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RESUMEN

En la década del 2000 hubo una rapida expansion de la produccion de olivos en
Uruguay. La mayoria de los estudios existentes sobre la evapotranspiracion del
cultivo (ET:) en olivo fueron desarrollados en climas éridos y semiaridos. La
aplicabilidad de esos resultados en las condiciones climaticas de Uruguay aun
necesita ser probada. Durante dos estaciones de crecimiento se midio la ET. de
olivos jovenes en etapa no productiva, trasplantados en lisimetros de drenaje
protegidos de la lluvia por una estructura con cierre automatico. El volumen de agua
de riego y drenaje de cada lisimetro se midi6 diariamente y la humedad del suelo se
registrd dos veces por semana con sonda de neutrones. La ET. se calculd por balance
de volumenes de agua. Con la finalidad de mejorar la estimacion de
evapotranspiracion (ET¢) y su uso para una amplia gama de condiciones de
produccion, se elimind el componente de evaporacion directa del suelo de la
evapotranspiracion medida total, determinando el coeficiente de cultivo basal (Kcp).
Se realizaron medidas con micro-lisimetros para cuantificar la evaporacion del suelo
(Es) y se restd de la evapotranspiracion (ET.) para determinar la transpiracion. El
coeficiente basal medio mensual (Kcp) se determino como (ETc-Es) / ET,, donde ET,
es la evapotranspiracion de referencia calculada a partir de datos meteorologicos
locales. La evolucion de K¢, se modeld para una estacion de crecimiento desde el
inicio del crecimiento vegetativo (DPGI 1 = 11 de julio) y se busco6 desarrollar una
herramienta predictiva para Kc» que se pueda utilizar en el manejo préctico del riego.
Se exploraron dos opciones: 1) expresando K¢y en funcion de los dias luego del inicio
del crecimiento vegetativo (DPGI) y 2) relacionando K¢, con la intercepcion de luz
del mediodia. El patron estacional de Kcp y sus valores por etapa de crecimiento
fueron similares a los descritos en la literatura para los climas mediterraneos. Los
valores maximos se registraron en otofio y los minimos al comienzo de la primavera.
La variacion del K¢, se explicod satisfactoriamente mediante la medicion de la
intercepcion de la luz del dosel (FIR).

Palabras claves: evapotranspiracion, coeficientes del cultivo, contenido de agua en

el suelo, necesidades de riego, Olea europea L.
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SUMMARY

DETERMINATION OF THE WATER REQUIREMENTS IN OLIVE TREES
WITH LYSIMETERS
In the 2000s there was a rapid expansion of olive production in Uruguay. Most
studies on the crop evapotranspiration (ET.), and irrigation of olive trees were
developed in arid and semi-arid climates. The applicability of those research results
under the climatic conditions of Uruguay still needs to be tested. Young non-bearing
olive trees cv Arbequina were grown in drainage lysimeters and their water
consumption was measured over two consecutive experimental periods protected
from rain by an automatic rain-out shelter. Irrigation water volume and drainage of
each lysimeter was measured daily and soil moisture was registered twice a week
with neutron probe. Evapotranspiration (ET:) was calculated by water volume
balance. To improve the resulting ET. estimates for a wide range of olive orchard
production conditions, it was removed the soil evaporation component from the total
measured crop evapotranspiration and it was determined the basal crop coefficient
(Kep) for the humid climatic conditions of Uruguay. Micro-lysimeter measurements
were used to quantify soil evaporation (Es) and Es was subtracted from
evapotranspiration (ET¢) to determine transpiration. Monthly mean (K¢) were
determined as (ET¢-Es)/ETo, where ET, is reference evapotranspiration, calculated
from locally measured weather data. The evolution of K¢ was modeled for a
growing season from the start of vegetative growth (DPGI 1 = July 11).
In addition, the study seeks to develop a predictive tool for K¢, that can be used in
practical irrigation management. Two modeling options were explored: 1) by
expressing Kep as a function of days past growth initiation (DPGI); and 2) by relating
Keb to the midday light interception. Seasonal patterns of K¢p are presented and the
Keo values by growth-stage were found to be similar to those described in the
literature for Mediterranean climates. Variation of the basal crop coefficient was
satisfactorily explained by measured canopy light interception (FIR).

Key words: evapotranspiration, crop coefficients, soil water content, irrigation
requirements, Olea europea L.



1. INTRODUCCION

1.1 SECTOR OLIVICOLA EN EL URUGUAY

El cultivo del olivo se ha desarrollado tradicionalmente en la cuenca del
Mediterrdneo, con Espafia, Italia, Grecia como sus principales productores. Sin
embargo en los tltimos afos, segun datos del Consejo Oleicola Internacional (2018),
se han incorporado al sector olivicola otros paises como Argentina, Chile y Australia.

Asimismo a partir del afio 2003 comenz6 en el Uruguay un importante proceso
de expansion en la produccion de este cultivo, con un incremento anual sostenido,
alcanzando en la actualidad las 9000 hectareas segin estimaciones de la Asociacion
Olivicola Uruguaya (ASOLUR, 2016).

El sector olivicola de Uruguay ha sido un importante captador de inversiones
extranjeras, especialmente de Argentina y Europa, que lo han posicionado en el
segundo rubro fruticola por superficie del pais, tras los citricos (Tommasino, 2012).
Esta répida evolucion del sector se ha visto favorecida por la coincidencia de una
serie de factores fisicos y climaticos que son propicios para esta produccion. El
Uruguay esta ubicado dentro de la latitud aceptada internacionalmente como apta
para el desarrollo del cultivo, entre 30° y 45° (Civantos, 2008), si bien no todos los
suelos cuentan con el buen drenaje requerido para esta produccion, existen areas con
terrenos adecuados en diferentes zonas del pais que son de baja productividad para la
ganaderia y la agricultura de cultivos anuales. Se agrega a lo anterior que tanto por
cercania como por acuerdos comerciales, Uruguay ofrece un acceso privilegiado a
los grandes mercados importadores como Brasil, Estados Unidos y Canada (Blasina
y Asociados, en “El Observador” del 8 de agosto de 2013).

Las principales zonas de produccion olivicola son los departamentos de
Maldonado, Colonia, Rocha, Salto, Treinta y Tres y Lavalleja.

Los montes de olivo del pais son intensivos, con marcos de plantacion de 7 m x
5m 66 mx 4 m (285-416 arboles ha'') y una media de 357 olivos por hectérea. Esta
densidad de plantacion busca una mayor productividad especifica por unidad de

superficie, durante un mayor numero de afios y permite realizar la cosecha en forma



semi-mecanizada (Parras Rosas, 2012). La entrefila se mantiene con pasturas
permanentes, para facilitar el trafico de maquinaria pesada durante los periodos
himedos.

El material vegetal procede principalmente de viveros locales, donde se
producen una treintena de variedades. La variedad Arbequina es la que predomina en
superficie, ocupa (50 % del total), pero las variedades Frantoio, Barnea, Picual,
Coratina y Leccino, también tienen una presencia importante (Parras Rosas, 2012).

La mayor parte de la produccion se destina a la obtencion de aceites de oliva, y

solo una pequefia proporcion se destina a la elaboracion de aceitunas de mesa.

La produccion del pais esta orientada a la obtencion de aceites de oliva de
buena calidad. Los aceites de oliva extra virgen uruguayos estan siendo distinguidos
con importantes premios en concursos internacionales y esto ha posicionado a
Uruguay entre los diez paises productores con mejor calidad de aceite de oliva virgen
extra (ASOLUR, 2016). En este sentido se lanz¢ el sello de Calidad Premium el cual
certifica, mediante auditorias realizadas por la Facultad de Quimica (Udelar), que los
aceites con este distintivo cumplen con los valores preestablecidos de una serie de

parametros y carecen de defectos organolépticos.

Recientemente Uruguay fue aceptado dentro del Consejo Oleicola
Internacional, organismo que nuclea a los principales paises productores de aceite de
oliva y aceitunas de mesa. La insercion del Uruguay en este organismo podria
facilitar su posicionamiento en el comercio internacional.

Actualmente la produccion oleicola del pais trabaja dentro del marco de un
conglomerado (Conglomerado Agroindustrial Olivicola de Uruguay), donde
participa la Oficina de Planeamiento y Presupuesto (OPP), el Ministerio de
Ganaderia Agricultura y Pesca, Ministerio de Industria, la oficina de promocién
Uruguay XXI y ASOLUR. En el Plan Estratégico elaborado por este conglomerado
se hace referencia a que la gestion del agua en el olivar ha de ser una linea prioritaria

de investigacion, junto a los aspectos fitosanitarios.



1.2 RELACIONES HIDRICAS DEL OLIVO

El olivo es una especie mediterranea, con una gran adaptacion morfologica y
fisiologica a condiciones de extrema sequia. Su sistema radicular es extenso y en
terrenos arenosos puede alcanzar varios metros de profundidad y un desarrollo lateral
que puede triplicar el didmetro de la copa (Rapoport, 2008). Sin embargo, Searles et
al. (2009) reportaron para montes comerciales regados en una zona arida del
Noroeste de Argentina, que las raices absorbentes se concentraron en los 50 cm mas

superficiales de suelo y lateralmente en los 50 cm mas cercanos a la linea de goteros.

Sus hojas son coridceas y cuentan con pocos estomas que estan ubicados solo
en el envés (Connor, 2005). Los estomas estan dispuestos en ligeras depresiones
cubiertas parcialmente por pelos, donde se crea un microclima més himedo que
disminuye la transpiracion (Rapoport, 2008) El olivo mantiene un balance favorable
entre fotosintesis y transpiracion, debido a su patron de apertura estomatica. Dado
que la maxima apertura estomatica se da en las primeras horas de la mafiana cuando
el déficit de presion de vapor es minimo, la entrada del CO; se produce con un gasto
transpirativo menor que al mediodia. Atn en arboles de olivo bien hidratados ocurre
ajuste estomatico en respuesta al aumento del déficit de presion de vapor, con sus
correspondientes disminuciones de asimilacion de CO» (Orgaz y Fereres, 2008). Las
hojas jovenes de las brotaciones del afio mostraron un mejor control estomatico que
las hojas del afio anterior (Fernandez et al., 1997).

La tasa fotosintética de la hoja es relativamente alta, del orden de 12 a 20 pmol
CO2m? s, pero se reduce cuando se produce ajuste estomatico (Gucci y Fereres,
2012). La temperatura 6ptima para el proceso de fotosintesis es alrededor de 28°C
(Carr, 2013).

Segun Moriana y Fereres (2002), observaron en arboles bien hidratados tasas
de fotosintesis y conductancia estomatica altas durante el otofio y bajas en los dias
con alto déficit de presion de vapor. Asimismo Gucci y Fereres (2012), indicaron

que la transpiracion relativa de los olivos, directamente relacionada con la



conductancia estomatica, muestra una marcada variacion anual, con valores minimos

en primavera y valores maximos a principios de otofio.

1.3 PRODUCCION DEL OLIVO CON RIEGO

A pesar de su adaptacion a los climas aridos, esta especie responde a las
aportaciones de agua por medio del riego, traduciéndose en un rapido crecimiento de
la planta joven promoviendo la entrada temprana en produccion, asi como en
kilogramos de aceitunas producidas (Moriana et al. 2003, Fernandez y Moreno
1999). Mediante el riego se pueden obtener rendimientos promedios de 10-15 t ha™!,
reduciendo la alternancia de produccion entre afios (Gucci y Fereres, 2012).

A mediados del siglo XX, en los paises productores de oliva se comenz6 a
introducir el riego en montes que hasta ese momento venian produciendo en secano.
Esta practica condujo a un aumento en la produccion tanto de la aceituna de mesa
como del aceite. En forma paralela se iniciaron programas de mejora vegetal con el
fin de desarrollar nuevas variedades con mayor respuesta productiva al nuevo
régimen hidrico. Posteriormente la necesidad de mayor rentabilidad de la produccion
condujo al desarrollo de nuevos sistemas de plantacion y cultivo, surgiendo las
plantaciones de alta densidad, en setos, permitiendo la mecanizacién de la cosecha
(Fernandez-Escobar et al., 2012).

La aparicion del riego por goteo facilitd el riego de los montes de olivo
ubicados en topografias con pendiente alta y permiti6 compatibilizar el riego con la

mecanizacion requerida en el resto de las practicas de manejo del monte.

1.3.1 Respuesta al riego del olivo

En el caso de montes de olivo jovenes, cualquier estrategia de riego deficitario
supone una reduccion en el crecimiento, demorando la entrada en plena produccion
(Orgaz y Fereres, 2008). Segun Iniesta et al. (2009) tanto los arboles sometidos a

riego reducido continuo (RDC) como los sometidos a un déficit de riego regulado



(RDR) redujeron fuertemente el crecimiento vegetativo en comparacion a los arboles
bien regados.

Un buen aporte hidrico tanto por las precipitaciones como por el riego, es
beneficioso durante todo el ciclo anual, sin embargo los periodos criticos al déficit
hidrico son la pre-floracion, la floracion y la maduracion de los frutos (Orgaz y
Fereres, 2008). Si bien la falta de agua en cualquier momento del afio provoca
reduccion del crecimiento y del numero de flores al afio siguiente, cuando el déficit
hidrico ocurre durante la pre-floracion y la floracién puede provocar el aborto de
flores y una reduccion en la fecundacion respectivamente, por esta razon es
fundamental la préctica del riego durante los inviernos y primaveras con bajas
precipitaciones, sobre todo en suelos con baja capacidad de retencion.

Dado que el crecimiento de la aceituna como el de cualquier otra drupa, se
ajusta a una curva doble sigmoide. El crecimiento inicial del fruto (etapa I) y el
periodo de acumulacion del aceite en el fruto o lipogénesis (etapa III) son sensibles
al déficit hidrico. Sin embargo, la segunda fase del crecimiento del fruto, desde el
endurecimiento del carozo hasta el comienzo de la maduracion, es reportada como la
etapa mas resistente al déficit hidrico pero no es recomendable que se suspenda
totalmente el riego sino que se mantengan dosis minimas (Iniesta et al. 2009,
Moriana et al. 2003).

Entonces en zonas donde existe escasez de agua, la estrategia es utilizar una
cantidad de agua menor que la necesaria para obtener una produccion total y
distribuirla en la maxima area posible procurando evitar el estrés hidrico cuando el
cultivo es mas sensible (p. €j., durante la floracion o la lipogénesis). Esta estrategia

se conoce como “riego deficitario regulado” o RDR.

En Uruguay, la plena floracion del cultivar Arbequina se presenta alrededor de
la Gltima semana de octubre, la etapa del endurecimiento del carozo se da alrededor
de la ultima semana de diciembre y primera semana de enero, mientras que la
maduracion del fruto se presenta a mediados de marzo y abril, segiin datos
presentados en la Jornada de Divulgacion (INIA, 2010). Por tanto en nuestras

condiciones, seria imprescindible atender las necesidades hidricas del cultivo a partir



de los ultimos dias de agosto hasta diciembre y luego a partir de marzo hasta la

cosecha.

Segun Alegre et al. (2002), riegos con dosis equivalentes al 50 % ET., desde el
comienzo del endurecimiento del carozo hasta fin de setiembre (hemisferio norte), no
disminuyeron el rendimiento en aceite pero si disminuyeron la floracion del afio

siguiente lo cual podria limitar el rendimiento futuro del monte.

Moriana et al. (2003) ajustaron una curva cuadratica que relaciona el
rendimiento en kg de aceite por hectarea (R) con la ET¢, para un olivar adulto con un

marco de plantacion de 6 m x 6 m, en Cérdoba, Espafia.
R =-2780+11* ETc —0.006 * ETc’

De esta funcién se desprende que tanto el rendimiento como la eficiencia en el
uso del agua son crecientes hasta cierto valor y luego descienden a medida que
aumentan las cantidades de riego (valores altos de ET.). La méxima eficiencia en el
uso del agua para produccion de aceite, expresada en kg m™ se da para un valor de
ET. de 681 mm, mientras que el méximo rendimiento en kg de aceite se alcanza con

un valor de ET. de 916 mm.

Otra conclusion del trabajo Moriana et al. (2003) es que la estrategia de regar
solo en el afo de carga no es adecuada, porque el proceso de fructificacion requiere
de dos estaciones consecutivas y se estaria afectando el nimero de nudos y de

potenciales yemas de flor para el afo siguiente.

La relacion pulpa-carozo aumenta en condiciones de riego, sin embargo Gucci
et al. (2007) reportaron que déficits hidricos leves durante el desarrollo del fruto

tiene impacto positivo en dicha relacion.

En cuanto al efecto del riego en el contenido de aceite, si bien el estrés hidrico
afecta negativamente su produccion (Moriana et al., 2003), el porcentaje de
extraccion de aceite decrece linealmente con el incremento del agua recibida por el
cultivo (Grattan et al., 2006). En el mismo sentido Iniesta et al. (2009) reportaron que
el estrés hidrico provocado por los tratamientos de riego deficitario continuo (RDC)

y riego deficitario regulado (RDR) caus6 una reduccion mayor en el rendimiento de



frutos que en el rendimiento de aceite, debido a la mayor concentracion de aceite de

los frutos correspondiente a los arboles estresados.

En cuanto a la calidad del aceite, el riego no afecta los parametros basicos que
hacen a la clasificacion del aceite de oliva virgen pero si disminuye la concentracion
de compuestos fenolicos y esto afecta sus propiedades organolépticas resultando en
aceites menos amargos y menos agrios (Ahumada-Orellana et al. 2018, Servili et al.

2007).

Para realizar un manejo eficiente del riego, que permita acompasar volumen y
frecuencia a los requerimientos del cultivo, es fundamental el conocimiento de la
evapotranspiracion del cultivo (ET¢). Sin embargo hay que resaltar que la mayoria de
los estudios sobre ET, balance hidrico del suelo y respuesta al riego de olivos se han
desarrollado en climas aridos y semidaridos, y la aplicabilidad de esos resultados a
condiciones climaticas diferentes ha sido cuestionada por algunos autores (Villalobos

et al. 2013, Connor 2005).

1.3.2 Métodos para medir o estimar la ET.

El concepto de evapotranspiracion del cultivo (ET.) engloba la cantidad de
agua que vuelven a la atmosfera por evaporacion desde el suelo, mas la que lo hace a
través de los estomas luego de circular por el sistema conductor de la planta. Ambos
procesos, evaporacion directa y transpiracion respectivamente, se dan como
respuesta a la demanda evaporativa de la atmosfera, impuesta por las condiciones

climaticas.

El requerimiento hidrico de un cultivo es el que compensa la ET. y el agua
retenida en los tejidos. La ultima representa solo un pequefio porcentaje de la primera

cuando se consideran las cantidades correspondientes a todo el ciclo del cultivo.

La dosis de riego (R) cuando se emplee una instalacion de riego localizado bien

disefiada puede calcularse empleando la siguiente expresion,
R=ET. - Pe

donde: Pe - precipitacion efectiva



En los meses en que ET. - P <0 el agua se acumula como reserva en el suelo;
en los meses en que ET. - P. > 0 se produce consumo que es necesario suplir bien

mediante agua del perfil o bien mediante el riego.

Cuando el contenido de agua en el suelo no es suficiente para reponer la
extraccion que ocurre en respuesta a la ET,, el cultivo sufre estrés hidrico y como
consecuencia del mismo, se alteran una serie de procesos que se traducen en una

reduccion en la produccion.

Algunos de los métodos para determinar la evapotranspiracion son el balance
hidrico en parcelas (Garcia Petillo y Castel, 2007) y en lisimetros (Girona et al.,
2011), la Eddy covarianza (Pago et al., 2006), el flujo de savia (Moreno et al., 1996)

y los sensores remotos (Pdgas et al., 2015).

Dentro de los métodos para medir la ET, la lisimetria es uno de los mas
exactos, dado que en el volumen de suelo contenido dentro del lisimetro es posible
controlar y medir los diferentes términos que intervienen en el balance (Aboukaled et
al., 1981). Sin embargo Allen et al. (2011), ponen énfasis en que las medidas con
lisimetros son muy sensibles a los factores ambientales de las zonas que rodean la
instalacion, debiendo definir claramente las condiciones en las que fueron obtenidos,

para una correcta interpretacion de los resultados.

Existen varios trabajos de investigacion en el ambito internacional, que han
utilizado esta metodologia para determinar el consumo de agua (ET) en arboles
frutales (Girona et al. 2011, 2004, 2002, Johnson et al. 2004, 2000, Ayars et al.
2003, Bryla et al. 2003).

Los lisimetros de pesaje proporcionan datos diarios de evapotranspiracion
altamente precisos y confiables, pero necesitan de calibraciones periddicas y tienen
un costo muy alto. Otro tipo de lisimetros son los de drenaje, en los que el agua de
riego en exceso es colectada en el fondo y medida volumétricamente. Una de las
principales fuentes de error en estos lisimetros es la debida a los cambios de
retencion de agua del suelo y al tiempo en que demora la evacuacion del agua libre,
siendo de especial importancia el registro adecuado de la variacion de humedad del

suelo contenido en el mismo (Aboukhaled et al., 1981). Estos lisimetros pueden



proporcionar valores de ET. promedio razonables para periodos de tiempo de 7 a 15

dias.

Varios investigadores han utilizado lisimetros de drenaje para determinar la
ET. en arboles frutales de hoja caduca (Boland et al. 2000, 1993, Iancu 1997,
Stevenson 1989). En los ultimos afios también se han realizado estudios sobre la
evapotranspiracion de olivos utilizando lisimetria (Agam et al. 2014, 2013, Ben-Gal
2010).

Debido al costo de los lisimetros asi como al tiempo requerido para obtener
datos de validez son muy pocos los trabajos que se han realizado en el Uruguay
utilizando esta metodologia (Capurro et al. 2017, Puppo y Garcia Petillo 2010).

Dado que el riego en olivos, es de historia relativamente reciente, la
informacion disponible sobre necesidades hidricas del olivo, a nivel internacional,
surge de estimaciones de ET. estacionales o de ET. medida para periodos cortos de
tiempo (Orgaz y Fereres, 2008).

Villalobos et al. (2000) estimaron una ET. promedio anual de 855 mm para un
monte cv. Picual con 40 % de cobertura, en Cérdoba, Espafia, con un modelo basado
en la ecuacion de Penman-Monteith combinado con el modelo de evaporacion de
Ritchie para una amplia serie de datos climaticos (1964-1986). La ET, promedio
anual fue estimada en 1373 mm, un 20 % mayor a la ET, de la zona donde se realizd
nuestro experimento, Estacion Experimental INIA Las Brujas, a la que le
corresponde un promedio anual de 1132 mm (segun registros entre los afios 1971-
2000). Asimismo Moriana et al. (2003), para la misma localidad y usando el mismo
modelo de estimacion de la ET. que los autores anteriores, pero determinando en
forma diferente el componente de la evaporacion directa, la estimaron en 900 mm.
En otras localidades, se reportaron valores similares de ET. para alcanzar los
maximos rendimientos, de 800 a 1000 mm en Trapani, Italia (Baratta et al., 1986) y

950 mm en California (Goldhammer et al., 1994).

El método més utilizado para estimar ET. es el recomendado por FAO-56
(Allen et al., 1998), que consiste en dos pasos de estimacion: se calcula

primeramente la evapotranspiracion del cultivo de referencia (ET,) correspondiente a



10

una superficie de cultivo estandar y luego se multiplica por un coeficiente de cultivo
(K¢) que tiene en cuenta la especificidad del mismo, de acuerdo a la siguiente

ecuacion:
ETC = ET() X KC

La ET, tiene en cuenta casi todas las variaciones causadas por el clima (Allen y

Pereira, 2009) en el proceso.
Existen dos superficies estandarizadas alternativas para realizar el calculo:

1) Una graminea invernal de 12 cm de altura que difiere en su resistencia de
superficie seglin se calcule para un periodo diario u horario, 70 6 50 s m'!

respectivamente (Allen et al. 2011, 1998).

2) Un cultivo de referencia alto, definido de manera similar a un cultivo de
alfalfa de 50 cm de altura, con resistencia de superficie de 45 6 30 s m™!, segun su
calculo sea para un periodo diario u horario respectivamente (Allen et al., 2011). Este
cultivo de referencia y su parametrizacion en la ecuacion de Penman-Monteith (PM)
tiende a representar los maximos valores de ET esperados en zonas amplias bien
regadas, en condiciones de adveccion extrema, dado que considera una resistencia de
superficie muy baja ademas de una alta rugosidad.

La ecuacioén de Penman-Monteith modificada por FAO (PM-FAO), que se
presenta a continuacion, tiene en cuenta los valores de resistencia de superficie y de
resistencia aerodinamica correspondientes al cultivo estdndar de la graminea (Allen

et al., 1998), para la estimacion con paso diario.
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900
0.408A(Rn—G)+y T3l (e, —e,)

A+y(1+0.34u, )

ETo =

donde:
ET, - evapotranspiracion del cultivo de referencia (mm d!)
Rn - radiacién neta en la superficie del cultivo (MJ m™ d!)
G - calor sensible desde la superficie al interior del suelo (MJ m? d!)
T - temperatura media diaria medida a 2 m de altura (°C)
uz - velocidad del viento media diaria medida a 2 m de altura (m s™)
es - presion de vapor a saturacion (KPa)
€a - presion de vapor real del aire (KPa)
€s - € - déficit de presion de vapor (KPa)
A - pendiente de la curva T- Presion de vapor a saturacion (KPa °C™")

v - cte psicrométrica del aire (KPa °C™!)

A diferencia de lo que sucede en los climas aridos, en los climas himedos y
sub-htimedos la ET es dominada por la disponibilidad de la radiacion neta mas que
por los fendémenos aerodinamicos del aire. Debido a ello casi no existe diferencia en
que la estimacion de la ET. se haga a partir de cualquiera de los dos cultivos de
referencia (graminea o alfalfa), dado que ambos tienen albedos similares en
cobertura completa, y por lo tanto similar disponibilidad de energia para el proceso

(Allen et al., 2011).

El coeficiente de cultivo (Kc) representa la integracion del efecto sobre la ET.
de tres factores: 1) la altura del cultivo, que afecta la rugosidad y la resistencia del
pasaje de vapor hacia la atmdsfera; 2) la resistencia a la pérdida de agua desde la
superficie cultivo-suelo, que esta afectada por el area foliar, la fraccion del suelo
cubierto por el cultivo y el grado de humedad de éste y 3) el albedo de la superficie
cultivo-suelo, que es el factor determinante en la radiacion neta disponible en
superficie, principal fuente de energia en el proceso de evapotranspiracion (Allen et

al. 2005, Pereira 2004).
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El K. se considera generalmente transferible entre regiones bajo el supuesto de

que es casi independiente de las condiciones climaticas de cada zona en particular.

Dado que estd ampliamente reconocido que la ecuacion de Penman-Monteith
modificada por FAO (FAO-PM) permite estimar satisfactoriamente la ET,, entonces
gran parte del éxito de esta forma de estimar la ET. depende de la rigurosidad en el
ajuste del K, el cual es especifico para un cultivar, marco de plantaciéon y manejo del
monte determinados (Villalobos et al. 2013, Allen et al. 1998). El ajuste de este
coeficiente se deriva de los estudios que permiten determinar la ET., por alguna de
las metodologias nombradas anteriormente (balance hidrico en parcelas y en

lisimetros, relacion de Bowen, Eddy covarianza, flujo de savia y sensores remotos).

Los coeficientes de cultivo se pueden ajustar como K¢ medios 6 como K¢
duales (Hunsaker et al. 2007, 2002, Wright 1982, Jensen et al. 1990), distinguiendo

el coeficiente basal del cultivo, Keb y el coeficiente de evaporacion, Ke.

Goldhamer et al. (1994) infirieron un valor de K¢ entre 0,65 y 0,85 para montes
de olivos maduros en California. Allen et al. (1998) recomendaron valores de K. de
0,65 para un periodo inicial y de 0,70 para el resto del afio para montes maduros de
olivos con 40-60 % de cobertura de suelo. Villalobos et al. (2000) encontraron
valores de K¢ cercanos a 1 en los meses de invierno y valores entre 0,5 y 0,6 en los
meses de verano en montes con 40 % de cobertura al correr un modelo para estimar
ET. con datos climaticos de 1964 a 1986 para Cordoba, Espafia. Los valores mas
altos estuvieron asociados a aumento de la evaporacion directa en la estacion lluviosa

del clima mediterraneo, en invierno y principio de primavera.

Testi et al. (2006) aplicaron un modelo usando registros climaticos de 20 afios,
correspondientes a dos sitios diferentes, Cordoba (Espafia) y Fresno (California,
USA). El modelo fue validado con medidas de ET. obtenidas por el método de eddy
covarianza. Los valores de K. promedio anuales inferidos fueron 0,7 y 0,77 para
Cordoba, para un monte tradicional de 100 plantas ha™ y otro de 300 plantas ha™,
respectivamente. Mientras que para Fresno los valores de K¢ promedio fueron 0,57 y
0,63 seglin el mayor o menor marco de plantacion del monte. Los menores valores de

K. para Fresno con respecto a los de Cordoba son atribuidos por los autores a la
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menor incidencia de precipitaciones y por tanto a la menor evaporacion directa en
esa localidad.

Segun varios autores (Paco et al. 2006, Pereira et al. 2004) el uso de los K¢
medios correspondientes a las distintas etapas del ciclo del cultivo proporciona
resultados satisfactorios para calculos de ET. promedio para una semana o periodos
mas largos.

En riegos de alta frecuencia, cultivos con cobertura parcial del suelo (montes
frutales y algunos cultivos horticolas) y regiones con precipitaciones frecuentes, el
uso de la metodologia de los coeficientes de cultivo duales permite resultados mas
exactos en la estimacion de la ET¢ (Allen et al. 2005, Pereira 2004). Esto resulta de
gran importancia en el caso de los montes de olivo en los que la gran diversidad de
marcos de plantacion y practicas de poda, hace dificil establecer con certeza los
valores de K reales para cada situacion. Asimismo el método de goteo en el riego de
olivos genera variaciones espaciales dentro del monte en la humedad de la superficie
del suelo, en comparacion con otros métodos de riego que humedecen la mayor parte
de la superficie del suelo. Debido a estas razones varios autores (Villalobos et al.
2013, Fereres et al. 2011, Orgaz et al. 2006) consideran importante determinar las
necesidades de agua del olivo basadas en la separacion de los componentes
evaporacion y transpiracion, mediante el ajuste de los coeficientes duales. Aplicando

esta metodologia el K resulta de la suma de dos coeficientes:

Kc = ch + Ke
donde:
Kb - coeficiente basal del cultivo

K. - coeficiente de evaporacion del agua del suelo

El K¢ es definido como la relacion ET./ET, cuando la superficie del suelo esta
seca y no existe evaporacion, pero la transpiracion se da a la tasa potencial.

El K¢, describe el componente de evaporacion de la ET. que se da en la
fraccion himeda y expuesta del suelo hasta 0,1-0,2 m de profundidad (Z.). El valor
de K¢ es maximo luego de un riego o lluvia y decrece a medida que se incrementa el

agua evaporada acumulada en Z.. El valor de este coeficiente nunca puede exceder el
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K. max (Allen et al., 2005), valor gobernado por la cantidad de energia disponible en
la superficie del suelo, limitado a su vez a la fraccion del suelo himeda y expuesta
(few). Seguin Orgaz et al. (2006) el valor de K. de un monte de olivo regado con
riego localizado, depende de los siguientes componentes basicos: 1) lluvia
interceptada y directamente evaporada desde la copa del arbol, funcion del desarrollo
de la canopia y de la frecuencia de lluvias, 2) evaporacion desde la superficie total
del suelo, funcion del tiempo promedio en el que la superficie del suelo permanece
mojada y del desarrollo de la canopia y 3) evaporacion desde la superficie mojada
por los goteros, que depende de la fraccion del suelo mojada por estos y de la

frecuencia de riegos.

Bonachela et al. (2001) midieron diariamente la evaporacion con
microlisimetros de 0,084 m de didmetro interno y 0,12 m de profundidad, previa
colocacion en el area mojada por el gotero y fuera de la misma. Los datos relevados
les permitieron ajustar un modelo para predecir el componente de evaporacion (Ke)
en la ET. total del cultivo (K.). Asimismo Paco et al. (2006) utilizaron la misma

técnica de microlisimetros para medir evaporacion en un monte de duraznero.

En Uruguay se ajustaron los coeficientes duales para duraznero, separando la
evaporacion directa del proceso de evapotranspiracion a partir de un balance hidrico
con paso diario en los 15 cm superiores de la fraccion himeda y expuesta del suelo,
siguiendo la metodologia presentada en el manual FAO, 56 (Puppo y Garcia Petillo,
2010).

Allen et al. (1998) recomendaron valores de K¢, de 0,55 para un periodo
inicial y de 0,65 para el resto del afio para montes maduros de olivos con 40-60 % de
cobertura de suelo. Para montes de olivo con un porcentaje de cobertura de 25 %,
Allen y Pereira (2009) recomiendan el uso de un valor K¢y igual a 0.31, mientras que
para montes cuyo porcentaje de cobertura fuese entre 30-50 % recomiendan un Kep
de 0,51, ambos valores para mediados de temporada (K¢, mid). En Espana,
Villalobos et al. (2013) para un huerto de olivos con 49 % de cobertura reportaron un

Keb de 0,36 durante el verano (K¢, mid), mientras que en Marruecos, Er-Raki et al.
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(2010), para un olivar con 60 % se obtuvo un K¢, de 0,54, para mediados de la
temporada, bajo condicion semidrida.

Lopez-Olivari et al. (2016) reportaron valores de K¢, para dos afios de
evaluacion, 0,28 y 0,31, para valores de cobertura de 29 y 31 % respectivamente,
para la region del Maule, Chile. Ese sitio estd ubicado casi en la misma latitud que
nuestro estudio pero con condiciones climaticas semiaridas. Los valores de Ke
oscilaron entre 0,07-0,21 y 0,09-0,16 para el primero y segundo afio respectivamente.
El area humeda por los goteros fue cercana al 4,5 % del marco de plantacion, ubicada
totalmente debajo de la copa de los olivos.

Para Allen y Pereira (2009), el K¢, varia con la altura de los arboles y la
cobertura del suelo por la canopia y, en ultima instancia, con el coeficiente de
densidad (Kg, que también estd influenciado por la densidad de la canopia (ML) y el
cierre estomatico (Fy)). El K¢, se expresa en términos de un coeficiente de densidad

(Ka)
Kep = Kemin + Kq (Kep full — K¢ min)

donde el Kb runt €s €l coeficiente basal maximo y el K¢ min €s 0,15 para suelo desnudo
en agricultura.

El Kb ful1, Se estima como:

ch full = F} (Tnm(lO + Olh, 12)

h. 0.3
+[0.04(u; = 2) — 0.004(RHyin, — 45)] (5) )

siendo el h la altura de los arboles de la etapa correspondiente al Kep fuir; u2 y RH min
son los valores promedio de la velocidad del viento (m s™') y la humedad relativa
minima (%) respectivamente para la etapa donde se alcanza el K¢ fun y Fres un factor

de ajuste del control estomatico. Segiin Allen et al. (1998), F; se estima como:
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A+ y(1+0,34u,)
B~ -
A+y (1 + 0,34, m)

donde 1 es la resistencia estomatica del cultivo (para el olivo 950 s m™' segtin Allen y
Pereira (2009), A es la pendiente de la curva de presion de vapor a saturacion en
funcién de la temperatura (kPa C°') y y es la constante psicrométrica del aire (kPa
Co-l)

El coeficiente de densidad se estima a partir de la fraccion del suelo cubierto

por la copa (Allen et al., 1998).

1
Kqg = min(1, MLf; 55, f¢ eff(1+h)

donde feefr es la fraccion efectiva de suelo cubierta por la canopia o sombreada y ML
es un factor que describe la densidad de la canopia o transparencia (para el olivo
ML=1,5 segtin Allen y Pereira (2009) . Para arboles feer puede calcularse como

sigue:

_ [
fceff_ Sen(ﬁ)S1

siendo P el angulo medio del sol sobre el horizonte durante la etapa en la que se

alcanza el K¢ fun y se estima como sigue:

B = arcsen[sen(@)sen(d) + cos(@)cos(5)]

donde ¢ y 6 son la latitud y la declinacion solar en radianes.

1.3.3 Variacion del coeficiente del cultivo con la canopia v con la fraccion de

intercepcion de radiacion

Fereres et al. (1981) encontraron una relacion para predecir el consumo de

agua de arboles jovenes de almendro, como una proporcion del K¢ de arboles



17

maduros, a partir del porcentaje de drea sombreada. Esta relacion confirma que la
transpiracion es funcion principalmente de la proporcion de luz interceptada por la
copa, una vez considerada las caracteristicas propias de cada especie para oponer
resistencia a la transpiracion. Es aplicable siempre que exista cobertura parcial, ya
sea debido a arboles jovenes en desarrollo o poda severa de arboles maduros. Esta
relacion se ha verificado que también se aplica a los huertos de olivos (Fereres et al.,

2011).

Asimismo para duraznero, fue reportada una buena correlacion del K. con el
porcentaje de intercepcion de radiacion por la canopia al mediodia (Ayars et al.,
2003), lo cual es esencialmente lo mismo que el porcentaje de drea sombreada usada
por Fereres et al. (1981). Durante este experimento, también se cubrio la superficie
del lisimetro con plastico y se ajust6 una relacion entre un coeficiente de
transpiracion (Keb) y la radiacion interceptada por la copa. Los anteriores autores
encontraron que esta Unica variable explico bien la variacion del K. y Kcb entre afios
y la variacion estacional dentro de una misma temporada.

Segun Johnson et al. (2004) el K¢, se correlaciona muy bien con el porcentaje
de intercepcion de radiacion por la canopia, pudiendo adoptar una pendiente de 1,5
para predecir el Kep a partir de la intercepcion de radiacion (en el rango 0y 70 %) en
frutales de hoja caduca. Dado que las medidas de intercepcion de radiacion requieren
el uso de un ceptometro, no siempre disponible en predios comerciales, los anteriores
autores presentan una estimacion de la intercepcion de radiacion a partir de la altura
y diametros del arbol.

Testi et al. (2004), trabajando con olivo, propusieron una relacion lineal simple
entre % de area sombreada y K¢ promedio de los meses de verano, valido para % de
area sombreada mayor a 25 % con su variacion debida a las manchas de suelo
himedo con riego localizado, no sirve para periodos con lluvias.

Girona et al. (2011) determinaron la relacion del K¢ con la intercepcion de la
canopia en pera y manzana. La ET. fue medida en lisimetros y la intercepcion de

radiacion al mediodia fue determinada en una base semanal.
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1.4 HIPOTESIS DE TRABAJO

Si bien existe abundante informacion de riego en olivos para climas aridos a
nivel internacional, la misma es muy escasa para climas sub-humedos como el de
Uruguay. Una de las principales dudas con respecto al manejo del riego de olivos en
areas himedas es si los patrones de demanda de agua (ETc) son similares a los
obtenidos en zonas semiaridas, basicamente porque el olivo presenta claros
mecanismos de regulacion del agua dependiendo de la situacion climatica-ambiental
en la que se encuentre. Estas dudas son aun mayores cuando se trabaja con plantas

jovenes.

Dado que en un monte particular, la intercepcion de radiacion solar por la copa
del arbol es uno de los factores que mas incide en el valor del K¢ (Girona et al. 2011,
Ayars et al. 2003), las medidas de este parametro podrian usarse para ajustar los Key/o

Kb especificos.

En base a lo anterior se plantearon las siguientes hipotesis: 1) la demanda de
agua de arboles jovenes plantados en climas humedos puede ser diferente a la
demanda analizada en arboles adultos de climas aridos y 2) el coeficiente basal del
olivo se puede estimar a partir de la intercepcion de la radiacion solar por la copa del

arbol al mediodia.

1.5 OBJETIVOS

El objetivo general de este estudio fue determinar la evapotranspiracion de
arboles jovenes de olivo en Uruguay y a partir de ella generar informaciéon que
permita ajustar el riego, con la finalidad de promover un uso racional y sostenible
tanto del agua como de la energia durante esta etapa del cultivo.

Con la finalidad de mejorar las estimaciones de ET. para una amplia gama de
condiciones de produccion de olivos, se elimind el componente de evaporacion del
suelo de la evapotranspiracion total del cultivo y se derivo el coeficiente del cultivo

basal (Kcb) para las condiciones climaticas humedas de Uruguay. Se exploro el
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desarrollo de una herramienta predictiva para K, que se pueda usar en la gestion del
riego. Se exploraron dos opciones de modelado: 1) expresando K¢, en funcion del dia
del después del inicio del crecimiento (DPGI); 2) relacionando K¢y, con la
intercepcion de la luz del mediodia por la copa.

Se publicaron dos articulos donde se abordaron los objetivos planteados.

En el primer articulo: “Determination of young olive-tree water consumption
with drainage lysimeters”, publicado en Journal of Water Resource and Protection
(2014), Vol. 6, pag. 841-851 se describe en forma pormenorizada la metodologia
empleada, se aborda el objetivo general de determinar la evapotranspiracion a lo
largo del ciclo del cultivo y se ajustan las primeras relaciones entre el coeficiente de
cultivo (K¢) de los meses de verano con el tamafio de los arboles.

En el segundo articulo: “Seasonal basal crop coefficient pattern of young non-
bearing olive trees grown in drainage lysimeters in a temperate sub-humid climate”,
publicado en Agricultural Water Management 226 (2019) 105732, se abordo el
objetivo especifico de separar la evaporacion directa del proceso de
evapotranspiracion, se ajustod el coeficiente basal del cultivo (Kcb) y se modelo en
funcion de dos variables con la finalidad de definir una herramienta para la gestion

del riego.



20

Determination of Young Olive-Tree Water
Consumption with Drainage Lysimeters

L. Puppo!, C. Garcia?, ]. Girona3, M. Garcia-Petillo!

'Grupo Disciplinario de Ingenieria Agricola, Unidad de Hidrologia, Departamento de Suelos y Aguas-Facultad de
Agronomia, Universidad de la Republica, Montevideo, Uruguay

’Instituto Nacional de Investigacién Agropecuaria (INIA), Las Brujas, Canelones, Uruguay

¥ nstitut de Recerca i Tecnologia Agroalimentaries (IRTA), Programa Uso Eficiente del Agua, Centre UdL-IRTA
Parc de Gardeny, Edifici Fruitcentre, Lleida, Catalunya, Espafia

Email: Ipuppo@fagro.edu.uy, cgarcia@inia.org.uy, joan.girona@irta.cat

Received 1 March 2014; revised 28 March 2014; accepted 21 April 2014

Copyright © 2014 by authors and Scientific Research Publishing Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY).
http://creativecommons.org/licenses/by/4.0/

Abstract

Information about olive-tree irrigation in sub-humid climates, as in Uruguay, is scarce. Water
consumption of young olive trees, Arbequina variety, was measured for two years with six drai-
nage lysimeters, protected from rain by an automatic rain-out shelter. Irrigation water volume
and drainage of each lysimeter were measured daily and soil moisture was registered twice a
week with neutron probe at four depths. Evapotranspiration (ETc) was calculated by volume bal-
ance. Data periods when available water descended below 50% or increased over 100% were
eliminated, as those in which the stem water potential was below -1.5 MPa. Water consumption
values were averaged within 7- to 14-day periods, expressed in mm-d-1, and referred to a 2.5 X 5.5
m plantation framework without vegetation cover. There was a positive linear relation of the
summer crop coefficient (Kc mid) with age, canopy cover percentage and canopy volume. Canopy
cover percentage was the parameter which explained most of the variation of K¢ mid, which
ranged between 0.13 and 0.24, with 5% and 46% canopy cover, respectively. Full irrigation, asso-
ciated to a good drainage resulted in a rapid growth of the young plants, bringing forward the start
of full production period. This represents useful information for the adjustment of irrigation in
olive-tree orchards, to accelerate growth with a rational and sustainable use of both water and
energy in Uruguay.
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1. Introduction

The olive tree 1s traditionally grown in rainfed conditions in a Mediterranean climate. However, there are several
studies proving that this crop has a good response to irrigation, as it enhances young plant growth, increases
adult plant olive production in weight [1]-[3], and shows a rapid adaptation in the transition from a rainfed to an
rrigated system [4].

An important expansion of olive-tree production began in Uruguay in 2003. With a sustained increase, the
cultivated area has now reached 9000 hectares, according to the Uruguayan Olive-tree Association |5]. Most of
the information regarding olive trees has been generated in arid or semi-arid climates, while there 1s scarce n-
formation for this crop in sub-humid climates, as Uruguay. Generation of local knowledge on crop evapotrans-
piration (ETc) is crucial for an efficient irrigation management, which would enable fitting irrigation volume and
frequency to crop requirements.

ETc can be determined exactly with the use of lysimeters [6]. It is possible to adjust crop coefficients (Kc)
using this data and that of the reference evapotranspiration (ETo) obtained from weather data supplied by a
nearby climate station. The use of these coefficients enables to estimate ETc with a simple method of double
step estimation: first ETo is calculated using climate parameters; then it 1s multiplied by Kc to consider crop
specificity (ETc = ETo * Kc). The Penman Monteith-FAO equation (ETo-PM) gives a rather accurate estimation
of ETo. Therefore, estimating ETc successfully with this double step method depends greatly on the accuracy of
the Kc adjustment, which varies according to species, developmental stage and orchard management [7].

The aim of our study was to generate information regarding olive-tree water consumption in Uruguay allow-
g irrigation adjustment, in order to promote a rational and sustainable use of both water and energy.

2. Materials and Methods

Six drainage lysimeters (1.9 % 0.9 % 1.35 m depth) were located in the National Agriculture Research Institute,
INTA-Las Brujas Experimental Station (34°40'S; 56°20'W). These devices were protected from rain by a rain-out
shelter, which would close automatically every time rain exceeded 3 mm.

In each lysimeter an olive tree (Olea europea L. cv. Arbequina) of different age and size was planted. We
measured the water consumed by the plants during two seasons: 2010-2011 and 2011-2012. Lysimeters #1 and
#12 had plants brought directly from nursery; lysimeters #2 and #11 got 2-yr-old plants; and lysimeters #3 and
#10 got 4-yr-old plants (Figure 1). Grown plants were obtained from a commercial orchard.

Lysimeters were surrounded by irrigated crops to avoid an “oasis” effect as a consequence of advective
processes, alternating oat and wheat in the first and second winters, respectively with sorghum in summer. The
separation between lysimeters with olive trees simulated a plantation framework of 2.5 * 5.5 m (Figure 1).

The lysimeters were backfilled in layers, following the local profile horizons sequence and respecting bulk
density corresponding to each horizon. The soil profile consisted of a sequence of four horizons (0 - 0.20 m;
0.20 - 0.40 m; 0.40 - 0.60 m and >0.60 m), mamly silty clay loam texture, described in detail in a previous work
[8].

Each lysimeter was irrigated with three self-compensating drippers (4 L-h™ per emitter) located in line spaced
at 0.63 m (Figure 1). Excessive trigation prior to the evaluation period assured that the whole backfilled soil
had a water content corresponding to field capacity (FC). Trrigation management was adjusted so as to produce a
slight drainage within the lysimeters with the largest plants, which would imply non-limiting water content in all
of them.

Soil moisture corresponding to FC was determined for each horizon in a lysimeter without vegetation. There
the soil was saturated with water, covered with a polyethylene film and left to drain for four days. Following,
two soil samples of each depth were taken to determine soil moisture by the gravimetric method. Values were
averaged for each horizon. Soil moistures corresponding to permanent wilting point (PWP) was estimated using
Equation (1), which has been calibrated for Uruguayan soils [9]:

PWP = —5+0.74x FC (1)

where FC is field capacity (percent dry weight).

Soil water content variation in backfilled soil of each lysimeter was measured with a neutron probe (model
503 DR Hydroprobe). A 1-meter aluminum access tube was installed in each lysimeter to monitor soil moisture
through the whole depth. This tube was located 0.20 m from the surface drip line (orthogonally), and at an equal



22

\ Access tube for neutron probe Line drippers

P

L ]

X

F
v

25m

Figure 1. Schematic presentation of the lysimeter disposition, irrigation equipment, and access
tubes for a neutron probe.

distance from the two nearest emitters (Figure 1). Measurements at the depths 0.20; 0.40; 0.60 and 0.80 m, were
conducted twice a week, before irrigation, following published methodology [10]-|12]. The neutron probe was
calibrated with the gravimetric method for each measured depth and then multiplied by bulk density to obtain
volumetric moisture content [13]. Irrigation and drainage water volumes in each lysimeter were recorded on a
daily basis. There were no rain entries due to the rain-out shelter.

ETe was calculated by water volume balance following Equation (2):

ETc=1-D+AHs (2)

where ETc is real olive-tree evapotranspiration; 1 is irrigation; D is drainage and AHs is soil moisture variation.

Stem water potential (i stem) was measured with a Scholander pressure chamber [14], on clear days every
fortnight at noon, during months of maximum atmospheric demand, to contrast the appropriate plant water status.
Each date, two small branches of the current year per tree were measured. These branches were selected from
the sunny periphery and located in the mid height of the canopy [15] [16].

Longitudinal and transversal diameters and upper and lower canopy heights were measured with a ruler every
three months. The area corresponding to the horizontal canopy projection was calculated as a circle and the ca-
nopy volume as a sphere.

Periods of water consumption which met the following criteria were eliminated:

1) Available water descended below 50%. This 1s a safe criterion since it is stated in the literature that it is
possible to allow 75% of available water depletion without stomatal adjustment [17]. Decrease in soil moisture
in the first 0.20 m was not considered for this study, since water in this depth may be lost by evaporation, inde-
pendently from crop water consumption [18].

2) Lysimeters drainage was obstructed and available water increased over 100%.

3) y stem values were below —1.5 MPa. There are references in the literature of normal y stem values for ir-
rigated trees within the range —0.8 to —2.0 MPa [15] [19].

4) Plants showed stress symptoms. 4-yr-old plants suffered leaf drop immediately after transplant in the lysi-
meters. The plant in lysimeter #10 recovered by 21st December 2010, while the plant in lysimeter #3 never
reached an optimum foliage density, and was therefore eliminated from the evaluation process.

ETo was calculated with ETo-PM [7], using daily climate data provided by the INIA-Las Brujas Experimental
Station located 500 m from the experiment. Water consumption values, ETe L-d”', were averaged within 7- to
14-day periods, due to changes in soil water retention [6] [20]. These values were expressed in mm-d ", and re-
ferred to a 2.5 x 5.5 m plantation framework without vegetation cover.

The crop coefticient corresponding to summer months (Ke mid) was adjusted as the ratio between ETc (in
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mm-d ") and ETo-PM, from 21st December to 21st March. The functions of plant water consumption (in L-d %)
and Kc mid were adjusted with: age of trees, canopy cover percentage (horizontal projection of the canopy di-
vided by the plantation framework of 2.5 = 5.5 m) and canopy volume (in m*).

3. Results and Discussion
3.1. Soil Water Content

Soil water parameters of the lysimeters’ backfill indicate a similarity among available water storage capacities of
all the horizons (Table 1).

Figure 2 shows the neutron probe calibration for the four measured depths. Volumetric soil moisture and rela-
tive count (ratio) showed a linear relation with determination coefficients which ranged from 0.66 to 0.80.

Discrete measurements of soil moisture are shown as continuous lines to facilitate their visualization (Figure
3 and Figure 4). The irrigation strategy sought to maintain soil moisture at FC in the following depths: 0.40,
0.60 and 0.80 m. Within the first 0.20 m, water may have been lost due to evaporation independently from the
crop water consumption [ 18].

Monitoring soil moisture allowed discarding data of periods in which available water descended below 50%
n any of the following depths: 0.40, 0.60 and 0.80 m. This occurred in lysimeter #2 from November 22, 2010 to
February 25, 2011 (Figure 3) and in lysimeter #10 from February 22 to April 4, 2011 and November 5 to 12,
2012 (Figure 4). The rapid increase in the water consumption rate of these plants, due to a higher canopy density,
produced a fast decline in soil moisture, which was difficult to revert given the low irrigation rate applied by the
drippers.

Lysimeter #1 had the period from February 23 to April 2, 2012 discarded (Figure 3), since a temporal drai-
nage obstruction saturated the soil, increasing soil moisture over 100% available water. There was no need to
discard data periods of lysimeters #11 and #12, where the soil moisture was successfully maintained close to FC,
making sure the plants developed under proper water availability conditions.

3.2. Stem Water Potential

All stem water potential measures ranged from —0.4 to —1.2 MPa. Values within this range have been cited as
corresponding to plants in good water status conditions [3] [15] [19], therefore there was no need to discard pe-
riods based on these measures.

3.3. Vegetative Growth

Figure 5 shows plant size expressed as the area of the horizontal projection and canopy volume reached in
summer of both evaluated seasons.

In their transition from 3 to 4 years old, the intermediate plants duplicated their canopy area and quintupled
their canopy volume, while the largest plant (lysimeter #10) mcreased its canopy area 40%, and its canopy vo-
lume 50% in 1its transition from five to six years old (Figure 5). This important growth took place under non-
water-limiting and good-drainage conditions.

Important increase in canopy volume in well irrigated trees compared to trees under continuous deficit irriga-
tion (CDI) and under regulated deficit irrigation (RDI) has been reported before [11].

Table 1. Soil water parameters of lysimeter backfill: Field Capacity (FC); Permanent Wilting Point (PWP) and Available
Water (AW).

Depth (cm) FC (cm™em™) PWP (cm’-cm™) AW (em™cm™)
0-20 0.41 0.24 0.17
20 -40 0.38 0.21 0.17
40 - 60 0.40 0.23 0.17

>60 0.39 0.22 0.17
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The largest plant {lysimeter #10) suffered total defoliation immediately after transplant and it slowly recov-
ered during summer, the first evaleation season. Because of this, one of the intermediate plants which was 4
vears old in the second evalustion year reached a larger canopy size in area and volume thon this 5-yr-old plant
in lysimeter #10 { Figure 5).

3.4. Warer Consumption
Water consumption in L-d" ofall five plants followed the same seasonality pattern as the atmosphene demand
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(ETo), recording the maximum values during December, January and the first fortnight of February (summer in
Southern Hemisphere), while the minimum values were recorded during June, July and August (Figure 6).

The smallest plants reached their maximum water consumption of 12 and 13 L-d™" during January 2011 in the
first evaluation season. The following season, the maximum water consumption values of the same plants, also
reached in January, were 16 and 18 L-d"'. The atmospheric demand (ETo) in January was c.a. 7 mm-d ' in both
seasons (Figure 6).
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The intermediate plants, in lysimeters #2 and #11, had maximum water consumption values of 14 and 13
L-d", respectively, in the first season; and of 27 and 24 L-d ™' respectively, in the second season (Figure 7).
These consumption differences respond to differences in plant size, being the olive tree in lysimeter #2 larger
than that in lysimeter #11. in the second evaluation season it presented 30% more area and 50% more canopy
volume (4-yr-old plants in Figure 5).

The largest plant presented in January a maximum consumption of 19 L-d! in the first evaluation season and
of 30 L-d™" in the second one. As mentioned earlier, data of this olive tree corresponding to the period prior to
21st December 2010 was eliminated due to post-transplant defoliation,

Summer water consumption was analyzed relative to age of trees, canopy cover percentage, and canopy vo-
lume (Figure 8). The maximum water consumption included in the regression was the average of the summer
month values of each plant each season. A significant positive linear relation was found (p <0.01).

Canopy cover percentage was the parameter to explain most of the variation of plant water consumption (R* =
0.85). Tree height, involved in the canopy volume calculation, did not improve the explanation to this variation.
According to some authors, water consumption in humid and sub-humid climates should be more influenced by
the net available radiation and its interception by the canopy, than by the aerodynamic phenomena which are
enhanced by plant height [21].

3.5. Maximum ETc¢ and Kc Mid

As in the case of water consumption, ETc of all five evaluated plants (referred to the 2.5 > 5.5-m framework
without vegetation cover) followed the same seasonality than ETo, recording the maximum values during De-
cember, January and the first fortnight of February, while the minimum values were recorded during June, July
and August.

Both small plants had a maximum ETc slightly over 1.2 mm-d™" in the second season (Figure 6). A similar
value, 1.29 mm-d™', has been reported for plants with the same features of age, cover percentage and interrow
management; and with similar ETo values [22].

The maximum ETc values of the intermediate plants in the second season were 2 mm-d” and 1.7 mm-d’,
corresponding to lysimeters #2 and #11, respectively (Figure 7). These values were slightly lower than those
reported in the literature for plants which were one year younger (3 vrs old) and had a lower cover percentage
than our plants [22].

Some authors have stated that ETc determinations conducted in small areas surrounded by lower green crops
should not be extrapolated to large areas with the same crop [21]. Generally, research papers report adult orchard
data [23] [24]|. However, one of the few papers that do report ETc values for young olive orchards with similar
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stmospheric demands to those recorded m our study (22|, got similar ETe values to ours. This would imply that
even if the nstallation of the lysimeters was not within an olive orchard of the same age. differences in acrody-
namic phenomena may have played a minor role in determining ETe i our young plants.

The maximum ETe value of the largest plant in the sccond scason was 2.2 mm-d ! {Figure 9).

K mid used for the regression was the average of the summer month values of each plant cach season. There
was a significant {p < (.01 positeve linear relation of Ke mid with age of trees, canopy cover percentage in the
plantation framework, and canopy velume. Canopy cover percentage was the pammeter to explain most of the
variation of Ke mad {Figore 10).
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Other authors who have studied different fruit trees agree that the proportion of canopy intercepted light at
midday, which essentially coincides with the percentage of shaded area, explains well both seasonally and yearly
Ke vanations {25]-[27].

A similar relation has been found between the percentage of shaded area and averaged Ko of the summer
months, in young orchards with a shaded areas below 25% and in dry periods | 22| Owr estimation for an orchard
with 5% cover {small plants in their first evaluation year) corresponded to 8 Ko mid value of 014, similar 1o the
(.15 Kc value reponted in the work cited above. Ke mid value for 46% cover. the maximum cover percentage
reached by our large plant, was 0.29. This value was lower than a reported value for Cordoba, Spain, of (.40,
which had been adjusted with a simulation model [ 4], This difference could be related to the relative impact of
climate on Ko mid, presenting higher values for Cardoba’s arid summer, compared 1o lower values in 8 more
humid climate. as in Uraguay. This effect grows stronger as the crop height increases [7] [15L

4. Conclusions

This is one of the first studies in the world using lysimeters to measure water consumption of olive trees. Results
of evapotranspiration and Ko mid presented herein are representative of young orchards, where radiation re-
ceived by plants is not affected by shading of contiguous plants, and where acrodynamic phenomena influence
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cach plant indrvidually.

A positive linear relation was found between Ke mid (adjusted for the 2.5 * 5.5-m framework without vegeta-
tion cover) and canopy cover percentage. This relation is only valid for dry peniods. on silty clay loam soils, with
drip irrigation, and in orchards whose canopy cover does not exceed 46%.

Water consumption in L-d™" was stronghy related to plant size. Canopy cover percentage was the vanable to
explain most of the vaniation in plant water consumpion.

Full imigation associated to good soil drainage resulted in a rapad growth of young plants. In one growth sea-
son, in their tramsition from 3 o 4 vears old, intermediate plams duplicated their canopy area and quinnpled
their canopy volume. The larger plant increased the canopy area and canopy volume an average of 36% and 40%.
respectively, in its tronsition from five to six years old. This rapid growth would accelerate the orchard’s en-
trance into full production, reaching it ot 8 vounger age.

In order to be able to secparate the evapotranspiration info (S twis components: ranspiration and direct evapo-
ration from the soil, this study should be continued for at least another year. This is the mformation needed to
enable the adjustment of Kcb and Ke coefficients, which, alongside with Kcb adjustment with the percentage of
canopy rediation interception. will offer useful information to estimate ETe. Hence, it may be applied to a
broader range of agriculture systems, including different plantation frameworks, as well as different wetting
patterns caused by variations i a number of drippers per plant, water volume andior spacing between drippers.
However, the use of this information shoold be restricted 1o plants when they are voung.

References

[1] Femtndez LE and Moveno, F. {1999) Water Use by Olive Tree. Sonrmed of Crop Produeciioa, 2, 101-162.
e dovore 1013000 14002 02

[2] Garoma, F, Luna, M., Arboiés, A, Mata, M., Rufar, J. and Marsal, J. (2002) Young Olive Trees Responses (Ofeg eu-
ropdaea L Cv. Acbequuna) to Different Water Supplies. Water Funclion Determination. Acrta Horsicultrae, 586, 277-
250

[3] Mornmna, A, Orgae. F Pastos, M. and Fereres, E. (2003) Yield Responses of 2 Moture Ofive Omchard to Wister Defi-
cits. Jdennerel of the American Society for Horticaliural Science, 128, 425-431.

[4] Alegre 5 Marsal |, Maga, M., Arbonds, A and Goona, 1. (2002} Regolated Dediar Iomgation m (live Troees [((fee
et L. Cv. Arbequana) for Ol Prodoction. deta Hosticnfinrae, 586, 259-262.

[3] Asolur (2013} hopoesew ssoluron. ny'contacio. himl

[6] Aboukhaled A Alfaro, A asd Seich, M (1982 Los Lisimetros. {rsiganion erd Oraivage Poper 3% FAC, Roma_

[7T]  Allen, B, Perera. LS. Raes D and Smith, M. {1998} Crop Evepotranspication: Guidelines for Computing Crop Wa-
ket Requinmeenits. frrigarion amd Drodiaeee Paper 36, FAQ, Rome.

[8] Casanova, S (2008} Morfosiologia da culnera de batata subssetida a diferentes regimes hidreos. Dhssertacas, Curso de
Mestrado da Universidade Federal de Santa Maria, Hrasl.

[%] Silva, A Ponce De Ledn ). Garcia, Fo oand Durdn, & (1988) Aspectos metodoligieos en la determinacidn de s
capacidad de retemer agua de los swebos del Ursgaay. Facalad de Agronomia, Bolein de Investigscrin, Mo, 10

[L0] Gamcia Petllo, M. and Castel, 1R, (2007) Water Balanice and Crop Coefficent (o) Estimation of 8 Crirus Orchand 1n
Urugay. Spanish Joirrnel of Agriculiural Research, 8, 232-243. hnpeda dotoned |0 5434 spar HEIT053-343

[t1] Insesta, F_, Testi, L, Ovgaz. F. and Yillalobos, F.J. (2008) The Effects of Regobated and Contuisues Deficit Irmgation on
thir Water Use, Growth and Yield of Olive Trees. Enropean Sourmal of dgromomy. 30, 258-265.
bt ek o o 1 0,1 0B, rfin 200812, 004

[12] Mlorales, P.. Garcia Penllo, M., Havashi, B and Puppo, L {2000) Respuesta del duraenero a diferennes patrones de
aplcacion de agua, Revine Brovleira de Ergenharia Ageicola ¢ Ambienal, 14, 17-24.
Birpe el cho oome TG TSQ0CS | 8 18 4 T 20 AR {0003

[13] Haverkamp. B Vaschin B omd Vachaud, G {1984} Error Analysas m Estinmting Soal Water Content from Neuwtron
Probe beasurerments: 1. Local Standpoinl Solf Science, 137, T8-S0
Butvpe el chovw voree /0 00, 1O T A0 | - B0 A0IO0-DIDHIR

[t4] MeCuichan H. and Shackel, B A (1992) Stem Water Potential as a Semsative Indicator of Water Stress in Prune Trees
{ Proirus domesiica LoCv. French ). Jowrae! of the American Sociey for Harticufumal Science, 117, G07-611.

[1%] Sellés G, Ferreyra, B, Sellés |0 and Lemmus, G (2006} Efecto de diferentes negimenes de riegoe sobre b carga frutsl,
tormafio de frte v endimaents del olivio cv. Sevillana. dgricidmra Téeniva {Chile). bb, 48-56.

[16] Sellés ., Ferreyra, B. sl Maldonsdo, P, {302} Clhoera de presaon. seww.alivos.clblos comara-de -preswon




[17]

(18]
(19]

[20]

[21]

(22]
(23]

(24]

[25]

[26]

[27]

30

Orgaz, F. and Fereres, E. (2008) Riego. In: F! cultivo del olive, 6* Edition, Ediciones Mundi-Prensa y Junta de Andalucia,
Madrid, 336-362.

Pereira, L.S. (2004) Necessidades de Agua e Métodos de Rega. PublicagBes Europa- América, Lisboa,.

Moriana, A. and Fereres, E. (2002) Plant Indicators for Scheduling Irrigation of Young Olive Trees. frrigation Science,
21, 83-90. hitp://dx.doi.org/10.1007/s00271-001-0053-8

Puppo, L. and Garcia Petillo, M. (2010) Determinacién del consumo hidrico del duraznero mediante lisimetria de
compensacion ¢on napa freatica constante. Revista Brasilera de Engenharia Agricola e Ambiental, 14, 25-31.
http://dx.doi.org/10.1590/81415-43662010000100004

Allen, R., Pereira, L.S., Howell, T.A. and Jensen, M.E. (2011) Evapotranspiration Information Reparting: I. Factors_
Governing Measurement Accuracy. Agricultural Water Management, 98, 899-920. ’
http://dx.doi.org/10.1016/].agwat.2010.12.015

Testi, L., Villalobos, F.I. and Orgaz, F. (2004) Evapotranspiration of a Young Trrigated Olive Orchard in Southern
Spain. Agricultural and F orest Meteoroly, 121, 1-18. http://dx doi.org/10.101 6/j.agrformet.2003.08.005

Goldhamer, DA, Dunai, I. and Ferguson, L.F. (1994) Trrigation Requirements of Olive Trees and Responses to Sus--
tained Deficit Irrigation. Acta Horticulturae, 356, 172-175.

Villalobos, F.J., Orgaz, F., Testi, L. and Fereres, E. (2000) Measurement and Modeling of Evapotranspiration of Olive
{Olea europaea 1..) Orchards. European Journal of Agronomy, 13, 155-163.
http://dx.doi.org/10.1016/81161-0301{00)00071-X

Ayars, 1.E., Johnson, R.S., Phene, C.I., Trout, T.J., Clark, D.A. and Mead, R.M. (2003) Water Use by Drip-Trrigated
Late-Season Peaches. lrrigation Science, 22, 187-194. http://dx.doi.org/10.1007/s00271-003-0084-4

Girona, J., Del Campo, J., Mata, M., Lopez, G. and Marsal, J. (2011) A Comparative Study of Apple and Pear Tree
Water Consumption Measured with Two Weighing Lysimeters. Irrigation Science, 29, 55-63.
http://dx.doi.org/10.1007/s00271-010-0217-5

Johnson, R.S., Avars, L.E., Trout, T.J., Mead, R. and Phene, C. (2000) Crop Coefficients for Mature Peach Trees Are
Well Correlated with Midday Canopy Light Interception. 4cta Horticulturae, 537, 455-460.




Agricultural Water Management 226 (2019) 105732

journal homepage: www.elsevier.com/locate/agwat

Contents lists available at ScienceDirect

Agricultural Water Management

= Agricultural
Water Management

Seasonal basal crop coefficient pattern of young non-bearing olive trees
grown in drainage lysimeters in a temperate sub-humid climate

e
8!
B

Lucia Puppo™”, Claudio Garcia®, Eduardo Bautistad, Douglas J. Hunsakerd, Andrés Beretta®,

Joan Girona”

 Universidad de la Reptiblica, Facultad de Agronomia, Departamento de Suelos y Aguas, Grupo Disciplinario de Ingenieria Agricola, Avda. E. Garzén 780, 12900,

Montevideo, Uruguay

® Institut de Recerca i Tecnologia Agroalimentdries (IRTA), Area de Tecnologia Fruticola, Centre UdL-IRTA Parc de Gardeny, Edifici Fruitcentre, 25003, Lleida, Catalunya,

Spain

¢ Instituto Nacional de Investigacion Agropecuaria (INIA), Las Brujas, Ruta 48, km 10, Canelones, Uruguay
4 USDA-ARS, Arid Land Agricultural Research Center, 4331 N. Cardon Lane, Maricopa, AZ, 85138, United States
¢ Universidad de la Reptblica, Facultad de Agronomia, Departamento de Suelos y Aguas, Grupo Disciplinario Suelos, Avda. E. Garzén 780, 12900, Montevideo, Uruguay

ARTICLE INFO ABSTRACT

Keywords:
Evapotranspiration
Crop coefficients

Soil water content
Irrigation requirements
Olea europea L.

Young non-bearing olive trees were grown in drainage lysimeters and their water consumption was measured
over two consecutive yearly-experimental periods to analyze the effect ofseasonal variations on the basal crop
coefficient (Ks,). Micro-lysimeter measurements were used to quantify soil evaporation (Eg) and Eg was sub-
tracted from evapotranspiration (ET.) to determine transpiration. Monthly mean (K,) were determined as (ET.-
Eq)/ET,, where ET, is the FAO-PM grass-reference evapotranspiration, calculated from locally measured weather
data. The observed K, value at mid-season, 0.38, was obtained in the fall months, with 41% of canopy cover.
The mid-season K, when adjusted to the FAO-56 standard climate was 0.43. Seasonal patterns of K, are pre-
sented and the K, value during the mid-season growth-stage was found to be similar to those described in the
literature for Mediterranean climates. Variation of the basal crop coefficient was satisfactorily explained by
measured canopy light interception (FIR) and a linear regression model is presented for K, as a function of FIR.

1. Introduction

Olive trees have been historically cultivated as a dryland crop be-
cause of their high resistance to drought. Presently, the use of irrigation
for olives has expanded within the intensive arid production areas
surrounding the Mediterranean Sea (Gucci and Fereres, 2012). This
practice has been spurred by research showing that irrigation increases
initial growth rates and ultimately produces higher olive yields than
under rain fed conditions (Fernandez and Moreno, 1999; Girona et al.,
2002a; Moriana et al., 2003). The traditional olive-growing region is
the Mediterranean basin, where Spain, Italy and Greece are the main
producing countries. Recently, Argentina, Chile and Australia, among
other countries, have joined the olive production sector (FAO, 2015).
Over the past decade, olive production has steadily increased in Ur-
uguay, due in part to its temperate and sub-humid climate, but also to
the availability of land unsuitable for economic production of annual
crops. Uruguay has a strategic advantage as an olive producing country
because of its proximity and the establishment of trade agreements with
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large consumer markets like Brazil, the United States, and Canada
(ASOLUR, 2015).

Because of the rapid expansion of olive production in Uruguay,
research is needed to develop crop management practices for its unique
climatic conditions. Uruguay has a mean annual rainfall of 1200 mm,
but that rainfall exhibits high inter-annual variability (Castafio et al.,
2011), with periods of excess rainfall interspersed with frequent
drought periods. Thus, appropriate irrigation management based on
actual crop water requirements is a necessity. Most studies on the crop
evapotranspiration (ET,), soil water balance, and irrigation of olive
trees were developed in arid and semi-arid climates. Local data of the
seasonal variation of ET, in olive plantations are essential for matching
irrigation to meet the volume and frequency of the crop water re-
quirements.

FAO Publication 24 (Doorenbos and Pruitt, 1977) formalized the
calculation of crop evapotranspiration as the product of a reference
evapotranspiration ET, and a crop coefficient. This approach has been
refined and expanded in subsequent publications (Allen et al., 1998;
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Jensen and Allen, 2016). ET, was defined as the potential evapo-
transpiration from a well-water grass surface under standardized field-
measurement conditions. Crop coefficients {K.) are the ratio between
measured ET. and ET, The concept was derived under the assumption
that weather effects on crop evapotranspiration are mostly explained by
the variation in ET,, while K. is mostly a function of the type of ve-
getation and the evolution of the vegetation cover over a crop growing
season. This concept has allowed to extrapolate the use crop coefficients
developed under particular agroclimatic conditions to other conditions.
For example, in the absence of locally developed values, approximate
K. can be derived for local conditions using the algorithms and tables
provided by Allen et al. (1998). However, it is well understood that the
K. for crops varies as a function of: a) the fraction of solar radiation
intercepted by the canopy (FIR) (Ayars et al., 2003; Girona et al., 2011;
Testi et al.,, 2004; Williams and Ayars, 2005); b) the proportion of
wetted soil exposed to evaporation (Allen et al., 1998; Pereira, 2004);
and c¢) stomatal conductance and its relationship with weather vari-
ables, such as the vapor pressure deficit (VPD), wind speed, and tem-
perature (Moriana et al., 2002; Villalobos et al., 2000, 2013). These
variables are more likely to affect the determination of crop coefficients
for orchard crops, mainly because of the differences between tree ca-
nopy height and reference grass height and the differences in canopy
architecture for different tree species and planting systems.

Many olive researchers have assumed {or proposed) a constant K. of
about 0.55-0.74 to estimate water requirements for irrigated planta-
tions throughout the year in arid and semiarid climates {Goldhamer and
Dunai, 1994; Girona et al., 2002a; Grattan et al,, 2006). Others,
working under arid and semi-arid conditions, have reported a seasonal
variation of K. with low values in summer months and high values in
fall and spring months, depending in which season the rains occur
{Gucci and Fereres, 2012; Orgaz and Fereres, 2008; Testi et al., 2006).
Most of these K. studies with olive have been carried out in Andalusia
(Spain) and California (USA), where summers are hot, dry and vapor
pressure deficit can exceed 3.0-3.5kPa. These conditions are unlike
those of Uruguay where the daily mean temperature rarely exceeds
30 °C and the maximum vapor pressure deficit rarely exceeds 2.0 kPa.
Villalobos er al. (2013) cautioned against the use of generalized K.
values for fruit trees, irrespective of environmental conditions or crop
management practices.

Puppo et al. {2014) conducted an ET. study with olive trees growing
in lysimeters under full irrigation. That study found a linear relation-
ship between the crop coefficient for the summer months and the per-
centage of canopy cover. While that relationship is valid only for the
summer months and the wetting pattern of the drippers used in that
study, it can be extrapolated to other conditions by differentiating be-
tween the crop transpiration and water losses by soil evaporation, i.e.
by using the dual crop coefficient approach (Allen et al., 1998). More
precise estimates of ET. are needed for high frequency irrigation
scheduling (Allen et al., 1998; Pereira, 2004), especially in climates
with frequent rains and in orchards with different canopy covers in
which direct soil evaporation varies significantly (Fereres et al., 2011).
Several authors have advocated the use of dual coefficients, with
transpiration estimated through the basal crop coefficient, Kg, and
direct soil evaporation by the evaporation coefficient, K. (Wright, 1982;
Jensen et al., 1990; Allen et al., 1998; Er-Raki et al., 2010; Fereres et al.,
2011). The basal crop coefficient {Kg4,) is used to estimate evapo-
transpiration when the soil surface is dry while transpiration is not
limited by the soil water deficit (Allen et al., 1998). Various authors
indicated that characterizing evapotranspiration for olive trees is in-
herently difficult because of physiological mechanisms that help to
protect the plant from water stress {Connor, 2005; Orgaz and Fereres,
2008). Differences in canopy architecture resulting from different
planting arrangements and plant densities, crop management practices,
and even plant-to-plant variations, are essential factors which may have
a direct effect on Ky, {Villalobos et al., 2013; Carr, 2013). Allen and
Pereira (2009) proposed a method that adjusts K, with crop height and
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canopy cover and ultimately with the density coefficient (K4 which is
also influenced by the canopy density (ML) and the stomatal closure
(E.)). Paco et al. (2019) reported successful application of the Allen and
Pereira (2009) approach to mature olive orchards.

This study aims to refine the results of Puppo et al. (2014) and
improve the resulting ET. estimates for a wide range of olive orchard
production conditions, by removing the soil evaporation component
from the total measured crop evapotranspiration and deriving basal
crop coefficients for the humid climatic conditions of Uruguay. In ad-
dition, the study seeks to verify the seasonal pattern of the Kg in a
temperate sub-humid climate and develop a predictive tool for K, that
can be used in practical irrigation management. Two modeling options
were explored: 1) by expressing Ky, as a function of days past growth
initiation {(DPGI) and 2) by relating K, to the midday light interception.

2. Materials and methods
2.1. Location, experiment description, and irrigation

A two-year experiment was conducted at the National Agriculture
Research Institute, INIA-Las Brujas Experimental Station (34°40°S,
56°20°W, altitude of 32 m above sea level). Young olive trees {O. eur-
opea L.cv. Arbequina) were planted on September 14, 2010, in drainage
lysimeters according to the protocol described by Puppo et al. {2014).
Several studies have used precision weighing lysimeters to determine
water consumption in woody plants, including peach, pear, and apple
trees (Ayars et al., 2003; Bryla et al., 2003; Girona et al., 2002b, 2004,
2010; Johnson er al., 2000, 2004). Weighing lysimeters provide highly
accurate and reliable daily evapotranspiration data. Drainage lysi-
meters are less precise but can provide reasonable average data over a
time span of 7-15 days, when calculated by water balance and eva-
potranspiration estimation between two drainage occurrences {Puppo
et al.,, 2014). Several researchers have used drainage lysimeters to de-
termine ET. in deciduous fruit trees (Boland et al,, 1993, 2000; Iancu,
1997; Stevenson, 1989). Recent studies on evapotranspiration of olive
trees using lysimeter measurements include Ben-Gal et al., 2010; Agam
et al.,, 2013, 2014; Puppo et al., 2014.

The experimental units consisted of three fiberglass drainage lysi-
meters 1.9m long x 0.9 m wide x 1.35 m deep (lysimeters 1, 2, and 3),
equipped with 32 mm drain pipes connected to their drainage collection
box. The drainage tubes were installed under an 8 to 10 cm gravel layer
and covered with a 0.4 mm thick geotextile layer to prevent clogging.
Lysimeters {(Lys) 1 and 3 were planted with two-year-old trees, and Lys
2 with a four-year-old tree. Data collection for the tree in Lys 2 started
on day 122 after planting. This additional time was needed for this
older tree to recover from planting stress and completely recover its
foliage.

The ET. of lysimeter-grown trees was measured over two experi-
mental periods, 2010-2011 and 2011-2012 (Puppo et al., 2014). For
simplicity, this article will refer to these two periods as years 1 and 2,
respectively. Measuring crop evapotranspiration (ET,) is difficult under
high rainfall conditions, as in Uruguay. Hence, the lysimeters were
protected with a rain shelter consisting of a rail-mounted steel struc-
ture, completely enclosed above and on all sides, with a dual-pitched
roof. The shelter was 20 m long, 11 m wide, 8.5 m high along the center,
and 6 m high on the perimeter. The shelter was mounted on a rail
structure, which allowed the roof to automatically close whenever a
logged rain gauge sensor detected more than rainfall 3 mm of rainfall.
After rainfall had ceased, the roof was re-opened manually. Because the
shelter blocks solar radiation and affects other parameters that influ-
ence ET., data for days that the shelter was closed, one day before and
one after, were excluded from the analysis.

Trees were treated as individual units and were not shaded by
neighboring plants (i.e., the incoming solar radiation affected all trees
equally). Aerodynamic effects were also considered to equally influence
the individual trees {Puppo et al., 2014). In this sense, Allen et al.
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{2011) indicated that in humid and sub-humid climates the evapo-
transpiration process is more heavily influenced by the net radiation
availability than by aerodynamic effects. Lysimeters were surrounded
by a 30m by 40m winter cereal crop alternated with an irrigated
summer cereal crop, located in a 446-ha fruit and vegetable orchard. In
addition, the experimental conditions simulate the prevailing field en-
vironmental conditions of Uruguay’s productive olive groves, which
have inter-row grass cover. While strong advection effects are unlikely
under the conditions of the study, micro-advection effects are possible
due to the lower height of the surrounding vegetation.

Each lysimeter was irrigated with three pressure-compensating drip
emitters installed in a straight line with a 0.63 m spacing, across the
mid-section of the lysimeter. The flow rate was 4 L h ™" for each emitter.
Irrigation frequency was daily from October to May and once or twice a
week from June to September. Irrigation scheduling was determined
using the single crop coefficient {K.) methodology (Allen et al., 1998)
applied with local meteorological data to calculate the grass Penman-
Monteith ET, (Allen et al., 1998). Daily climatic data were provided by
an automatic meteorological station {Vantage Pro 2, Davis, USA), lo-
cated at the INIA Las Brujas Experimental Station, 500 m away from the
experimental site. The climatic station was installed complying with the
installation standards, on a 20 by 20m grass crop frequently cut,
without lack of water, and surrounded by irrigated crops. The same
volume of water was applied to each lysimeter each irrigation. Water
was applied in excess of the requirements of the young olive trees, to
ensure water drainage in the lysimeters. The irrigation amount was
determined as 0.7 times the daily ET,, where 0.7 is the K. for adult olive
trees in high density, as recommended by Allen and Pereira {2009). The
drainage system located at the bottom of each lysimeter avoided
anaerobic conditions that could occur due to excess water to the trees.

2.2, Soil characteristics

The soil at the experimental station is classified as Typic Argiudoll
according to the USDA Classification System and consists of four hor-
izons. Soil textural and water retention parameters were field-de-
termined for each horizon {Casanova, 2008) and are shown in Table 1.

2.3. Determination of crop evapotranspiration (ET.}

Crop evapotranspiration was calculated over 7- to 14-day periods as
the residual of the water volume balance equation:

BL,= R-D =+ AH, &)

where ET. is the actual crop evapotranspiration from the olive tree; R is
the irrigation volume; D is the drainage volume, and AH; is the change
in soil water volume.

Irrigation and drainage water volumes were recorded daily for each
lysimeter. Changes in soil water contents were determined with a
neutron probe (Campbell Pacific Nuclear Corp., Model 503, CA, USA),
using a 1-m long, aluminum access tube placed at the center of each
lysimeter, 0.20 m away from the drip emitter line, and halfway between
two adjacent emitters. The neutron probe was calibrated gravime-
trically for each soil depth, as reported in Puppo et al. (2014), using the

Table 1
Soil texture and classification, bulk density, and water retention parameters for
the lysimeter fill soil.

Depth Sand Silt Clay Textural Bd' FC? WPP TAW?
om % Classification gem™3 em® em™® mm
00-20 24.0 493 26.7 Loam 1.28 041 0.24 34
20-40 12.2 554 324 silty clay loam 1.32 0.38 0.21 32
40-60 12,7 57.5 29.8 Silty clay loam 1.40 0.40 0.23 34
60-90 11.0 746 14.4 Silty loam 1.42 0.39 0.22 34

'Bulk density. “Field capacity. *Wilting point. *Total available soil warer.
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methodology described by Haverkamp et al. {1984). Measurements
were taken bi-weekly at depths of 0.20, 0.40, 0.60 and 0.80 m.

Following the protocol described previously by Puppo et al. (2014),
calculated ET. did not include data from the periods when a) the
amount of available water decreased by more than 50% of the total
available water {TAW), b) the amount of available water increased by
more than 100% TAW due to blockage of the drainage system in one or
more lysimeters, and c) rainy days in conjunction with the days im-
mediately before and after rain event. Rainy days correspond to the
days when the lysimeter rain shelter roof automarically closed (see
Section 2.1). This data quality control was imposed to eliminate ET.
measurements that could have been affected by anaercbic conditions,
and/or reduced photosynthesis induced by shelter closure. Allen er al.
(1998) suggest ET, for olive will be reduced due to water stress after the
soil water depletion fraction of the TAW for the root zone reaches 0.65.
The lower limit of allowable soil water depletion imposed in our study
{50%) helps ensure that the ET. data measured for trees were obtained
under only non-stressed soil water conditions.

The daily calculated volumetric ET. (i.e., L d™ 1) was averaged over
7- to 14-day periods and normalized by the area defined by the dis-
tances berween lysimeter-grown trees (2.5mx5.5m) to derive ET. in
mm d~*. In what follows, this area will be referred to as the tree grid
area. This approach was used because the canopy of each tree, and
therefore the evaporating area exceeded the area of its lysimeters.

The ET, was examined as a function of days past growth initiation
(DPGI); where DPGI = 1 corresponds to July 11, when olive evapo-
transpiration rates increase in response to vegetative growth and rising
temperatures in the southern hemisphere.

2.4. Determination of K., and K, coefficients

Micro-lysimeters were installed within each lysimeter to determine
soil evaporation (E;) (Bonachela et al., 2001; Paco et al., 2006). De-
termination of soil evaporation allows calculation of the basal (tran-
spiration) portion of ET. by subtracting E, from the measured ET,. The
micro-lysimeters consisted of PVC tubing, 0.084 m inner diameter and
0.12m long, as described by Bonachela et al. (2001). With these di-
mensions, 1 mm of evaporated water produces a 5.5 g weight differ-
ence. The devices were buried flush with the ground surface, removed,
and capped at their bottom. The micro-lysimeters were weighed over 7
consecutive days, which is the maximum irrigation interval in this
study.

The micro-lysimeter measurements were conducted over two
summer periods in 2013. In the first period (DPGI 217 to DPGI 223),
two micro-lysimeters were installed in the exposed-wetted fraction, two
in the shaded-wetted fraction, two at the dry edge of the wetted frac-
tion, and two at the exposed-dry fraction. In the second period (DPGI
230 to DPGI 236), since the measured evaporation was found to be
negligible in the dry and dry edge of the wetted fraction, a second 7-day
analysis was performed in which four micro-lysimeters were placed in
the exposed-wetted fraction and four in the shaded-wetted fraction. The
applied volume was 48L and 36L a day, for the first and the second
period respectively; the resulting wetting fraction was 3-6% of the grid
area. The amount of water applied at each irrigation {(ET,x0.7) was
enough to fully fill the surface soil layer to field capacity and to drain
excess, such that the depletion of the layer was returned to the same
amount of water of the previous day in each instance. Thus, the amount
of water in the layer at the start of each drying cycle was the same with
each irrigation.

The evolution of the soil evaporation coefficient (K.) with time was
examined for both the exposed-wetted fraction and the shaded wetted
fraction.

A mean K, value was used for the period between two consecutive
irrigations, based on the micro-lysimeter results.

The soil evaporation coefticient was normalized by the tree grid
area taking into account the number of days between irrigations, from
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the K. vs time function, and was then calculated as follows:
K. =K. xf, +Ks X[, @)

In Eq. {2), f., is the exposed-wetted soil fraction of the tree grid area,
which is the surface that accounts for most of the evaporation {(Allen
et al., 1998); f,, is the shaded-wetted soil fraction of the tree grid area;
K.. is the corresponding value of the evaporation coefficient
throughout the period in-between irrigations for the exposed-wetted
fraction and K. is the corresponding value of the evaporation coeffi-
cient for the interval between irrigations for the shaded-wetted fraction.
The normalized soil evaporation (E;) was calculated as

E =K,x ET, 3)
This result was then used to calculate the normalized K, coefficient:
Ko = (ET, — E;)/ET, 4)

where ET. and E; are measured crop evapotranspiration for the olive
trees and direct soil evaporation, respectively, as normalized for the
tree grid area and ET, is the FAO-PM reference evapotranspiration,
where units for all are expressed in mm d ™.

Monthly mean K, values were determined for year 1 and year 2.
The seasonal pattern of K4, were determined for both years as a func-
tion of DPGIL. A Ky, FAQ-56-style model was developed from data of
year 2 only and is described further in Section 2.6. A similar model was
not developed for year 1 because the ET. was measured starting on
planting date (DPGI 66), and data were not collected for Lys 2 until
DPGI 188 due the time needed for this tree to recover transplant stress.
Furthermore, trees sizes for the lysimeters, including height and canopy
cover, were very different until early in the second year.

2.5. Measurement of vegetative growth and midday canopy light
interception

Canopy size measurements are needed to interpret the evapo-
transpiration measurements and adjust the evaporation coefficient es-
timates with time. The longitudinal and transverse diameters and the
height of the canopy of each tree were measured every three months.
The area of the canopy was calculated assuming a circular shape from
the mean diameter, and the canopy cover was calculated as the ratio
between the area of the canopy (m?) and the tree grid area
{25mx5.5m). The trees were pruned at the same time on DPGI 360
(July 5, 2012), at the end of the second year, and each tree was ferti-
lized in the spring with 200 g of 46-0-0 (N-P-K).

One of the goals of this study is to examine the relationship between
K4 and a measure of crop canopy coverage. To this end, the fraction of
canopy light interception (FIR) was selected. FIR is defined as {Girona
et al.,, 2011):

mean PAR value at ground level
PARvalue above canopy 5)

FIR=1-

In this expression, PAR is the canopy light interception of photo-
synthetically active radiation. Several authors have estimated the K. of
fruit trees and olives as a function of either FIR or canopy coverage
{Ayars et al,, 2003; Girona et al,, 2010; Testi et al., 2004; Williams and
Ayars, 2005). Since olive trees have a lower density of leaves than other
species of fruit trees such as apples and pears (Allen and Pereira, 2009),
and since the olive pruning has the main objective to favor the entry of
light through the canopy for which some branches are removed (Garcia-
Ortiz et al,, 2008) the use of FIR seems reasonable in comparison with
the canopy cover which takes into account the size of canopy only. PAR
was measured at solar noon + 60 min on clear days with a ceptometer
{Decagon Devices Inc., model LP-801, WA, USA, probe length
=86.5cm). 30 readings were obtained for each lysimeter, at pre-de-
fined locations covering the tree grid area, as described by Girona et al.
{2011). The ceptometer was located at ground level and in a horizontal
position. The above-canopy PAR was measured by taking a reading
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with the ceptometer in an open place.

To ensure that ceptometer measurements correspond to solar noon,
they need to be corrected by the solar angle with respect to the zenith,
as detailed in the operator's manual. (Decagon Devices, Inc., 2010).

2.6. Development of relationship for K, as a function of DPGI and FIR

A commonly used approach for modeling K. or K, is as a function of
the growing season duration. The variation of K., with DPGI was fitted
to a four-segment linear model, as suggested by FAO-56 (Allen er al.,
1998; Hunsaker et al., 2002, 2007). In this approach, K, is assumed as
a constant during the first time interval (Ku,). This is followed by a
period of increasing K., up to a constant value {(Ku5), which is main-
tained for another period of time (K.p3), after which it decreased to
(Kcba). The parameters were estimated using least squares and solved
with the Excel Solver tool, as suggested by Wraith and Or {1998).

for DPGI < DPGl; K4, = constant (6)

for DPGly < DPGI < = DPGl;
b, + constant;

Kas = (DPGI-DPGL,)  *

for DPGlis < DPGI < = DPGls; Kans = by * {(DPGlis - DPGl») + con-
stant;

for DPGly < DPGL Kgu—=b;* {DPGLs-DPGL.) + b, * (DPGI-
DPGls) + constant;

where DPGI,,, DPGlL, y DPGLs, are the ending days for initial stage (;,),
crop development stage {;») and mid-season stage {;s), respectively. The
coefficients bl and b2 are the regression coefficients for the crop de-
velopment and final stages, respectively.

As mentioned previously, since the first-year ET. measurements
were limited and plant size was very heterogeneous, the Kq,-DPGI re-
lationship was solely modeled using data from the second year.

To evaluate the evolution of FIR through time, the FIR data were
fitted as a function of DPGIL The FIR measurements from the two years
were combined and used to calibrate K., as a function of FIR using
linear regression. Unlike the four-segment K., model, the FIR model
does not require a complete yearly set of K., data (i.e. year 1) and is not
time-driven. For the model-fitting and validation a set of 46 observa-
tions (adjustment set) were chosen between the two years and the three
lysimeters. Then validation was conducted with 15 randomly chosen
observations which were not used in the linear regression calibration
model. The statistical distribution of the residuals was analyzed with
the modified Shapiro-Wilks test, to verify the absence of bias and the
normality of the residuals.

The measured K, values were also adjusted as a function of canopy
cover to allow a clearer comparison of our data with other reported
values. The adjustment was made using the relationship developed for
almonds by Fereres et al. (1981), which has also been verified to apply
to olive orchards (Fereres et al., 2011):

K, = —0.0194 x CC? + 2.8119 x CC — 1.008 {(7)

Here K, is the reduction coefficient and CC is the canopy cover. This
reduction coefficient can be used to determine the K4, at 100% canopy
cover given the K, value measured at a particular CC, for example Ky,
(at 25%) = Kg, {100%) x Kr/100.

Allen and Pereira (2009) proposed a procedure for estimating Ky, i;,
Kb mia and K, enq values of various crops, including orchards, from
effective fraction of ground cover measurements and canopy height.
Thus, it seems useful to compare the Kb ini, Kcb mid and Kcp ena values
generated in this study with values computed with the Allen and
Pereira {2009) procedure, based on the average ground cover and
average canopy height measurements of the three trees of our study.
The ML and the mean leaf resistance values, suggested by Allen and
Pereira (2009) for olive trees, was used.

The software InfoStat / P {(Di Rienzo et al., 2014) was used to



L. Puppo, et ol

35

Agricultural Water Management 226 (2019 105732

8 % -

- o0, o

5 6 00 o, o~ © i

£ o i ® o

E, 4 — & o% e (@] %) L.

= 3

| & %, & & |
g | o s>

0 50 100 150 200 250 300 350 O
DPGI

T T T T T T T T
50 100 150 200 250 300 350

Fig. 1. Seasonal variation of weekly mean values of ET, FAO-PM for year 1 and year 2. Horizontal axis: days past growth initiation (DPGI), where DPGI 1 corresponds

to July 11 in both years.

develop the linear regression of the K.,-FIR model and to develop the
four-segment K.,-DPGI model. The models were considered satisfactory
when the p-value was < 0.05. The distribution of residuals errors was
analyzed using the Shapiro-Wilk test provided as an option in the
software. Residuals distribution was considered normal when the Sha-
piro-Wilk p-value was < 0.05.

3. Results and discussion
3.1. Environment conditfons

In Figs. 1 and 2 displays the weekly average ET, and the weekly
average VPD, R, and T, data for year 1 and year 2, respectively. ET, and
the measured weather variables exhibited similar patterns of variation
as a function of DPGI and peak values during the two years of the study.
During year 1, peak ET, FAO-PM values wete recorded in the last week
of December {(DPGI 164-171), with a weekly mean of 7.6 mm d~ ! and
daily values in that week ranging from 6.6 to 8.4 mm d™'. During year 2,
the weekly mean ET, peaked at 7.1 mm d~" during the first week of
January (DPGI 177-184), with daily values varying between 5.6 and
9.1 mm d. Comparison of data in Figs. 1 and 2 clearly suggest a strong

| | | 1 1 1 |

correlation between ET, and any of the measured weather variables.

The measurements confirm that high humidity and low temperature
conditions prevail in Uruguay, and thus the ET, is relatively low. The
highest weekly average VPD was 2.3kPa in year 1, while all values
were below 2.0kPa in year 2. These values are lower than those re-
ported by Villalobos et al. (2013), in the range of 2.7-3.3 kPa, for eight
experiments conducted in different locations in Spain and California.
The maximum values of the average weekly temperature were 26.1 and
23.4 for year 1 and year 2, respectively. In contrast, Grattan et al.
{2006) indicated that the summer temperature of California often ex-
ceeds 35 °C. Testi et al. {2004) reported peak monthly ET, values of 6.6
to 7.1 mm d~? for southern Spain while Grattan et al. (2006) reported
values from 6.6 to 6.8 mm d ! for California. The peak monthly mean
ET, measured in this study were about 5-15% lower, 6.5 and 6.1 mm d”
! for December and January {2010-2011) and 5.5 and 6.2mm d™ for
December and January (2011-2012) respectively.

Mean weekly ET, values were also calculated from climatic data
collected for the years 1997-2018 in the same area where the experi-
ment was undertaken (data not shown). Evaluation showed that the
total yearly ET, measured in years 1 and 2 of our experiment exceeded
the total ET, determined in all other years in this time series except for
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Fig. 2. Seasonal variation of weekly mean values of vapor pressure deficit (VPD), solar radiation (R,) and daily mean temperature (T,) for year land year 2.
Horizontal axis: days past growth initiation (DPGI), where DPGI 1 corresponds to July 11 in both years.
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Table 2
Evaporation measured with micro-lysimeters installed in four fractions of the
lysimeters.

Evaporation (mm d71) at the exposed-wetted fraction ET, (mm d 1)
Days after Irrigation 1 2 3 7 il 2 3 7
Micro-lysimeters
1a 4.9 1.6 0.9 1.1 56 36 47 53
2a 3.6 2.0 0.9 = 56 36 47 53
1b 4.7 4.2 0.9 0.8 57 46 40 338
2b 4.9 2.2 0.7 1.1 57 46 40 38
3b 4.2 2.2 0.5 1.0 57 46 40 38
Mean value 4.5 2.4 0.8 1.0 57 42 43 44
Evaporation (mm d ') at the shaded-wetted fraction ET, (mm d )
Micro-lysimeters
3a 2.2 0.9 0.9 by 56 36 47 538
4a 2.2 0.9 1.6 1.3 56 36 47 538
5b 4.2 1.8 0.7 0.9 57 46 40 4.2
6b 42 0.9 0.0 1.0 57 46 40 42
Mean value 3.2 11 0.8 1.1 57 41 44 50
Evaporation (mm d71) at the exposed-dry fraction ET, (mm d™1)
Micro-lysimeters
5a 0.0 0.0 0.2 0.1 5.6 36 47 53
ba 0.2 0.2 0.0 0.2 56 36 47 53
Mean value 0.1 0.1 0.1 0.1 56 36 47 53
Evaporation (mm d~") at the dry edge of the wetted- ET, (mm d™%)
fraction
Micro-lysimeters
7a 0.4 0.4 0.4 0.4 56 36 47 53
8a 0.5 0.4 0.4 0.2 56 36 47 53
Mean value 0.5 0.4 0.4 0.3 56 36 47 53

a: Micro-lysimeters used in the first test; b: Micro-lysimeters used in the second
test.

one year. Hence, the two experimental years can be characterized as
years that experienced high atmospheric crop water demand for
southern Uruguay.

3.2. Evaporation coefficient (K.}

The wetted area due to irrigation and measured in each lysimeter,
which remained almost constant, because the amount of irrigation
water was always in excess with respect to the water requirement of the
plants, but proportional to the atmospheric demand (ET,). The area of
the wetted spot ranged berween 0.37 and 0.86 m?, where the largest
value corresponded to Lys 3 that had a smaller tree than the other ly-
simeters. The proportion of f.,, and f,, was updated every 3 months
when the size of the plants was recorded. The shaded-wetted soil
fraction (f,) was 1.0 from the beginning of the experiment for the Lys 1
and Lys 2, while £, varied between 0.88 and 1.0 in Lys 3, reaching the
value 1.0 at the beginning of the second year.

36

Agricultural Water Management 226 (2019 105732

Table 2 shows the direct soil evaporation (E;) values measured with
the micro-lysimeters as well as ET, as a function of days past irrigation
and are grouped by measurement type (i.e., exposed-wetted fraction).
As expected, evaporation was negligible in the dry area and at the dry
edge of the wetted fraction (Table 2), as previously found in evapora-
tion studies for drip-irrigated olives by Bonachela et al. {2001). It is
clear that these surrounding dry areas within the lysimeter do not need
to be considered for the calculation of K,. Evaporation was greatest for
exposed-wetted fraction, as expected. One day past irrigation, measured
E, values for the exposed wetted fraction were about 20% less than the
ET, for that day. This reflects a significant amount of initial evaporation
from the exposed emitter areas. However, daily E; diminished quickly
relative to ET, thereafter. Starting at three days after the irrigation and
until the end of the measurement period, the evaporation rate from
micro-lysimeters in the shaded wetted fraction was close to the eva-
poration rate from micro-lysimeters in the exposed wetted fraction
{Table 2).

Fig. 3 presents the resulting evaporation coefficients computed for
the drying cycle after irrigation.

The available energy is, together with the amount of water, the
main driver of the evaporation process, hence it makes sense that the
initial values of the K. and the rate of decrease were higher in the ex-
posed-wetted fraction than the shaded-wetted fraction. At the end of
the 7-day drying cycle, the K. mean values were very similar 0.22 and
0.21 for the exposed and shaded wertted fraction respectively. The
equations representing the solid lines in Fig. 3 are:

(a) K..=0.7516 X Days *%%; R =0.72 (8)

(b) K.:=0.6018 X Dggs "% R = 0.70 9)

The determination of E; by the micro-lysimeter data could slightly
overestimate the evaporation (Klocke et al., 1990). If this were the case,
we could be slightly underestimating the tree transpiration and the
resulting adjusted Kg, coefficients. However, the wetted soil fraction in
our study, from which direct evaporation would be produced, was very
small in relation to the tree grid area. Thus, any overestimation of ac-
tual Eg had a small consequence on our transpiration estimates.

3.3. Canopy cover, soil water content, and crop evapotranspiration
measurements

Canopy cover measurements for each year and lysimeter are shown
in Fig. 4. The tree in Lys 2 was 4 years old when transplanted while the
other two plants were 2 years old. This explains the differences in ca-
nopy size, especially in year 1. In the second year, tree canopies became
more alike as the season progressed. In year 1, tree canopy size mea-
surements started on DPGI 177, while ET. measurements started on
DPGI 188, when the four-year old tree had fully recovered its foliage
density. Plant diameter and height measurements, which are not

1.0

Kee

0.0 02 04 06 038

1.0

(b)

Kes

0.0 02 04 06 08

1 2 3 4 5 86 7

Days after irrigation

1 2 3 4 5 86 7

Days after irrigation

Fig. 3. Evaporation coefficients: (a) K. . for exposed-wetted fraction {f.), and (b) K. for shaded-wetted fraction (f,).
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Fig. 4. Canopy cover (area canopy*100/tree grid spacing [5.5 x 2.5] m?) for different DPGI during the periods 2010-11 and 2011-2012. Horizontal axis: days past

growth initiation (DPGI), where DPGI 1 corresponds to July 11 in both years.

shown, followed the same trends in time as the canopy measurements,
and also produced larger values for the tree in lysimeter 2.

Fig. 5 presents the volumetric soil water content measured with the
neutron probes and averaged for the first 60 cm of the soil profile. This
is the depth where roots were concentrated. In this soil the wilting point
was 23% and the saturated soil was 50%. Some periods of water deficit
or excess were experienced during year 1 and those data were discarded
from the analysis. The figure shows that during the second year the
water content was maintained at 50% or above for all but a few in-
stances for Lys 1, in which depletions was slightly above 50% depletion.
Occasionally, measured soil water content slightly exceeded field ca-
pacity for Lys 3. In particular, depletion was above 50% during the
period of highest ET. demand in year 2 for all three lysimeters. As 65%
depletion is considered the critical level for olive water stress {Allen
et al.,, 1998) we submit that ET. measurements presented below were
obtained under well-watered conditions. Overall, these results suggest
that the number of emitters used and their location within the lysi-
meters did not affect the availability of water to the plants. As was
previously indicated, the applied volume for each irrigation was

expected to fully satisfy the crop water demand.

ET. was measured starting on the planting date (DPGI 66) in year 1,
except in Lys 2 which began on DPGI 188. In year 2, measurements
were obtained throughout the entire year.

Fig. 6 shows the mean daily crop evapotranspiration values mea-
sured for each month and lysimeter. Note that ET. peaked in January in
both years (DPGI 175-205), when ET, (Fig. 1) also attained maximum
values. Larger ET. values were measured during the second year of the
study, in response to higher rees and, therefore, canopy growth than in
year 1. The relatively small values of ET. in comparison with ET,
(Fig. 1) are a consequence of the relatively small canopy in relationship
to the grid area. Despite the difference in tree size, similar ET, values
were measured for all trees during most months. The tree in lysimeter 3
produced the smallest ET. values during the development period,
consistent with the fact that it was also the tree with the smallest ca-
nopy.

Fig. 5. Average volumetric water contents

Year]

from 0 to 60 cm, as a function of DPGI for the

50 —

35

Volumetric Water Content (%)

30

three lysimeters. The upper dashed line re-
presents saturation, the middle line is field ca-
pacity, and the lower line is 50% soil water

[~  depletion. Horizontal axis: days past growth
initiation (DPGI), where DPGI 1 corresponds to
July 11 in both years.
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Fig. 6. Mean monthly crop evapotranspiration (ET.) of the lysimeter-grown trees for year 1 and year 2. Horizontal axis: days past growth initiation (DPGI), where

DPGI 1 corresponds to July 11.

3.4. Basal crop coefficient (K1)

Fig. 7 presents the resulting K., and K. coefficients. Peak K., values
were recorded between DPGI 280 and DPGI 321 {fall) both years, while
minimum Kg, values were recorded in late winter and early spring of
the second year, which spanned the full annual cycle of the olive trees.
This seasonal pattern of K., agrees with the pattern reported by Gucci
and Fereres {2012), who indicated that the relative transpiration {de-
scribed by Ka,y of olive trees shows a marked annual variation, with
minimum values in spring and maximum values in early fall. The dif-
ference between the periods corresponding to the maximum ET, values
{Fig. 1) and the maximum Kg, values (Figs. 7 and 8) determined low
values of ET,, respect to ET, values.

In year 1, the computed Ky, values differed substantially among
trees. These differences, however, do not appear to be related to tree
canopy size, as Lys 1 produced larger K, values than Lys 2. In year 2,
the K. values for the three trees were in better agreement with each
other and results were related to tree canopy cover, with peak Ky
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Fig. 8. Variation of the K, as a function of DPGI combining Ky, data for three
trees. Kap i = 0.08; Kb mia = 0.38 and Ky eng = 0.22. Horizontal axis: days
past growth initiation (DPGI), where DPGI 1 corresponds to July 11.
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values varying between 0.37 and 0.52 (Fig. 7). These maximum Kg,
values are like to those reported by Villalobos et al. (2000) in the
Mediterranean (0.44 to 0.48), for olive trees with 40% canopy cover;
and to the value recommended by Allen and Pereira (2009), 0.55, for a
canaopy cover of 50%.

The K. values did not exhibit the same strong seasonality as K,
{Fig. 7). Note also that the K, values determined in this analysis were an
order of magnitude smaller than the K, values and that larger K. values
were determined for the tree with the smallest canopy. E; was small in
comparison with ET. because the wetted section was small relative to
the tree grid area. Hence, despite high K. values measured in the wetted
section (Fig. 2), K. mean monthly values normalized for the tree grid
were small (Fig. 7) and nearly constant both years, between 0.01 and
0.03 (Fig. 7).

Although the K, data shows some scatter due to tree size variation,
the olive K, data for year 2 were described satisfactorily with the FAO-
56 segmented crop coefficient model (after Allen et al., 1998), as shown
in Fig. 8. The calculations produced an R? of 0.83 and a mean squared
error (MSE) of 0.0021. Also, as shown in Fig. 8, the scatter of measured
K4, data about the predicted curve (or residuals) are fairly uniform for
all three trees, despite the age difference for the Lys 2 tree.

The trees had low initial Ky, values up to DPGI = 54, after which K,
increased linearly up to DPGI = 284 (crop development stage), at the
rate given by the regression coefficient bl = 0.0013 day™'. The K,
remained fairly constant up to DPGI = 325 (mid-season stage), and
then declined sharply during DPGI from 325 to 365, at a rate given by
the regression coefficient b2= -0.004 day . The trees also reached
their maximum size approximately at the mid-season stage, with a
mean ground cover of 41% (Fig. 4). However, the mid-season stage was
short (30 days) compared to the length (60 days or more) of this stage
reported for some annual crops {(Hunsaker et al., 2007; Yang et al.,
2016) and for deciduous fruit trees (Snyder et al., 2000; Ayars et al.,
2003). Other authors have suggested that the K. value, of perennial
trees and particularly olive trees, is controlled by stomatal conductance
{Villalobos et al., 2000; Moriana et al., 2002) than by increasing foliar
area (Fereres et al., 2011). This may be a factor contributing to the
short duration of the mid-season K, stage.

The Ky, values measured in this study are comparable to values
measured in other studies. Lopez-Olivari et al. (2016) conducted a two-
year evapotranspiration study with olives planted at very high density
in the Maule region, in Chile. That study site is located at nearly the
same latitude as this study but with semiarid climate conditions. Those
authors reported maximum K, n,iq values of 0.28 and 0.31 for canopy
cover of 29 and 31% respectively.

Working also with drip-irrigated olives, Testi et al. (2004) reported
a K. of 0.30 for periods without rain and when the soil surface was dry.
Under these conditions, the coefficient reported by these authors can be
regarded as equivalent to K., However, those results were measured
when canopy cover was only 25%. Hence, to compare the Ky, values
measured in this study with those of Testi et al. (2004), the K, data
were adjusted considering canopy cover and using Eq. (7). According to
this adjustment, the K, for our trees at 100% canopy cover would be
(.46, which is close to the Ky, value of Testi et al. (2004), 0.52, when
adjusted at 100% canopy cover. It should be noted that comparisons
between our results and those of previous studies are based on non-
standardized Kg, values, as those reports did not use the FAO-56 stan-
dardization procedure.

Using our average measured weather data and crop heights (shown
in Table 3), our observed K4, values for mid-season and end-of-season
were adjusted to the standard climatic conditions of FAO-56, i.e.,
RHpi, = 45% and u, = 2my/s. The resulting values are Ko mia
sty = 0.43 and Keb end sy = 0.27. These are smaller than the tabu-
lated K, values presented in FAO-56 (0.55, 0.65, 0.65, respectively) for
olives trees. The standardized values in FAO-56 were observed for more
mature trees having canopy cover 40-60%.
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Table 3
Parameters used to estimate Ky, 1, K mig @and Ky eng from effective ground
cover and height, according to Allen and Pereira (2009).

Initial ~ Mid-season  End late-
season

Factor of canopy density (ML) 1.5 1.5 1.5
Height tree (h} (m} 2.4 2.9 2.6
Mean leaf resistance (1) (s m ™) 950 950 1000
Slope saturation vapour pressure vs. air T 0.084 0.11 0.071

curve (A} (kPa 'C~ 1)
Psychrometric constant (v) (kPa °C™ 1) 0.67 0.67 0.67
Canopy cover (%} 24 1 30
Effective fraction of ground covered (feu) 0.38 0.68 0.54
Stomatal elosure (Fr) (s m™)* 0.32 0.43 0.35
Ko gun for bare soil in agricultural 0.15 0.15 0.15
K 0.37  0.49 0.40
Minimum relative humidity (RHnun} (%) 54.08 52.39 53.80
wind speed (uz) (m s™4) 2.95 1.43 1.60
Mean temperature ("C} 10.39 15.06 7.55
Density eoefficient (Kq)° 0.57 0.90 0.81
K 0.28 0.45 0.35
& ppoa A +3(1+0.34u3)

YA
Ap(140.50up 2=
“’( o 100}

3.5. Estimating basal crop coefficient from effective fraction of ground cover
and height

Results of K4, derived from ground cover and canopy height mea-
surements (Allen and Pereira, 2009) are shown in Table 3. The pre-
dicted Kb ini, Kcb mid, and Kb ena Were larger than our FAO-56 K,
values derived from measurements, especially K, for the initial stage,
which was only 0.08. However, these differences in K., seems reason-
able given the relatively young trees and the humid conditions of this
experiment under which ET. was measured. Also, differences in Kg,
could be due to the estimation of the stomatal closure factor (Fr) with
the equation suggested by Allen et al. {1998), into account the mean
leaf resistance (rl), the slope saturation vapor pressure vs. air T curve
(A) and psychrometric constant {y). The results of Table 3 were calcu-
lated with published values of stomatal conductance. Working with
data from a super-high plant density olive orchard, in a dry sub-humid
climate, Paco et al. (2019) calibrated the values of Fr through com-
paring the Allen and Pereira {2009) K, values with the Keb calculated
from Dual K. approach.

3.6. Relationship between fraction of caropy light interception (FIR} and
Ken

Fig. 9 presents the FIR measurements as a function of DPGI. As
expected, FIR values exhibited seasonal patterns that are somewhat
related to the canopy cover measurements illustrated in Fig. 4. Note
however that FIR and canopy measurements differed substantially
among trees. In year 1, the tree with the largest canopy, in Lys 2, ob-
tained relatively small changes in FIR values after DPGI 200 while the
tree with the smallest canopy, in Lys 3, exhibited the largest change in
FIR during the year and, ultimately, the largest FIR values at about
DPGI 300 in year 1. In year 2, FIR for the tree in Lys 1 was higher than
others starting around DPGI 150 and continuing to DPGI 280. Thus,
during summer in year 2, Lys 1 had higher FIR but lower canopy cover
than Lys 2 (Fig. 4). As was noted earlier, the measured ET. was similar
among plants in the second year despite differences in canopy cover.
Altogether, these FIR results suggest that leaf density was very different
among the trees and that canopy cover may provide an incomplete
measure of canopy contribution to evapotranspiration. Therefore, ex-
amining K« as a function of FIR can be justified. Fig. 10 shows Kg, as a
function of FIR. The scatter in the data appears to increase with in-
creasing FIR. Nevertheless, the results do suggest there is linear
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Fig. 9. Variation of the fraction canopy light interception (FIR) as a function of DPGI. Horizontal axis: days past growth initiation (DPGI), where DPGI 1 corresponds
to July 11.
1 1 “ Previous studies have examined the relationship between Kg, and
054 = FIR for other perennial crops. Ayars et al. {2003) evaluated this re-
b lationship for peach trees in California and found, using a 5-year data
set. They obtained a strong linear relationship between K. and FIR
g 03 Callbration & (R* = 0.86). The relationship was improved (R®> = 0.93) when the
* 02 waldation: g8 component of direct soil evaporation was eliminated from the K.
’ coefficient. Girona et al. (2011) evaluated FIR in apple and pear orch-
0.1 ards. In contrast with Ayars et al. {2003), these authors determined an
exponential relationship between K. and FIR for apples (R* = 0.91), but
00 7 o 7 :
T T T did not develop a relationship for pears due to the wide scatter of the
0.4 0.2 0.3 data. Girona et al. (2011) attributed these contrary results to differences
FIR between species in canopy porosity and stomatal sensitivity to VPD. In

Fig. 10. Variation of the K, as a function of fraction canopy light interception.
The triangles represent the data used to fit a linear relationship between the
variables, the diamonds the data used to evaluate the goodness of fit.

relationship between K4 and FIR. The regression equation is re-
presented by the solid line in Fig. 10 (R* = 0.66, n = 46).

K.y = —0.0317 + 1.2081 x FIR 10)

According to this model, FIR explained 66% of the variation in K.
For the validation set, the computed R? was 64% {regression line not
shown).

The residuals of both the regression and validation K, vs FIR data
sets were examined and found to be normally distributed. For the va-
lidation data set, estimation errors varied from -0.117 and 0.118 K4
{Fig. 11). The mean error of the estimated K4 as a function of FIR
values was 0.008, and the 95% of these errors were less than 0.115.

0
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Observed Ky,

Fig. 11. Validation error values of modeled Ky, as a function of FIR with respect
to the observed K, The segmented lines represent the percentiles 5 and 95 of
the errors.
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an experiment with young olive trees in southern Spain, Testi et al.
(2004) fitted a linear regression between K, in dry soil conditions (es-
sentially K,) and canopy cover, which is related to FIR.

Consideration of the contrasting results obtained in previous studies
and the limitations of this study, particularly that measurements were
obtained for less than two full years, our findings suggest that FIR can
potentially serve as a tool for estimating Ky, but that the proposed
relationship cannot be used in practice without additional measure-
ments. On the other hand, it is important to note that while the re-
lationship of K as a function of DPGI could vary between years, in
response to different durations of the growth stages, management
practices, etc., the relationship of K, as a function of FIR could po-
tentially be valid from year-to-year.

3.7. Accurdcy estimates

The K, relationships developed in this study were evaluated by
comparing the observed with the estimated transpiration. The observed
transpiration (T) were calculated as the averaged of the T measure-
ments for each stage growth and for each lysimeter. The estimated
transpiration were calculated as T, - Kg X ET,, where ET, was de-
termined as the mean value for each growth stage. The K, estimates
were presented as a function of DPGI {method 1), as a function of FIR
{method 2) and with the procedure of Allen and Pereira (2009) {method
3). In method 1, Ky, estimates were developed by accounting for the
duration of the growth stages according to Fig. 8, and then a mean
value was calculated for each stage. The coefficients used in the method
3 are those of Table 3; the Ka, of the crop-development stage was found
by averaging the Kep in; and Keb mia values; likewise, the late-season K,
was determined as the average value of Ke mig and Ka, ena. Results are
summarized in Table 4. Differences berween the observed and esti-
mated transpiration were similar with methods 1 and 2. Errors com-
puted with the Allen and Pereira procedure {2009) were larger, which
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Mean ET, mean ET, for the growth stages and the difference between estimated transpiration (for three method of estimation) and observed transpiration.

Growth stages Mean ET.* Mean ET.  Observed 1:‘fsnspi.ratiunb (T} Estimated Ky Difference between estimated transpiration (T.) - T mm d™*
mmd ™t mm 4™t mmd™t
Methods T, {method 13° T. {method 2)* T, (method 3¥

Lys1 Lys 2 Lys 3 1 2 3 Lys1 Lys2 Lys3 Lysl Lys2 1Lys3 Lysl Lys2 Lys3
Initial 0.14 1.32 0.11 0.16 0.08 0.08 017 028 -001 -0.06 002 0.11 0.06 0.14 0.26  0.21 0.29
Crop-development 1.09 4.39 1.07 1.16 0.81 0.23 023 037 -008 -0.17 018 -0.08 -0.17 0.18 0.55 0.46 0.81
Mid-season 0.65 1.57 0.58 0.72 0.58 0.38 035 045 0.02 -0.12 0.02 -0.04 -018 -0.04 013 -001 0.13
Late-season 0.32 0.96 0.33 0.30 0.28 023 033 040 -011 -0.08 -006 -0.01 0.02 0.04 0.05 0.08 0.10

? Mean ET, value of observed data for the three lysimeter, for the growth stage.

P Mean transpiration value for each lysimeter, for the growth stage.

¢ Method 1: Kg, value as a function of DPGI; T, = ET, % K. Where Kep 11 = 0.08, Kby ceop-development = 0.23, Kot mig = 0.38 and Kep 1ace-season = 0.23.
4 Method 2: Ka, as a function of FIR; T, = ET, % K4 Where Kap, i = 0.17, Kop erop-development = 0.23, Keb mid = 0.35 and Kb 1ace-season = 0.33.

© Method 3: Ky, of Allen and Pereira (2009); T, = ET, > K.p. Where Koy, 11 = 0.28, Kep crop-development = 0-37, Kop mig = 0.45 and Kep, 1ace-s0acon =

is to be expected because the relationships of methods 1 and 2 were
obtained from the observed data. The maximum difference between
observed transpiration and estimated transpiration with method 1 and
method 2 was 0.18mm, 18% error for the crop development stage.
Considering that in commercial orchards all plants are irrigated with
the same target despite very large variability in plant development, the
potential errors in estimating daily crop evapotranspiration with the
proposed relationships do not seem very large.

3.8. Considerations about the studied K.y, relationship

This study was conducted using three containerized trees under
non-limiting water conditions in a sub-humid climate. Previous studies
on olive evapotranspiration (i.e., Testi et al., 2004; Er-Raki et al., 2010;
Pdcas et al.,, 2015) have reported different approaches to evaluate this
process in both young and well-stablished orchards but under semi-arid
conditions. Despite this climatic difference, the range of basal crop
coefficients generated in this study is of similar magnitude to those
reported by other authors and exhibit similar seasonal patterns.

Evaporation losses, compared to the values obtained in semi-arid
conditions, were smaller under the conditions of this study, mainly
because of the small wetted area created by the drippers versus dif-
ferent irrigation methods. Clearly, evaporation losses will be much
greater than in the study under typical olive production conditions of
Uruguay, with high rainfall. Procedures such as those proposed by
Pereira (2004) and Allen et al. (1998) will need to be used to develop
evaporation estimates under typical production conditions. On the
other hand, seasonal patterns of our measured Kq, (Figs. 7 and 8) should
be to be close to those in well-established and managed commercial
orchards of about the same age as in our experiment. In addition,
specific K., values, which will depend on the size of the tree, could be
obtained from the K.-FIR relationship (Fig. 10), if such data were
available. As mentioned earlier, the proposed linear equation for Ky, as
a function of FIR (Fig. 10) appears to be a better method to predict the
K4, coefficient than K., as a function of DPGI (Fig. 8) since the FIR takes
into account the size of the canopy and foliage density. However, at this
point in time, if can only be used within the range of FIR values mea-
sured in this experiment, 0.05 to 0.36 {Fig. 10).

4. Conclusions

One of the main doubts concerning to olive irrigation management
in humid areas is whether the patterns of water demand would be si-
milar to those obtained in semi-arid zones. These concerns become
more tenuous when considering young olive trees. These doubts be-
came more extensible when it came to young plants. The seasonal
variation of the transpiration described by the basal crop coefficient
{Ka) was confirmed in young olive trees under humid conditions. This
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variation had a similar pattern to that reported for olive-producing
regions with Mediterranean climate.

Variation of the basal crop coefficient was satisfactorily explained
by measured canopy light interception (FIR) and a linear regression
model was presented for K. as a function of FIR. The proposed model
could be used to improve Ke estimation for irrigation management
purposes of young olive orchards. Additional research is needed to re-
fine the K, relationship between the fractions of radiation interception
by the canopy. Development of reflection indices using remote sensors
would also facilitate collection of canopy data for K, estimation.
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4. MATERIALES Y METODOS COMPLEMENTARIO

La ET. de plantas jovenes de olivo fue determinada mediante lisimetria,
efectuando un balance hidrico (BH) en condiciones controladas, midiendo cada uno

de los términos involucrados en la siguiente ecuacion.

ET. =R —D + AH,

donde ET. es la evapotranspiracion real del olivo, R es el volumen de riego, D es el
volumen de drenaje y AH; es el cambio en el volumen de agua del suelo.

La Uinica entrada de agua en el experimento fue el riego, mientras que las
salidas de agua fueron el drenaje y la ET..

La estructura “rain out shelter” con cierre automatico mantuvo protegido al
experimento de las lluvias mayores a 3 mm. Los datos correspondientes al dia en que
el shelter se mantuvo cerrado y el dia posterior fueron descartados debido a las
posibles alteraciones en el proceso de evapotranspiracion por la modificacion de los
parametros climaticos. También se descartaron los datos correspondientes al dia
anterior al cierre de la estructura para evitar las lluvias menores a 3 mm, que
pudiesen haber ocurrido el dia anterior al cierre del “rain out shelter”.

El riego aplicado se registr6 controlando el tiempo de aplicacion de los goteros.
Los goteros fueron del tipo autocompensados, con esta caracteristica se asegurd que
no hubiese alteracion del caudal por cambios en la presion operativa de los goteros.
No obstante el caudal fue chequeado periddicamente durante el experimento,
colectando y midiendo el caudal de cada gotero durante 10 minutos. La precision del
instrumento para medir el caudal de los goteros y por lo tanto el volumen de entrada
fue de 0,001 L.

Toda el agua aplicada entr¢ al suelo de relleno dado que la estructura de los
lisimetros presentaba un borde de 10 cm por encima de la superficie del suelo, que

impidio el escurrimiento desde y hacia el lisimetro.
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La precision del instrumento para medir el volumen de salida (volumen de
drenaje) fue de 0,01 L.

Debido a que los lisimetros de drenaje, pueden presentar como fuente de error
la demora en la evacuacion del agua libre por los cambios de retencion de agua del
suelo (Aboukhaled et al., 1981), se midi6 diariamente el drenaje asegurando el
registro total del agua de salida en cada una de las unidades experimentales
(lisimetros) y se registrd la variacion de humedad en todos los horizontes del suelo
de relleno (AHs).

El movimiento del agua en profundidad fue monitoreado a través de medidas efectuadas
con la sonda de neutrones dos veces por semana en cada unidad experimental y en cada
profundidad. La sonda fue calibrada con el método gravimétrico cada 20 cm de profundidad
(donde se constatd el cambio de horizontes en el suelo de relleno) a partir de pares de punto
para todo el rango de humedad, desde saturacion hasta punto de marchitez permanente, segiin
Haverkamp et al. (1984). De esta forma se obtuvo una calibracion con 29 observaciones para
cada profundidad.

Se determinaron valores de ET. promedio para 7 a 15 dias, periodo indicado
para la obtencion de valores confiables para este tipo de lisimetros (Aboukhaled et

al., 1981).

Las medidas de ET. de la planta de 4 afios de edad (planta de mayor edad al
momento de su plantacion en los lisimetros) comenzaron a partir de diciembre del
afio 1 del experimento después de recuperar su densidad de follaje luego del estrés
post trasplante. Mientras que los datos correspondientes a las plantas de 2 afios de
edad y a las directas del vivero se colectaron inmediatamente a la fecha de trasplante

(14 de setiembre de 2010).

Para la estimacion del K¢, (segundo articulo) se eliminaron las dos plantas mas
jovenes (directas del vivero al inicio del experimento) debido a que se constatd un
comportamiento atipico al resto del ensayo en la relacion entre ET. y las medidas de
la fraccion de intercepcion solar (FIR). Asimismo se renombraron las plantas como
sigue: la planta ubicada en el lisimetro 2 pas6 a llamarse Lys 1 (dos afios al inicio del

experimento); la planta ubicada en el lisimetro 10 pasé a llamarse Lys 2 (cuatro afios
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al inicio del experimento) y la planta ubicada en el lisimetro 11 paso6 a llamarse Lys 3
(dos afios al inicio del experimento). Debido a las caracteristicas de cultivo perenne
del olivo y para la mejor interpretacion de los resultados, en el segundo articulo los
dias del ciclo se nombraron como DPGI (dias después del inicio del crecimiento),
donde DPGI=1 corresponde al 11 de julio, fecha a partir de la cual comenz6 a
aumentar la ET., en respuesta al crecimiento vegetativo y al aumento de la
temperatura en nuestro hemisferio.

En este estudio se cuantifico la evaporacion directa desde el suelo con
microlisimetros (Pago et al. 2006, Bonachela et al. 2001) ubicados en la zona
humeda (expuesta y bajo copa). Se registré la variacion del Ke en el proceso de
secado de una semana en la mancha himeda para ambas zonas, expuesta y bajo copa.
Se determind el tamafio de la mancha humeda en cada lisimetro mediante una
cuadricula con la proyeccion horizontal de la copa al mediodia, asi como la fraccién
expuesta y bajo copa de la misma. Se monitore6 el tamafio de las plantas cada tres
meses.

Se desconto a la ET. medida en cada lisimetro el componente de evaporacion
directa, contemplando en el valor del K los dias entre riegos consecutivos y la
proporcion de la mancha hiimeda y expuesta, y himeda bajo copa, en el marco de
distanciamiento entre plantas (5,5 m x 2,5 m).

El coeficiente basal del cultivo fue ajustado mediante el modelo de cuatro
segmentos sugerido por FAO-56 inicamente para la segunda temporada de
evaluacion, debido a que durante la primera temporada no se contd con las
observaciones correspondientes al inicio de la misma y las plantas mostraron

tamafios muy diferentes.
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5. RESULTADOS Y DISCUSION COMPLEMENTARIO

La baja incertidumbre en los distintos términos del BH junto con el control de
calidad de los datos en base el contenido de humedad en la profundidad radical y
estado de las plantas (segun se indicd en Materiales y Métodos de ambos articulos
publicados) permitieron trabajar con datos fiables para la determinacion de la ET.,
asegurando la condicion de no estrés hidrico necesaria para la determinacion del Ky
K. Sitenemos en cuenta que L m™ equivalen a mm, la precision de los registros de
la evapotranspiracion en nuestro estudio deberia ser mayor a 0,01 mm. Esto tltimo
debido a que la menor precision de los volimenes medidos fue de 0,01 L y a que el
4rea de evapotranspiracion durante todo el experimento siempre fue mayor a 1 m?
(4rea del lisimetro 1,71 m? mas el 4rea de la copa de las plantas por fuera del 4rea del

lisimetro).

5.1 EVAPOTRANSPIRACION

La evapotranspiracion, en L d”! o en mm d’!, sigui6 el mismo patron
estacional que la demanda atmosférica descrita por la ET, en las cinco plantas del
estudio (Figura 6, 7 y 8 del primer articulo), con los valores maximos en los meses
de diciembre, enero y primera mitad de febrero y los minimos ubicados en junio,
julio y agosto.

Los datos de ET, de los dos afios de evaluacion (2010-2011 y 2011-2012)
fueron analizados dentro de una serie climatica (1997-2018) para INIA Las Brujas.
Los promedios semanales de los dos afios del estudio fueron superados solo por un
afio de la serie, por lo tanto se los caracteriz6 como afios de alta demanda atmosférica
para la zona sur del pais. Estos valores fueron entre 5-15 % mas bajos que los
reportados para climas aridos en otros estudios en los que se determiné la ET. de
olivos (Grattan et al. 2006, Testi et al. 2004).

El valor mas alto de consumo explicado por la ET. correspondi6 a la planta
de 6 afios, con un porcentaje de cobertura de suelo de 50 % (relacion entre area de la

copa x 100/marco de separacion entre plantas). El valor promedio para 7 a 15 dias de
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este parametro fue 29 L d!, equivalente a 2,1 mm d! al referirlo al marco de

separacion entre plantas (5,5 m x 2,5 m) (Figura 8 del primer articulo).

5.2 COEFICIENTE DE CULTIVO

El coeficiente de cultivo (K¢) mostr6é una marcada estacionalidad, con los
menores valores ubicados en la segunda quincena de julio, agosto y comienzos de
setiembre y los valores maximos a mediados de abril y mayo (Figura 1). Este patrén
es diferente al de cultivos anuales y al de frutales de hoja caduca donde el valor
maximo corresponde a los meses de verano luego que se completa el crecimiento
vegetativo en los primeros y se renueva totalmente el follaje en los segundos.

En climas con lluvias frecuentes como el de Uruguay, este patron se veria
distorsionado en cada evento al humedecerse toda la superficie del suelo, pudiendo
alcanzar valores de K cercanos a 1 o superiores debido al incremento del
componente de evaporacion directa (Puppo y Garcia Petillo, 2010). En el mismo
sentido, en climas de tipo mediterraneo, los valores mas altos de K para olivo han
sido reportados para la estacion lluviosa (Gucci y Fereres 2012, Testi et al. 2004).

Sin embargo, en este estudio el componente de evaporacion directa estuvo
limitada inicamente al suelo humedecido por los goteros y quedod en evidencia el
patron de K¢ del olivo (Figura 1), que en este caso estuvo controlado mayormente
por la conductancia estomatica cuyo patrén estacional fue reportado por Villalobos

et al. (2000) y Moriana y Fereres (2002).
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Figural. Coeficiente de cultivo K¢ para las dos temporadas de evaluaciéon 2010-2011
y 2011-2012.

Los valores de K¢ 2011-2012 son mayores a los correspondientes a la
temporada anterior, en respuesta al mayor tamafio de las plantas (Figura 4 del
segundo articulo).

De todas formas con la finalidad de separar totalmente la transpiracion de la
evaporacion directa, se ajusto el coeficiente de cultivo basal (Kc), separando el
componente de evaporacion directa producida a partir de la zona humeda de los

goteros, descripta por el coeficiente de evaporacion (Ke).

5.3 COEFICIENTE BASAL DEL CULTIVO Y COEFICIENTE DE
EVAPORACION

Con la finalidad de poder estimar la ET. del olivo para montes con distintos
marcos de plantacion, distinta estructura de plantas y distintos patrones de mojado
resultantes del disefio agronémico de los sistemas de riego localizado, se ajust6 en
forma independiente el Kcp y para determinar la influencia del tamafio de la planta
sobre este coeficiente se ajustd la relacion Kep con la fraccion de intercepcion de la
radiacion (FIR) ocasionada por la copa de las plantas, Para poder estimar la ET. del

olivo y hacer un correcto manejo del riego, luego habria que calcular el K. aplicando
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el método propuesto por FAO-56, que se basa en aplicar un balance hidrico en la
capa de suelo mas superficial, himeda y expuesta a la radiacion y al viento (Puppo y
Garcia Petillo 2010, Allen et al. 2005, 1998) y se fundamenta en la teoria bi-fasica de
la evaporacion desde el suelo (Allen et al. 2005, 1998). Con esa metodologia se
contabilizaria la pérdida de agua desde la zona mojada de los goteros (dependiente de
su caudal y espaciamiento) y desde la superficie total del suelo en cada evento de
lluvia.

En nuestro estudio la evaporacion se determind mediante microlisimetros. Esta
metodologia segiin Klocke et al. (1990) podria generar una ligera sobreestimacion
debida al hecho que los microlisimetros se mantuvieron siempre en la misma
ubicacion durante la determinacion y estaria ocasionado por la interrupcion de la
absorcion de las raices en el suelo de relleno de los microlisimetros. A pesar de ello,
se decidi6 mantener los microlisimetros en el mismo lugar (Pago et al. 2006,
Bonachela et al. 2001) para que la variabilidad espacial de la humedad del suelo
resultante de cambiar los microlisimetros de lugar no distorsionase la evolucion de la

humedad durante el ciclo de secado.
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Figura 2. Mancha humeda monitoreada en las tres plantas, sobre la superficie del
suelo de relleno de los lisimetros.

Las tres plantas fueron regadas en exceso para producir drenaje, pero con una
cantidad de agua proporcional a la demanda atmosférica (ET, x 0.7 x Kr). Esto
determiné que el tamafio de la mancha humeda se mantuviese estable en el tiempo.
El tamaio de la mancha himeda estuvo siempre en el entorno de 0,49, 0,37 y 0,86

m?parael Lys 1, Lys 2 y Lys 3, respectivamente (Figura 2). El mayor tamafio de la
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mancha en el Lys 3 se debid al menor tamafio de la planta, con un menor consumo de
agua en comparacion a las otras dos.

El K. para el ciclo de secado posterior al riego se obtuvo para la zona expuesta
y la zona bajo copa de la mancha humeda (Figura 2 del segundo articulo). Luego se
ajustaron los valores de K. promedio mensuales, referidos al marco de separacion
entre plantas. Los valores de estos coeficientes permanecieron casi constantes en
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las dos temporadas de evaluacion, entre 0,02 y 0.04, un orden de magnitud menor a

los Kb (Figura 7 del segundo articulo).

Figura 3. Variacion de K¢, en funcion del dia del afio, datos combinados de

tres plantas. La linea representa el modelo de cuatro tramos FAO-56

Fue posible describir la evolucion de Ky durante la segunda temporada acorde
al modelo propuesto por FAO-56 (Figura 3) con un ajuste satisfactorio (R?=0,83).
Los menores valores de K¢, se observaron durante 54 dias hasta el 3 de setiembre,
momento a partir del cual el K¢y aument6 hasta el 20 de abril con una pendiente
determinada por el coeficiente de regresion bl=0.0013 dia™ y se mantuvo constante

con un valor maximo de 0,38 hasta el 31 de mayo, momento a partir del cual
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comenzo6 a descender con una pendiente determinada por el coeficiente de regresion
b2=-0.004 dia™'.

En la Tabla 1 se presentan los valores de K¢, promedio para cada estacion, este
patron durante las estaciones coincide con el informado por Gucci y Fereres (2012),
quienes indicaron que la transpiracion relativa (descrita por el Kcp) de los olivos
muestra una variacion marcada, con valores minimos a fin del invierno ¢ inicios de la
primavera y valores maximos a principios del otofio. En el mismo sentido pero
estudiando la conductancia estomatica de los olivos, Moriana y Fereres (2002)
encontraron que la conductancia estomatica mostrd variacion estacional alcanzando
sus valores maximos en otofio. Si bien en nuestro estudio no se realizaron medidas de
conductancia estomatica otros autores han sugerido que el valor de K¢, de los arboles
perennes y particularmente de los olivos esta controlado principalmente por la

conductancia estomatica (Fereres et al. 2011, Villalobos et al. 2000).

Tabla 1. Coeficiente basal del cultivo promedio para cada estacion del afio,

para plantas con un desarrollo de entre 24 y 41 %

Invierno Primavera Verano Otono

Kb cobertura (24-41 %) 0,08 0,16 0,28 0,36

Como se puede apreciar el valor mas alto de K¢ se obtuvo en otofio (segunda
quincena de abril y mayo). Este patrén en los valores de Kcp, determind la particularidad
de que no haya coincidencia entre el valor mas alto de K, con los valores més altos de
ET,, esto derivd en valores mas bajos de transpiracion que los que podrian resultar si
ambos valores coincidieran para una estacion como sucede en muchos de los cultivos

anuales y frutales de hoja caduca.
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6. CONCLUSIONES GENERALES

Los resultados de evapotranspiracion y coeficientes K. y Kep presentados aqui
son representativos de montes jovenes, donde la radiacion recibida por las plantas no
se vio afectada por el sombreado de las plantas contiguas y donde los fenémenos
aerodinamicos influyen individualmente en cada planta.

El consumo de agua en L d! estuvo fuertemente relacionado con el tamafio de la
planta. El porcentaje de cobertura del suelo por la copa fue el pardmetro que explico la
mayor variacion en el consumo de agua de la planta.

Se encontrd una relacion lineal positiva entre el K¢ de los meses de verano y el
porcentaje de cobertura del suelo por la copa. Esta relacion solo se aplica a periodos
sin lluvia, con el patron de mojado causado por el nimero y caudal de los goteros
usados en el experimento y con plantas de hasta 46 % de porcentaje de cobertura del
suelo por la copa.

La variacion estacional de la transpiracion descrita por el coeficiente basal (Kep)
se confirmo para olivos jovenes en condiciones humedas. Esta variacion tuvo un
patron similar al reportado para las regiones productoras de olivo con clima
mediterraneo.

La variacion del coeficiente basal se explico satisfactoriamente mediante la
fraccion de la intercepcion de la radiacion por la copa (FIR) y se presenté un modelo
de regresion lineal para Kep en funcion de FIR. El modelo propuesto podria utilizarse
para mejorar la estimacion del Ky para gestionar el riego de los olivares jovenes. Se
necesita investigacion adicional para mejorar esta relacion. El desarrollo de indices de
reflexion utilizando sensores remotos podia facilitar la recopilacion de datos de

intercepcion de radiacion por la copa para la estimacion del K.

El riego a demanda asociado con un buen drenaje del suelo resultd en un rapido
crecimiento de las plantas jovenes. En una temporada de crecimiento, en su transicion
de 3 a 4 afios, las plantas intermedias duplicaron su area de copa y quintuplicaron su

volumen. La planta mas grande aument¢ el 4rea de la copa y del volumen, en 36 % y 40
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% respectivamente, en su transicion de 5 a 6 afos. Este rapido crecimiento aceleraria la

entrada del monte a plena produccion, llegando en una edad productiva mas temprano.
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