the water
restriction) did not show clear differences with respect to
the control trees.

During post-harvest (period II), W in the control
trees was less stable than previously, showing a ten-
dency to decrease from —20 kPa just after harvest
(day 189) to minimum values around -60 kPa to
—70 kPa on day 280 (Fig. 1A). This reflected some
underestimation of the K, employed during this period,
as the actual water applied was higher than the esti-
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Fig. 3 Trunk growth rate (TGR) in the different irrigation
treatments. Values given are means of six LVDT sensors per
treatraent, calculated as averages for 7 days

mated ETc (data not shown). For the deficit-irrigated
treatments, the less-irrigated one (group 33 II) showed,
as expected, a gradual and steep decline in Ve,
reaching a minimum value of —180 kPa (after
2 months of restriction) on day 255. In contrast, group
66 I+1I did not start to clearly differ from the control
trees until day 255 (after 100 days of water restriction)
and when its Yy, (Fig. 1B) was already lower than in
the control. This indicated either that the GMS sensor
had a low sensitivity to small water restrictions or that
the place where the sensor was installed was not
representative of the actual soil water content of this
treatment.

Over all treatments and seasons, GMS responded
throughout the wetting and drying cycles with a time-
response to each irrigation event of about 6 h. They
functioned consistently over a range of Yy of
—15 kPa to —180 kPa. A similar working range was
previously found (Hanson et al. 2000a; Leib et al,
2003), confirming that GMS operate in a drier range
than tensiometers but with a lower resolution at the
wet end of soil water potential, as reported by Egbert
et al. (1992) and Irmak and Haman (2001). This is an
important limitation, especially in sandy soils or in
situations where high Y,y has to be maintained.
However, the most important drawback on their use
for irrigation scheduling is the high variability of

DOY

readings, which precludes the detection of small treat-
ment differences, at least under the mild restriction
conditions observed here. In fact, despite attempts to
minimize spatial variability in soil water content due to
the drip irrigation system, by carefully installing ail
sensors at the same distance from selected emitters, at
the same depth and at the same distance with respect to
the tree, we obtained typical CV values of 35-50%,
increasing at the lower g, range. These values are
similar to those obtained in other trials where either
Watermark sensors (Taber et al. 2002) or tensiometers
(Hendrickx and Wierenga 1990) were employed.

Stem water potential

The evolution of Ygerm (Fig. 1B) showed a decreasing
trend along the season in all treatments. In fact, Ygem
values for control trees decreased from an imitial value of
—0.6 MPa (day 112) to —1.5 MPa (day 295). This was
probably due to higher evaporative demand, the increase
in leaf area (over days 112-180) and a general gradual
reduction in water availability towards the end of the
season, even in the more irrigated (control) trees, as
previously discussed (Fig. 1A).

When deficit-irrigation was first imposed by pit-
hardening, only the more severe level of restriction
(group 33 1) showed a marked decrease in Ygem values,
which became noticeable some 15 days after the impo-
sition of water restriction. A minimum value of
—1.5 MPa was recorded in this treatment just before
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Table | Comparison of the

sensilivity (signal to noise ratio) Period Sensitivity Wsoit Ystem MDS TGR

of the different variables (see )

Materials and methods) during ~ Fruit growth Signal 1.55 118 147 1.25

the fruit growth and post- Noise (CV) 0.43 007 0.17 0.25

harvest periods. C¥ Coefficient Ratio 16 16.0 84 4.6

of variation Post-harvest Slgna] 245 1.20 1.36 2.16
Noise (CV) 0.50 0.08 0.2] 0.26
Ratio 49 15.0 6.5 83

harvest (after 50 days of restriction). However, group
66 1+11 did not show any differences in ey values
with respect to the control trees, in agreement with its
soil water status as previously discussed. When irriga-
tion returned to full dosage, the group 331 trees
recovered quickly to values similar to those of the con-
trol trees.

After harvest, differences in ., were evident in
treatment groups 66 I+ 11 and 33 IT some 15 days after
water restriction started, The differences increased dur-
ing the season, reaching minimum ey values of
—1.9MPa and -2.0 MPa, respectively, for groups
66 1+1I and 33 II by about day 258. Similar yep, val-
ues achieved during post-harvest did not have a negative
impact on the following year’s production of an early-
maturing plum (Johnson et al. 1994), indicating the
possibility of important water savings during this period.
Treatment group 33 I, which had no restriction during
this period, tended to have slightly higher (i.e. more

hydrated) values than the control trees. This was prob-
ably a consequence of the reduction in vegetative growth
(smaller leal area; data not shown) which occurred
during the previous period of water restriction. The
time-course of Y__ in this treatment was similar to that
of the control, decreasing from —1.0 MPa to —1.4 MPa
during the period.

Trunk diameter variations

Although the response between species is not unique,
MDS values commonly increase with water deficit,
especially when water restriction is not severe (Huguet
et al. 1992). During period I, treatment group 33 1 (be-
fore restriction) had similar MDS values to the control
trees, but they soon became higher as deficit-irrigation
was imposed (Fig. 2A). As the water restriction
progressed, differences increased, reaching a maximum
difference of about 200 pm by day 178, just before heavy

Fig. 4 Relationship between 0.0
Wsoit and Yy for all data,
separated for two soil wetness
ranges (Vo> —45 kPa,
Wsait < —45 kPa; dotted lines). 03k P
Values are averages for eight ’ ™ ®  ‘psoil > -45 kPa
sensors and four leaves, o® O ‘soil <45kPa
respectively. ** Significant at y= 0.012x-0.63 r=0.079 N.S.
P<005 06+ @ Pk (¥soil >-45 kPa)
]
e -9
=
£
}:‘ 12+
' ¥= 4E-05x2+0.02x-0.8 r2=0.66""
("¥'soil <-45 kFa)
]
L ]
A5k . © ®
o
18 y= 6E-05x7+0.02x-0.4 r2=062"
(All data) o
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24+
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Fig. § Relationship between MDS and gem for the whole season
and separated according to periods: fruit growth (from day 120 to
harvest on day 188), early post-harvest (from harvest to day 215)
and late post-harvest (from day 216 to day 297). Values given are
averages for six sensors and four leaves, respectively

rain occurred. This was accompanied by a difference of
0.5 MPa in yrgero between those treatments. In treatment
group 66 1+1II, MDS values were similar to those of the
control trees, in agreement with its soil and plant water
status, as previously discussed.

During period II, both restriction levels (groups
66 I+11, 33 IT) showed higher MDS than the control
trees; and, again, differences became greater as the
testriction progressed. Interestingly, treatment group
33 I (irrigated like the control trees during period II) had
kigher MDS than the control, but ., was similar or
even slightly higher during this period (Fig. 1B). This
suggests an adaptation of plum trees to water stress.
Trees in treatment group 33 I may have a greater tissue
elasticity than those in the control treatment, as a turgor
maintenance response after the water stress applied
during period I (Kozlowski and Pallardy 2002). This
feature would lead then to higher shrinkage in this
treatment with respect to the control trees for a similar
plant water status.

Trunk growth rate (TGR), indicated by the evolution
of MXTD, is another variable that can be used as an

indicator of plant water status (Goldhamer et al. 1999;
Moriana and Fereres 2002). MXTD evolution (Fig. 2B}
shows a general tendency towards a very low TGR in all
treatments during the fruit growth period (period I),
very likely a consequence of fruit-to-vegetative growth
competition (Grossman and DelJong 1994) as fruits,
especially during stage III of their development, are very
strong sinks and have priority for assimilates (Flore and
Layne 1997). Therefore, as expected during period I,
differences between treatments were small, with only
group 33 I having a decreased TGR (Fig. 3) and even
reaching negative values as a consequence of the
reduction in water application. After harvest (days 210~
255) however, TGR in control trees was relatively con-
stant with values around 60-90 um day~', which was
higher than in the previous period, probably because of
less competition for assimilates. In contrast, groups
33 II and 66 I+1II had clearly lower TGR. Moreover, in
these treatments, trunk growth ended | month earlier
than in the control trees (Fig. 2B), probably as a con-
sequence of the very low oy and Yyem reached
(Fig. 1A, B).

A scasonal pattern of trunk growth similar to that
of our contro] treatment was recently described for
well irrigated peach trees (Marsal et al 2002), indicat-
ing the important influence of phenology on trunk
growth.
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Table 2 Linear regression analysis between MDS () and /g (x) and multiple linear regression analysis of MDS (y) and both Yigem (x1)
and TGR (x;) during season. ** Statistically significant at P<0.05, * significant at P <0.10. Other values are non-significant

Period Simple linear regression Multiple linear regression

MDS vs ¥rgem MDS vs both ¢/, and TGR

y=mx+b y=mX, +mx;+b

m b # m my b rag’
Fruit growth —326** —9gr* 0.89%* —319%+ —0.4** —85** 0.92**
Early post-harvest —224* 76+ 0.72%¢ —206** ~(.34% -34 0.75**
Late post-harvest —130%* -11 0.52%* —134% 0.08 -16 0.51%*
Fruit growth + early post-harvest -200** =23* 0.67** -210** -0.76** =55 0.81**
Whole season ~125%* +36** 0.52%* —121** -0.13 ~43.4%* 0.50**

Comparison of sensitivity of the different variables

Sensitivity as defined by Fereres and Goldhamer (2003)
is the average ratio between the values of a variable for
the most stressed treatment and those of the control
treatment (the signal) divided by the average coefficient
of variation (the noise).

A comparison of the sensitivity during the two main
phenological periods (fruit growth, post-harvest) among
the different techniques used (Table 1) showed that ¥y
had the highest signal value but the lowest sensitivity,
due to its very high variability in both periods. In con-
trast, Y. Was the most sensitive, due to its very low
CV. Finally, MDS was more sensitive than TGR during
the fruit growth period, but the reverse occurred post-
harvest.

Contrary to our results, Goldhamer and Fereres (2001)
found MDS was more sensitive than . in mature al-
mond trees. They obtained higher signal values for MDS
than in this work, while the variability was similar. This
can probably be attributed to differences in the irrigation
syster, as theirs wetted the whole orchard floor.

Relationships between different indicators

The usefulness of the TDV-derived indexes and GMS
sensors was also evaluated by regression analysis be-
tween those indexes and Ygenm, commonly used as a
standard measurement of plant water status.

Soil water potential was significantly related to ¥em
over the full season (*=0.62, Fig. 4). Multiple regres-
sion analysis {including also either daily ET, or midday
air vapor pressure deficit values) only explained an extra
5% of variance (data not shown). Figure 4 indicates that
Watermarks are apparently poor predictors of Ygem
when the soil is wet. In fact, when data are separated on
two soil wetness ranges (Yyon < —45 kPa, ;> —45 k-
kPa), the correlation is clearly higher and only significant
in the drier range. Nonetheless, part of the lack of
agreement between both variables in the wet range can be
attributed to the effects of evaporative demand on Y.
Therefore, for irrigation of fruit trees, Watermarks
would not be recommended in situations when high

has to be maintained (for instance phase III of fruit
growth), but they can be a useful tool when drier soil
conditions are less harmful for fruit growth (e.g. phase
IT). Finally, we also conducted a regression analysis for
the same individual periods used later for the relationship
between MDS and e, and found that shorter periods
did not improve the correlations (data not shown). This
indicates that phenology, apparently, does not influence
the relationship between ¥em and Y.

The regression analysis between MDS and e
(Fig. 5), pooling data across the season, showed that
the coefficient of determination was significant, though
not very high (r*=0.52). However, when broken into
three time-periods, the correlation for individual peri-
ods clearly improved, except for late post-harvest.
Moreover, we observed a general trend towards lower
MDS for a given Y. and to a reduction in the slope
between both variables as the season progressed
(Fig. 5). Similar behavior in this refation was also re-
cently reported in peach and almond trees (Marsal
et al. 2002; Fereres and Goldhamer 2003), suggesting
that this may be a general trend, at least in deciduous
fruit trees. The causes are possibly related to TGR
and tissue elasticity changes during the season. After
harvest, TGR 1s clearly higher than during the fruit
growth period and theoretically (Genard et al. 2001),
for a given evaporative demand and soil water
potential, the trunk shrinks more when its growth rate
is low. In fact, a comparison of the slope of MDS vs
Vst for the fruit growth period and for the early post-
harvest period suggests that changes could be related to
differences in TGR between periods. This is supported
by the additional 14% of variance explained by
regression that included TGR in the model of MDS vs
Vstem (Table 2). However, later in the season, the MDS
VS Wgem Slope decreased again; and then the inclusion
of TGR in the regression model did not improve the
goodness of fit (rzadj-—-O.SO; Table 2), indicating the
likely involvement of factors distinct from growth. It is
generally accepted that tissue age affects its elasticity,
older tissues being less elastic (higher resistance to
shrinkage; Tyree and Jarvis 1982). Therefore, lower
MDS for a given Yy value late in the season may be
due to less elastic, older tissues.
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Fig. 6 Relationship between TGR and 4, using data across the
full season and for all treatments during a period (days 205-265) of
nearly constant TGR rates in the more irrigated trees. TGR values
given are averages of the 7 days of the week when g
measurement were collected. Values given are averages of six
sensors and four leaves, respectively

Another important issue is to prove the robustness of
the relation between MDS and e for different spe-
cies. As far as we know, there are no reports of the
analysis of TDV in plum or prune trees. However, on 8-
year-old peach trees, Cohen et al. (2001) studied the
relationship between MDS and g (although only
during phase 111 of fruit growth) and found values very
similar to ours. As an example, for a rgiem of —1.0 MPa,
we obtained 227 pm of contraction, while on peach the
$ame Yem corresponded to 230 um. Nonetheless, more
effort is required in order to check the extrapolation of
this relationship among different Prunus species or cul-
tivars.

Finally, the evolution of MXTD is the other TDV
variable related to plant water status. As TGR was not
constant during the season independently from water
status, it impedes the search for a significant relation
between both variables over the full season (Fig. 6).
However, for a period when TGR was relatively con-
stant and high in the more irrigated trees (days 205-
265), differences were expected to be due mainly to plant
water status. This is supported by the high coefficient of
determination (r*=0.71; Fig. 6) in the regression
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between both variables, including data from all treat-
ments during this period. However, in peach, Sellés and
Berger (1990) found a good correlation over the full
season between TGR and (yom.

Conclusions

Our results show that e, was the least variable and
more sensitive indicator. However, Watermark sensors
can be a useful tool especially in the dry range of .o, as
they have much higher uncertainty in the wet range.
Moreover, their high variability and the reduced zene of
influence imply the need for a large number of sensors
per orchard. But, MDS is a very good predictor of Yyem
during phases IT and IIT of fruit growth. Therefore,
especially during stage III, their use can be extremely
mmportant, as it could enable the early detection and
prevention of any water stress that could reduce orchard
productivity. However, it has to be taken in consider-
ation that the relation between MDS and iy, is not
unique throughout the season. This is an important
feature, as a single MDS value could lead to important
deviations when evaluating plant water status, depend-
ing on the phenological period. Finally, trunk growth
can also be a good plant-based water stress indicator,
but the influence of phenology on its evolution impedes
establishing absolute threshold values. Therefore, its use
is recommended together with a reference obtained on
fully irrigated “control” trees.
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Summary

The seasonal evolution of maximum diurnal trunk shrinkage (MDS) was compared with
that of midday stem water potential (Ws) during three years in drip irrigated plum tress
under differing watering regimes. In well irrigated plots, day-to-day variations of ¥s and
MDS were related to the evaporative demand. Reference equations were obtained to predict
MDS and Ws values for well drip irrigated trees, as function of environmental conditions. A
decrease in plant water status towards the end of the season occurred even in the well
irrigated trees, probably due to the reduced volume of soil wetted by the drip irrigation
system. Thus, for Vs, different reference equations have to be used at the beginning of the
season (fruit growth) than at the end (after harvest). A seasonal change in the relation
between MDS and Ws was observed, which compensated the decrease in plant water status
so that similar MDS values for well irrigated trees are expected before or after harvest.

The influence of tree size on the relationship between MDS and W¥s was also
investigated. In a range of tree trunk diameter between 8 to 13 cm, MDS increased a 13%
for each cm of increase of trunk diameter, due to the thicker phloem tissues of larger trees.
This result may allow to extrapolate Ws prediction based on empirical relations with MDS

to plum trees of different sizes.

keywords: stem water potential, reference equations, tree size, phloem thickness.
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Introduction

Plants integrate the effect of both, soil water availability and climatic conditions; because of
that, there has been an increasing emphasis on plant water status evaluation, particularly for
irrigation scheduling purposes (Jones 2004). However, the coupling of the plant with the
evaporative demand makes its water status to be dynamic in response to several fluctuating
environmental properties (Reicosky et al. 1975, Hincley and Bruckerhoff 1975). This
means that a single measurement of plant water status may be meaningless if taken without
a reference value from plants without soil water limitations.

Traditionally leaf water potential, measured with the pressure chamber (Scholander et al.
1965) and more recently, water potential of bag covered leaves (Begg and Turner 1970),
named stem water potential (\V's), has been adopted in fruit trees as a water stress indicator
(Garnier and Berger 1985, McCutchan and Shackel 1992). Nowadays, research in this field
is focused on evaluating trunk diameter variations as water stress indicators, because they
can be easily automated in a field scale (Goldhamer and Fereres 2001).

Shrinking and swelling of tissues depend on plant water status (Kozlowski 1967), being
the xylem water potential the driving force of stem shrinkage during the day (Klepper et al.
1971). During the last three decades some studies pointed out considering the influence of
factors affecting phloem thickness, particularly tree size, on the absolute shrinkage rates
(Molz and Klepper 1973, Parlange et al. 1975, Simonneau et al. 1993, Naor and Cohen
2003). Huguet (1985), showed that within a single tree, the absolute trunk shrinkage
increased when the diameter of the branch where it was measured increased. More recently,
Améglio et al. (2001) observed that the magnitude of stem shrinkage in response to

freezing temperature was proportional to the organ diameter. However, to the best of our
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knowledge, there are no studies describing the influence of tree size in the relationship
between stem shrinkage and Ws among trees of different size. For horticultural studies is
important to define: i) whether, as expected, tree size affects the relationship between MDS
and Ws or not and ii) to quantify this influence, in order to extrapolate W¥s prediction based
on MDS to different sized trees. The objectives of this work were to further asses the
usefulness of MDS as a water stress indicator by: i) comparing the seasonal evolution of
MDS with that of Ws on trees under different watering regimes, ii) studying, in well
irrigated plants, the influence of the aerial environment on both indicators, and iii) studying

the relationship between Ws and MDS and the influence of tree size on it.

Material and methods

Experimental plot and climatic conditions

The experiment was performed over three consecutive years (2002-2004), in a commercial
Japanese plum orchard (Prunus salicina, ‘Black Gold’ grafted on ‘Mariana GF81’
rootstock) at Liria, Valencia, Spain, (40°N, elevation 300m). The soil was a sandy loam
32% (w/w) stones, with an effective depth of 80 cm. The irrigation water had an average
EC of 1.1 dS m™ and an average CI" concentration of 122 mg I". Trees were planted in
1997 at a spacing of 5 x 3.5 m. At the beginning of the experiment average tree LAI,
percentage of shaded area and trunk circumference were 0.73, 29% and 0.29 m,
respectively. Agricultural practices followed were those common for the area and crop load

levels were about 4 to 5 fruits cm of trunk cross sectional area.
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Climatic data were recorded at an automated weather station near the orchard and daily
average air vapour pressure deficit (VPD) and daily reference evapotranspiration (ETo)
were calculated according to Allen et al. (1998). During the irrigation season, (March to
October), annual precipitation and ETo were respectively: 406 mm and 897 mm in 2002,

387 and 912 mm in 2003 and 275 mm and 866 mm in 2004.

Irrigation treatments

The experiment had six treatments and three replicates in a randomized complete block
design. Each experimental plot comprised three adjacent rows of eight trees per row, with
the two center trees of the central row being used for measurement. To study the water
relations only the following treatments were used: a control treatment irrigated at 100% of
tree evapotranspiration (ETc) and three or two different deficit irrigation treatments. During
2002 and 2003, three deficit irrigated treatments were used; two of them irrigated at 33% of
ETc either, during phases Il and 111 of fruit growth (33-1) or during post-harvest (33-11), and
a third one irrigated at 66% ETc from pit hardening to the end of the season (66-1+I1). In
2004 two deficit irrigated treatments were used; one irrigated at an average of 65% of ETc
during fruit growth and at 50% of ETc during post-harvest (65-1 50-I1), and a second one
irrigated at an average of 40 % of ETc only during post-harvest (40-11).

Crop evapotranspiration, was estimated as the product of ETo and crop coefficient (Kc).
The reference evapotranspiration was calculated from the Penman-Monteith equation and
Kc were obtained from Doorenbos and Pruitt (1977) and adjusted for tree size following
Fereres and Goldhamer (1990).

Drip irrigation was applied with six emitters per tree, each delivering 3.85 L h™*, which

were located in a double irrigation line parallel to the tree row.
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Trunk diameter variations

The diameter of the trunk was measured continuously with linear variable differential
transformers (LVDT, Schlumberger Mod. DF-2.5) on six representative trees per treatment.
On each experimental tree a sensor was fixed to the main trunk by a metal frame of Invar (a
metal alloy with a minimal thermal expansion) located about 20 cm from the ground on the
north side. Prior to installation the transformers were individually calibrated by means of a
precision micrometer (Verdtech SA, Spain). The typical output coefficient was about 85
mV mm™ V. The resolution of trunk diameter measurements including all sources of
variation (calibration, non-linearity, excitation, output voltage recording and thermal
changes) was about 10 um. From these sensors we calculated the maximum daily shrinkage
(MDS), obtained as the difference between the maximum diameter reached early in the
morning and the minimum reached normally during the afternoon. Sensor data were
automatically recorded every 30 s using a data logger (model CR23X connected to an

AM25T multiplexer, Campbell Sci. Co.) programmed to report mean values every 30 min.

Stem water potential

Midday stem water potential (¥s) was measured with a pressure chamber, following
procedures described by Turner (1981). Two leaves per tree on two trees from each
treatment, that also had an LVDT sensor installed, were determined. Mature leaves from
the north face near the trunk, were enclosed in plastic bags covered with silver foil at least
two hours prior to the measurements, which were carried out between 12:00 and 13:00 h

solar time, approximately every ten days from May to October.
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Reference equations

During the three years the fully watered control treatment was used to obtain the
relationships between MDS and Ws with average daily VDP, ETo and air temperature
(Tair). Data used were collected from the beginning of May, when trees had already
developed up to 70% of their total shaded area, to the end of October, before leaf fall. To
make sure that fully irrigated trees had not experienced any important soil water deficit, soil
water potential (‘\Psoil) was measured with eight granular matrix sensors per treatment
according to procedures described on Intrigliolo and Castel (2004). As an additional
precaution, data from days when Wsoil was lower than -30 kPa (e.g. during September and

October of the 2002 season) were not used to obtain reference equations.

Influence of trunk diameter on the relationship between MDS and ¥s

The effect of tree size on the relationship between MDS and Ws was studied using trees
from all the irrigation treatments previously explained, except the two trees of the treatment
33-11 in 2003, because their MDS was not measured during the entire season. In 2004 four
additional trees were selected to increase the range of tree size. These additional trees were
irrigated as the control, except in June (before harvest) and in August (after harvest) when
water was withheld during 20 days. On each individual tree, the ratio MDS/Ws was
obtained from those days when Ws was measured. The average seasonal MDS/Ws ratio
(MDS/W¥s) was then calculated and plotted against trunk diameter (TD) and trunk phloem

plus bark thickness (PT). PT was measured at the end of 2003 and 2004 seasons, using a
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digital hand slide gauge (resolution 0.01 mm) on samples extracted with a core borer from

the same place were the LVDT was previously installed.

Statistical analysis

Simple linear regression analysis was carried out using the ‘reg’ procedure of the SAS
statistical package (version 8.1; SAS Institute, 1994, Cary, NC) to explore relationships
between variables. Significance levels of the correlation coefficient at 5% or higher are
reported. In all cases where the relationship appeared to depart from linearity, statistical
tests with non linear equations were carried out. Non linear equations are shown only when

they significantly improved the goodness of fit.

Results

Seasonal evolution of water stress indicators

At the beginning of each season Ws in the control treatment was about -0.5 MPa. It then
decreased towards harvest, coinciding with the increase in Tair and VPD (Figure 1). By the
end of the season, at environmental conditions which were similar to those of the
beginning, Ws of the control trees had decreased to about -0.8 and -0.6 MPa in 2003 and
2004 respectively. In 2002, this drop was more noticeable and even the control treatment
experienced some water deficit during the last part of this season. In fact, Wsoil of the
control treatment reached values lower than -30 kPa by the end of the 2002 season (not

shown).
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MDS in the control treatment had initial seasonal values of about 50 to 75 um that
increased towards harvest. After harvest there was a drop in MDS that thereafter remained
around values of 150 to 200 um (Figure 1C).

Deficit irrigated treatments had in general lower ‘¥'s than the control that were associated
with higher MDS. Ws was much less variable than MDS, with typical values of the

coefficient of variation around 8% and 23%, respectively.

Relationship of water stress indicators with environmental variables

Day-to-day MDS and s variations in well irrigated trees were most closely related to VPD
and Tair than to ETo (Figure 2 and 3 and Table 1 and 2). However, while MDS correlated
better with VPD, ¥'s had the best correlation with Tair (Table 1 and 2). In general, for all
environmental variables, the correlations were lower for W's than for MDS.

When data were analysed separately by periods, on the two main phenological phases of
fruit tree crops (before and after harvest), a lower ¥s for a given VPD, Tair or ETo is
obtained after harvest than during fruit growth (Figure 2). The intercepts of the
relationships of Ws with Tair, VPD and ETo were all significantly (p<0.0001) lower after
harvest than before, while the slope in all three cases did not differ significantly (p>0.157).

Regarding MDS, differences in the relationship with both VPD and Tair between periods
(before and after harvest), were not as clear as with Ws (Figure 3). In fact the relationships
of MDS with Tair and VPD had after harvest higher (p<0.0001) intercepts than before
harvest, but lower slopes (p<0.0018 for VPD and p<0.0001 for Tair). Prior to harvest MDS
was also highly related to ETo, with an exponential relationship between both variates,

although deviations from linearity were more evident only on days of high evaporative
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demand (daily ETo values > 5.5 mm). On the contrary, the correlation after harvest was

much weaker and the exponential regression did not improve the goodness of fit.

Influence of tree size on the relationship between MDS and W¥'s
MDS was significantly (p<0.001) related to Ws pooling data over all the season and
irrigation treatments (Figure 4). However the relation between MDS and Ws changed across
the season, with lower MDS values obtained during post-harvest for a given Ws because of
the lower slope (p<0.001) in the relationship.

The MDS/Ws of each tree was negatively related (p<0.001) to the TD (Figure 5A). As
tree size increased, there was a reduction (e.g. less negative) on MDS/Ws, which indicates
that higher MDS for a given Ws is expected with increasing tree size. MDS/Ws was also

negatively related (p<0.001) to PT (Figure 5B). This was so as PT increased linearly with

increasing trunk circumference (PT= 0.55*TD -1.22 r*=0,79 p<0.001).

Discussion
Stem water potential is nowadays widely used as a plant water status indicator because of
its reliability on reflecting soil water availability to plant, low variability and relatively
good prediction of yield response to water stress (Shackel et al. 1997, Naor 2000), but its
measurement cannot be easily automated. The present work explores the possibility of
using MDS as a substitute of Ws because it can be obtained automatically with LVVDT
Sensors.

MDS appears to be a reliable water stress indicator of plum trees. In fact, during the three

years, MDS of deficit irrigated treatment were consistently higher than that of well irrigated
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plots in concordance with the Ws evolution. However, similarly to reports on other fruit tree
species (Fereres and Goldhamer 2003, Naor and Cohen, 2003) MDS was more variable
than Ws. Therefore, more determinations of MDS than of Ws are needed, to estimate plant
water status with similar precision.

Particularly during fruit growth, there is a good linear relation between both variables
over a wide range of Ws, up to -2.0 MPa (Figure 4). This will allow for an early detection
and prevention of water stress that during this period may reduce fruit growth. However,
considering a single value of MDS to predict W's across the whole season, may lead to an
incorrect estimation of plant water status, as there is not an unique relation of MDS with W¥'s
valid for the whole season (Figure 4). A similar seasonal behaviour on this relationship was
also found in recent horticultural studies carried out during a single season (Marsal et al.
2002, Intrigliolo and Castel 2004). Trunk growth itself affects the relationship between
MDS and W¥s (McBurney and Costigan 1984), but seasonal changes in trunk growth rates,
do not account for the totality of this seasonal behaviour on the MDS-Ws relationship
(Marsal at al. 2002, Intrigliolo and Castel 2004). Several theoretical models have been
developed to predict stem or leaf water potential from MDS and vice versa (Molz and
Klepper 1972, Parlange et al. 1975, Panterne et al. 1998) but none of them took in
consideration possible seasonal changes in the relationship between Ws and MDS.
Recently, Genard et al. (2001) in a more comprehensive study, showed that trunk shrinkage
was highly sensitive to changes in the tissue elastic modulus. Therefore, probably lower
MDS for a given Ws after harvest may be due to older, less elastic tissues (Tyree and Jarvis
1982). However as pointed out by Panterne et al. (1988), seasonal changes in the

osmolarity of phloem tissues, due to shifts in the whole plant sink-source relations

72



(Kozlowski 1992), may also influence trunk shrinkage. In prunus species the sugar
concentration of woody tissues is normally higher after harvest, because of the absence of
the fruit sink strength (Flore and Layne 1997). This should lead to lower osmotic water
potential in phloem tissues and therefore to a smaller gradient of water potentials between
the xylem and the phloem.

In well irrigated plants, Ws and particularly MDS, varied with environmental conditions
but similarly to findings in almond trees (Fereres and Goldhamer 2003) both \VPD and Tair,
had a greater effect on MDS than on Ws (Figure 2 and 3). In fact an increase in 1°C or 1
kPa increased MDS by 11% and 106% respectively, but only by 6% and 11% on ¥s. These
features, particularly for MDS, difficult their use in absolute terms for irrigation scheduling.
However, the equation here reported (Table 1 and 2) can be a useful guideline for
scheduling irrigation protocols based on ¥s and MDS measurements. In our conditions,
Tair may be considered as the best environmental variable to be used in a practical field
approach, not only for correcting s, but also for MDS. In fact, despite VPD represented
slightly better day-to-day variations in MDS (Table 2); Tair can be obtained more easily
and less costly than VPD.

Lower Ws for similar environmental conditions are expected after harvest than during
fruit growth (Table 1). The lower intercepts obtained in the relation with post-harvest data
indicates that after harvest there is a decrease in the bulk soil water availability to plant.
This is probably due to the reduced volume of soil wetted with the drip irrigation system,
which implies that, particularly towards the end of the season, there is a greater proportion
of roots in the dry soil portion. This explains why in horticultural studies generally lower

Ws are obtained under drip irrigation (Lampinen et al. 2001, Intrigliolo and Castel 2005)
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than with furrow irrigation practices (McCutchan and Shackle 1992, Fereres and
Goldhamer 2003).

Despite this decrease in plant water status by the end of the season, similar MDS for a
given VPD or Tair are expected prior or after harvest (Figure 3). This is due to the seasonal
change in the relationship between MDS and Ws previously explained. The relation
between MDS and VPD or Tair had after harvest higher intercepts (lower bulk soil water
availability), but lower slopes because of the lower MDS/Ws slope during post-harvest.

ETo represents MDS variations equally well as VPD, but only during the fruit growth
period as during post-harvest, the relation between MDS and ETo was weak (Table 2). This
may be due to a different seasonal sensitivity of stomata to air VPD. In fact, in a recent
study Pretorius and Wand (2003) showed that stomata are more sensitive to the aerial
environment and therefore better controlling plant water status during post harvest than
during fruit growth.

To further prove the usefulness of MDS it is of importance to check for its dependence
on tree size. We showed that stem shrinkage, for a given driving force, Vs, increases with
increasing phloem thickness, the tissue responsible of most of the trunk shrinkage (Molz
and Klepper 1973). For a field scale approach, MDS values of different sized trees may be
more easily corrected using the relation here obtained between the average ratio MDS/W¥'s
vs tree trunk diameter (Figure 5). In fact, in the range of trunk diameters here evaluated (8
to 14 cm), MDS increases 26 um for each increment of 1 cm of TD and MPa of Ws. This
represents a relative increase on MDS of only a 13.3%, which seems reasonable
considering that PT increased a 15.6% for each increase of 1 cm in TD. However, further

studies are needed to explore the influence of tree size on trunk shrinkage, particularly in a
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range of smaller trees. In fact, there is evidence in apple (Huguet, 1985), peach (Genard et
al. 2001) and almond (P. Nortes personal communication) that phloem thickness
increments exponentially in a range of tree diameter lower than 7.5 cm. This feature should
lead to a greater effect of tree size on MDS in trees smaller than the ones here studied.

It is also important to verify the extrapolability of the MDS-¥s relations here obtained
and of the influence of tree size on trunk shrinkage to other tree crops. More effort should
be also done to gain a better knowledge of the physiological causes of the seasonal changes
in MDS to Ws. These informations are of paramount importance to use MDS in further

irrigation scheduling protocols.
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Table 1. Values of the parameters of best fit regression equations between stem water
potential (¥'s) and environmental variables for different periods. Daily reference
evapotranspiration (ETo), daily average air temperature (Tair) and daily average air vapour
pressure deficit (VPD). Intercept (a), slope (b), coefficient of determination (r?) and mean

square error (MSE) of the linear regression (y=a+bx) are shown.

Phenological period a b r° MSE

Ysvs ETo

Fruit growth -0.08 -0.14 0.41*** 0.021

Post-harvest -0.70 -0.09 0.51*** 0.016

Whole season -0.57 -0.07  0.11* 0.058
Ws vs Tair

Fruit growth 0.24 -0.05 0.67*** 0.012

Post-harvest -0.29 -0.04 0.65*** 0.013

Whole season 0.17 -0.05 0.54*** 0.030
Ys vs VPD

Fruit growth -0.35 -0.29  0.42*** 0.020

Post-harvest -0.72 -0.23  0.57*** 0.014

Whole season -0.44 -0.30  0.39*** 0.039

*and *** significant at P< 0.05 or 0.001, respectively.
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Table 2. Values of the parameters of best fit regression equations between maximum
diurnal shrinkage (MDS) and environmental variables for different periods. Daily reference
evapotranspiration (ETo), daily average air temperature (Tair) and daily average air vapour
pressure deficit (VPD). Intercept (a), slope (b), coefficient of determination (r’) and mean

square error (MSE) for linear (y=a+bx) or exponential regression (y=ae™) are shown.

Phenological period  Type of regression a b r° MSE
MDS vs ETo

Fruit growth Exponential 11.2 051 0.73*** 1588

Post-harvest linear 79.1 255 0.24*** 3657

Whole season linear 21.8 31.1 0.25*** 3516
MDS vs Tair

Fruit growth linear -181.3 15.8 0.71*** 1712

Post-harvest linear -46.9 9.9  0.32%** 3277

Whole season exponential 154 0.10 0.61*** 2317
MDS vs VPD

Fruit growth linear -31.6  123.8 0.72*** 1568

Post-harvest linear 37 92.2 0.54*** 2198

Whole season linear -6.7 112.8 0.65*** 2021

*** significant at P< 0.001.
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Figures captions

Figure 1. Seasonal pattern of A) daily average air temperature (Tair) and daily average air
vapour pressure deficit (VPD), B) stem water potential (¥s) and C) maximum diurnal
shrinkage (MDS). For clarity, values of the deficit irrigated treatments on periods of no
water restriction are not shown. Data are means and standard errors of four determinations
and of six linear variable transformer sensors, respectively. DOY day of the year.

Figure 2. Relationship of stem water potential (‘*¥'s) of the control treatment, for the whole
season (solid line) and separated by periods (dotted lines) with: A) daily reference
evapotranspiration (ETo), B) average daily air temperature (Tair), C) average daily air
vapour pressure deficit (DPV). Values are averages and standard errors of four
determinations. * and *** significant at p<0.05 and p<0.001, respectively.

Figure 3. Relationship of maximum diurnal shrinkage (MDS) of the control treatment, for
the whole season (solid line) and separated by periods (dotted lines) with: A) daily
reference evapotranspiration (ETo), B) average daily air temperature (Tair), C) average
daily air vapour pressure deficit (DPV). Values are averages and standard errors of six
linear variable transformer sensors. *** significant at p<0.001.

Figure 4. Relationship between MDS and Ws for the whole season (solid line) and
separated by periods (dotted lines). Values are averages and standard errors of six sensor
and four determinations. *** significant at p<0.001.

Figure 5. Relationship between the average MDS/Ws ratio with A) trunk diameter (TD) and

B) phloem thickness (PT). *** significant at p<0.001.
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6.- Discusion general

En trabajos previos en ciruelo japonés se ha estudiado el efecto del estrés hidrico aplicado
durante el crecimiento del fruto (Naor et al., 2004), o en post-cosecha (Johnson et al.,
1994), y el efecto de la carga (Naor, 2004; Naor et al., 2004) sobre la produccion y el
tamafo del fruto. Sin embargo no se prestd atencion a la respuesta vegetativa del arbol a
ambos factores.

Desde un enfoque agronémico global no se puede desligar el efecto de las restricciones
hidricas o de la carga de cosecha sobre el crecimiento vegetativo, de los efectos sobre la
produccion y calidad de la cosecha. De hecho, para optimizar la productividad de una
plantacion joven, es preciso maximizar el crecimiento del arbol a fin de incrementar, en el
menor tiempo posible, el &rea foliar y el nimero de frutos a dejar tras el aclareo, sin alterar
la carga del arbol (n°frutos/cm? seccién tronco 6 m? area foliar). Sin embargo, desde un
punto de vista econdmico en fruticultura, y en particular en el ciruelo Black-Gold, puede
ser de gran importancia controlar el crecimiento del arbol para reducir costes, en particular
de poda y aclareo, buscando un equilibrio entre la méxima productividad y el ahorro de

mano de obra.

Asi, nuestros resultados han mostrado que el estrés hidrico aplicado exclusivamente en
post-cosecha permitid reducir el crecimiento del arbol sin repercutir negativamente sobre la
produccion durante tres afios al no haberse alterado el nivel de carga ni el crecimiento del
fruto al afio siguiente (Capitulo 2). Sin embargo, de forma similar a lo obtenido en
melocotonero tardio (Girona et al., 2005), debe prestarse atencion al efecto acumulado del
estrés hidrico sobre el crecimiento del arbol, ya que en el tercer afio, hubo una reduccién de
la cosecha de un 10% que, aunque no fue estadisticamente significativa (P=0.145), si puede
ser importante a nivel economico (Tabla 3 del capitulo 2). Ademas, en un plazo mayor del
aqui evaluado, es esperable una reduccion mayor de la cosecha si el estrés hidrico se

prolongara durante mas afios.
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Por ello, tampoco es conveniente reducir en exceso el crecimiento del arbol. En este
sentido, tanto un estrés moderado pero de larga duracion, como el del tratamiento 66-1+I1
(capitulo 2), como el déficit hidrico hasta cosecha con carga alta (Capitulo 3), no son
recomendables agronomicamente, en particular en plantaciones jovenes, debido a la
considerable (28% y 51%, respectivamente) reduccion del crecimiento del tronco
observada en estos tratamientos.

El tratamiento 66-1+11 (capitulo 2), a pesar de proporcionar ahorros de agua similares a
los de la restriccion severa del riego solo en post-cosecha, redujo en mayor medida el
crecimiento del arbol (Tabla 5 del capitulo 2), seguramente debido al efecto acumulado del
estrés de larga duracion. Este hecho indica la mayor conveniencia del RDC, donde el estrés
hidrico se suele aplicar en un breve periodo de tiempo aunque de forma severa, frente al

riego deficitario continuado.

Por otra parte, los resultados de este trabajo indican que en ciruelo Black-Gold, de forma
similar a otras variedades de frutales de hueso de maduracion temprana o intermedia
(Torrecillas et al., 2000; Naor et al., 2004), resulta dificil reducir el crecimiento vegetativo
del arbol sin afectar al crecimiento del fruto, si el estrés hidrico se aplica antes de la
cosecha (Tabla 3 y Figura 1 del Capitulo 2). Esto es asi ya que en estas variedades, hasta la
cosecha, no existe una clara separacion temporal entre el crecimiento vegetativo y el
crecimiento del fruto. Este es un factor clave para el éxito de los programas de RDC
(Chalmers, 1989) y s6lo ocurre de forma clara durante la fase de endurecimiento del hueso
en variedades tardias (DeJong y Goudrian, 1989).

Asi, el estrés hidrico aplicado durante la fase 11l de crecimiento del fruto, redujo como
era esperable su tamafio final, siendo su efecto proporcional al estrés acumulado (Capitulo
2 y 3). El fruto, al final de su crecimiento, antes de la fase de maduracion, acumula gran
cantidad de agua (Agusti, 2000). Por ello la reduccion del tamafio del fruto,
fundamentalmente debida a su menor contenido en agua, posiblemente se deba, a una
reduccion en la fuerza motriz de entrada de agua en el fruto, como indican Berman y
DeJong (1996). Asi, el menor Ytallo observado en los arboles con restricciones hidricas

sugiere un menor gradiente de potencial hidrico entre el pedinculo y el fruto (Jonson et al.,
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1992). También es esperable que el posible efecto del estrés hidrico sobre el turgor de las
células del fruto (Hsiao, 1973) haya afectado a su crecimiento (Cosgrove, 1993).

En cambio, el contenido en materia seca no fue afectado por el estrés hidrico, de forma
similar a lo obtenido en ciruelo para pasificacion (Lampinen et al., 1995) y melocotonero
(Girona et al., 1993). Estos resultados ponen de manifiesto que el estrés hidrico por si solo
no suele conllevar una limitacion importante de la fuente de fotoasimilados. De hecho,
Berman y DeJong (1996) y Girona et al., (2004), solo obtuvieron una reduccién de la
materia seca del fruto, cuando ademas de aplicar un estrés hidrico severo habia un nivel de

carga elevado.

Dado que recortar el riego durante toda la fase Il del crecimiento del fruto redujo su
tamafo (capitulo 2), en los experimentos descritos en el capitulo 3 se planted una estrategia
de riego deficitaria diferente definida como ‘St-Rec’ (Estrés y Recuperacion). De este
modo, se restringid el riego de forma mas severa inmediatamente después de la fase
exponencial de crecimiento del fruto, finalizando las restricciones unos 25 dias antes de la
cosecha. Por una parte se pretendia afectar mas el crecimiento vegetativo del arbol, y
explorar la posibilidad de un crecimiento compensatorio del fruto (Huang et al., 2000), tras
la reanudacion del riego a plena dosis. Sin embargo, solo el primer objetivo pudo realizarse,
pues los arboles no recuperaron su estado hidrico dptimo y por ello el fruto se quedd mas
pequefio que en el control. De forma similar en variedades mas tardias de la aqui evaluada,
un factor clave para el éxito de este tipo de estrategia de riego deficitaria, es el tiempo que
tarda el arbol en recuperar su estado hidrico 6ptimo una vez el fruto ha comenzado su
Gltima fase de crecimiento lineal (Marsal et al., 2004). Asi, si el estres hidrico se prolonga
durante la fase lineal de crecimiento del fruto, a pesar de que el riego haya vuelto al 100%
de la evapotranspiracion del cultivo, el tamafio final del fruto puede verse afectado
(Goldhamer et al., 2002).

De todos modos la ligera reduccion del tamafio del fruto observada en el ‘St-Rec’ pudiera
ser compensada econdmicamente por el adelanto en la maduracién del fruto que esta
estrategia de riego provoco (Tablas 3 y 4 del capitulo 3). En particular en zonas de cultivo
tempranas, donde llegar primero a los mercados es uno de los principales objetivos

agrondmicos, pudiera ser de interés adelantar la maduracion del fruto. En el futuro, se

90



deberd mejorar el momento de comienzo y final de las restricciones, a fin de favorecer la
recuperacion de los arboles antes de la cosecha, ademas de reducir la integral de estrés para
que no supere el umbral aqui determinado (40-45 MPa-dia). En este sentido, en
melocotonero, Marsal et al., (2004) proponen que durante el periodo de recorte del agua el

estrées maximo al que debe someterse la planta debe ser inferior a un Wtallo de -1.5 MPa.

En el capitulo 3 se muestra que la carga, como era esperable, también redujo el tamafio del
fruto. Pero este efecto es en gran parte independiente de las relaciones hidricas del arbol.
De hecho, mientras los tratamientos ‘-1.5 MPa-L’ y ‘St-Rec-L’ tuvieron valores de Wtallo
sensiblemente menores a los del ‘100-H’ (Figura 1 del capitulo 3), en este ultimo, la
reduccion del tamafio del fruto debida a la carga alta, fue similar o incluso ligeramente
mayor a la causada por el déficit hidrico con carga baja (Figura 6 del capitulo 3).

Maés probablemente, la reduccién del crecimiento del fruto cuando la carga es alta se
deba a la mayor competencia entre frutos. Evidencias indirectas de este efecto de
competencia son, tanto el retraso de la maduracion del fruto en la carga alta, como su
menor firmeza, aun estando menos maduro, posiblemente debido a su menor densidad
celular (Tabla 4 del capitulo 3).

La carga alta no aumento la sensibilidad del crecimiento del fruto al estrés hidrico
(Figura 6 del capitulo 3), quizas porque los arboles con carga alta se mantuvieron al mismo
estado hidrico que los de carga baja (Figura 1 del capitulo 3). Sin embargo, la combinacién
de ambos efectos provoco una reduccion muy importante (25%) en el tamafio del fruto en
comparacion con los arboles bien regados y con carga baja. Por ello, a escala comercial en
caso de escasez de recursos hidricos, seria mas recomendable reducir la carga a fin de
reducir poco el tamafio final del fruto. Ahora bien, en arboles con carga baja el crecimiento
vegetativo es mayor y por lo tanto mayor es la superficie transpirante, lo que podria
conllevar un mayor consumo de agua. En este caso podria retrasarse el momento del
aclareo o escalonarlo, para reducir la competencia entre frutos, sin aumentar en exceso la
brotacion del arbol.

En fruticultura y en particular en el ciruelo, es imprescindible reducir los costes de
aclareo. Para ello una técnica cada vez mas empleada es la inhibicion de la floracién

mediante la aplicacion del acido giberélico (Southwick et al., 1995; Baviera et al., 2002),
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que ademas de reducir los tiempos de aclareo, favorece el crecimiento del fruto al reducir la
competencia entre frutos en las primeras etapas de su crecimiento. Asi podria ser de gran
interés inhibir la floracion y reducir la competencia, en particular en programas de RDC a

fin de minimizar los posibles efectos negativos del estrés hidrico.

Por otra parte, se ha demostrado la utilidad del Wtallo como indicador del estado hidrico de
los arboles (Capitulo 2 y 4), confirmando los resultados obtenidos por diversos autores
(Shackel et al., 1997; Naor, 2000).

En el futuro, para generalizar el empleo de este indicador en fruticultura, debe estudiarse
la posible extrapolacion de los umbrales de estres y ecuaciones de referencias obtenidas en
este y otros trabajos, a distintas situaciones de cultivo, por ejemplo: otras variedades o
conjuntos portainjerto/variedad, otras especies del genero Prunus, distintas caracteristicas
edéficas y climéticas y niveles de carga de cosecha. Si los valores de Wtallo fueran
dependientes de las caracteristicas particulares de cada explotacion, obligaria a obtener
previamente los umbrales en cada situacién de cultivo, lo que restaria utilidad practica a
este indicador. En este sentido en un trabajo reciente, Basile et al., (2003), han demostrado
que el portainjerto puede tener gran influencia sobre los valores de Wtallo de la variedad
injertada sobre él.

En este trabajo, se ha puesto de manifiesto, ademas, que el sistema de riego empleado
puede influir sobre el nivel de hidratacion de los arboles. En particular hacia el final del
ciclo del cultivo (después de la cosecha), en condiciones de riego localizado, los arboles
tienden a tener un menor estado hidrico. Asi, las ecuaciones de referencia obtenidas en el
capitulo 5 predicen valores de Ytallo menores (en un 12-14% antes de la cosecha y en un
44-48% después de cosecha) que las obtenidas anteriormente en ciruelo (McCutchan y
Shackel, 1992) y almendro (Fereres y Goldhamer, 2003) con sistemas de riego que
mojaban toda la superficie del suelo.

También se ha evaluado en el capitulo 3 el efecto de la carga de cosecha sobre el Wtallo
y el MDC. Asi, mientras en arboles bien regados el Wtallo no fue diferente entre niveles de
carga, diferencias notables se observaron para el MDC (Figuras 1, 2 y 3 del capitulo 3), lo
que indica que el nivel de carga debe de ser tenido en cuenta a la hora de emplear el MDC

como indicador del estado hidrico de los arboles para la programacion del riego.
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Otras incertidumbres surgen para el MDC a la hora de generalizar el empleo de este
indicador. En primer lugar, por lo menos en el genero Prunus, no existe una Unica relacion
entre el MDC y el Ytallo a lo largo de todo el ciclo de cultivo. Los resultados aqui
obtenidos durante tres afios (capitulo 5) confirman los obtenidos en ensayos de un afio en
melocotonero (Marsal et al., 2002) y almendro (Fereres y Goldhamer, 2003).

Mientras en el afio 2002 se observo una disminucion de la pendiente MDC-Wtallo a lo
largo del post-cosecha (Figura 5 del Capitulo 4), lo que nos llevo a separar el analisis
durante este periodo de una forma un poco arbitraria, entre “early post-harvest” y “late-
post-harvest”, en los dos afios siguientes, no se observo tal diferencia (Figura 4 del Capitulo
5). Asi en el 2003 y 2004 a lo largo de todo el periodo post-cosecha, la relacion observada
entre MDC-Wtallo fue muy similar a la obtenida en el “early post-harvest” del 2002. Esto
posiblemente se debié a que en el 2002 los arboles al final del periodo post-cosecha,
incluso en el tratamiento control, sufrieron mayor estrés acumulado. Asi pues, durante el
“late post-harvest”, el MDC pudo haber disminuido, a medida que los &rboles acumularon
el efecto del estrés hidrico, de una forma similar a lo observado en citricos (Ortufio et al.,
2004).

Tras una reelaboracion de los datos de los tres afios, se observa que no solo tras la cosecha
hay un cambio en la relacion MDC-Wtallo. Incluso durante el periodo de maduracion del
fruto, una vez el fruto ha enverado y hasta cosecha, la pendiente de la relacion MDC-Ytallo
es ligera, aunque significativamente menor (p<0.05), con respecto al periodo en el cual el
fruto estaba en pleno crecimiento (Figura 1).

De forma similar en vid (Intrigliolo et al., 2004), tras el envero, también se observa un
cambio en la relacion MDC-Wtallo. En esta especie se ha demostrado (Greenspan et al.,
1996) que después del envero hay una disfuncion de los vasos xilematicos del racimo que
lo aisla del resto del sistema conductor apopléstico de la planta, lo que quizas pueda afectar

a la relacién MDC-Wtallo.
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Figura 1: Relacion entre MDC y Ytallo separada en 3 periodos fenoldgicos: i) hasta el
envero del fruto, ii) desde el envero hasta la cosecha y iii) después de la cosecha. Los datos
son valores individuales de cada arbol del conjunto de tres afios (2002-2004). *** indica

que la relacion entre las variables es significativa a P<0.001.

Asi, nuestros resultados apuntan a que la relacion MDC-Ytallo puede evolucionar a
medida que el fruto se desconecta del xilema del resto de la planta, con una cambio brusco
en esta relacién tras la eliminacién del fruto con la cosecha. Asi pues, este resultado sugiere
que también en ciruelo, aunque no ha sido estudiado, como ocurre en vid y tomate (Ho et
al., 1987) pueda producirse esta disfuncién xilematica de los tejidos conductores del fruto
durante la época de maduracion del mismo. En el futuro, habra que estudiar este aspecto
con mas detalle, interpretando las variaciones en el diametro del tronco, no so6lo en base a la

relaciones hidricas y los flujos hidricos dentro del arbol, sino también teniendo en cuenta el
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transporte de fotoasimilados ente los 6rganos de la planta a lo largo de su ciclo anual, como

asi lo indican los ensayos de Daudet et al., (2005).

Algunos autores (Naor y Cohen, 2003) han postulado que los valores umbrales de MDC
obtenidos para arboles de una determinada edad, y por lo tanto tamafo, podian no ser
extrapolables a otras edades del cultivo. Por ello, el Wtallo seria preferible al MDC, como
indicador del estado hidrico de la planta debido a su independencia del tamafio de los
arboles.

En este trabajo, ademas de mostrar que el MDC depende del espesor del floema donde se
mida y por lo tanto del diametro del tronco de los arboles (Figura 5 del capitulo 5), como se
habia especulado, aunque no demostrado claramente en numerosos trabajos (Parlange et al.,
1975; Simonneau et al., 1993), se ha hecho, por primera vez, un esfuerzo para cuantificar
dicho efecto a fin de poder extrapolar los umbrales de contraccion propuestos a otros
tamanos de los arboles y por lo tanto edades futuras del cultivo.

Los resultados de este trabajo indican que, por lo menos en ciruelo, y en el rango de
diametros de tronco aqui evaluado, el incremento del MDC en funcion del tamafo de los
arboles es, en términos porcentuales, muy parecido al aumento de espesor del floema segln
el didmetro del tronco. Este hecho, ademas de validar los resultados obtenidos, apunta a la
posibilidad de que puedan corregirse directamente los valores de MDC en funcion del
tamafo de los arboles simplemente estudiando la relacion existente entre diametro del
tronco y espesor de floema. A pesar de ello, deben hacerse mas ensayos para cuantificar la
influencia del tamafio de los arboles en otras especies, y confirmar que lo obtenido en este

trabajo pueda ser una tonica general.

En este trabajo se ha evaluado la utilidad de los sensores Watermark® para estimar el
estado hidrico del suelo y cuantificar el efecto de las restricciones del riego. Su eleccion se
debid a su bajo costo y facilidad de manejo pensando por ello que su uso podria extenderse
en fruticultura.

Los resultados muestran que su respuesta a las restricciones del riego fue razonablemente

clara ante restricciones severas, pero no tanto cuando el recorte del riego fue moderado
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(Figura 1 del capitulo 3 y 4). Por ello no es del todo aconsejable su empleo en aquellos
periodos fenoldgicos més sensibles al estrés hidrico.

Asi pues, los sensores pueden ser de utilidad para describir tendencias en el contenido de
humedad del suelo, mé&s que para obtener una estimacion en términos absolutos del
potencial matrico del suelo. De este modo podrian servir como herramienta complementaria
a la programacion del riego en base a la informacion climatica, para ajustar con mas
precision las dosis de riego, observando la evolucion de sus lecturas. De este modo, no se
requeriria un calibrado previo de los sensores, agilizando su empleo, y ademas, se limitaria

el problema de su alta variabilidad.
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7.- Conclusiones generales

La sensibilidad del ciruelo japones cv. Black-Gold al déficit hidrico depende de la etapa
fenoldgica en el que se lleve a cabo.

En post-cosecha las restricciones hidricas no afectaron la intensidad de floracion ni el
cuajado ni el crecimiento del fruto del afio siguiente y permitieron ahorros de agua de hasta
un 29%. Sin embargo, a medio-largo plazo, el estrés hidrico aplicado en post-cosecha,
puede reducir la produccién de la plantacion debido al efecto acumulado de las
restricciones hidricas sobre el crecimiento del arbol. Esta pérdida de produccion pudiera ser
compensada por los importantes ahorros de costes, en particular poda y aclareo, que
podrian conseguirse.

El estrés hidrico durante las fases 1l y 11l del crecimiento del fruto, redujo su tamafio de
forma proporcional a la integral de estrés, ademéas de reducir el crecimiento del arbol
cuando el estrés fue severo o cuando iba asociado a una carga alta. En cambio, la
restriccion severa del riego, exclusivamente durante la fase Il y el principio de la fase I,
aunque redujo en un 12% el tamafo del fruto, permitié reducir el desarrollo del area foliar
del arbol en un 23% y seguramente por ello adelantar la maduracién del fruto.

La restriccion del riego moderada, pero de larga duracion, aunque permitié ahorrar hasta
un 30% de agua, provocé una reduccion demasiado severa en el crecimiento del arbol
ademas de afectar al crecimiento del fruto cuando el estrés acumulado durante este periodo
supera el umbral de 45 MPa-dia.

La reduccion del tamafio del fruto debida al déficit hidrico durante su crecimiento se
relaciond mejor con la intensidad y duracion del estrés (integral de estrés), que con un

maximo nivel de estrés alcanzado.

Incrementar el nivel de carga de 4-5 frutos/cm? de seccién de tronco, a 7-8 frutos/cm?,
permite, a corto plazo, incrementar la cosecha en un 47% ya que el peso medio del fruto se
redujo solo en un 16%.

La carga alta también redujo el crecimiento vegetativo del &rbol, aunque con mayores

efectos sobre el crecimiento del tronco que sobre el desarrollo del area foliar.
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No se observo interaccion entre carga alta y riego deficitario moderado sobre el
crecimiento del fruto, ya que la reduccion del tamafio del fruto debida al estrés hidrico fue
similar con carga baja que alta. En cambio, el crecimiento del tronco fue Unicamente
afectado, por el estrés hidrico moderado cuando la carga era alta.

El nivel de carga también afectd a las relaciones hidricas del arbol. En &rboles bien
regados la carga alta incrementd en un 15% la conductancia estomatica de las hojas, siendo
su efecto méas pronunciado hacia el final del periodo del crecimiento del fruto. A pesar de
ello, la reduccion del Wtallo debido a la carga fue solo de un 6%. En cambio, el efecto de la
carga fue mas notable sobre las variaciones del didmetro del tronco, incrementando en un
28% el MDC y reduciendo el CT en un 29%.

Tanto el Wtallo como el MDC pueden ser herramientas Utiles para estimar el estado hidrico
de los arboles. Sin embargo, se ha demostrado que el Wtallo es mejor indicador que el
MDC, debido a su mayor sensibilidad, la cual deriva de su menor variabilidad, coeficiente
de variacion medio (CV) del 7%, frente a CV del 19% del MCD (Tabla 1 del Capitulo 4).

El Ytallo depende en menor medida que el MDC de la demanda evaporativa. Por ello,
seria posible emplear el Wtallo en términos absolutos, mientras que el MDC debe de
corregirse mediante una ecuacion de referencia obtenida en arboles bien regados.

Se han obtenido ecuaciones de referencia que permiten predecir el valor esperado tanto
de MDC como de Ytallo en funcion de las condiciones ambientales, que podran ser
empleadas en protocolos de riego basados en la medida del estado hidrico de los éarboles.

Debido al restringido volumen de suelo mojado con el riego localizado, menor es el
estado hidrico de los arboles hacia final del ciclo de cultivo (post-cosecha). Por ello, para el
Ytallo habran de utilizarse distintas ecuaciones de referencia, una a principios del ciclo
anual de cultivo (antes cosecha) y otra despues de la cosecha. Sin embargo, una misma
ecuacion de referencia podria emplearse para el MDC a lo largo de todo el ciclo anual de
cultivo. Esto se debe a un cambio estacional en la relacion MDC-Wtallo, que conlleva
menores MDC para un mismo ‘Ytallo durante el periodo post-cosecha y por lo tanto
compensa la reduccion del estado hidrico de los arboles.

Para el MDC diferentes ecuaciones de referencia deberén usarse en funcion del nivel de
carga de los arboles.
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Para un mismo estado hidrico del arbol el valor absoluto del MDC depende del didmetro
de los arboles, ya que los arboles méas grandes tienen mayor espesor de floema. Asi, en un
rango de didmetro de tronco de entre 8 y 14 cm, el MDC incrementa un 13% por cada
incremento de 1 cm en el didmetro del tronco.

El CT puede ser un indicador util del estado hidrico de los arboles, en particular después
de la cosecha, cuando el crecimiento del tronco es més acusado que durante la fase final del
crecimiento del fruto. Sin embargo, el CT responde a la falta de agua en el suelo mas
lentamente que el MCD o el Wtallo. Ademas su variabilidad es mayor que la del MCD.

Para emplear el CT como indicador del estado hidrico de los &rboles deben de tenerse en
cuenta los cambios en las relaciones fuente-sumidero a lo largo del ciclo anual de cultivo.
Por ello, aunque no se ha demostrado que la evolucion de este indicador pueda depender de
las condiciones ambientales, su uso debe de ser acompafiado por una referencia obtenida en
arboles sin limitacion de agua en el suelo.

Los sensores Watermark a pesar del pequefio volumen del suelo explorado y de su alta
variabilidad, permiten tener una razonable estima del estado hidrico de los arboles, en
particular en condiciones de suelo seco (Wm < -40 kPa). En suelo himedo (-20 kPa<¥m< -
10 kPa) su sensibilidad es menor, por lo que su empleo no es aconsejable en aquellos

periodos fenoldgicos més sensibles al estrés hidrico.
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