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ID irrigation dose (mm)
IDy ID for normally irrigated trees (mm)
Do ID for oeverirrigated trees (mm)

IN irrigation needs (mm)

K. crop coefficient O]

Kci i-th crop coefficient )

K: reduction coefficient O]



Symbols and abbreviations Xix

Ksp proportionality constant for HPSD method (cms°Cc*h?
Kso proportionality constant for HPSG method (cm °Cth?
LAI leaf area index )

MDS maximum daily shrinkage (mm)

M maturity index (°Brix L g)
MXSD daily maximum stem diameter (mm)

n; sampling day (day)

PD polar diameter (mm)

Pe effective precipitation (mm)

Prmax maximum root depth (mm)

PT peel thickness (mm)

REW relative extractable water (mm)

Sy integrated stomatal conductance (mmol m?s™)
SRri relative ratio of Sy O]

swcC soil water content (mm)

Sy water stress integral (MPa)

TA titratable acidity (TA gL
T, crop evapotranspiration (mm)

Pe effective precipitation (mm)
TRmodel tree transpiration from Big Leaf model (LhY

TRsp sap flux density from HPSD method (Lh*m?)
TRss sap flux density from HPSG method (Lh*m?)
TSS total soluble solids content (°Brix)

WP water productivity (kg mm™)
WS water savings (mm)

0, volumetric soil water content (m*m?)

Oy, min minimum soil water content (mm)

Oy, max soil water content at field capacity (mm)

ty time delay in CHP method (s)
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tm time delay in T-max method (s)

¥, Psem iN SaMpling day ni (MPa)
Yetem midday stem water potential (MPa)
€ryax maximum relative error O]

e, averaged relative error O]

AT averaging of the temp. difference signal (°C)
AT o max. slope of the temp. difference curve (°Cs™h

Variable names in roman characters for the SPA model (Chapter 8)

Symbols Description Unit

dbulb irrigation bulb diameter (mm)

Di drainage from layer i (mm)

EP potential evapotranspiration (mm)

ER actual evapotranspiration (mm)

FC field capacity (mm)

FCrat field capacity ratio (mm mm™)
1A irrigation amount (mm)

Kial extinction coefficient for solar radiation O]

Kiain rainfall reduction coefficient (mm mm'l)
LAI leaf area index O]

LAl ay maximum LAl O]

Li depth of layer i (mm)

p root depth (mm)

Prmax max root depth (mm)

P precipitation (mm)

Pe effective precipitation (mm)

RG_a LAI growth ratio )
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RGroot
rw

SWC
SWC,y
SWChod
SWCps
SWCiyirat
TP

P,

TR

tr

WP
WP,
ASWC;

root growth ratio

readily available water

soil water content in layer i
actual soil water content
modeled soil water contet
reference for soil water content
Initial soil water content ratio
potential transpiration
potential transpiration in layer i
actual transpiration

water stress threshold

wilting point

wilting point ratio

daily variations of SWC in layer i

XXi
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Abstract

Freshwater is a vital resource in agriculture, particularly in dry regions
such as southern Spain. The use of irrigated crops can increase greatly
agricultural production, making it a crucial tool in the fight against world
hunger. This need is becoming urgent considering the prospects for world
population growth and food shortages in the less developed countries.
There is also a growing demand from other economic sectors also
competing for water resources. These issues previous mentioned justify
the need or a sustainable and rational use of water, which motivates the
main objective of this thesis: to develop new strategies and techniques
that provide significant irrigation water savings in fruit tree orchards,
while improving production and crop quality.

Several studies have shown the advantages and shortfalls of deficit
irrigation as one of these strategies. Deficit irrigation consists in reducing
the water applied to the plants respect to the potential maximum,
without causing significant decreases in crop performance. The reported
results, which are varied, depend mainly on the timing for watering
restrictions during the growing season, crop type and local conditions. In
the first part of this thesis we show the effects of different deficit
irrigation strategies on yield and fruit quality in orange orchards located in
the Guadalquivir River Valley.

An alternative way to rationalize irrigation is the implementation of
precise irrigation technologies by using automatic irrigation controllers
based on feedback. In this case, the irrigation dose applied is calculated
from measurements of soil, plant or atmosphere variables related to the
water status of the plant. In this work we have developed and field tested
two of these controllers. One of them was used to daily irrigate mature
olive trees, in which the irrigation dose was estimated from sap flow
measurements in the trunk of representative trees. The second irrigation
controller, based on weather and soil moisture measurements, was
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evaluated in an almond orchard, demonstrating to be useful in reducing
water losses by drainage, evaporation and runoff.

One of the most innovative and promising approaches for the
automation of irrigation is based on the measurement of sap flow in
conductive organs of a plant. A proper application of this approach
requires sensors that can reliably measure broad ranges of sap flow. Most
of the commercially available sensors work well in rather restrictive
ranges, i.e. they are not reliable in the case of very low or very high sap
flows. One of the main contributions of this thesis was the development
and evaluation of two new methods for measuring sap flow, capable of a
measurement range wider than those of most current methods, and
suitable for the measurement of reverse flows. This is of great interest for
the study of phenomena related to hydraulic lift in the root system of fruit
trees.

Later, we show our research on modelling the soil-plant-
atmosphere system and on the design of irrigation strategies based on
regulating the soil moisture content, in particular proportional-integral-
derivative and model-based predictive controllers. The mathematical
model used was implemented in a graphical and intuitive way and can be
used to perform simulations and to develop advanced model-based
controllers. The simulation results of different control strategies were
evaluated and compared. One of these controllers was also successfully
tested on an almond orchard in two different periods during of an
irrigation season. These results show that the use of techniques and tools
from control theory may have a major impact on improving the irrigation
systems and the efficient use of the water resources.
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Resumen

El agua dulce es un recurso fundamental en agricultura, especialmente en
regiones secas como el sur de Espafa. El uso de cultivos de regadio puede
incrementar enormemente la produccion agricola, lo que la convierte en
una herramienta crucial en la lucha contra el hambre en el mundo. Esta
necesidad empieza a ser urgente, si tenemos en cuenta las perspectivas
de crecimiento poblacional mundial y la escasez de alimentos en los
paises menos desarrollados. A esto se le une la creciente demanda por
parte de otros sectores econdmicos que compiten también por los
recursos hidricos. Todo lo anterior justifica la necesidad de un uso
sostenible y racional del agua. En este marco se encuadra el objetivo
principal de esta tesis: desarrollar nuevas estrategias y técnicas que
permitan ahorros significativos de agua para el riego de frutales, a la par
que mejoren la produccién y calidad de la cosecha.

Numerosos estudios han revelado las ventajas e inconvenientes del
riego deficitario como una de estas estrategias. La estrategia de riego
deficitario consiste en reducir el agua aplicada a las plantas respecto a la
tedricamente maxima sin perjudicar significativamente el rendimiento del
cultivo. Los resultados publicados en la literatura son dispares y varian
dependiendo principalmente de la distribucion en el tiempo de las
restricciones de riego, del tipo de cultivo y de las condiciones locales. En la
primera parte de esta tesis se muestran los efectos de distintas
estrategias de riego deficitario sobre la produccién y calidad del fruto en
plantaciones de naranjos del Valle del Guadalquivir.

Otra de las vias para la racionalizacion del riego es la implantacion
de tecnologias de riego de precisién con el uso de controladores de riego
automatico basados en realimentacion. En este caso, la dosis de riego a
aplicar se calcula a partir de medidas de variables del suelo, planta o
atmosfera relacionadas con el estado hidrico de las plantas. En este
trabajo de tesis se han desarrollado y evaluado en campo dos de estos
controladores. Con uno de ellos se aplicd un riego diario en un olivar
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adulto, con dosis de agua estimadas a partir de medidas de flujo de savia
en el tronco de arboles representativos. El segundo controlador de riego,
basado en medidas meteoroldgicas y de humedad en el suelo, se evalué
en una plantacién de almendros, demostrandose su utilidad para reducir
las pérdidas de agua por drenaje, evaporacién y escorrentia.

Uno de los enfoques mas innovadores y prometedores para la
automatizacidn del riego es el basado en la medida del flujo de savia en
6rganos conductores de la planta. Su correcta aplicacidon requiere de
sensores capaces de medir de forma fiable rangos amplios del flujo de
savia. La mayor parte de los sensores disponibles en el mercado funcionan
bien en rangos mas restrictivos, es decir, no son fiables para el caso de
flujos de savia muy bajos o muy altos. Una de las principales
contribuciones de esta tesis ha sido el desarrollo y evaluacién de dos
nuevos métodos de medida de flujo de savia capaces de ampliar el rango
de medida respecto de los métodos actuales, permitiendo, ademas, medir
flujos inversos, lo cual es de sumo interés para el estudio de fendmenos
relacionados con la elevacion hidrdulica en raices de arboles frutales.

Mas adelante se muestran nuestros trabajos de modelizacién del
sistema suelo-planta-atmdsfera y de disefio de estrategias de riego
basadas en el uso de reguladores de la humedad en suelo, en particular
del tipo proporcional-integral-derivativo y predictivo basado en modelo.
El modelo matematico que presentamos se ha implementado en un
entorno grafico e intuitivo, apto para realizar simulaciones y para el
desarrollo de controladores avanzados basados en modelo. Se evaluaron
y compararon los resultados en simulacion de diferentes estrategias de
control. Uno de estos controladores fue también ensayado con éxito en
una parcela de almendros, en dos periodos diferentes de una campafia de
riego. En el dltimo capitulo de esta tesis mostramos que el uso de técnicas
y resultados de teoria de control puede tener un gran impacto en la
mejora de los sistemas de riego y el uso eficiente de los recursos hidricos.
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Introduction

1.1. The need for better water management

Water is a scarce resource’, and its rational use is compulsory. Problems
derived from lack of water will likely increase, if long-term predictions on
global climate change are right. Meteorological records suggest significant
increases in temperature and decreases in annual precipitation, which will
entail a reduction of the available water resources of the XXI century?.
Industry and tourism, among others productive activities, compete for this
resource increasing its profitability and productivity. Nowadays, the
economic sector that most fresh water consumes is agriculture: ca. 70% of
the total resources, against the 20% used by industry and the 10% for
domestic use. Data for Spain and Andalusia shows a similar distribution at
national and regional scales (Fig. 1.1). Irrigated agriculture is of crucial
importance in the economy of Andalusia. The irrigated surface in the
region accounts for only 23% of the total agricultural surface, with an
average water consumption of 4.761 hm? year™, but it generates 57% of
the total yield and 60% of the agricultural employment (Plan Nacional de
Regadios, Horizonte 2008). Considering the expected increase in world
population?, it is urgent to find solutions to ensure enough food supply.
This can be only achieved by increasing the world agricultural yield and

' The world’s consumption of water is doubling every 20 years, which is more
than twice the rate of our population increase (Clothier y col., 2008).

? Climate change, water and food security. FAO Water Reports 36, 201.
* World population will hit 7 billion by 2012 and 9 billion by 2050 (ONU, 2008).

1
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water productivity, mainly from the irrigated areas as suggested by the
mentioned data.

This justifies the need to improve our understanding of the
dynamics of the water used by the plants in order to develop methods
aimed at optimizing water consumption. Indeed, this is the main
motivation of this doctoral thesis.

1.2. Background

Archaeological discoveries have identified evidence of irrigation since
ancient times. A form of water management called basin irrigation began
at about the same time in Egypt and Mesopotamia ca. 8000 years ago
(Taylor and Ashcroft, 1972), using the water of the flooding Nile or
Tigris/Euphrates rivers. Nowadays, deficit irrigation (DI) strategies have
proved to be efficient for achieving significant water savings with
minimum reductions in crop performance. They are, in fact, the most
advisable irrigation strategies for arid and semi-arid regions. The effects of
DI in the performance of different fruit tree species are documented in a
variety of publications which outline the advantages and shortfalls of this
practice. Some authors reported that the effects of deficit irrigation on
yield mainly depend on the growth stage of the crop (Doorenbos and
Kassam, 1979; Ginestar and Castel, 1996; Garcia-Tejero et al., 2008). On
the other hand, the negative effects from vyield reductions may be
partially mitigated by improvements in fruit quality (Sanchez-Blanco et al.,
1989; Gonzalez-Altozano and Castel, 2000; Verreynne et al., 2001).
Furthermore, both the irrigation strategy and the cultivar definitely affect
the yield response to deficit irrigation (Ginestar and Castel 1996; Treeby
et al., 2007; Pérez-Pérez et al. 2010). Different deficit irrigation strategies
have been proposed, which differ mainly on the criteria for water
distribution during the irrigation season. Among the most widely used are
sustained deficit irrigation (SDI), which applies a constant water
restriction throughout the season; regulated deficit irrigation (RDI), which
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involves the application of water shortages depending of crop growth
stage; and low frequency deficit irrigation (LFDI), based on cycles of
irrigation withholding and rewatering, designed according to a targeted
crop water status, as determined from plant-based measurements (leaf or
stem water potential, sap flow, trunk diameter fluctuations...). See Ruiz-
Sanchez et al. (2010), for details on these and other DI strategies.

As early as 1859, Charles Darwin made a first reference to regulated
deficit irrigation, perhaps the first documented one. Thus, in his famous
work "The Origin of Species" noted that: “In some few cases it has been
discovered that a very trifling change, such as a little more or less water at
some particular period of growth, will determine whether or not a plant
will produce seeds”.

The work by Fereres and Soriano (2007) summarizes the principles
of and the need for deficit irrigation. Later, Ruiz-Sanchez et al. (2010)
reviewed the use of DI in fruit trees growing in Spain. These references
provide an extensive bibliography on SDI and RDI strategies. To the best of
our knowledge, very little research has been made on the effect of the
LFDI strategy on the physiological response, water productivity and yield
of fruit trees. Among the very few papers on this subject, Hutton et al.
(2007) addressed the question of timing irrigation to suit citrus
phenology. They, however, did not use any physiological criteria to fix the
intervals between irrigation supplies.

A different approach for optimizing irrigation is the use of
automatic irrigation controllers based on feedback, feed-forward
strategies or a combination of both. Feedback is a mechanism, process or
signal that is looped back to control a system within itself. Irrigation
controllers use the information of the consequences of previous actions
to calculate the next irrigation dose. In feed-forward strategies, the
controllers use known or estimated values of future disturbances to
compensate their effects in advance. In the field of automatic irrigation,
measurements of soil, plant or atmosphere variables related to the plant
water status provides the feedback and feed-forward signals. Feedback
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control can be said to have originated with the float valve regulators of
the Hellenic and Arab worlds (Mayr, 1975), however it does not appear to
have spread to medieval Europe. It seems rather to have been reinvented
during the industrial revolution, where level, temperature and finally
Watt’s centrifugal governor where developed (Dickinson and lJenkins,
1927). Since then, automatic control has been applied in almost all
engineering fields with great success; see Bennett (1996) for a brief
history of automatic control, although the impact in agriculture, and in
particular in precision irrigation, is limited.

Most of the irrigation controllers available on the market require
the irrigation dose to be provided by the user. Only then, they are able to
switch on/off the irrigation pump and to open or close the valves to apply
the irrigation doses to every sector of the orchard. Very few automatic
irrigation controllers are able to calculate autonomously the irrigation
dose. Most are based on measurements of soil matric potential (Luthra et
al., 1997; Klein, 2004; Miranda et al., 2005). These devices are relatively
inexpensive and easy to use, but ground water measurements imply
certain limitations: they require a large number of sensors and do not
take into account the plant status and response. Protocols for automatic
irrigation controllers have been reported based on trunk diameter
variation (Goldhamer and Fereres, 2004; Garcia-Orellana et al., 2007) or
sap flow measurements (Fernandez et al., 2001, 2008). Both methods are
considered having a great potential for irrigation control (Fereres et al.,
2003; Jones, 2004). Unfortunately, most of the commercially available sap
flow sensors are not reliable both for very low and very high sap flows.

Recently, there has been an increasing interest on developing
mathematical models representing both, the dynamics of water in the
soil-plant-atmosphere (SPA) system and crop performance. Among the
most popular models are WAVE (Vanclooster et al., 1994), SPASMO
(Green, 2001), SWAP (Van Dam, 2000; Van Dam et al., 2008), MACRO
(Larsbo and Jarvis, 2003), CROPGRO (Boote et al., 1998), WOFOST (Van
Diepen et al., 1989) and DSSAT (Hoogenboom et al., 2004). The utility of
these models both for understanding the simulated process and for
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optimizing related practices has been widely proved. They are able to
simulate the effect of irrigation strategies, climate conditions or diseases
on crop performance. Unfortunately, the current models show certain
limitations. The great variability of every component of the soil-plant-
atmosphere system makes difficult having good quality input data. This
issue limits the accuracy of the results, especially when extrapolating
situations very different from those occurred during the identification
process. Another problem is that these models usually require the
identification of many parameters, which means that they are not user-
friendly models. Furthermore, they are often too complex, so their use
requires a specific training that can be given to a reduced number of users
and are not suitable for designing advanced irrigation controllers based on
these models.

Recent research in modelling has provided a better understanding
of the SPA system. It is now possible to test automatic irrigation
controllers in computer simulations prior to their use in field experiments.
These controllers can be based on simple laws such as on / off strategies
in which irrigation is switched on or off when certain threshold values are
overcome or based on more advanced laws, such as proportional-integral
derivative (PID) or model predictive controllers (MPC). In a PID controller,
the control signal is generated as a weighted sum of three terms: the
error between the process variable and the setpoint, the integral of
recent errors, and the rate by which the error has been changing. MPC is
based on the use of a model to predict the mathematical evolution of the
system, on the minimization of a cost function based on this prediction
and on the use of a receding horizon strategy. These controllers, although
successfully and extensively used in other areas of science and industry,
see for example Astrom and Hagglund (2006) and Camacho and Bordons
(1997), have been seldom applied in agriculture. However, we might find
promising examples, especially in the management of greenhouses
environmental control (Rodriguez et al., 2008; Pifién et al., 2005; El
Ghoumari et al., 2005).
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In the next section we show the hypothesis and objectives of this
thesis, which aims to cover some of the mentioned gaps of the current
knowledge. The reader can find additional publications to those
mentioned here in the Introduction section of each chapter of this thesis.

1.3. Hypothesis and objectives

The main objective of this thesis is to provide new techniques to optimize
the irrigation water consumption in woody crops as well as to get an
insight of the soil-plant-atmosphere system. To this end, identification,
modelling and control tools from control theory as well as deficit irrigation
strategies have been applied. We present results from experiments with
three important species in Andalusia, with contrasting water use
behaviours: orange, olive and almond trees. Next, the hypothesis and
corresponding objectives of this thesis are presented.

Hypothesis 1. Different DI strategies have a different impact on
water productivity and yield quality.

Objective 1. To evaluate the effects of various DI strategies on fruit
yield and fruit quality in citrus orchards of the Guadalquivir River Valley.

Hypothesis 2. Irrigation of woody crops can be controlled from sap
flow measurements in trees under the orchard irrigation conditions and in
control, fully-irrigated trees.

Objective 2. To design, implement and test the software and
hardware of an automatic irrigation controller, able to calculate and apply
suitable irrigation doses to mature olive trees from sap flow
measurements in the trunk of deficit and fully irrigated trees.

Hypothesis 3. Precise irrigation needs can be estimated from
weather data and soil water content measurements, and used to
minimize water losses by evaporation, drainage and runoff.
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Objective 3. To design, implement and test the software and
hardware of an automatic irrigation controller suitable for fruit tree
orchards, able to calculate and apply daily irrigation from soil water
content and weather measurements. The device was tested in an almond
orchard.

Hypothesis 4. Any sap flow method suitable to optimize irrigation
must be able to measure low transpiration values.

Objective 4. To model, simulate and test new sap flow methods
with a better performance than the currently available ones, especially for
estimating low sap flow values. The method was evaluated both in
computer simulations and in the stem of a willow tree.

Hypothesis 5. Simplified models able to design control laws could
overcome the shortfall of current simulation models based on the SPA
system, which are not suitable for the design and simulation of automatic
irrigation controllers.

Objective 5. To design and implement a SPA model in a commercial
simulation platform and validate it with a model widely used in agronomy
and with data from field experiments.

Hypothesis 6. Irrigation controllers based on feedback of
measurable variables of the SPA system such as soil water content,
weather forecasts and dynamic models of the SPA system can optimize
irrigation water use.

Objective 6. To design, implement and test both in simulation and
in field experiments automatic irrigation controllers based on well known
techniques from control theory.
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1.4. Outline

Since most of the results of this thesis have already been reported by the
author in scientific journals and workshops, we considered appropriate to
structure the thesis into chapters corresponding to the most important
publications by the author (Section 1.5), directly related to the hypothesis
and objectives previously mentioned (Section 1.3).

Thus, Chapters 2, 3 and 4 deal with the development of
experiments aimed to study three different deficit irrigation strategies
and their effect on yield and fruit quality, namely sustained deficit
irrigation, regulated deficit irrigation and low frequency deficit irrigation
with withholding & rewatering cycles. We evaluated the effect caused by
the applied deficit irrigation strategies during a whole irrigation season in
three different orchards located in the Guadalquivir River Valley. We
estimated water productivity, water savings and the physiological
response of the crop (stem water potential, stem diameter variations,
stomatal conductance...). At the end of the season, we determined the
effects on yield and in the organoleptic properties of the fruits.

In Chapter 5 we designed and tested an automatic irrigation control
system for fruit tree orchards, denominated CRP. Control was based on
sap flow measurements in the trunk as a feedback and sap flow readings
in overirrigated irrigated trees were used as a reference. The controller
was successfully tested in an olive orchard (Olea europea cv. Manzanilla
de Sevilla), in the experimental farm “La Hampa”, belonging to the
Consejo Superior de Investigaciones Cientificas (CSIC) and located in the
municipality of Coria del Rio.

In Chapter 6 we developed an automatic irrigation system in an
almond orchard, in which we had plant physiological sensors (sap flow
and dendrometers), soil moisture sensors and a nearby weather station.
The controller used weather data as a measurement of the disturbance to
be compensated in the system and soil moisture data as a feedback to
prevent flooding situations, regulating the irrigation intervals to maintain
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the soil water content levels between threshold values defined in
previous trials. The automatic irrigation system was evaluated in an
almond orchard belonging to the Centro Las Torres-Tomejil IFAPA (TM
Alcald del Rio, Seville).

In Chapter 7, we introduce new methods to estimate plant water
consumption from sap flow measurements in trees. Sap flow monitoring
is one of the most promising approaches to automate precision irrigation
systems. We developed field experiments in plants, in which we
compared our new methods against other heat-pulse techniques, to
evaluate the proposed solutions.

In Chapter 8 we show the design, identification, simulation and
validation processes of a representative mathematical model of this
system. We used the model to design and tune both classical
proportional-integral-derivative and model-based advanced controllers. In
particular, we developed model based predictive controllers. In addition,
an automatic irrigation controller based on a proportional-integral-
derivative control law was applied in a real case, specifically in the almond
orchard described in chapter 6.

Finally, in Chapter 9 we present concluding remarks and future
work.

1.5. Publications by the author

Most of the results presented in this thesis have already been reported by
the author in scientific journals and international workshops. Major
publications that have contributed to the achievement of this thesis are
listed below:

Fernandez JE, Diaz-Espejo A, Torres-Ruiz JM, Muriel JL, Romero R,
Morales-Sillero A, Martin-Palomo MJ. 2009. Seasonal Changes of
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Hydraulic Conductance of Mature Olive Trees under Different
Water Regimes. Acta Hort. (ISHS) 846:263-270.

Fernandez JE, Romero R, Diaz-Espejo A, Cuevas MV, Muriel JL, Montafno
JC. 2008. A device for Scheduling irrigation in fruit tree orchards
from sap flow readings. Acta Horticulturae, 792: 283-290. (Chapter
5).

Fernandez JE, Romero R, Diaz-Espejo A, Muriel JL, Cuevas MV, Montafio
JC. 2008. Design and testing of an automatic irrigation controller for
fruit tree orchards based on sap flow measurements. Australian
Journal of Agricultural Research 59, 589-598. (Chapter 5).

Fernandez JE, Romero R, Garcia |, Muriel JL. 2010. An Automatic
Controller for High Frequency Irrigation Based on FDR
Measurements Combined with the Crop Coefficient Approach. The
Third International Symposium on Soil Water Measurement Using
Capacitance, Impedance and TDR (Murcia, Spain)

Garcia-Tejero |, Jiménez-Bocanegra JA, Durdn-Zuazo VH, Romero R, Muriel
JL. 2010. Positive Impact of Deficit Irrigation on Physiological
Response and Fruit Yield in Citrus Orchards: Implications for
Sustainable Water Savings. Journal of Agricultural Science and
Technology Vol 4, No.3. (Chapter 2).

Garcia-Tejero |, Jiménez-Bocanegra JA, Martinez G, Durdn-Zuazo VH,
Romero R, Muriel JL. 2010. Positive Impact of Regulated Deficit
Irrigation on Yield and Fruit Quality in a commercial Citrus Orchard.
Agricultural Water Management Vol 97, 614-622. (Chapter 3).

Garcia-Tejero |, Romero R, Jiménez-Bocanegra JA, Martinez G, Duran-
Zuazo VH, Muriel JL. 2010. Response of citrus trees to deficit
irrigation during different phenological periods in relation to yield,
fruit quality, and water productivity. Agricultural Water
Management Vol 97, 689-699. (Chapter 4).



12 Chapter 1

Martinez G, Vanderlinden K, Jiménez JA, Romero R, Garcia |, Muriel JL.
2007. Uso de un sensor de induccion electromagnética para
detectar zonas con un manejo diferenciado del suelo. Estudios de la
Zona No Saturada del Suelo Vol. VIII. ZNS2007.

Romero R, Green S, Muriel JL, Garcia I, Clothier B. 2011. Improving Heat-
Pulse Methods to Extend the Measurement Range Including
Reverse Flows. VIII International Workshop on Sap Flow (Volterra,
Italy). Submitted. (Chapter 7).

Romero, R, Martin-Palomo MJ, Muriel JL, Diaz-Espejo, A, Fernandez JE.
2010. Water Consumption in Young and Mature Olive Trees As
Affected by the Irrigation System. 28th International Horticultural
Congress. 28th International Horticultural Congress (28). Num. 28.
Lisbon. International Society for Horticultural Science (ISHS), 691-
692.

Romero R, Muioz de la Pefia D, Muriel JL, Fernandez JE. 2011. Modeling
and control of the soil water content in an almond orchard.
Computers and Electronics in Agriculture. Submitted. (Chapter 8).

Romero R, Muriel JL, Garcia I. 2009a. Automatic Irrigation System in
Almonds and Walnuts Trees Based on Sap Flow Measurements.
Acta Hort. (ISHS) 846:135-142. (Chapter 6).

Romero R, Muriel JL, Garcia I. 2009b. A simple Soil-Plant-atmosphere
model in Simulink for irrigation control testing. VI International
Symposium on Irrigation of Horticultural Crops (Vifia del Mar,
Chile). Submitted. (Chapter 8).

Romero R, Muriel JL, Garcia |, Mufioz de la Pefia D. 2010. Modelo suelo-
planta-atmdsfera para experimentacion de control de riego.
Proceedings of the XXXI Jornadas de Automatica, Jaén, Spain, Sept.
2010. (Chapter 8).
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Chapter 2

Impact of sustained deficit irrigation on yield,
water productivity and fruit quality in a
commercial citrus orchard, cv. Salustiana

Part of this chapter is published in:

Garcia-Tejero |, Jiménez-Bocanegra JA, Durdn-Zuazo VH, Romero R, Muriel JL.
2010. Positive Impact of Deficit Irrigation on Physiological Response and
Fruit Yield in Citrus Orchards: Implications for Sustainable Water Savings.
Journal of Agricultural Science and Technology Vol 4, No.3.

Abstract. This work analyses the impact of three sustained deficit irrigation (SDI)
treatments, with different levels of water reduction, on the yield of a 12-year-old
orange orchard (Citrus Sinensis L. Osbeck, cv. Salustiana) from 2004 to 2007. In
addition, a control treatment was established in which 100% of the irrigation
needs (IN, mm) was supplied. The three SDI treatments were irrigated at 77%,
67% and 53% of IN, respectively. For each treatment, midday stem water
potential (Wyem, MPa) values were measured every 10-15 days. Then, the water
stress integral (Sy, MPa), i.e. the cumulative integral of W, over the studied
period, was used to evaluate the global water status of the plant. Yield and fruit
quality were analyzed at harvest. Data were normalized to take into account the
temporal variability of the results due to changing weather conditions during the
studied years. Significant differences between treatments were found both in
total soluble solids and titratable acidity. These variables showed significant
regression coefficients with the values of the integrated .. These results led
us to conclude that, in mature orange trees grown under the evaluated
conditions, SDI has significant effects on fruit quality. On the contrary, the effects
of the tested SDI treatments on yield were not significant. Thus, in the SDI
treatment in which 53% of the irrigation needs were supplied, we got 14.9+9.9%
decrease in yield, as compared with the yield obtained in the control treatment,
but this difference was not statistically significant. A global rescaled distance
cluster analysis was performed both to summarize main relationships between
the evaluated variables and to establish a correlation matrix. Finally, a
classification tree was derived and principal-component analysis was undertaken.
This allowed us to identify and evaluate the variables that better explain the
effect of irrigation treatments on the crop. In conclusion, the tested SDI strategies
increased water productivity and fruit quality with non significant reductions in
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yield. They can be considered, therefore, as advisable strategies for orange
orchards (Citrus Sinensis L. Osbeck, cv. Salustiana) in our region.

2.1. Introduction

From 70% to 80% of the worldwide water usage is associated with
agriculture, the greater percentages corresponding to arid and semi-arid
areas. This has created competition for water with other sectors, such as
industry or tourism, in which water is more commercially valuable than in
agriculture. However, the socio-economic value of irrigated land in
Andalusia exceeds 3.5-fold the value in extensive agriculture on non-
irrigated land (Berbel and Gutiérrez, 2004).

The current area cropped with citrus in Andalusia (74,000 ha) has
increased by 2.04% annually for the last 25 years. The expected
production of citrus in the region will be close to 2.3 million tons by 2015
(30% of the national production). Of the total area of citrus in Andalusia,
51,500 ha are dedicated to sweet orange, covering the Salustiana and
Valencia cultivars almost 20% of that area.

The average annual irrigation water consumed in Andalusia is close
to 4,761 hm?, with about 10% diverted to citrus groves (Garcia-Tejero et
al., 2008).

Weather forecasts for the 21% century predict significant
increments in temperature and major reductions in the annual
precipitation, which may led to an estimated 17% decline in the available
water resources for agriculture worldwide. An increase in potential
evapotranspiration (ET,, mm) of over 20% is expected in the Guadalquivir
river valley by the year 2050. The biggest increases will occur in the most
western areas where the majority of arable land is concentrated
(Rodriguez Diaz et al., 2007).

Under such restrictive conditions, finding new cultivation strategies
is becoming a priority. They must be focussed on reducing water
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consumption and on making more efficient the use of the available water
resources. Thus, maximizing the use of water saving techniques and
improving crop productivity is crucial for a rational agriculture. This can be
achieved with deficit irrigation (DI) strategies, i.e. by applying lower
amounts of irrigation water than those needed by the crop.

Plants undergo stress when the water taken up by the roots fails to
compensate for the transpiration driven by atmospheric conditions. When
the water stored in the soil is being depleted the actual crop
evapotranspiration (ET, mm) decreases. This wusually affects
photosynthesis and lowers carbon assimilation (Hsiao, 1973).
Consequently, vegetative development and crop vyield are reduced
(Gonzalez-Altozano and Castel, 2000).

In recent years, several contributions have documented the
advantages of using deficit irrigation (DI) strategies to improve water
saving and fruit quality in citrus trees (Southwick and Davenport, 1986;
Ginestar and Castel, 1996; Gonzdalez-Altozano and Castel, 1999, 2000;
Muriel et al., 2006; Garcia-Tejero et al.,, 2007, 2008). Shalhevet and
Bielorai (1978) and Doorenbos and Kassam (1979) reported that the
response of the citrus trees to water stress depends strongly on the
phenological stage of the crop. Other authors agreed with that statement,
and also outlined the importance of the pedoclimatic characteristics of
the orchard (Ginestar and Castel, 1996, and Treeby et al., 2007, in orange
orchards; Sanchez-Blanco et al., 1989, in lemon orchards). Thus, a water
deficit at the end of the fruit growing period increases juice acidity and
soluble-solid contents (Gonzalez-Altozano and Castel, 1999; Hutton et al.,
2007). Other authors have shown that a reduction in the available soil
water during flowering could decrease vyield, because it may affect the
fruit-setting process (Doorenbos and Kassam, 1979; Castel and Buj, 1990).
Pérez-Pérez et al. (2008) reported that water stress during flowering and
fruit setting reduces the number of fruits. Concerning fruit weight and
fruit diameter, the response of fruit weight and fruit diameter to water
stress is species-dependent. Thus, it has been reported that DI conditions
are responsible for a greater number of smaller fruits, since the lack of
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water reduces fruit weight and diameter (Treeby et al., 2007). Peng and
Rabe (1998), however, worked with ‘Satsuma’ and found that fruit size
was not affected by water deficit.

The term water productivity (WP, kgL?) refers to the crop
production per unit of water applied, rather than per unit of irrigated
surface (Fereres and Soriano, 2007). The effects of DI on yield and fruit
quality in orange groves will depend mainly on the plant material, and the
intensity, duration, and timing of the imposed water deficits (Vaux and
Pruitt, 1983; Ginestar and Castel, 1996). In any case, the correct
application of any DI strategy should boost WP with a minimum yield
decrease. Sustained deficit irrigation (SDI) is a widely used DI strategy.
Basically, SDI consists on applying a reduced percentage of ET. all
throughout the irrigation season. The aim of this work was to evaluate the
impact of SDI treatments with different levels of water stress on yield and
fruit quality in a commercial citrus orchard, cv. Salustiana, under non-
tillage soil management. The work, which lasted for three years (2004-
2007), was focused on evaluating plant-water relations in the orchard
with the aim of improving WP.

2.2. Material and methods

2.2.1. Experimental site

This work was made in a commercial orchard located in the Guadalquivir
River Valley, SW Spain (37244° 57" N, 52 10" 6" W), planted with 12-year-
old orange trees (Citrus sinensis, L. Osbeck, cv Salustiana) grafted on
Citrange Carrizo (Citrus sinensis, L. Osbeck x Poncirus trifoliata, L. Raf.).
The trees, spaced 6 m x 4 m, were, on average, 3.25 m in height and 4.0 m
in diameter. They were planted on ridges 0.4 m high and 4 m wide, with 2
m between ridges. The orchard was under non-tillage conditions. From
October to May grass covered the row between ridges. In October,
immediately after pruning the trees, the grass was mechanically cut and
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left on the soil orchard. Later in the year, from the beginning of the period
of high atmospheric demand, herbicides were used to keep the soil free of
weeds.

The soil is a calcareous sandy-clay loam fluvisol (FAO, 1998) with an
effective depth of 0.6 m. At deeper depths, the soil has high contents of
clay and calcic carbonate. In the top 0.6 m soil layer, textural values are
56.65 £ 5.0% sand, 21.99 + 3.0% silt, and 21.39 *+ 2.5% clay. The soil is rich
in calcium (75.4 cmol kg™) and poor in both nitrogen (460 mg kg™) and
organic matter (1.0 %). The water-holding capacity is 107 mm on average
and the bulk density ranges from 1.23 to 1.30 Mg m™. Nutrients were
applied twice per week from the end of March to October. Each
treatment received a total of 150 kg ha®of N, 70 kg ha™ of P,O5 and 110
kg ha™ of K,0.

The climate is typically Mediterranean, with dry, hot summers and
mild, wet winters. Average annual ET, and rainfall values are 1400 mm
and 534 mm, respectively (period 1971-2000). Rainfall is distributed
mainly from late autumn to early spring, with November to February
being the wettest months. Temperature in winter rarely falls below 0 9C;
in July and August may peak to over 40 °C.

2.2.2. Irrigation treatments and experimental design

Four irrigation treatments were applied over three consecutive years
(2005-2007): 1) control, where water was applied to satisfy 100% of the
irrigation needs (IN, mm); 2) SDI77, at 77% of IN; 3) SDI67, at 67% of IN; 4)
SDI53, at 53% of IN. Each year, the treatments were implemented from
May-June to October-November. Irrigation in each treatment was
controlled automatically, with a head-unit programmer and electro-
hydraulic valves.

The irrigation system consisted of two laterals per tree row with
self-compensating drippers 1 m apart (8 drippers per tree). The discharge
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rate of the drippers depended on the treatment: control, 3 L h. sDI77,
2.3Lh™;SDI67,2 Lh*;sDIS3,1.6Lh™.

Five 288 m’ plots per treatment were distributed in a randomized
complete block design. Each plot consisted of three rows with four trees
per row. Measurements were made in the two central trees of each plot,
termed here as sample trees.

Seasonal values of ET, were calculated with the FAO56 Penman-
Monteith equation (Allen et al., 1998), with data from an automatic
weather station nearby the orchard. Irrigation needs (IN, mm) were
weekly calculated as:

7
IN = [Z ETY]-K. - K. — P, Eq. 2.1
k=1

where K. is the crop coefficient, K. is a reduction coefficient accounting for
the percentage of ground surface covered by the crop and P, is the
effective precipitation. Although the use of monthly values of K. may lead
to more accurate estimations of ET, than one single K value for the whole
season, we assumed K. = 0.7 all throughout the season, because this is the
usual practice in the region. This will help growers to adopt our results.
We considered K, = 1 after Fereres and Castel (1981), since more than
50% of the ground surface was covered by the canopies of the trees.

2.2.3. Plant measurements

Values of W, were obtained with a pressure chamber (Scholander et al.,
1965) following Turner (1988). Once every 10-15 days, two mature leaves
were sampled from the north quadrant of each one of two sample trees
of each plot. Measurements were made between 12.00 and 14.00
Greenwich Mean Time (GMT). Sy was estimated according to a modified
equation derived from that proposed by Myers (1988), which integrates
the water-potential values over the period for which the trees are
stressed:
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i=t 1
Sy = Z |lpi+1 (Mg —my) + > (W =¥ - (g — 1) Eqg.2.2
i=1
W; and W, are the Y ., values measured in two sampling days (n; and

Nis1).

The assumption implicit in the calculation of Sy is that stressing
conditions reflected in W, reduce the growth rate. Sy is an
approximation of the integral of the rate. For example, the increment of
the basal area reached at the end of the growing period will be a function
of Sy calculated over the complete period.

At the end of each season, the total fruit weight of each of the two
sample trees of each plot was determined. For each treatment, WP was
calculated by dividing the yield (kg) by the volume of water applied (L).

For each SDI treatment, we also studied the relationships between
the relative ratio of Sy (Sg)) and the total applied irrigation amounts (lAs, %
IN), Sg; was defined as:

Swij

SRlij = |1 Eq 2.3

S‘~P(control)j

where subindices i and j stand for treatment and year, and Sy(contron; is the
Sy of the control treatment in each year.

Fruit-quality characteristics were analysed after harvest. Ten fruits
from each of the two sample trees of each plot were used for analysis. For
each fruit we measured equatorial (ED, mm) and polar (PD, mm)
diameters, peel thickness (PT, mm), fruit weight and juice content. Total
soluble solids content (TSS, 9Brix) was measured with a digital
refractometer PR-101. Titratable acidity (TA, g L") was determined by
titrating the samples with NaOH 0.1 N by the colorimetric method, using
phenolphthalein as indicator solution. Maturity index (MI, 2Brix L g™) was
then calculated by dividing TSS by TA. This is a key parameter to
determine the optimal time for harvesting.
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2.2.4. Statistical analysis

Data of each year were subjected to a one-way variance analysis (ANOVA;
SPSS statistical package; SPSS, Chicago, IL, USA) with four irrigation
treatments and ten replicates per treatment, using Tukey’s test for mean
separations (P<0.05). With this method, yearly values of yield, WP and
fruit quality were compared between treatments. A similar analysis was
carried out with the whole dataset (2004 to 2007) to evaluate the
temporal variability by comparing the same parameters between years.

An overall analysis was made for evaluating the correlations
between the studied parameters. Datasets were previously normalized
following Sterk and Stein (1997), whose methodology allows a dataset to
be analysed when different conditions have occurred during sampling (in
our case, different years differing in meteorological conditions). Then, the
Pearson’s correlation coefficient was calculated for the whole period.
When applied to two variables, the coefficient is defined as the covariance
of the two variables divided by the product of their standard deviations.
With a value within %1, the coefficient informs on the correlation (linear
dependence) between the variables.

A classification tree (Rawls and Pachepsky, 2002) was derived using
the R software (Team RDC, 2008) to determine the relationships between
the variables and to group the complete dataset into the different
irrigation strategies. The classification tree is based on the calculation of
the deviations of each variable from its mean value and the corresponding
deviation of each group from the mean of the group for different
thresholds. The variable and threshold that give the maximum deviations
are selected and classification is continued in this manner until
determining a minimum number of elements belonging to a particular

group.

We also used the R software to make a principal component
analysis (PCA). The PCA (lhaka and Gentleman, 1996) is a factor analysis
protocol used to identify variables or underlying factors that better
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explain the correlation or covariance matrix of several variables (Davis,
2002). Thus, linear combinations of the factors or components may
explain a large part of the found variability, thus reducing the number of
variables required to explain the total variability.

2.3. Results

2.3.1. Water relations

The main components of the water balance (P., ET. and IA) in the
irrigation treatments are shown in Table 2.1 and Fig. 2.1. Rainfall values
registered during each irrigation period were quite similar except for
2005, when the P, was 89% and 84% lower than in 2006 and 2007
respectively, thus increasing the water deficit (ET.-P.) to as much as 679
mm, 8% higher than in 2006 and 22% higher than in 2007. Rainfall was
very low during the period of highest atmospheric demand from mid-June
to mid-September. For all treatments, IA was quite close to the aimed
amounts, except in 2007.

2.3.2. Plant-water measurements

The influence of IA on W, is shown in Fig. 2.2. In 2005 and 2007, lack of
water at the end of August (DOY 240) caused a reduction in the IAs, which
led to a decrease of W, down to -1.5 MPa and -1.8 MPa in 2005 and
2007 respectively. The greatest variability of W ., along the season was
found in the SDI53 treatment. Maximum value of -0.5 MPa for W, was
recorded in the control treatment in 2005.

The seasonal pattern of the plant water status, as indicated by
Wem, in the SDI treatments did not appreciably differ from control.
Significant differences were found between treatments, but only during
the period of highest atmospheric demand from mid-June to mid-
September. Differences were more evident between the SDI53 and the
control treatments. These differences were reflected in Sy. Thus, the
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Table 2.1. Applied water and water balance characteristics in irrigation

treatments.
Years 2005 2006 2007 Average
IP* (DOY) 152-282  114-279  133-312 158
, During IP 13 115 81 70
P.” (mm)
Annual 296 436 347 360
ET, During IP 692 745 639 692
(mm) Annual 1026 1041 935 1001
IA (mm) 704 653 658 672
control 1A% (% IN) 104 104 118 108
WB*(mm) 25 23 100 49
@ IA (mm) 540 501 504 515
é SDI77  IA(%ET,) 80 80 90 83
§ WB (mm) -139 -129 -54 -107
g IA (mm) 469 436 438 448
Eb SDI67  IA(%ET,) 69 69 78 72
= WB (mm) -210 -194 -120 -175
IA (mm) 376 348 351 358
SDI53  IA(%ET,) 55 55 63 58
WB (mm) -303 -282 -207 -264

1Irrigation Period; ’Effective precipitation;slrrigation amount;

*Water balance (=IA+P.-ET,)

SDI77, low deficit irrigation; SDI67, moderate deficit irrigation; SDI53 severe deficit

irrigation. DOY, day of year
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control treatment gave the lowest Sy values, which were statistically
different from those corresponding to the SDI53 and SDI67 treatments
(Table 2.2). The overall analyses revealed that, on average, the SDI77
treatment did not give Sy values significantly different from those in the
control treatment. This suggest that the Sy = 91.3 MPa can be established
as a threshold value for accumulated water stress in the considered
period.

In 2007, a year with high IAs, W, and consequently Sy were quite
similar in the SDI77 and control treatments. This was not surprising,
considering that the IAs were enough to satisfy IN in both treatments.

Figure 2.3 shows the relationship between Sz, and IA (expressed as
percentage of IN) in the SDI treatments. A negative tight linear correlation
(r* = 0.85) was found, suggesting that this ratio is a good indicator of the
plant-water relationship.

2.3.3. Effects of irrigation treatments on yield, fruit quality,
and water productivity

In 2005 significant differences were found between treatments regarding
fruit weight, TSS, and TA (Table 2.3). The fruits produced by the SDI53
trees were smaller and lighter than those of the control treatment. Both
TA and TSS were greater in the deficit treatments, especially in SDI53.
Although the yield response was not statistically significant, it was lower
in all SDI treatments than in the control treatment, especially in SDI53, for
which 21% yield reduction was observed (Table 2.3).

In 2006 TSS and TA were the only variables for which significant
differences between treatments were found (Table 2.4). Differences were
also found in other parameters such as peel thickness, fruit weight and
maturity index, but these were not significant.

In 2007, TSS, TA and peel thickness (PT) were the variables most
affected by water stress, and statistically differed in SDI53 with respect to
the control treatment (Table 2.5). The results for the other variables were
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Table 2.2. Yearly values of water stress integral (Sy) in each treatment during
the irrigation periods.

Treatment

SDI53
SDI167
SDI177

Control

Year
2005 2006 2007

Average

Sy (MPa)

137.8°+19.1 122.3°+89 106.1°+9.8 122.1°+18.5
122.3°+10.2 105.5°+153 952°+12.2 107.8°+16.7
101.3°+4.3 93.2°+5.8 79.2°#59 91.3°+10.6
88.9°+5.7 853°+11.7 752°+11.4 83.1°¢11.3

Within each column, different letters indicate significant differences at P < 0.05 by

Tukey’s test.
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SRI
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SRI=-0.0128 1A+ 1.1953
R2=0.8482 u

60.00 70.00 80.00 90.00
IA (%IN)

Fig. 2.3. Linear correlation between relative ratio of water stress integral (Sg))
and irrigation amounts (lA) in stressed treatments during the irrigation period
normalized at 130 days (days of year 164-292). IN = irrigation needs.
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Table 2.3. Average yield, water productivity and fruit quality parameters for

2005.

35

Trear,  Yield WP FW il TSS
" (kg tree'l) (kg mm’l) (g) (%) (2Brix)
SDIS3 88.3° 1.00E-02° 279.3° 44.8° 11.8°
sDI67  100.7° 8.75E-03° 293.5° 452° 11.2°
SDI77 99.1° 7.92E-03° 290.7° 46.3° 10.3°
control  111.3° 6.67E-03° 316.9° 45.0° 9.6°
Treat TA M ED PD PT
" (gLl (TSS/TA) (mm)
SDI53 0.92° 12.8° 86.5° 83.6° 8.51°
SDI67 0.81° 13.9° 87.3° 851* 8.50°
SDI77 0.80° 13.2°  86.5° 84.6° 8.18°
control  0.71° 13.9° 89.3° 88.0° 8.42°

Within each column, different letters indicate significant differences at P<0.05 by
Tukey’s test. WP, water productivity; FW, fruit weight; JC, juice content; TSS, total
soluble solids; TA, titratable acidity; MI, maturity index; ED equatorial diameter; PD,
polar diameter; PT, peel thickness

Table 2.4. Average yield, water productivity and fruit quality parameters for

2006.

Treat Yield WP FW JC TSS
’ (kgtree'l) (kgmm’l) (g) (%)  (9Brix)
SDI53 119.6° 1.33E-02° 203.9° 44.6° 11.1°
SDI67  126.7° 1.21E-02° 207.5° 456° 10.4°
SDI77 113.9° 9.17E-03° 206.1° 45.1° 9.8°
control 124.0° 7.92E-03 211.8° 44.9° 10.1*°
Treat TA Ml ED PD PT
(gLl (TSS/TA) (mm)
SDIS3 0.64° 17.2° 76.1% 73.7° 7.25°
SDI67 0.58° 17.5° 76.5* 74.3° 7.11°
SDI77 0.54° 18.0° 75.2* 76.0° 7.06°
control  0.59" 18.3° 76.7% 75.5° 7.03°

Within each column, different letters indicate significant differences at P<0.05 by
Tukey’s test. WP, water productivity; FW, fruit weight; JC, juice content; TSS, total
soluble solids; TA, titratable acidity; MI, maturity index; ED equatorial diameter; PD,
polar diameter; PT, peel thickness.



36 Chapter 2

Table 2.5. Average vyield, water productivity and fruit quality parameters for
2007.

Treat. Yield_l WP FW JC  TSS
(kg tree™) (kg mm™) (g) (%)  (9Brix)
SDI53 76.0° 8.75E-03° 209.6° 48.8° 12.5°
SDI67 81.7° 7.50E-03° 217.5° 49.6° 11.7°
SDI77 82.0° 6.67E-03° 205.8° 49.0° 10.9°
control 95.7° 5.83E-03" 211.9° 47.9° 10.6°
Traat TA MI ED PO PT
(gLl”) (TSS/TA) (mm)
SDI53 1.12° 11.3° 76.6° 70.9° 6.33°
SDI67 1.04%° 11.4°  77.2° 71.7° 5.66°
SDI77 1.03% 10.7° 75.3° 70.6° 5.46°
control 0.95° 11.2° 74.8° 70.4° 5.58°

Within each column, different letters indicate significant differences at P<0.05 by
Tukey’s test. WP, water productivity; FW, fruit weight; JC, juice content; TSS, total
soluble solids; TA, titratable acidity; MI, maturity index; ED equatorial diameter; PD,
polar diameter; PT, peel thickness.

statistically similar, their differences being less relevant than in previous
years. There were no significant differences in most of the variables
between the SDI77 and control treatments, due to the fact that irrigation
needs were nearly satisfied in SDI77 treatment this year.

Water productivity (Tables 2.3-2.5) averaged per treatment, ranged
from 0.006 to 0.011 kg L? in the control and SDI53 treatments,
respectively. WP in control treatment was very similar during the three
study years. The highest values were registered in 2006, due to the high
yield in all treatments compared to the other years (Tables 2.3-2.5).

2.3.4. Temporal variability of data and the overall analysis

The results of the temporal variability analysis show significant differences
in yield, fruit quality, and WP (Table 2.6). The different conditions
registered in each study year promoted significant variations in the
collected data. For this reason, the datasets of each year were normalized
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Table 2.6. Temporal variability analysis for all parameters listed by Tukey’s
test.

Vear Yield WP FW JC TSS
(kgtree™) (kgmm™)  (g) (%)  (2Brix)
2005 99.8° 1.29€-02° 295.1° 45.3° 10.7°

2006 121.0°  1.04E-02° 207.4° 45.1° 10.3°
2007 83.9° 7.08E-03° 211.2° 482° 11.4°

vear TA MI ED PD PT
(gLl”) (TSS/MI) (mm)

2005 0.81° 13.5° 87.4° 853° 8.40°

2006 0.58° 17.8° 76.1° 749" 7.11°

2007 1.03° 11.2° 76.0° 70.9° 5.75°

Within each column, different letters indicate significant differences at P<0.05. WP,
water productivity; FW, fruit weight; JC, juice content; TSS, total soluble solids; TA,
titratable acidity; MI, maturity index; ED equatorial diameter; PD, polar diameter; PT,
peel thickness.
prior to the global analysis. This allows us to study the relationships
between the different parameters and the defined irrigation treatments

regardless of temporal variability.

Significant regression coefficients (Table 2.7) were found between
Sy and TSS, TA and PT. This set of relationships confirmed the results
found over the three studied seasons (Tables 2.3-2.5) on the effects that
crop water stress has on fruit quality. Regression coefficients were also
significant between fruit weight and other variables such as juice content,
TSS, TA, MI, ED, PD and PT. Significant relationships were found between
TA and TSS, M, ED and PD.

The classification tree showed good agreement with the separation
of treatments (Fig. 2.4). The treatment misclassification rate was lower
than 20%. Although all variables were included in the classification
procedure, only a few of them were relevant: Sy, TSS, ED, yield, fruit
weight, TA and PT. The first threshold, set by Sy, created the two main
branches of the tree with the less stressed treatments in the left branch
and the most stressed treatments in the right one. An exception occurred
in the left branch with the SDI67 treatment, corresponding to points that
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Table 2.7. Pearson’s correlation coefficients among studied parameters
for the 3-year period.

Sy Yield FW JW TSS TA Mmi ED PD
Yield NS
FW NS -0.26**
JC NS NS  -0.30**

TSS 0.75** NS -0.28** NS
TA 0.42** NS -0.35** NS 0.58**

Ml NS NS  0.18* NS NS -0.72**
ED NS -0.29** 0.77** -0.19* NS -0.21* NS
PD NS -0.21* 0.63** NS -0.34**-0.37** NS 0.63**

PT 0.22* NS  0.38** -0.45** NS NS 0.19* 0.43**0.317**

FW, fruit weight; JC, juice content; TSS, total soluble solids; TA, titratable acidity;
MI, maturity index; ED equatorial diameter; PD, polar diameter; PT, peel thickness;
NS, no significant; * and ** significant at P<0.05 and 0.01 level respectively.

Sy<97.7
]
Yes No
Sy 88.4 TSS<10.8
Tield < 123 TA<09
ED <793 1SS < 104 Yield< 123.2
TSS <10. Weight <]251.8
[ ] [ | Weight <1229.9 .
SDI77  Control SDI77 _ Control ﬂ_ﬁ‘ SDIS3
1 2 3 SDI67 SDI77 SDI67 SDI67 s SDI67 : 12
4 5 6 7 g SDI67 SDIS3

10 1

Fig. 2.4. Classification tree for all studied treatments (SDI53, SDI67, SDI77 and
control) and parameters: water stress integral (Sy, MPa); total soluble solids
(TSS, 2Brix); titratable acidity (TA, g I™); weight (g); yield (kg tree™); equatorial

showed a low Sy and high TSS during the second season. As expected, the
main separation between treatments SDI77 and control was established
by their Sy, and, at the second level of separation, by their ED. This
showed that fruits from treatment SDI77 had a smaller ED than those
produced by the control treatment. TSS characterizes the major
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difference between SDI53 and SDI67 treatments, being its concentration
higher in the SDI53 treatment. This can be linked to the lower amount of
water supplied to the SDI53 treatment. The second most important
difference between these two treatments was the level of TA. As in the
case of TSS, the TA level was higher in the SDI53 treatment than in the
SDI67 treatment, according to the water stress observed. Finally, a third
level of difference between SDI53 and SDI67 treatments was
characterized by the PT, this being also directly related to the amount of
water supplied in both treatments. In summary, low-stress treatments
affected mainly Sy and fruit shape, while high-stress treatments affected
mainly juice characteristics.

The PCA showed a good reproduction of the total dataset variability
with few components (Fig. 2.5). The first principal component (PC1)
represented 67% of the total variability found in the whole dataset, while
the second (PC2) and third (PC3) constituted 19% and 13% of the total
variability. This shows that only the first three components were
responsible for the total variability.

Figure 2.5 shows the distribution of the variables used in the PCA
and their loadings on the three main PC. At first inspection it appears that
yield, fruit weight, and Sy were the variables with notable loadings.
Considering PC1, yield had the highest loading, (-0.98), in contrast to fruit
weight (0.20). The remaining variables ranged from -0.06 to 0.06 and
were therefore negligible. On the PC2, fruit weight had the highest
loading, (-0.89), and only yield (-0.21) and Sy (0.38) had notable effects.
With respect to PC3, Sy showed the highest loading, (0.92), followed by
fruit weight, (0.38). However, as with PC1 and PC2, the relationship
between them was weak. Therefore, main results given by the PCA were:
i) yield, fruit weight and Sy explained a large part of the variability found
in the total dataset; and ii) yield, fruit weight and Sy can be considered
independent from the standpoint of a PCA.
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Fig. 2.5. Loadings of the studied variables (yield, fruit weight and water stress
integral, Sy) to the first three principal components (PC1, PC2 and PC3).

2.4. Discussion

Water productivity data showed a clear linear correlation with the IAs
applied (r* = 0.72), in agreement with Ahuja et al. (2008).

According to our results, an irrigation-water saving of 157 mm on
average in the SDI77 treatment, compared to the control, did not bring
out any significant response in the water status of the trees (Tables 2.1-
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2.2). Despite of this significant reduction in supplied water, no
appreciably decrease in fruit yield was observed. In the SDI53 and SDI67
treatments there were no significant differences in yield, although it is
noteworthy that we observed differences that were appreciable and that
the changes were related to the water deficit undergone by the trees in
each treatment. In these two treatments we found significant differences
in the water status of the trees (Table 2.2). The SDI treatments registered
the highest Sg in 2005 (Fig. 2.3). Furthermore, the differences between
treatments were clearer than in other years.

Vélez et al. (2007) were unable to detect any significant differences
in either the final production or the fruit weight or in the number of fruits
per tree in mandarin “Clementine of Nules”, in response to a regulated
deficit irrigation (RDI) strategy based on daily changes in trunk diameter.
According to Gonzalez-Altozano and Castel (1999), values for W, must
exceed a threshold of -1.3 MPa to exert a significant effect on final crop
production. This might partly explain why none of the three studied years
showed any statistical significant difference in yield between irrigation
treatments. In fact, ¥ . values of trees grown under the most severe SDI
treatments showed W, levels lower than the threshold value just
occasionally. Under more severe water-stress conditions, Ginestar and
Castel (1996) observed important differences in yield. They evaluated a
treatment in which the available water was 50% of the crop water needs
during the irrigation season.

The effects in parameters such as fruit weight, juice content,
maturity index, fruit diameter or peel thickness showed no statistically
significant differences between treatments (Tables 2.3-2.5).

Under our experimental conditions, the effects of the irrigation
treatments were more evident in the organoleptic characteristics of the
fruit, including TA and TSS (Tables 2.3-2.5). Similar results have been
reported by other authors, such as Vélez et al. (2007), Ginestar and Castel
(1996), Gonzalez-Altozano and Castel (1999), Hutton et al. (2007), Treeby
et al. (2007) and Pérez-Pérez et al. (2008). Furthermore, Hockema and
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Etxeberria (2001) showed that water stress leads to increased TSS and TA,
but this is not a result of fruit dehydration but rather of the
osmoregulatory response caused by the lack of water (Yakushiji et al.,
1998).

Regarding the relations between water stress and fruit weight,
significant differences were detected only in 2005, when Sy showed the
highest values. In average, however, significant correlations were not
found between Sy and fruit weight. Several significant relations were
found between weight and other parameters more affected by water
stress (TSS or TA). Several authors have also reported relations between
the water stress and fruit size. Treeby et al. (2007) observed that water
stress boosted the number of fruits while reducing fruit size. Vélez et al.
(2007) reported a decrease in the weight of the fruit and a slight increase
in the number of fruits per tree, although none of these differences could
be considered significant. Similar results were observed in the present
work. Although we observe fruit weight reductions in SDI treatments,
which were compensated with an increase in the number of fruits, the
differences were not significant.

2.5. Conclusions

Irrigation water savings of up to 55% of IN had no significant impact on
tree yield, but rather affected other key factors (TSS and TA) that have
direct relevance for the final quality of the harvested product. The
seasonal pattern of Sy in different irrigation treatments was consistent
with the water deficit imposed in each treatment. Any water deficit
considerably boosts Sy, which results in a strong negative correlation
between Sg, and IAs, indicating that Sy and Sg can be used as reliable
stress indexes.

Our results indicate that the main effects of water stress are
reflected in organoleptic fruit parameters, with strong correlations
between TSS and Sy and between TA and Sy. Water stress effect was less
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obvious in other morphological variables such as fruit weight, ED or PT,
although these also registered significant correlations. Furthermore, the
main result given by the PCA analysis was that yield, fruit weight, and Sy
explain a large part of the variability found in the total dataset.

The higher increase in WP was detected in SDI53 treatment, with
no significant decrease in yield within the three studied years. However,
the low values of W, detected in this treatment suggest an excessive
stress that could result in reductions of yield in the future. A longer
experiment is required to confirm the long-term effect of this water
stress. On the other hand, the SDI67 and SDI77 treatments did not cause
significant W, reductions. We demonstrate in this work the potential of
these treatments to increase WP and fruit quality (TSS and TA) with non
significant reductions of yield. For this reason, and considering the
problem of water scarcity in Andalusia, we strongly recommend these
strategies for orange orchards (Citrus Sinensis L. Osbeck, cv. Salustiana) in
our region.
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Chapter 3

Impact of regulated deficit irrigation on yield,
water productivity and fruit quality in a
commercial citrus orchard, cv. Navelina

Part of this chapter is published in:

Garcia-Tejero |, Romero R, Jiménez-Bocanegra JA, Martinez G, Durdn-Zuazo VH,
Muriel JL. 2010. Response of citrus trees to deficit irrigation during
different phenological periods in relation to yield, fruit quality, and water
productivity. Agricultural Water Management Vol 97, 689-699.

Abstract. In 2007 and 2008, four strategies of regulated deficit irrigation (RDI) and
a control treatment were implemented in 11-year-old citrus trees (Citrus sinensis
L. Osb. cv. Navelina) grafted onto carrizo citrange (Citrus sinensis L. Osb. x
Poncirus trifoliata L. Osb.). Irrigation in the control treatment was aimed at
guarantying 100% of the irrigation needs (IN, mm). The four RDI treatments were
defined based on irrigation amounts (IA, mm) calculated as a percentage of the
control (70% for moderate water stress and 56% for severe water stress), varying
in each of the following growth phases: flowering (from 50% of opened flowers to
fruit setting), fruit growth and fruit maturation. Midday stem water potential
(Weem, MPa) and stomatal conductance (g, mmol-m?-s™) measurements were
made in each of the considered treatments. Both the water stress integral (S,
MPa) and the stomatal conductance integral (Sg, mmol-m'z-s"l) were calculated
for all treatments and used for quantifying the water-stress levels suffered by the
trees. Reference equations were formulated to quantify the correlations between
the supplied irrigation amounts (IA) or Sy and Sg and vyield and fruit-quality
parameters. Significant differences in yield between the control and the RDI
treatments were found in the second year of the experiment. In the first year the
differences were not significant. The greater differences were found in
treatments with severe water stress applied during both the flowering and fruit
growth phases. When severe water stress was allowed during the fruit
maturation phase, the effects were especially evident in fruit-quality parameters
(total soluble solids content and titratable acidity). The best results were
obtained with the RDI strategy characterized by moderate deficit irrigation (70%
of control) during flowering and fruit growth and severe deficit irrigation (56% of
control) during fruit maturation. This strategy saved 1030 m> ha™ with respect to

49



50 Chapter 3

the control, with not significant effect in yield. It also improved fruit quality
parameters as TSS and TA. The RDI strategy with severe deficit irrigation at
flowering and fruit growth, and moderate deficit irrigation during maturation
allowed water savings of up to 1375 m> ha™ in 2008, but yield was reduced by
22%. Water productivity, however, increased 30% as compared to the control.

3.1. Introduction

Water deficits conditions are common in the Guadalquivir River Valley
(SW Spain). Therefore, irrigation is needed for commercial production of
crops such as citrus trees. The increasing demand for food-related
agricultural products, fodder, and fuel, due to population growth, makes
compulsory agricultural practices focused to a more efficient use of water.
In this context, there is an increasing challenge for scientists to develop
innovative crop-management practices for a use of the soil, water and
agrochemicals oriented to improve the sustainability of agricultural
systems (Anapalli et al., 2008). Water productivity (WP, kg of marketable
yield -L'! of water consumed by the crop) can be improved either by
increasing yield or reducing crop water consumption (Fereres et al., 2003).
Deficit irrigation (DI) has been widely investigated as a valuable and
sustainable production strategy in dry regions. Any rational DI strategy
saves water and increases WP. Different DI strategies cause different
effects on the crop. In general photosynthetic rates are lowered, reducing
carbon assimilation (Hsiao, 1973) and exerting a negative impact on the
crop development and production (Gonzdlez-Altozano and Castel, 2000a).
Any DI strategy must be designed to achieve the best compromise
between the negative impact of the reduced water supplies and the
advantages of water and energy saving. It is known that the response of
citrus trees to DI depends on a variety of factors, such as the phenological
stage, intensity and duration of the water stress period, crop physiological
status, irrigation-water quality, plant genotype, and the degree of stress
endured by the crop (Doorenbos and Kassam, 1979; Ginestar and Castel,
1996; Garcia-Tejero et al., 2008). It has also been described that DI may
increase fruit quality (Sanchez-Blanco et al., 1989, in Verna lemon trees;
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Gonzalez-Altozano and Castel, 2000b, in cv. Clementina de Nules;
Verreynne et al., 2001, in cv. Marisol Clementines).

Among the most widely used methods to evaluate the water status
of a plant is the measurement of leaf- or stem-water potential. Still, there
is some controversy concerning the time and method of measurement
(Gonzalez-Altozano and Castel, 2003). These measurements offer
information on the water-retention force by the plant, but do not indicate
the crop physiological response to the imposed water stress. Some
authors proposed the use of cumulative plant evapotranspiration or
transpiration as a good integrator of the effects of water stress on various
plant physiological processes (Verasan and Philips, 1978). Plant
transpiration is related to stomatal conductance (g; mmol-m?2s?), this
being a key variable for the plant, because of its influence in some main
physiological processes. Values of stomatal conductance may vary over a
wide range, as they are affected by several meteorological variables, e.g.
radiation and vapour-pressure deficit of the air, and depend on the plant
water status (Anapalli et al., 2008).

The aim of this work was to evaluate the impact of different deficit
irrigation strategies on yield, fruit quality, and WP in a commercial 11-
year-old orchard of citrus trees (Citrus sinensis L. Osb. cv. Navelina)
grafted onto carrizo citrange (Citrus sinensis L. Osb. x Poncirus trifoliata L.
Osb.). We evaluated four RDI strategies, which supplied reduced amounts
of water at flowering, fruit growth and fruit maturation. The experiment
lasted two irrigation seasons, 2007 and 2008. We also characterized main
soil-plant-water variables to evaluate the crop response to each RDI
strategy.



52 Chapter 3

3.2. Material and methods

3.2.1. Experimental site

This work was made in a commercial orchard of the Guadalquivir river
valley, SW Spain (372 44’ 5”” N; 52 12’ 35" W), planted with 11-year-old
‘Navelina’ orange trees (Citrus sinensis, L. Osbeck) grafted on ‘Citrange
Carrizo’ (Citrus sinensis, L. Osbeck x Poncirus trifoliate, L. Raf.). The trees,
spaced 6 m x 5 m, were ca. 3 m in height and ca. 4 m in diameter. They
were planted on NW-SE oriented, 0.3 m high ridges. The experiments
involved 0.9 ha under conventional management practices. The shaded
ground surface area was 42% of the total.

The soil is a typical fluvisol (FAO, 1998) with an effective depth of
1.5 m. Roots grow predominantly within the top 0.6 m soil layer, which
has 35% sand, 40% silt and 25% clay. The organic matter content was
below 1.5%. The soil was slightly limey (10.6% of CO;) with a high cation-
exchange capacity (>15 meq / 100 g) and a C:N ratio of 10.5. The soil
water content at field capacity and wilting point are 230 mm-m™ and 100
mm-m™, respectively. The water holding capacity for the root zone is 78
mm. The trees were fertigated. Each treatment received a total of 240
kg-ha'1 of N, 65 kg-ha'1 of P,Os and 179 kg-ha'1 of K,0. These amounts
agree with legal policies published for agricultural integrated production
for citrus in Andalusia, the region in which the experimental orchard was
located (BOJA, No. 113, 2000).

The climate is typically Mediterranean, with dry, hot summers and
mild, wet winters. Average annual ET, and rainfall values are 1400 mm
and 534 mm, respectively (period 1971-2000). Rainfall is distributed
mainly from late autumn to early spring, with November to February
being the wettest months. Temperature in winter rarely falls below 0 ¢C
and in July and August may peak to over 40 °C.
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3.2.2. Irrigation treatments and experimental design

Four RDI treatments were applied during two seasons (2007-2008). They
were based on supplying a certain percentage of the irrigation needs (IN)
during flowering, fruit growth and fruit maturation. Details are shown in
Table 3.1. In addition, a control treatment aimed at 100% of IN was
established all throughout each irrigation season. Each year, the
treatments were implemented from early April to harvest, in mid-
December. Water meters were used to measure the actual I1As supplied to
each treatment.

The irrigation system consisted of two laterals per tree row each
with one self-compensating dripper 1 m apart. The discharge rate and the
number of drippers per tree were adjusted as a function of the IN for each
treatment: 1) in the control treatment we used ten 2.3 L h-1 drippers per
tree; 2) when IA was aimed at 70% of the IN we used ten 1.6 L h''drippers
per tree, with a total discharge rate of 69.6% of the control; 3) when IA
was aimed at 56% of the IN we used eight 1.6 L h™drippers per tree with a
total discharge rate of 55.6% of the control).

Five plots per treatment were distributed in a randomized complete
block design. Each plot consisted of three rows with four trees per row.
Measurements were made in the two central trees of each plot, termed
here as sample trees. The experimental plots were located in the central
part of the orchard, surrounded by trees.

Daily values of potential evapotranspiration (ET,) were calculated
with the FAO56 Penman-Monteith equation (Allen et al., 1998) and data
from an automatic weather station nearby the orchard. Every week we
calculated IN according to the ETo values of the precedent week
(Doorenbos and Pruitt, 1974):

7
IN = [z ET¥] K. K, — P, Eq.3.1
k=1
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Table 3.1. Irrigation treatments. The aimed irrigation amount at different main
phenophases is shown in terms of % of the irrigation needs.

Main phenophases

Treatments Flowering  Fruit growth Fruit Maturation
RDI-676 56 70 56
2 RDI-677 56 70 70
£ RDI-667 56 56 70
S RDI-776 70 70 56
= control 100 100 100

where K. is the crop coefficient, K, is a reduction coefficient accounting for
the percentage of ground surface covered by the crop (Castel, 1991) and
P. is the effective precipitation. K. values were 0.5 from March to May,
0.55 from June to October and 0.5 in November and December. We
calculated K, = 0.84. During the fruit growth period the soil water content
was measured at 0.1 m intervals from 0.05 m down to 0.95 m, using TDR
probes (TRIME-T, IMKO GmbH, Germany). Two access tubes per
treatment were located close to the drippers, in the wetted soil volumes.

3.2.3. Plant measurements

Midday stem water potential (Wsem, MPa) values were measured with a
pressure chamber (Scholander et al., 1965) following Turner (1988). Once
every 10-15 days, two mature leaves were sampled from the north
quadrant of each one of two sample trees of each plot. Measurements
were made around 12.00 Greenwich Mean Time (GMT). Sy was estimated
according to a modified equation derived from that proposed by Myers
(1988), which integrates the water-potential values over the period for
which the trees are stressed:
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1=t 1
S‘P = Z |lPi+1 . (ni+1 - Tll') +E(Wl — kpl.+1) . (ni+1 _ ni) EC| 3.2
i=1

W; and W, are the Y., values measured in two sampling days (n; and

Nis1).

On the same days when W, was measured, g, was monitored in
two sunny leaves per tree, using a diffusion porometer AP-4 (Delta-T
Devices, Cambridge, UK). The stomatal conductance integral (Sg, mmol
m~ s), i.e. the accumulated stomatal conductance during the irrigation

period, was calculated as:

t
1
Sg = Z Giv1 - (M1 — 1) + 3 Gi — Giv1) - My — 1) Eg.3.3

i=1

where: g; and g;,; are the g values measured in two sampling days (n; and

Nis1).

At the end of each season the total fruit weight of each of the two
sample trees of each plot was determined. One sample of 100 fruits per
tree was collected to determine average fruit weight. Fruit number per
tree was determined by dividing the yield of each tree by the average fruit
weight.

Fruit-quality characteristics were analysed after harvest. Ten fruits
from each of the two sample trees of each plot were used for analysis. For
each fruit we measured equatorial diameter (ED, mm), polar diameter
(PD, mm), peel thickness (PT mm) and juice content. Total soluble solids
content (TSS, 2Brix) was measured with a digital refractometer PR-101.
Titratable acidity (TA, g L") was determined by titrating the samples with
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NaOH 0.1 N by the colorimetric method, using phenolphthalein as
indicator solution. Maturity index (MI, 2Brix L g™) was then calculated by
dividing TSS by TA. This is a key parameter to determine the optimal time
for harvesting.

3.2.4. Statistical analysis

Data of each year were subjected to a one-way variance analysis (ANOVA;
SPSS statistical package; SPSS, Chicago, IL, USA) with five irrigation
treatments and ten replicates per treatment, using Tukey’s test for mean
separations (P < 0.05). With this method, yearly values of yield, WP, Sg, Sy
and fruit quality were compared between treatments. A similar analysis
was carried out with the whole dataset (2007 and 2008). The annual
datasets were previously normalized following Sterk and Stein (1997).
Linear correlations were also established among Sy and Sg, and fruit yield
parameters.

3.3. Results

3.3.1. Water conditions

Details on the length of each irrigation season, ET,, P., and IN for each
considered phenophase, are given in Table 3.2. The pattern of ET. and
rainfall was very similar in both seasons (Table 3.2 and Fig. 3.1). Both in
2007 and 2008, there was an irregular distribution of rainfall at flowering
and fruit maturation. In 2008, rainfall at flowering delayed the beginning
of the irrigation season 49 days with respect to the previous year. This
was the cause for the lower IN in 2008 than in 2007 (Table 3.2 and Fig.
3.2). Rainfall was negligible in the fruit growth periods of both
experimental years. In this period was when the greatest ET, values were
registered, as usual in the area. IN during the irrigation period was 346
mm in 2007 and 326 mm in 2008. However, during the fruit growth
period, IN was higher in 2008 (291 mm) than in 2007 (251 mm). This



Impact of regulated deficit irrigation on yield, water productivity...

57

Table 3.2. Main water balance components for the irrigation period at main

phenophases.

Season Phenophase

2007 Flowering Growth Maturation Total
IP (days)’ 89 96 33 218
DOY’ 77-165 166-261 262-294 91-294
ET. (mm)* 157.14 259.89 48.16 477.54
P. (mm)’ 84.38 8.82 26.04 184.38
IN (mm)® 72.76 251.07 22.12 345.95
Season Phenophase

2008 Flowering Growth Maturation Total
IP (days)’ 75 96 14 185
DOY’ 91-165 166-261 262-275 77-275
ET. (mm)* 143.44 294.43 19.7 457.57
P (mm)* 101.46 3.22 26.6 131.28
IN (mm)® 41.98 291.21 -6.9 326.29

1Irrigation Period, 2Day of the year, *Estimated crop evapotranspiration,
*Efective precipitation, 5Irrigation Needs (ET.-P.).



58

ET (mm)

ET (mm)

10

—ETo ——ETcC

77 127 177 227 277
DOY 2007 (77= March 18)
10
—ETo —ETc |

8 A i
6
. i
, | i
0 - |‘ IlJ

77 108 138 169

199 230 261

DOY 2008 (91= March 31)

291

Chapter 3

45
40
35
30
25
20
15
10

45
40
35
30
25
20
15
10

Fig. 3.1. Effective precipitation (P.), crop (ET.) and potential (ET,)

evapotranspiration during the experimental years. DOY = day of year.
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Fig. 3.2. Irrigation amounts (IA) in mm and as percentage of the irrigation
needs (IN) during the irrigation periods on 2007 and 2008.
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caused the application of a greater amount of irrigation water during this
period in 2008 (Table 3.3). In 2008, the IN calculated for the period of fruit
maturation was negative (Fig. 3.2), i.e. P, was greater than ET.. However,
we had to irrigate because of the erratic rainfall distribution (Fig. 3.3). The
rainfall events recorded in this period unable us to impose the aimed
water deficits in the RDI treatments.

The total IA in each treatment was similar in both years (Table 3.3).
RDI-667 was the most restrictive treatment (55% of IN on average). The
total IA in the RDI-676, RDI-677, and RDI-776 treatments was similar
(64+1% of IN on average), although the water distribution according to
the phenological periods differed among treatments. For the control
treatment, the average IA for the two experimental years amounted to
95+3% of IN.

For the RDI treatments, TDR measurements showed water
depletions in the soil profile according to the reduced water supplies (Fig.
3.4). The control treatment maintained moisture contents close to 80% of
field capacity on average, with slight decreases in 2008. As shown in Fig.
3.3, the IAs applied during the flowering and fruit growth periods were
slightly below the actual INs of the crop. Data in the figure shows little
differences in soil water contents (SWC) between the control and the RDI
treatments. This is striking, since it does not agree with differences in
supplied water (Table 3.3). Possibly the soil variability, together with other
limitations of soil moisture measurements, reduced the reliability of our
SWC measurements. Taking this into account, data in Fig. 3.4 show that
SWC values in the RDI-667 treatment were especially low during the fruit
growth period, being between 15 and 30% lower than those recorded in
the control treatment. The highest SWC were measured in the control
treatment, both in 2007 and 2008 seasons. However, due to the high
variability of the data, the differences between RDI-776 and control
treatments were not significant in 2007. We did not find significant
differences either in SWC among the RDI-677, RDI-776, and control
treatments during 2008.
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Table 3.3. Irrigation water applied, actual water stress ratio and water savings for
each treatment at different phenophases.

Season 2007 2008

Phenophase Phenophase
Treat Flow. Growth Mat. Total |Flow. Growth Mat. Total
IA (mm)* 42.30 144.70 20.30 207.30{ 18.70 178.10 19.20 216.00
§IA(%IAcontro|) 57.95 69.50 55.77 65.27|60.91 69.35 55.65 67.08
o) IA (% IN)° 58.14 57.63 91.77 59.92|44.55 61.16 - 66.20
WS (mm)® 30.70 63.50 16.10 110.30{ 12.00 78.70 15.30 106.00
IA (mm) 43.40 144.80 25.30 213.50{ 18.70 178.70 24.00 221.40
{':D 1A (% 1A ontron) 59.45 69.55 69.51 67.22| 60.91 69.59 69.57 68.76
é 1A (% IN) 59.65 57.67 114.38 61.71| 44.55 61.36 - 67.85
WS (mm) 29.60 63.40 11.10 104.10[12.00 78.10 10.50 100.60
IA (mm) 41.70 115.90 25.30 182.90] 17.10 143.50 24.00 184.60
%IA(%IACO”UM) 57.12 55.67 69.51 57.59|55.70 55.88 69.57 57.33
é IA (% IN) 57.31 46.16 114.38 52.87| 40.73 49.28 - 56.58
WS (mm) 31.30 92.30 11.10 134.70| 13.60 113.30 10.50 137.40
IA (mm) 49.70 144.70 20.30 214.70] 21.30 178.10 19.20 218.60
E 1A (% 1A ontror) 68.08 69.50 55.77 67.60| 69.38 69.35 55.65 67.89
é 1A (% IN) 68.31 57.63 91.77 62.06|50.74 61.16 - 67.00
WS (mm) 23.30 63.50 16.10 102.90| 9.40 78.70 15.30 103.40
IA (mm) 73.00 208.20 36.40 317.60( 30.70 256.80 34.50 322.00
Tg IA (% |Acontror)  100.00 100.00 100.00 100.00{100.00 100.00100.00 100.00
§ IA (% IN) 100.33 82.93 164.56 91.81| 73.13 88.18 - 98.69
WS (mm) 0 0 0 0 0 0 0 0

1IA, Irrigation amount; ZIN, Irrigation needs; 3WS., Water Savings (related to control
treatment); Flow., Flowering *Average of water supplied to each treatment referred to
control treatment during the irrigation period.
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Fig. 3.3.A Irrigation amounts (IA) for each treatment during 2007. DOY = day of
year.
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Fig 3.3.B Irrigation amounts (lA) for each treatment during 2008. DOY = day of

year.
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Fig. 3.4. Soil water content in the root zone for each treatment at the end of the
fruit growth period of 2007 and 2008. The line inside the box shows the median
and the letters after each box-whiskler plot show statistical differences at P <
0.05 level.

3.3.2. Plant water status and gas exchange

In both seasons, W, was very similar in all the treatments at the end of
the flowering period (Fig. 3.5). This was expected because we were, at
that time, at the end of the rainy season. This explains that the differences
in SWC between treatments were not enough to cause significant
differences in the water status. Both at fruit growth and fruit maturation,
RDI trees showed more negative values of Y ., than the control trees.
However the differences were only significant between control and RDI-
667 during the fruit growth period. In the RDI-776 treatment, in which
moderate stress was applied during flowering and fruit growth (IA = 70%
of control), ¥ .., decreased significantly at the end of the fruit maturation
period, when severe stress was applied (IA= 56% of control).

Concerning gas exchange, the most restrictive treatment, RDI-667,
showed the lowest g, values and the control treatment the highest ones
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(Fig. 3.6). Differences between treatments were not significant, likely
because of the high variability of g..

Box and whisker plots of Sg and Sy for each treatment and season
are shown in Fig. 3.7. It was notable that treatments with similar water-
stress levels during the fruit growth period (RDI-676, RDI-677 and RDI-
776) showed similar values both of Sg and Sy in 2007 and 2008. The
differences in water-stress levels in these treatments occurred during
flowering and fruit maturation. Rainfall in these periods might explain why
these differences were not enough to affect Sg and Sy.

Significant linear correlations were found between |IA and Sg and Sy
(Fig. 3.8) in 2007 and 2008. The coefficients of determination were
particularly high between IA and Sg in 2007 (r* = 0.751) and between IAs
and Sy in 2008 (r* = 0.837).

3.3.3. Yield, fruit quality and water productivity

We found clear relations between vyield (average per treatment,
normalized for each year) and the annual IA (Fig. 3.9). On the other hand,
these differences were not clear in the box and whisker plots, especially in
2007 (Fig. 3.10). This was mainly due to a high variability of the yield data
of each treatment. However, in 2008, significant differences were found
between the control treatment and the RDI-676 and RDI-677 treatments.
The biggest differences were for RDI-667, with an average yield reduction
of 15% in 2007 and 26% in 2008, as compared to the control treatment
(Table 3.4). In the rest of the RDI treatments yield reductions were also
observed, but the differences were not always statistically significant.

In 2008, when the differences were greater, severe water stress
applied during the flowering period was reflected in the final fruit number
per tree (Table 3.4). This is clear for treatment RDI-677, in which the fruits
per tree were significant lower than in the control treatment.
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Fig. 3.10. Box and whisker plot for yield (years 2007 and 2008). The line inside
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statistical differences at P < 0.05 level.
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Table 3.4. Yield components and fruit quality parameters.

Season 2007 Treatments

RDI-676  RDI-677 RDI-667  RDI-776  control

Yield (kg tree™) 153.1 164.39 147.5 160.65 172.77
Fruit weight (g) 209.22°  218.39"  207.65° 215.54° 267.64°
Fruits tree™ 735 758 722 765 667
Juice Weight (%) 39.77 40.05 37.67 37.96  39.19
TSS (2Brix) 12.88° 12.78° 14.04° 13.11°  11.26°
TA (gL} 1.32°%° 1.25% 1.55° 1.41™ 1.15°
M.I. 9.75% 10.22° 9.06° 9.29°  9.79%
E.D. (mm) 75.00°  75.80% 74.89° 7598  89.79"
P.D. (mm) 79.70°° 79.23° 76.36° 77.76°  84.04%°
Rind (mm) 6.00 6.28 6.69 6.13 6.60

Season 2008 Treatments

RDI-676 ~ RDI-677 RDI-667  RDI-776  control

Yield (kg tree™) 131.33 118.23 117.1 154.69  157.92
Fruit weight (g) 268.69°°  285.68°  214.22° 262.43"° 272.99°
Fruits tree™ 509°° 04 554°° 620° 588"
Juice Weight (%) 46.83 45.73 46.28 4500  45.93
TSS (2Brix) 13.19° 12.98° 14.82° 13.40°  11.24°
TA. (gL? 0.96" 0.85%° 1.12° 0.96°  0.74°
M.L. 13.86™ 15.71° 13.23° 14.29"° 15.27%°
E.D. (mm) 81.24% 83.99" 75.82°  80.85"°  82.48°
P.D. (mm) 86.85 88.51 85.82 8431  86.30
Rind (mm) 6.72 7.21 6.76 6.76 6.47

Within each row, different letters indicate significant differences at P < 0.05 by
Tukey’s test.

TSS, total soluble solids; TA, titratable acidity; MI, maturity index; ED, equatorial
diameter; PD, polar diameter; PT, peel thickness.
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On the other hand, when these water restrictions were applied
during the fruit growth or fruit maturation periods, i.e. in the RDI-676,
RDI-667 and RDI-776 treatments, fruit weight rather than fruit number
per tree was the affected variable. Particularly, RDI-667 presented
significant differences in fruit weight with the control treatment. As
mentioned above, this was the treatment in which yield was most
affected. RDI-776 was the treatment with the highest number of fruits in
both experimental years, although these differences were not significant.

Table 3.4 also shows the effects on fruit morphological parameters
(ED, PD, and fruit weight). Not significant relations were found between
these parameters and the IA applied in the treatments.

Regarding the effect of water stress on organoleptic properties,
fruit quality was affected mainly in treatments with higher stressed levels
during the fruit growth and fruit maturation periods (RDI-676, RDI-667,
and RDI-776). In these treatments we registered increases both in TSS and
TA, coupled with small decreases in MI. These effects were particularly
significant in the RDI-667 treatment, in which the most severe reductions
in 1A were applied. Results from the RDI-776 treatment shows that a
severe reduction of IA during fruit maturation improved juice quality
without excessively lowering MI.

For the entire study period (2007-2008), our results show
significant differences between some of the treatments for Sy, Sg, yield,
fruit weight, TSS, TA, and ED (Table 3.5). This overall analysis confirmed
the results in the year-by-year analysis, especially for the second
experimental year, when the rise in TSS and TA values registered in the
RDI-667 and RDI-776 treatments was especially noticeable. Concerning
yield parameters, only the most water limited treatment (RDI-667)
showed significant differences in yield, mainly due to a significant
decrease in fruit weight. The rest of the treatments did not show
significant differences in vyield, fruit weight or fruit number when
considering the whole experimental period (2007-2008).
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Table 3.5. Water stress integral, stomatal conductance integral, yield and fruit
quality parameters for the entire study period (2007-2008) (Normalized data).

Treatments

RDI-676 RDI-677 RDI-667 RDI-776  control
b

bc

Sy (MPa) 130.8 123.8 160.1° 138.9°  109.4°
Sg (mmol m?s™) 7918%° 7846%° 6851° 7589  8536°
Yield (kg tree™) 150.2°°  149.2%° 139.77 1665 174.3°
Fruit weight (g) 206.8% 218.1° 182.5°  206.8°°  233.9°
Fruits tree™ 726 684 765 805 745
Juice Weight (%) 41.0° 40.6° 39.8° 39.3° 40.3°
TSS (2Brix) 14.1° 13.9° 15.6° 14.3° 12.1°
TA (gL 1.3% 1.2% 1.5° 1.3 1.1°
Ml 12.0° 13.1° 11.3° 12.0° 12.7°
ED (mm) 75.8% 77.5° 73.1° 76.1°°  79.2°
PD (mm) 84.6° 85.2° 83.4° 82.3° 86.5°
PT (mm) 6.7° 7.1° 7.1° 6.8° 6.9°

Within each row, different letters indicate significant differences at P < 0.05 by
Tukey’s test.

In 2007 values of WP in the tested deficit irrigation treatments were
similar, but significantly higher than in the control treatment (Fig. 3.11). In
2008 WP was reduced in all the RDI treatments, but they again were
significantly higher than in the control treatment.

3.3.4. Plant water status and gas exchange versus yield and
fruit quality

We analysed the relationships between both vyield and fruit-quality
parameters and Sg and Sy, to define which of those parameter was most
related to the crop response to DI.

The Sy values showed strong linear correlation with TSS only (Fig.
3.12). Other parameters, such as PD, MI, and juice content showed no
significant correlations when considering the whole dataset, but were
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statistically significant when considering each year separately. Therefore,
in 2007 year, the juice content (r* = 0.71) and PD (r* = 0.80) had a
significant correlation with Sy (regressions not shown). Ml also showed
significant correlations with Sy, with r* values of 0.76 in 2007 and 0.52 in
2008.

Values of Sg were closely correlated with some yield and fruit
parameters (Fig. 3.13), especially with fruit weight (r* = 0.78), TA (r* =
0.92), PD (r* = 0.79) and Ml (r* = 0.76).

3.4. Discussion

In terms of the threshold value for midday W in citrus trees, the control
treatment registered values ranging between -0.6 and -1.3 MPa, in
periods of minimum and maximum evapotranspiration demand,
respectively. These values are close to those reported by Ortufio et al.
(2006a). According to De Swaef et al. (2009), W, directly reflects the
plant’s water status, bearing strong relationships with the sap-flow rate or
daily radial-stem growth. Many authors have found similar results for
Wem (Goldhamer et al., 1999; Naor and Cohen, 2003; Nortes et al., 2005),
a parameter which usefulness for irrigation management is widely
accepted (Shackel et al., 1997; Naor, 2000).

In general, g is not sensitive to the irrigation treatment until a
certain threshold of W, is reached. In this context, Ortuio et al. (2004),
observed in well-irrigated lemon trees greater fluctuations in g; than in
Wsem- In other experiment, Ortufio et al. (2006b) observed that W, was
more sensitive to water stress than g, since significant differences
between treatments were found in Y., a week before than in g..

Our results suggest that both Sy and Sg are good indicators of
potential effects caused by water stress in some of the fruit quality
parameters such as TA and TSS. Nevertheless, Sg showed better results
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when considering the relations obtained each year than that of the two
years experimental period. In contrast, treatments with similar Sy or Sg
showed different effects on yield and fruit-quality parameters. This could
have been due both to changing meteorological conditions and to the
stress distribution over the phenological periods. Differences on water
distribution along the irrigation season, depending on the irrigation
strategy, had a greater effect on the response of the citrus tree than the
annual IA applied in each treatment.

Several pieces of work have shown that certain levels of water
stress increases TSS and TA in citrus trees (Bielorai, 1982; Kuriyama et al.,
1981; Yakushiji et al., 1998; Hockema and Etxeberria, 2001). In this
context Pérez-Pérez et al. (2009) pointed out that a reduction of IA during
fruit maturation period in ‘Lane late’ sweet orange significantly increased
TSS and TA, without changes in MI, PD, and peel thickness. Moreover, this
irrigation reduction lowered juice parameters and ED. Ginestar and Castel
(1996) observed that withholding of irrigation during the fruit maturation
of young clementine citrus trees in two consecutive years caused a
reduction of yield, fruit weight and fruit number, although fruit number
differences were not significant. Gonzalez-Altozano and Castel (1999)
documented similar results in two treatments with reductions of 50% and
75% of irrigation during fruit maturation of 10-year-old clementine citrus
trees in the first experimental year. In the second year, these authors
observed reductions in yield and fruit weight and increments in fruit
number. Nevertheless, only fruit weight differences were significant.
Hutton et al. (2007) tested DI by applying different irrigation interval
treatments during fruit growth and fruit maturation periods in ‘Valencia’
orange trees during two consecutive years. In their experiment, the
development of more vegetative shoot growth by trees growing under
increasing water deficit in late summer increased the number of potential
fruiting sites for flowering in the following season. This was seen in the
increase in fruit count per tree recorded for trees grown under longer
irrigation intervals. This also could explain the results of Gonzalez-
Altozano and Castel (1999) reported above. Hutton et al. (2007) also
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observed that the increased crop load (number of fruits per tree) and
periodic water stress during fruit growth period contributed to the smaller
fruit size recorded in trees irrigated at the longer intervals. Consequently,
the increased fruit numbers did not result in significant increases in fruit
mass per tree. They observed yield differences between years were much
greater tan between irrigation treatments.

The higher number of fruits in our RDI-776 treatment could be
explained because the water limitations during fruit maturation.
Gonzalez-Altozano and Castel (2003) also documented that prolonged
moderated deficit irrigation in autumn promoted higher flowering during
next spring.

Gonzalez-Altozano and Castel (2003) observed significant effects on
yield, because of a decrease in fruit number when the crop underwent
moderate to severe water stress. However, this strategy did not affect
either the fruit weight or the organoleptic properties. When a severe
reduction in water supplied by irrigation was applied during the fruit-
growing period, the fruit number was not affected but fruit weight, and
thus yield, was reduced, although only fruit weight differences were
significant.

Our results in 2008 suggest that any severe water stress (IA < 57%
of IN) at flowering affected mainly the fruit number, thus reducing yield.
Nevertheless, the differences were only significant in treatment RDI-667.
Furthermore, when a similar reduction in IA was maintained during fruit
growth the fruit weight significantly decreased. Deficit irrigation during
fruit maturation affected the organoleptic fruit characteristics. DI
strategies were influenced by the spring and autumn rainfall, suggesting
that its application could be appropriate from mid-spring to the end of
summer, coinciding with late flowering and the final fruit growth period,
respectively.

Increasing WP may be a mean of achieving a rational use of water
in agriculture. Taking into account that the available water for irrigated
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land is a limiting factor in many world areas (Ali and Talukder, 2008),
strategies such as DI have shown that water productivity can be enhanced
(Ali et al., 2007; Jalota et al., 2006) and could be associated with
acceptable commercial production. Nowadays, the low importance given
to improving WP must be related to the reduced water costs in
Mediterranean agricultural areas (Lorite et al.,, 2004), where water
represents only less than 10% of the total production costs, a clear
contradiction with the Common Agricultural Policy and the water
Framework Directive (Garcia-Vila et al., 2008). Our WP results were
particularly good for the RDI-776 treatment during 2008, when the
highest water productivity was achieved (0.025 kg L*). Thus, this DI
strategy offered the best results, with water savings greater than 30%
(Table 3.3) and non-significant yield losses (Table 3.4). The total yearly IAs
in the RDI-676, RDI-677 and RDI-776 treatments were similar (64%+1% of
IN), but the different periods in which IA was more severely reduced had
significant effects on yield, and hence in final water productivity (Tables
3.3-3.4 and Fig. 3.11).

3.5. Conclusions

Although all the tested RDI treatments increased WP, our results show
that RDI-776 is the best strategy for Citrus sinensis L. Osb. cv. Navelina
trees grown in the area. This treatment allowed 1200 m® Ha™ (37% IN) of
water savings per year on average with no significant effect in yield. It also
improved significantly fruit quality parameters as TSS and TA.

In the rest of the tested RDI treatments, with a greater reduction of
irrigation water at flowering (44% of control), mainly fruit number was
affected. Furthermore, maintaining this reduction during the fruit growth
period caused a significant loss in fruit weight and some changes in fruit
quality parameters, such as an increase of TSS and TA.
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Our results suggest that both Sy and Sg are good indicators of
potential effects caused by water stress in some fruit quality parameters
as TA and TSS, although Sg showed better results when considering the
relations obtained each year than that of the two years experimental
period. In contrast, treatments with similar Sy or Sg showed different
effects on yield and fruit-quality parameters, probably due to changing
meteorological conditions and to the stress distribution over the
phenological periods. Differences on water distribution along the
irrigation season, depending on the irrigation strategy, had a greater
effect on the response of the citrus tree than the annual IA applied in
each treatment.
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Chapter 4

Impact of sustained and low frequency deficit
irrigation on the physiological response, water
productivity and fruit yield of citrus trees cv.
Navelina

Part of this chapter is published in:

Garcia-Tejero |, Jiménez-Bocanegra JA, Martinez G, Duran-Zuazo VH, Romero R,
Muriel JL. 2010. Positive Impact of Regulated Deficit Irrigation on Yield and
Fruit Quality in a commercial Citrus Orchard. Agricultural Water
Management Vol 97, 614-622.

Abstract. This work was carried out in a citrus orchard of the Guadalquivir River
Valley, with 11-year-old citrus trees (Citrus sinensis L. Osbeck, cv. Navelina)
grafted on Citrange Carrizo (Citrus sinensis L. Osbeck x Poncirus trifoliata L. Raf.)
under three irrigation treatments: (1) control, in which 111% of the irrigation
needs (IN, mm) were replaced by irrigation; (2) a low frequency deficit irrigation
(LFDI) treatment with withholding & rewatering cycles, in which trees were
irrigated to replace 100% of the IN when midday stem water potential (Wem,
MPa) values approached -2.0 MPa, and irrigation was withheld when Y., values
were similar to those in the control trees. This resulted in a 65% of the total crop
IN and six withholding & rewatering cycles during the irrigation season; and (3) a
sustained deficit irrigation (SDI) approach in which total water supplies amounted
to 58% of the crop IN. Midday stem-water potential and stomatal conductance
(g, mmol m™ s™) were measured during the dry period (from mid-June to mid-
September), as well as trunk diameter fluctuations from which we derived the
maximum daily shrinkage (MDS, mm) and the daily maximum stem diameter
(MXSD, mm). This allowed us to evaluate the impact of the irrigation treatments
in the plant-water status and to establish main relationships among the recorded
variables during the fruit growth and fruit maturation periods. The lowest ¥em
and g, values were registered in the treatments with lower irrigation supplies (SDI
and LFDI). Compared with the control treatment, MDS values were significantly
higher in the SDI treatment and in the withholding periods of the LFDI treatment
and the opposite was observed with the MXSD values. In the LFDI trees, values of
Yiemy 95, MDS and MXSD fluctuated in agreement with the withholding &
rewatering cycles. Thus %.m and g, values decreased and MDS values increased
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during the withholding periods, and the opposite behaviour followed the
rewatering events. The g, values were markedly influenced by weather
conditions. Tight relationships between ¥, and g,, and between ¥, and MDS
were found. The LFDI treatment promoted 40% water saving with an 18% of
reduction in yield only. In addition, this treatment improved fruit quality.

4.1. Introduction

In arid and semi-arid areas, such as those of the Mediterranean basin in
which citrus are widely grown, the sustainable used of water in agriculture
is a challenge (Araus, 2004; Ruiz Sanchez et al., 2010). The area devoted
to citrus orchards in Andalusia, the south region of Spain, is of ca. 74000
ha. Most orchards are irrigated with an average of 6500 m®ha™ yr™. The
increasing demand of water from other sectors (industry, tourism, etc.) is
putting pressure for a more rational use of water in agriculture. This can
be achieved by improving the crop water productivity (WP), i.e. by
maximizing the marketable yield per unit of water applied.

Deficit irrigation (DI) of fruit tree orchards allows significant water
savings and WP increase (Fereres and Soriano, 2007). Many authors have
pointed out the advantages of DI for improving water productivity in
citrus orchards (Gonzélez and Castel, 2000; Muriel et al., 2006; Garcia-
Tejero et al., 2007, 2008). A reliable monitoring of the tree water status is
required for applying most DI strategies, since episodes of severe water
stress that may affect negatively yield and fruit quality must be avoided.
In this context, stem water potential (%:.m) and stomatal conductance
(gs) are among the most useful plant-based measurements to monitor the
plant response to limiting water conditions (Romero et al., 2006; Pérez-
Pérez et al., 2008a, 2008b, 2009). The measurement of these variables,
however, cannot be automated, i.e. they cannot be continuously
monitored. By contrast, trunk diameter variations (TDV) are also related
to the tree water stress and they can be automatically recorded. In fact,
TDV-derived indices such as the maximum daily shrinkage, MDS (Ortufio
et al., 2006, 2009; Velez et al., 2007; Conejero et al., 2007), and the daily
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maximum stem diameter, MXSD (Cuevas et al., 2010; Moriana et al.,
2010; Fernandez et al., 2010, 2011) have been successfully used both to
derived information on the tree water stress and to control irrigation in a
variety of fruit tree species including citrus. A variety of DI strategies have
been used with different woody crops, such as grapevine (Garcia-
Escudero et al., 1991, 1997, Rubio et al.,, 2004, Yuste et al., 2005,
Intrigliolo and Castel, 2008), apricot trees (Ruiz-Sanchez et al., 2000 and
Pérez-Pastor et al., 2009), almond trees (Girona et al., 2005 and
Goldhamer et al., 2006), apple trees (Girona et al., 2009) and olive trees
(Moriana et al., 2003 and Iniesta et al., 2009).This subject was extensively
reviewed by Ruiz-Sanchez et al. (2010). To our knowledge, very little
research has been made on the effect of sustained deficit irrigation (SDI)
and low frequency deficit irrigation (LFDI) strategies on the physiological
response, water productivity and fruit yield of citrus trees. These two DI
strategies, however, are among the most widely used irrigation strategies
in citrus orchards of the Guadalquivir River Valley, as well as in many
other areas where water for irrigation is scarce. Hutton et al. (2007)
addressed the question of timing irrigation to suit citrus phenology. The
intervals between irrigation applications were fixed by the authors and
not based on the physiological response of the trees. Gomes et al. (2004)
studied the effect of water stress on transpiration, g, and leaf water
potential of 1-year-old ‘Pera” orange trees in pots. They compared a LFDI
and a full irrigation (FI) treatment, but they did not reported results on
water use efficiency or fruit yield.

The main objectives of this research were to evaluate the impact of
a SDI (58% of the irrigation needs, IN) and a LFDI (65% of IN,
withholding&rewatering periods of 15-29 days) strategy on the
physiological response, water productivity and fruit yield of mature citrus
trees under field conditions in the Guadalquivir River Valley, and to
explore the feasibility of these strategies as sustainable practices for
improving WP in Mediterranean areas in which citrus trees are cropped
under water scarcity conditions.
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4.2. Material and methods

4.2.1. Experimental site

This research was carried out in a commercial orchard located in the
Guadalquivir River Valley, SW Spain (37°29'19"”N, 5°50'43"W) planted with
11-year-old orange trees (Citrus sinensis, L. Osbeck, cv. Navelina) grafted
on Citrange Carrizo (Citrus sinensis, L. Osbeck x Poncirus trifoliate, L. Raf.).
The trees, spaced 6 m x 4 m, were, on average, 2.5 m in height and 3.2 m
in diameter.

The soil was a texture-contrast duplex soil. The top 0.9 m layer was
a typical fluvisol (FAO, 1998) with textural values of 70% sand, 19% silt
and 11% clay, a water holding capacity of 99 mm. The organic-matter
content was below 1%. Below there was a dense clay layer. Most of the
roots were in the top 0.4 m of soil. The climate in the area is typically
Mediterranean, with dry, hot summers and mild, wet winters. Average
annual values of potential evapotranspiration (ET,) and rainfall (R) values
are 1400 mm and 534 mm, respectively (period 1971-2000). Rainfall
occurs mainly from late autumn to early spring, with November to
February being the wettest months. Temperature in winter rarely falls
below 0 2C, and maximum values can go over 40 2C in July and August.

4.2.2. Irrigation treatments and experimental design

The irrigation needs (IN) for the orchard conditions were calculated as

7
IN = [Z ET*]- K. K. — P, Eq. 4.1
k=1

where ET, was calculated with the FAO56 Penman-Monteith equation
(Allen et al., 1998) and data from an automatic weather station nearby
the orchard. K. is the crop coefficient and K, is a reduction coefficient
accounting for the percentage of ground surface covered by the crop. P is
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the effective precipitation. We used the K. values reported by Fernandez-
Gomez et al. (1999), i.e. 0.45 in January and February, 0.5 from March to
May, 0.55 from June to October and 0.5 in November and December. A K,
value of 0.7 was calculated after Fereres and Castel (1981), corresponding
to the 35% of the ground surface covered by the canopies of the trees.

In 2008, the experimental year, we applied three irrigation
treatments: 1) control, in which the trees were irrigated three time per
week with the aim of replacing the crop water needs, i.e. 100% of IN; 2)
SDI, a sustained deficit irrigation in which the trees were irrigated with the
same frequency than the control trees, but scaled to a total irrigation
supply of 60% of IN; 3) LFDI, a low frequency deficit irrigation consisting
on withholding irrigation until midday ¥;..,= -2.0 MPa and then irrigating,
three time per week also, until no differences on ¥, ., with the control
trees were found. The duration of the withholding&rewatering cycles
varied from 15 to 29 days.

The irrigation season started in May (early fast-growth fruit period)
and ended in November (after fruit-maturity period). For all treatments,
the irrigation system consisted of two laterals per tree row with self-
compensating drippers 1 m apart (8 drippers per tree). The discharge
rates of the drippers were 2.2 L h™ in the control and LFDI trees, and 1.3 L
h™in the SDI trees.

Three 576 m? plots per treatment were distributed in a randomized
complete block design. Each plot consisted of three rows with 8 trees per
row. Measurements were made in the four central trees of each plot,
termed here as sample trees.

4.2.3. Measurements

Midday stem-water potential was measured with a pressure chamber
(Scholander et al., 1965), following Turner (1988). Once every 7-10 days,
two mature leaves were sampled from the north quadrant of each one of
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the sample trees of each plot. Measurements were made around 12.00
Greenwich Mean Time (GMT).

On the same days in which Y., was measured, g was monitored
in two sunny leaves per tree, using a diffusion porometer AP-4 (Delta-T
Devices, Cambridge, UK).

Three trees per treatment were instrumented with linear variable
displacement transducers, LVDTs (Model 2.5 DF; Solartron Metrology,
Bognor Regis, UK) installed in the main trunk at about 0.25 m from the
ground. The LVDTs were mounted on holders built of aluminium and
INVAR—an alloy comprising 64% Fe and 35% Ni that has minimal thermal
expansion (Li et al.,, 1989). Measurements were taken every 30 s and
recorded every 15 min on a datalogger. We used these records to
calculate the maximum daily shrinkage (MDS) as the difference between
the maximum trunk diameter and minimum trunk diameter recorded on
the day.

Measurements of the volumetric soil water content in the wetted
soil volumes (irrigation bulbs) (SWC, mm) were made with a capacitance
probe (C-probe Systems LTD, UK). We used two access tubes per
treatment, located in the soil of one sample tree per plot, at 0.01 m from
the closer dripper and 1 m. apart from the trunk. Measurements in each
tube were made at 10, 30, 60 and 90 cm depth, every 15 min.

The total fruit weight of each sample tree was determined at the
end of the season. For each treatment, WP was calculated as the yield (kg)
divided by the volume of water applied (L).

Fruit-quality characteristics were analysed after harvest. Ten fruits
from each sample tree were used for analysis. For each fruit we measured
equatorial (ED, mm) and polar (PD, mm) diameters, peel thickness (PT,
mm), fruit weight and juice content. Total soluble solids contents (TSS,
9Brix) were measured with a digital refractometer PR-101. Titratable
acidity (TA, g L") was determined by titrating the samples with NaOH 0.1
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N by the colorimetric method, using phenolphthalein as indicator
solution. The maturity index (MI, 2Brix L g') was then calculated by
dividing TSS by TA.

For evaluating the impact of the considered DI strategies, yield and
fruit quality variables were subjected to analysis with one-way variance by
Tukey’s test at level of P < 0.05.

4.3. Results

4.3.1. Water supplies

During the studied period (DOY 152-286 in 2008), the seasonal values of
ET,, ET. and P, were 776, 299 and 47 mm, respectively. Rainfall was very
low during the period of greatest atmospheric demand (from mid-June to
mid-September, Fig. 4.1A). Most rainfall events were recorded from mid-
September to mid-October. The irrigation amounts (IA, mm) amounted to
280 mm in control (111% IN), 145 mm in SDI (58% IN) and 165 mm in LFDI
(65% IN) (Fig. 4.1B, Table 4.1).

The SWC dynamics (Fig. 4.2) was consistent with the applied IA in
each treatment. In the control treatment the SWC at 30 cm depth was
nearly constant during the studied period (Fig. 4.2A). In the SDI treatment
SWC values decreased for most of the dry period, until the first rainfall
events in late summer (DOY 260). Afterwards, SWC increased up to values
close to those measured in the control treatment. For the LFDI treatment
the SWC values at 30 cm depth fluctuated according to the irrigation
events. Thus, the SWC values decreased drastically in the first 48 h after
withholding irrigation. At 60 cm depth (Fig. 4.2B), SWC in control and SDI
treatments was nearly constant for most of the dry season. Fluctuations
also occurred in the LFDI treatment at 60 cm depth, although less
markedly than at 30 cm depth. The decreases in SWC at 60 cm were
delayed 2-3 days respect to the decreases at 30 cm.
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Fig. 4.1. Effective precipitation (P.), crop (ET.) and potential (ET,) evapotranspiration
(A), and irrigation amounts (lA) for each treatment (B) during the irrigation season.
DOY = day of year.
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Table 4.1. Total irrigation amounts (IA) and water savings (WS) as compared
to the control for each treatment. The experimental period was from day of
year 152 to day of year 286. See text for details on the treatments.

Treatments
Control SDI LFDI
IA (mm) 280 145 165
IA (%IN) 111 58 65
WS (mm) 0 135 115

IN = irrigation needs
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Fig. 4.2. Dynamics of soil water content (SWC) in each treatment at 30 and 60
cm depth. SDI: Sustainable deficit irrigation; LFDI: Low frequency deficit

irrigation.

DOY = day of year.
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4.3.2. Plant-based measurements

The time courses of the studied physiological variables ( ¥em, gs and MDS,
Fig. 4.3) were consistent with the IAs applied in each treatment (Fig. 4.1).
The g, values showed a large temporal variability (Fig. 4.3B), likely due to
the variability of meteorological conditions.

In the control treatment we recorded values of %Y., between -0.7
and -1.3 MPa throughout the studied period (Fig. 4.3A). For the SDI
treatment ¥, followed a decreasing trend (from -1.2 MPa to -2.0 MPa
during the dry period), according to the decreasing available water in the
soil of this treatment (Fig. 4.2). The first rainfall events after the dry
season, from DOY 262 (Fig. 4.1A), increased SWC in all plots (Fig. 4.2) and
the differences between treatments on ¥, disappeared (Fig. 4.3). In the
LFDI treatment Y., values markedly depended on the withholding &
rewatering cycles. For each cycle, ¥;:.n values were close to those of the
control treatment after the recovery irrigations, showing that these were
enough for the LFDI trees to recover from water stress.

For the control trees, the average value of g, for the dry period
(DOY 185-246) was 121 mmol m? s (Fig. 4.3B). The low values of g, in all
the treatments on DOY 258 were probably due to the particularly low
solar radiation conditions in this measurement day (data non shown).
Values of g, in the SDI treatment during the dry season were significantly
lower than in the control treatment. In this treatment, g, showed a
decreasing trend, from 107 to 34 mmol m? s™. This agrees with the
cumulative stress during that period (Fig. 4.3A). In the LFDI treatment g,
fluctuated, according to the withholding & rewatering cycles, from 166 to
21 mmol m? s™. As for .., differences on g, between treatments
disappeared after the autumn rainfalls.

Values of MDS in the control treatment varied from 100 to 200 um
(Fig. 4.3C) for most of the dry season. The greatest values corresponded
to the non-irrigation days. The MDS values in the control decreased, as
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Fig. 4.3. Dynamics for stem water potential (A), stomatal conductance (B) and
maximum daily shrinkage (C) in each treatment during the irrigation period.

DOY = day of year.
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the ET,, from early August. In the SDI trees the MDS trend mimicked that
of ET, (Fig. 4.1), and values were usually greater than in the control trees,
likely because of the most severe waters stress levels reach by the SDI
trees. In the LFDI trees the MDS values increased with soil drying between
two recovery irrigation periods, and decreased when the trees were
irrigated. After the dry season, i.e. after the occurrence of the rainfall
events from DOY 262, differences on MDS between treatments
disappeared.

The correlation coefficients (r) of the relationships between ¥cm,
gs, MDS and SWC at 30 cm (SWC30) and 60 cm (SWC60) depth are shown
in Table 4.2. The results obtained between MDS and the other parameters
were especially significant (Table 4.2). Highest correlation coefficients
were obtained between the ¥, and the SWC at 30 cm depth (r =-0.53),
Yiem and g, (r = 0.75), and MDS and ¥ (r = -0.63). This suggests that
these parameters (i.e. %em ¢, SWC30 and MDS) offer certain
information about the crop water status when an irrigation deficit is
applied. Nevertheless, the moderate values of the correlation coefficients
suggest that no direct relationships should be assumed between these
variables. These results show that the relationships between the
considered variables should be explained with more complex
multiparametric models.

We also measured the maximum stem diameter (MXSD, mm),
which showed different seasonal patterns, in each treatment (Fig. 4.4).
The dry period coincided with the fruit growth stage. This explains the
limited trunk growth showed in Fig. 4.4 for the control trees from DOY
179 to DOY 242. Only at the end of this period, coinciding with the fruit
maturity phase, there was a slight increase in trunk diameter. After
harvesting, from DOY 268, net trunk growth was negligible. In relation to
the SDI treatment, we observed a significant decrease of the MXSD values
due to the accumulated water stress of these trees. The MXSD trend in
the SDI trees changed with the first rainfall events at the end of the dry
period. This increment confirms the recovery of these trees suggested by
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Table 4.2. Correlation coefficients among between the studied parameters.

MDS SWC30 SWC60 ¥, em
MDS
SWC30 -0.41%*
SWC60 NS NS
e -0.63** -0.53** NS
g -0.25* 0.21* NS 0.75%*

MDS: Maximum daily shrinkage; SWC30: soil water content at 30 depth; SWC60: soil
water content at 60 of depth; ¥,..m: sStem water potential; gs: stomatal conductance;
NS: no significant; * and ** significant correlations at P < 0.05 and P < 0.01,
respectively.
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Fig. 4.4. Temporal evolution of the daily maximum stem diameter (MXSD) in
each treatment during the studied period. SDI: Sustainable deficit irrigation;
LFDI: Low frequency deficit irrigation. DOY = day of year.
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the WYiem and g, observations (Fig. 4.3). Finally, the MXSD values
registered in LFDI trees showed decline and recovery periods according to
the irrigation events in this treatment. At the end of the season the LFDI
trees showed a net growth similar to that in control trees. Likely, the
depletion of SWC together with high atmospheric demand led to
negligible growth and progressive dehydration of tissues at the end of the
withholding periods, which causes the marked decreases of MXSD
recorded in the LFDI trees at the end of the periods in which irrigation was
withheld. The comparison of Figs. 4.2, 4.3 and 4.4 suggests that higher
correlation coefficients might be obtained with MXSD versus SWC30,
Y.em and gs (data not shown) than with MDS.

4.3.3. Yield and fruit quality response

Table 4.3 shows the effects of the water treatments on yield and fruit
quality parameters. Yield was lower both in LFDI and SDI than in the
control treatment, the decreases being due to both lower fruit weight and
reduced number of fruits per tree. Concerning juice content, decreases of
17% in SDI and 10% in LFDI, were recorded, as compared to the control.
There were also significant effects on fruit organoleptic properties.
Significant increases of total soluble solids and titratable acidity were
registered both in the SDI and LFDI treatments. We also observed
increases of maturity index in SDI and LFDI, although only in the LFDI
treatment the differences were significant.

Values of WP were 0.03 kg L-1 in LFDI, 0.025 kg L-1 in SDI and 0.024 kg L-1
in control. These results show that greatest WP values did not only
depend on the amount of water supplied, but also on the irrigation
strategy.
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Table 4.3. Yield and fruit quality parameters.

Treatments

Control SDI LFDI
Yield (kg tree™) 152.6° 91.4° 124.4°
Fruit weight (g) 264.7° 228.1° 237°
Fruits tree™ 577° 495" 497°
Juice weight (%) 47.5° 39.9° 43.5°
TSS (2Brix) 10.3° 12.6° 13.3°
TA (gL 1.2° 1.5° 1.5°
Ml 8.3 8.8 9.2°
ED (mm) 79.4° 72.6° 72.7°
PD (mm) 84.6° 80.3° 79.2°
Peel thickness (mm) 6.2° 8.7° 6.4°

SDI: Sustainable deficit irrigation; LFDI: Low frequency deficit irrigation;
TSS: total soluble solids; TA: titratable acidity; MI: maturity index; ED:
equatorial diameter; PD: polar diameter.

4.4. Discussion

The MDS values observed in the SDI trees and during the withholding
periods and in the LFDI treatment along the season were significant
higher than in the control trees (Fig. 4.3C). This agrees with the levels of
water stress suffered by the trees (Fig. 4.3A). This is in accordance with
the results reported by Ortufio (2004a) for young lemon trees and
Ginestar (1995) for mandarin trees. These authors concluded that when
Y.em Was higher than-2.5 MPa an increase in MDS was associated with a
decrease in %m. On the other hand, Ortufio et al. (2004b), in an
experiment with young lemon trees, found differences in MDS values the
second day after the 1As were significantly restricted, i.e. soon after the
increase in water stress. The water depletion was 25% lower in the deficit
irrigation treatment compared with the control treatment.
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Steppe et al. (2006) reported fluctuations in g, measured in young
orange trees, even with stable atmospheric conditions. The observed
fluctuations in g, were accompanied by lower fluctuations in ¥n, as
observed in our experiment. Stomatal oscillations have been observed in
several species, including orange trees (Dzikiti et al., 2007; Westhoff et al.,
2009; Zimmermann et al., 2010). Zimmermann et al. (2010) showed a
strong correlation between the frequency (and amplitude) of the
oscillations and the wind speed. An increase in wind speed obviously
reduces the hydration boundary layer on the leaves and, in turn, increases
temporarily local transpiration causing a reduction of turgor pressure in
the leaf tissues. This phenomenon may explain the fluctuation of the g
values we observed in the field (Fig. 4.3B).

Our results show that MDS could be a reliable and sensitive
indicator of water stress for a rational control of DI strategies in
commercial citrus orchards. Similar findings were obtained in previous
experimental works (Ortufio et al., 2006), showing high significant
correlations between MDS and Y (r = 0.77) in young lemon tree. The
same can be deduced from the review works by Ortufio et al. (2010) and
Fernandez and Cuevas (2010). Our results also suggest that MXSD could
also be an advisable indicator of water stress for the DI trees. Other
authors have found a better performance on MXSD than MDS as an
indicator of water stress in fruit tree orchards. This is the case of Cuevas
et al. (2010) and Fernandez et al. (2011) in mature olive trees with heavy
crop load.

Regarding g., the significant differences between treatments
showed in Fig. 4.3B is in accordance with Gomes et al. (2004). The authors
studied the effects of a LFDI treatment on g. of orange trees. They
reported significant differences on the g, values of the LDFI trees after
seven days without irrigation, as compared with those full irrigated. On
the tenth day after rewatering the g, values of the stressed trees were not
significant different from those in the non stressed trees.
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Yield was significant lower in the SDI trees than in the control trees,
the decreases being due to a reduction in both fruit weight and No. fruits
per tree. Several authors have described the agronomic effects of DI,
showing important differences among species. Thus, the applications of
SDI strategies in vineyards have shown a general increase in yield and, in
some instances, also some beneficial effects on fruit ripening (Garcia-
Escudero et al., 1991, 1997, Rubio et al., 2004; Yuste et al., 2005;
Intrigliolo and Castel, 2008). In apricot trees (Ruiz-Sanchez et al., 2000;
Pérez-Pastor et al., 2009) SDI applied throughout the growing season
affected productivity and limited vegetative and reproductive growth. In
almond trees, Girona et al. 2005 considered more interesting a regulated
deficit irrigation (RDI) strategy with a 60% saving of water compared with
the control treatment than a SDI treatment receiving 30% less water than
control. However, in an experiment made in California, Goldhamer et al.
(2006) indicated that, for the same level of applied water, yield was less
affected under SDI than under RDI. RDI and SDI strategies were applied to
apple trees (Malusdomestica L.) in a trial in Lleida with DI (50% of the
control) applied during the last stage of fruit growth and Fl the rest of the
growing season (Girona et al., 2009). During the three year period, RDI did
not reduce fruit size or yield, while SDI during the whole year drastically
reduced fruit size. In the same way, Moriana et al. (2003) compared the
yield response of mature olive trees (cv. Picual) growing in Cordoba, south
Spain, under SDI (75% ET.) and RDI (75% ET. except in midsummer period
when no irrigation was applied) with a control (100% ET.). The results
illustrated that the average reductions in crop evapotranspiration and
yield in both DI strategies with respect to the control were similar.
Although the plant water status in the SDI trees was better than in the RDI
trees, the difference was not sufficient to recommend one of the two
strategies as the other since the yield was the same and SDI used greater
amount of water. Iniesta et al. (2009) tested the same treatments (Fl, SDI
and RDI) in an olive orchard (cv. Arbequina) in Cordoba by. In both DI
treatments IAs amounted to 25% of the control. The results from 2004 to
2006 showed that a reduction of seasonal irrigation application of around
75% caused a decrease in seasonal ET (30-35%) and in radiation use
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efficiency, leading to moderate (=15%) reductions in oil yield. The water
use efficiency (WUE) for oil production in SDI and RDI was higher than in
Fl, and the oil yield was similar in both deficit treatments. Therefore, both
irrigation strategies were recommended for olive orchards, to reduce IA
with moderate reductions in oil yield.

In our LFDI treatment both, fruit size and fruit number, were lower
than in the control treatment. We compared these results with those
obtained by Hutton et al. (2007). Hutton et al. reduced irrigation in
Valencia orange trees (Citrus sinensis L. Osbeck on Poncirus trifoliata L.
Raf. rootstock) by up to 33% relative to a Fl treatment by extending the
intervals between applications from 3 to 17 days during fruit growth
stages Il and lll. The development of more vegetative shoot growth by
trees growing under increasing water deficit (longer irrigation interval) in
late summer increased the number of potential fruiting sites for flowering
in the following season and this was seen in the increase in fruit per tree
recorded for trees grown under longer irrigation intervals. However, the
increased crop load (number of fruits per tree) and periodic water stress
during fruit growth stage Il contributed to the smaller fruit size recorded
in trees irrigated at the longer intervals. Consequently, the increased fruit
numbers did not result in significant increases in fruit mass per tree. Yield
differences (kg tree™) between years were much greater than between
irrigation treatments. The apparent discrepancies with our results might
probably due to a lower stress of the trees in the Hutton et al
experiment, since they observed higher values of W, (up to -2.3 MPa)
than those we measured in the LFDI trees (up to -2.7 MPa).

In the SDI and LFDI treatments irrigation was reduced respect to
control trees during both, the flowering and the fruit growth periods. This
explains the reductions of both the number of fruits per tree and the fruit
size. It is well known that the yield response of citrus trees to water stress
strongly depends on the phenological stage of the crop, being growth and
flowering the most critical periods for water stress (Ginestar and Castel,
1996). This explains that reductions in IA during the flowering period



Impact of sustained and low frequency deficit irrigation on the ... 109

promoted a decrease in the fruit number, due to problems related to the
fruit setting process (Castel and Buj, 1990; Pérez et al., 2008a, 2008b). In
relation to the growth period, an applied water stress during this stage
caused a considerable reduction in fruit size (Velez et al., 2007; Treeby et
al., 2007).

According to Gonzalez-Altozano and Castel (1999), values for Wy,
must exceed the threshold of -1.3 MPa to exert a significant effect on final
crop production. In our experiments, trees grown under SDI and LFDI
treatments showed Y., values lower than this threshold. Ginestar and
Castel (1996) also observed important differences in yield in a treatment
in which the available water was 50% of the crop water needs during any
period of the year.

The increases of total soluble solids, acidity and titratable maturity
index in the SDI and LFI treatments is also in agreement with findings by
other authors testing DI strategies in citrus trees (Gonzalez-Altozano and
Castel 1999; Hutton et al., 2007; Yakushiji et al., 1998).

4.5, Conclusions

Significant water savings can be achieved in commercial citrus orchards
under Dl irrigation, with a reduced impact in yield and fruit quality. In our
case, water savings amounted to 41% for the LFDI treatment, as
compared to the fully irrigated control treatment. The reduction in yield
was 18% only, and the quality parameters TSS, TA and Ml improved. In the
SDI treatment, water savings were slightly higher than in the LFDI
treatment (48%), but yield reduction was substantially higher (40%
reduction). Dendrometric sensors offer continuous monitoring and
automatic data recording and transfer, and their sensitivity and
robustness are appropriate for the control of precise irrigation in
commercial citrus orchards. For these reasons, the MDS and MXSD indices
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seems to be and advantageous alternative to stem water status
monitoring, for the assessment of tree water stress.
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An automatic irrigation controller for fruit tree
orchards, based on sap flow measurements
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Design and testing of an automatic irrigation controller for fruit tree
orchards based on sap flow measurements. Australian Journal of
Agricultural Research 59, 589-598.

Abstract. We designed and tested an automatic irrigation control system for fruit
tree orchards, denominated CRP. At the end of each day, the device calculates
the irrigation dose (ID) from sap flow readings in the trunk of trees irrigated to
replenish the crop water needs, relative to similar measurements made in
overirrigated trees. It then acts on the pump and electrovalve to supply an ID
enough to maintain the soil close to its field capacity during the irrigation period.
Remote control of the system is possible from any computer or smartphone
connected to the Internet. We tested the CRP in an olive orchard in southern
Spain. The device was robust and able to filter and amplify the output voltages of
the heat-pulse velocity probes and to calculate reliable sap flow data. It
calculated and supplied daily irrigation amounts to the orchard according to the
specified irrigation protocol. The remote control facility showed to be useful for
getting real-time information both on the CRP behaviour and the applied IDs, and
for changing parameters of the irrigation protocol. For our conditions, olive trees
with big root systems growing in a soil with a remarkable water-holding capacity,
the approach mentioned above for calculating ID had not enough resolution to
replace the daily crop water consumption. The device, however, was able to react
when the soil water content fell below the threshold for soil water deficit. The
threshold value was identified with simultaneous measurements of stem water
potential in the instrumented trees. Our results suggest a change in the irrigation
protocol that will allow the CRP to apply a recovery irrigation whenever that
threshold is reached, making the device suitable for applying a deficit irrigation
strategy in the orchard.
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5.1. Introduction

Demands from other water-user sectors, apart from agriculture, are
increasing pressure to improve irrigation practices (Fereres and Evans,
2006). As a response, new approaches and technologies to optimise
irrigation scheduling are being developed. Those based on monitoring a
key variable in the plant have the potential advantage of integrating, in a
single measurement, not only the plant’s response to the prevailing soil
and atmospheric water conditions, but also the effect of the plant’s
physiological mechanisms controlling water use. Thus, canopy
temperature, water content in the trunk, trunk diameter variations, and
sap flow readings are currently considered promising plant-based
variables for irrigation control (Fereres et al.,, 2003; Jones, 2004). An
additional advantage of these variables for irrigation scheduling is that
they can be automated.

Infrared thermometry has been used since the sixties, both to
monitor plant stress and to provide useful information for irrigation
control (Jackson, 1982; Hatfield, 1983). Recent improvements have
increased the potential of the technique as a tool for irrigation scheduling
(Jones, 1999; Alves and Pereira, 2000; Lobo et al., 2004). However, the
use of this technique in fruit tree orchards has to overcome the difficulty
of the high variability induced by the canopies’ covering just part of the
orchard floor. Monitoring water content changes in the stem of some
species by automatable techniques, such as time-domain reflectometry
(TDR), has long been used for detecting the onset of water stress
(Constant and Murphy, 1990; Holbrook and Sinclair, 1992). It seems,
however, that simpler and less expensive sensors are required before
farmers adopt this approach for irrigation control (Nadler et al., 2006).

Extensive research has been carried out recently to improve
irrigation control based on trunk diameter variations and sap flow in the
trunk. Continuous monitoring of trunk diameter by linear variable
displacement transducers (LVDT sensors) for assessing tree’s response to
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irrigation water deficits has been studied in a variety of fruit tree species.
In olive, the technique has been evaluated by Moriana and Fereres (2002)
and Moreno et al. (2006). An example of irrigation control based on the
use of LVDT sensors in almond trees was published by Goldhamer and
Fereres (2004). Recently, Garcia-Orellana et al. (2007) have evaluated the
feasibility of scheduling irrigation of lemon trees from the maximum daily
trunk shrinkage. Sap flow readings are being widely used to determine
both water consumption and the dynamics of transpiration and water
uptake by main roots. Among the different sap flow methods, the
compensation heat-pulse (CHP) method has been used in various fruit
tree species, including kiwifruit (Green et al., 1989), apple (Green et al.,
1989, 2003), pear (Caspari et al., 1993), apricot (Alarcon et al., 2000,
2003; Nicolas et al., 2005), lemon (Ortufio et al., 2004), and olive (Moreno
et al.,, 1996; Fernandez et al., 2001, 2003, 2006a,b; Giorio and Giorio,
2003; Williams et al. 2004). Comparisons between sap flow and trunk
diameter readings as water stress indicators in fruit trees, and between
these two variables and more-traditional water-stress indicators such as
leaf- or stem-water potential and stomatal conductance, have been
carried out by Ortuio et al. (2004, 2005, 20064, b), Conejero et al. (2007)
and Intrigliolo and Castel (2006a, b), among others. These papers outline
the high potential of the two variables.

Most of the irrigation controllers available on the market require
the irrigation dose (ID) to be provided by the user. Only then are they able
to switch the irrigation pump on and off and to open and close
electrovalves to apply the input ID to each sector of the orchard. In this
work, we consider an automatic irrigation controller (AIC) to be a device
able to calculate ID by itself, based on one or several recorded variables,
and to act on the irrigation system so that the calculated ID is supplied to
the crop. These processes must be carried out automatically. Very few
AICs have been developed so far. Most of them are based on soil matric
potential measurements (Luthra et al., 1997; Klein, 2004; Miranda et al.,
2005). These are relatively inexpensive, user-friendly devices, but soil
moisture monitoring implies certain limitations: a high number of sensors
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may be required to cope with the spatial variability within the orchard,
and they do not take plant performance into account. To our knowledge,
an AIC based on either LVDT or sap flow readings has not yet been
developed, although irrigation protocols based on both approaches have
been suggested (Fernandez et al., 2001; Goldhamer and Fereres, 2004;
Garcia-Orellana et al., 2007). The ‘Pepista’ system (Pelloux et al., 1990)
uses trunk diameter variations to control irrigation, but it requires criteria
for data interpretation. Nadezhdina and Cermak (1997) reported an AIC
based on what they call sap flow index (see Nadezhdina, 1999, for details),
but a commercial version was not released.

The aim of the present work was to design and build an AIC for fruit
tree orchards, based on sap flow measurements in the trunk of
representative trees, and to test the performance of the device after
installing it in an olive orchard, both for amplifying and filtering output
signals from the thermocouples of the sap flow sensors and for calculating
the ID according to the specified irrigation protocol. Water status, both in
the instrumented trees and soil, was monitored throughout the field test,
and results compared with the calculated IDs.

5.2. Materials and methods

5.2.1. Irrigation controller

We named the AIC developed in this work CRP, the Spanish acronym for
crop irrigation controller. The CRP has been designed to adjust the ID daily
to maintain the soil around field capacity. The ID values are automatically
calculated from sap flow readings in the trunk of trees irrigated to supply
the crop water needs, denominated normally irrigated (NI) trees, relative
to similar measurements made in overirrigated (Ol) trees, used as
reference trees. The CRP was built in our laboratory during 2005, and
tested in an olive orchard in 2006, as described below.

The CRP has three main physical components:
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a) The measurement unit (MU). This part of the CRP is installed in
the orchard, and records sap flow in one NI and one Ol tree. The MU uses
the heat-pulse velocity (HPV) system of Green (1998) for sap flow
readings. This system employs the CHP method. The CRP tested here had
three MUs, each with three sets of HPV probes (Tranzflo NZ Ltd,
Palmerston North, New Zealand) per tree. These, together with the
corresponding heat-pulse controllers and the power supply system, were
the only components of the CRP not designed in our laboratory. The main
characteristics of the HPV probes are described in Green et al. (2003).
Each set of probes has two temperature probes, inserted at x'=5 mm
upstream and x=10 mm downstream of the heater. Each temperature
probe consists of four thermocouples, at 5, 12, 22, and 35 mm below the
cambium. Heat pulses were fired for 1 s every 30 min throughout the
testing period. After each heat pulse, output signals from each HPV probe
are amplified and filtered to derive t, values, the time intervals for the
coincidence of temperatures at points x’ and x (see appendixes 5.A1 and
5.A2). The four t, values from each set of probes are stored in an EEPROM.

b) The control unit (CU). This is a standard PC located close to the
head of the irrigation system, wired to each of the three MUs, using
RS485 communication protocol. This allows up to 32 devices to
communicate at half-duplex on a single pair of wires at distances up to
1200 m, more than enough for our experimental set-up. For operating,
the CU runs the software described in the appendix 5.A3. Every night, at
23:45 hours, the CU gets the t, values measured by each MU that day.
After saving these values, the CU uses them to calculate the sap flow
values (Q, L hour™) for each HPV probe set and time of measurement. The
Q values are saved, and then used to calculate the total tree transpiration
for the day (Ep, L day™). The CU then computes the ID for the next day as
described below, and sends this value to the pump & electrovalve
controller.

c) The pump & electrovalve controller (PEC). This device, also
located close to the head of the irrigation system, is wired to the CU, from



122 Chapter 5

which it receives the calculated ID. The role of the PEC is to switch the
irrigation pump on and off, and to open and close the electrovalve of the
irrigation sector for a time sufficiently long to supply the ID. In addition,
the PEC reads pulses from a flow meter installed after the electrovalve,
enabling the system to control the supply of water either by volume or by
time (software details in appendix 5.A4).

Figure 5.1 shows the tasks carried out by each of the main
components of the CRP. The number of MUs and electrovalves controlled
can be customised depending on orchard requirements. The number of
HPV probe sets per tree, the depth of the thermocouples within each
probe, and other parameters related to sap flow monitoring, can also be
changed.

We used a remote desktop of Windows XP to access the CU via the
Internet from home or office, for remote control of the CRP functions,
including parameter changing and program debugging.

The irrigation protocol was as follows: the soil in the orchard must
be around field capacity on the first two days of the irrigation period. On
these two days, the CRP does not calculate the ID; instead, its value is
defined by the user. At 23:45 hours on the first day of the irrigation
period, the CU collects the t, values from each MU and calculates E, of
that day, for each NI tree (E,y) and each Ol tree (E,q). The CU then
calculates the transpiration ratio between the two types of tree (En/Epol)-
The following day, the CU does the same, and compares the resulting
value with the one calculated on the previous day. From this comparison,
the CU automatically adjusts the ID for the next day (the third of the
irrigation period): if (Eon/Epoi)ooy = ( Eonv/Epoi)oov-1 (Where DOY denotes
‘day-of-year’), the ID applied on the current day could have been either
enough to cover the water needs of the NI trees or too high. Accordingly,
the ID of the next day is reduced. If (Eon/Epol)ooy # ( Egn/Epor)poy-1, the CU
assumes the ID applied on the current day was not enough to cover the
demand of the NI trees, and increases the ID for the next day. This
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Fig. 5.1. Flow diagram showing the tasks of the three main physical components of
the CRP: the measuring unit (MU), the control unit (CU), and the pump &
electrovalve controller (PEC). See text for details.



124 Chapter 5

procedure is repeated each day of the irrigation period, with the following
rules:

1) If the transpiration ratios of two consecutive days are considered
different, that is, |(Epn/Epoi)oov-1 -(Epni/Epoi)ooy | >0.05(Eon/Epoi)poy-1; then
the CU increases the ID by 10% on the next day, and by 20% on the
following days.

2) If [(Eon/Epor)oov-1 -(Eoni/Epoi)ooy | £0.05(Eon/Epoi)ooy-1, then the CU
reduces the ID by 10% on the first day, and by 20% on the following days.

5.2.2. Field trial

We tested the CRP in an olive orchard (Olea europaea cv. ‘Manzanilla de
Sevilla’) of La Hampa, an experimental farm of the Spanish Research
Council (CSIC) close to Seville, Spain (372 17° N, 62 3’ W, elevation 30 m).
The trees, planted at 7 m x 5 m, were 38 years old. The soil is a sandy
loam (Xerochrept) with a depth of about 2 m. The soil texture is quite
homogeneous, with average values of 73.5% coarse sand, 4.7% fine sand,
14.8% clay, and 7.0% silt. Laboratory measurements showed that the
volumetric soil water content (9,, m*> m®) for -0.1 and -1.5 MPa soil matric
potential was 0.33 m® m® and 0.10 m® m?3 respectively. Field
measurements, however, showed that 9, values close to the emitters a
few hours after irrigation were rarely greater than 0.26 m®* m>.

We selected a plot with four rows each of eight trees for irrigation
with the CRP. In March 2006, we installed the three MUs in the plot, at
about 50, 75, and 100 m from the CU, located in the shed at the head of
the irrigation system, next to the plot. The instrumented trees were
representative of those in the plot, with an average canopy volume of 37
m® and a leaf area density (LAD) of about 1.6 m> m™ at the end of the
growing season. Each MU was powered by a 12 V, 216 Ah battery fed with
a solar panel. For irrigating the Nl trees, i.e. all trees in the plot except the
three Ol trees, we installed an irrigation system consisting of a single pipe
per row, with five 3 L h™ drippers per tree, 1 m apart. As explained above,
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IDy was calculated daily by the CU, except for the first two days of the
irrigation period, which began on May 8, day-of-year (DOY) 128.

The Ol trees were irrigated to 130% of the crop evapotranspiration
(ET,, mm), with an irrigation system similar to that described for the NI
trees, but with drippers of 6 L h™ discharge rate. We calculated ET, with
the crop coefficient approach recommended by the FAO (Allen et al.,
1998). Data for calculating the potential evapotranspiration (ET,, mm)
were collected with an automatic weather station located next to the
orchard. For both the crop coefficient (K.) and the coefficient related to
the percentage of ground covered by the crop (K.), we used the values
recommended by Fernandez et al., (2006b) (K. values were 0.76 in May,
0.70 in June, 0.63 in July and August, and 0.72 in September; K, was 0.7).
Values of ET. were calculated twice a week during the whole testing
period, and IDo, was adjusted accordingly. We used a standard irrigation
controller (Agronic 4000, Sistemes Electronics PROGRES, S.A., Lérida,
Spain) for supplying the calculated ID,. The CRP was kept running for 132
days, until September 16 (DOY 259). Herbicides were used to prevent
weed growth in the orchard.

Stem water potential (Wgem, MPa) was recorded at midday every 5-
7 days throughout the irrigation period, in both the Ol and the NI trees. A
pressure chamber (Soilmoisture Equipment Corp., Santa Barbara,
California, USA) was used to measure the xylem water potential at the
petiole of leaves wrapped in aluminium foil some 2 hours before midday.
Two leaves per tree (n = 6) were sampled from the base of shoots in the
trunk or main branches.

Volumetric soil water content (8, m®> m?) in the 0.2-2.0 m soil
profile was monitored with a neutron probe (Troxler 3300, Research
Triangle Park, NC, USA). Access tubes were installed along the tree row, at
distances of 0.5, 1.5, and 2.5 m from the trunk in the NI tree of MU2, and
at 1.5 and 2.5 m from the trunk in the NI trees of MU1 and MU3. One
single access tube per tree was installed in the Ol trees, at 1.5 m from the
trunk, since less variation of ¢, was expected in the Ol trees than in the NI
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trees. Values of 3, in the top 0.0-0.2 m were determined by gravimetry.
Soil water profiles were recorded every 10-20 days through the testing
period. A depth equivalent of water, expressed as the level of relative
extractable water (REW, mm) was calculated from the measured 39, values
(Granier, 1987):

91: - ev,min

REW = Eq.5.1

Gv,max - gv,min

where U, is the actual soil water content (mm), &, mi» the minimum soil
water content measured in the soil (mm), and 3, .« the soil water content
at field capacity (mm).

5.3. Results and discussion

5.3.1. CRP reliability

The CRP worked well, except for the heaters of the sap flow probes: nine
heaters had to be replaced during the testing period. Most of them burnt
out, suggesting an excess of current. We used one heat-pulse controller
for each heater. With this configuration, and taking into account the heat-
pulse controller characteristics, power output from the heater was 72 W,
which means 72 J of energy delivered in a heat pulse of 1 s. The problem
was solved simply by connecting two heaters to a single heat-pulse
controller and increasing the heat pulse to 2 s. Thus, we had 64 J, but only
32 W, avoiding burnt-out heaters. Apart from that, we had 8 software
faults in the 132 days of field trial, most of them at the beginning of the
period. These were solved within a few hours, thanks to the remote
control of the system.

The CRP was able to properly filter and amplify output voltages
from the HPV probes. The curve shown in Fig. 5.2A was recorded with a
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Fig. 5.2. Output voltage (U) from the outer pair of thermocouples of one of the
probe sets monitored by the measurement unit 1, before (A) and after (B)
being amplified and filtered by the CRP. Amplified sections of the graphs
correspond to the calculated t, values, indicated by the dashed lines. The X-axis
shows the time (t) after the firing of the heat pulse.
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high-performance digital multimeter (Keithley 2000, 0.1 uV resolution,
accuracy of 0.003% reading), while that in Fig. 5.2B was recorded with a
standard digital multimeter (Iso-Tech IDM73, accuracy of 0.5% reading).
The curve in Fig. 5.2B, despite having been highly amplified (note the
different scaling) and measured with a low-precision multimeter, was less
noisy than that in Fig. 5.2A, which proves the high amplification and
filtering performance of the MU. The t, value calculated by the MU (Fig.
5.2B) was similar to that derived from the curve recorded by the high-
performance multimeter (Fig. 5.2A). In addition, we can expect the t,
value calculated by the MU to be more precise than that derived from the
curve recorded by the high-performance multimeter, as the MU’s curve
was less noisy. We recorded several curves like that shown in Fig. 5.2, on
different days of the field trial, always with similar results.

Figure 5.3A shows the seasonal time course of ET, and that of the £,
values calculated by the CRP in two Ol trees, those in which the highest
and lowest E, values were recorded. Simple linear correlation analysis
between the ET, and E, values in Fig. 5.3A showed r* = 0.77. Fig. 5.3B is
the same, but for the NI trees; in this case, r* = 0.71. These correlation
coefficient values are similar to the r* = 0.73 obtained by Fernandez et al.
(2001) in the same orchard when comparing ET, with the E, values
calculated by the CHP method, using a CR10X data logger and HPV probes
similar to those connected to the CRP. Other authors have found similar
correlation coefficients for other species and conditions (Meiresonne et
al. 1999; Zhang et al. 1999). These results prove the CRP was able to
derive the t, values from the output voltages of the HPV probes and to
calculate reliable sap flow data, yielding daily E, values as good as those
calculated by the approach usually followed by most researchers when
using the CHP method (Giorio and Giorio, 2003; Green et al., 2003;
Fernandez et al., 2006a). Fig. 5.3 also shows big differences of E, between
trees. As all instrumented trees had similar size and LAl (see tree
characteristics in Materials and Methods), we can assume that these
differences were mainly due to the probe location effect: sap flow records
depends on the xylem characteristics in the location where the probes are
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Fig. 5.3. Daily transpiration (E,) values calculated by the CRP from the sap
flow records in two Ol trees — those for which the highest (A) and the
lowest (V) transpiration rates were estimated (A). Fig. B is the same but for
the NI trees. Also shown are the potential evapotranspiration (ET,) values
estimated from the FAO56 Penman-Monteith equation and the data
recorded by the weather station next to the orchard (e). DOY = day of year.

inserted (Ferndndez et al., 2001; Green et al., 2003). Fig. 5.3, however,
shows similar E, dynamics for all trees, parallel to that of the ET,. These
results illustrates the main advantage of using the difference in the
Eon/Eqor ratio between two consecutive days for calculating the ID, as the
CRP does: the sap flow recorded in either one or both of the trees
connected to each MU can be over- or underestimated by the probe
location effect, but this does not affect the dynamics of the E,n/Epq ratio.
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5.3.2. CRP performance

The first value of E,n/Eyol, calculated by the CRP on DOY 129, when the
soil of both the Ol and the NI trees was at about field capacity, was 0.89
(Fig. 5.4B). Variable weather conditions were recorded from DOY 145 to
DOY 160. Low values of atmospheric demand, and consequently of ET,,
were recorded most of those days (Fig. 5.4C). Perhaps the variable
atmospheric demand was responsible, at least in part, for the changing
Eon/Epor values recorded on that period. Apart from that, on the first 46
days, the time course of the daily E,n/Epo values showed a slope of
approximately zero, with Egn/Epo = 0.85 on DOY 175. Consequently, the
IDs calculated by the CRP decreased from DOY 130 until DOY 176, when
the calculated ID was just 0.58 L tree™ (Fig. 5.4C).

This caused a decrease in the soil water content in the rootzone of
the NI trees, with REW=0.57 on DOY 176 (Fig. 5.4D). From DOY 177 to
187, differences between the E,w/Epo ratios of consecutive days were
greater than 5% (Fig. 5.4B); from DOY 188 to 196, the E,/Epo ratio
decreased markedly nearly everyday, showing, for the first time since the
beginning of the irrigation season, a clear response to the low water
supplied to the NI trees. The daily evolution of the Epn/E,o ratio from DOY
177 to 196 yielded increasing IDs calculated by the CRP according to the
irrigation protocol: by 10% on DOY 177 and by 20% on the following days.
Due to the low ID on DOY 176, however, the ID on DOY 196 was only 6.71
L tree™’, much lower than the ET. value estimated for that day with the
crop coefficient approach (106.9 L tree™) (Fig. 5.4C). Both W (Fig. 5.4A)
and the E,n/Epo ratio (Fig. 5.4B) decreased markedly in the NI trees from
DOY 187, indicating that the soil water content was too low to prevent a
significant increase in the trees’ water stress. This made us apply a
recovery irrigation of 102 L tree™ on DOY 199, corresponding to the ET.
value estimated with the crop coefficient approach (Fig. 5.4C). From that
day on, we left the CRP to control irrigation again as programmed. As
shown in Fig. 5.4C, the ID increased for four consecutive days, reaching a
maximum of 193.9 L tree™ on DOY 203, and then decreased. The average
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Fig. 5.4. Daily values of the transpiration ratio between the normally irrigated
and overirrigated trees (Eon/Epo) determined by the CRP during the field trial
(B), and the derived irrigation doses, ID (C). Irrigation began on day-of-year
(DOY) 128. Water supply on DOY 199 corresponds to a recovery irrigation (see
text for details). Also shown are the values of stem water potential measured
at midday (Wsem) in the instrumented trees (n = 6) (A) and the relative
extractable water (REW) calculated from the soil water profiles measured in
the rootzone of the instrumented trees (n = 7 for the NI trees and n = 3 for the
Ol trees) (D). Vertical bars represent + the standard error. The crop
evapotranspiration values (ET.), calculated as explained in the Materials and
Methods section, are represented in panel C.
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REW in the rootzone of the NI trees went from a minimum of 0.48 on DOY
196 to a maximum of 0.80 on DOY 209. According to this change in the
soil water status, W, of the NI trees recovered quickly, reaching values
similar to those of the Ol trees on DOY 205. It took longer, however, for
the E,n/Epol ratio to recover. This agrees with what is already known
about the behaviour of the olive tree after a recovery irrigation: the water
potential of stressed olive trees recovers quickly after rewatering, but it
takes longer for stomatal conductance to recover, the delay being related
to the level of water stress previously reached (Fereres et al. 1996;
Ferndndez et al. 1997). Large daily fluctuations in the E,n/Eqq ratio were
often recorded from DOY 224 to 242, which led the CRP to calculate
increasing IDs on nearly every day of that period (Fig. 5.4B,C). This caused
a substantial increase in the soil water content of the NI trees, reaching
similar values to those of the Ol trees from DOY 234. The lack of water
available for irrigation on the farm from DOY 245 made us reduce the
irrigation supplied to the Ol trees to about one third of ET,, and adjust the
ID calculated by the CRP on DOY 248 to 30 L tree™’. No significant changes
were recorded from that day to the end of the irrigation season
(September 16; DOY 259), apart from the decrease in both W, and REW,
for all the experimental trees, caused by the mentioned reduction in the
irrigation amounts.

The time-course evolution both of the E,n/Epo ratio and W, from
the beginning of the irrigation season until DOY 187 (Fig. 5.4A,B), suggests
that the NI trees were able to take up similar amounts of water from the
soil as the Ol trees until REW=0.50, the value recorded on that day. The
cumulated ET. from DOY 128 to 187 amounted to 4520 L tree™, while the
amount of water supplied in that period by the CRP to the NI trees was
1410 L tree™ only. The difference, 3110 L tree™, should have been
provided by the soil. Ferndndez et al. (2006b) estimated that the available
water in the soil orchard is 170 mm, which means some 85 L of water per
cubic metre of soil before REW=0.5. Therefore, some 36 m® of rhizosphere
should have been needed for each tree to be able to cover the mentioned
difference. Taking into account that the average effective rootzone depth
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estimated from the soil water profiles measured during the irrigation
period was 1.6 m, such rhizosphere could correspond to about 23 m’
ground surface, of the 35 m? available to each tree. This is reasonable,
since it agrees with observations on the root system distribution carried
out in the same orchard by Fernandez et al. (1991). Besides the relatively
high amount of water available for each tree from the soil water reserves,
the high capacity of the olive tree for taking up water from drying soils
(Xiloyannis et al., 1998) probably contributed to the delay in the W, and
Eon/Epor responses to the low IDs applied until DOY 187. It seems that, for
our orchard conditions, REW=0.5 is a threshold for soil water depletion at
the beginning of the irrigation period, when the soil outside the irrigation
bulbs is wetted after the rainy season. Later in the season, from about
DOY 210, values of W, in the NI trees were lower than those recorded
before DOY 187, despite of the greater REW values recorded at that time
(Fig. 5.4A,D). This cannot be attributed to differences in atmospheric
demand only, because average ET, values recorded in the two periods
were similar (Fig. 5.3). We can assume that the volume of soil from which
the roots could absorb water from DOY 210 was lower than at the
beginning of the irrigation period, being likely restricted to the irrigation
bulbs. Under these conditions, any reduction in the volumetric soil water
content within the irrigation bulbs has a greater impact on the amount of
water taken up by the tree. We can expect, therefore, greater threshold
REW values later in the irrigation period than at the beginning. These
results suggest that the threshold value of REW=0.25 usually
recommended for olive (Orgaz and Fereres, 2004) is too low.

The mentioned results suggests that the Eyy/Eyo ratio may not has
enough resolution for the daily adjustment of ID to keep the soil around
field capacity, in orchards where the soil has a medium-to-high soil water-
holding capacity and the roots of trees explore large volumes of soil. The
ratio, however, seems to be a sensitive indicator of a threshold value of
water stress, even for those conditions, suggesting a potential for the
automatic control of deficit irrigation.
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Depending on the soil characteristics, a careful evaluation of the
level to which the Ol trees must be irrigated could be required. Thus, lack
of oxygen in the rootzone, nitrogen deficiency because of excessive
leaching losses, and anomalous leaf area development could make
overirrigated trees to become non-representative of those in the orchard
(Goldhamer and Fereres, 2001; Fernandez et al. 2007). In addition, there
are evidences of flooding causing a reduction in the recorded value of
some plant-based water status indicators, including sap flow (Ortufio et
al., 2007). In this work we irrigated our Ol trees to 130% of ET,, to assure
non-limiting soil water conditions all throughout the experiment. On the
other hand, the fact that our experimental soil has no restrictions to
percolation (Palomo et al., 2002) made us to expect a negligible impact of
the mentioned problems derived from overirrigating the trees.

Our results show that the increase or reduction of ID by 10% on the
next day and 20% on the following days according to the differences of
the Eow/Epor ratios of two consecutive days, was not always enough to
match the changes on the crop water requirements. This was the case
from DOY 177 to 196, Fig. 5.4C. We have found no evidences in the
literature on the physiological bases to be taken into account for adjusting
properly those percentages. There are, however, articles in which other
authors evaluate, for different species, the results of working with similar
percentages as those used in this work. Thus, Conejero et al. (2007)
evaluated the use of sap flow and trunk diameter readings for scheduling
irrigation in young peach trees. They reduced irrigation by 10% when the
signal intensities derived from the sensor readings was at or below unity
on at least two or three consecutive days, and increased irrigation by 10%
when the signal intensity exceeded unity. Their results show that the
precision of water scheduling decreased during periods of increasing
irrigation need, and that 10% irrigation increases were insufficient, or that
irrigation should be scheduled more frequently than every three days.
Another example is that of Velez et al. (2007), who used maximum daily
trunk shrinkage (MDS) in mature ‘Clementina de Nules’ citrus trees to
schedule deficit irrigation. The authors varied in £ 10 to 20% the water
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applied weekly, according to the evolution of the MDS ratio between
overirrigated and control trees. By using this approach they managed to
maintain the MDS ratio close to the target value, for most of the season.

Analysis of the E,n/E,o values showed that reducing the 5%
threshold difference between (E,nv/Epoi)oov and (Epnv/Epol)oov-1 IS not
advisable: daily fluctuations were close to that value even on days with no
significant changes in either the soil water content or the atmospheric
demand. We cannot explain the unusually high fluctuations in the E,n/Epo
ratio recorded from DOY 224 to 242. The system apparently worked well,
and no significant changes in the environmental conditions occurred in
that period, except for a 15 mm rainfall event on DOY 229, likely
responsible for both the increase on W (Fig. 5.4A) and the decreased
on ID (Fig. 5.4C) recorded on the following days. Except for period
between DOY 224 and 242, the only case in which daily fluctuations of the
Eon/Epol ratio were greater than 5% for several consecutive days was from
DOY 187 (Fig. 5.4B), in agreement with the decrease in soil water content
to below the threshold for soil water (Fig. 5.4D), and the marked decrease
in Wgenm of the NI trees (Fig. 5.4A). This, together with the results discussed
above, suggests the need for a change in the irrigation protocol: the CRP
must apply a recovery irrigation when the Epn/E,o ratio decreases more
than 5% for three consecutive days. The amount of water for the recovery
irrigation must be set by the user, depending on the fruit tree species and
orchard characteristics. For our experimental orchard, 100 L tree™ would
be a reasonable amount (Fernandez and Moreno 1999). The effect that
this change in the irrigation protocol might have on CRP performance is
still to be tested.

Monitoring the soil water status for scheduling irrigation can be
recommended in some cases, especially for homogeneous, annual crops
with reduced rootzones (Hoppula and Salo, 2007; Thompson et al. 2007).
In the case of woody plants exploring big volumes of soil, soil water
variability imposes limitations to this approach, especially because the
number of required sensors may become unaffordable. In those cases,
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plant-based measurements may be especially useful for irrigation
scheduling purposes, since they inform on the plant response to the soil
and atmospheric conditions (Jones, 2004). Compared to irrigation
scheduling methods based on the atmospheric demand, such as the crop
coefficient method (Allen et al. 1998), plant-based measurements can
increase the resolution of the calculated IDs, which is certainly an
advantage for precise high-frequency irrigation. In addition, plant-based
measurements such as sap flow and trunk diameter can be easily
automated, which is particularly valuable for irrigation scheduling (Jones,
2007). Automatic irrigation controllers, such as the CRP, have an
additional advantage: the device is able not only to measure the plant
indicator automatically; it also processes the collected information and
operates the irrigation system to apply the calculated ID. Still, the highly
variable soil and crop conditions in many commercial orchards may limit
the potential use of AICs such as the CRP. On those cases, however, the
use of remote sensing techniques could inform on the variability of water
stress within the orchard, helping to choose the most representative
locations for the MUs, thus reducing the number of required sensors. See
the work by Sepulcre-Cantd et al. (2007) for an example on the use of
those techniques in olive and peach orchards.

5.4. Conclusions

The CRP proved to be a robust device able to calculate and supply daily
irrigation amounts to the orchard, in accord with the specified irrigation
protocol. It allows the user to interact with the device from any computer,
PDA, or smartphone connected to the Internet, for consulting, changing
parameters, or even taking full control of the irrigation practice. This is a
clear advantage for irrigating orchards in remote areas. For the case
studied in this work (olive trees with big root systems growing in a soil
with a high water-holding capacity) the daily values of the E,n/Eyo ratio
had not enough resolution for the desired irrigation approach, intended
to replace the daily crop water consumption. The CRP, however, was able
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to react to a sudden increase in the tree’s water stress caused by the soil
water content falling below the threshold for soil water deficit, suggesting
the device could be suitable for applying deficit irrigation in olive orchards
with similar characteristics as our experimental orchard. This would
require a small change in the irrigation protocol, suggested by our field
results. The resolution of the E,n/Eyo ratio could be greater when
irrigating species with a lower capacity to take up water from drying soils,
especially if these have a low water-holding capacity. Whether for those
species and soils the CRP will be efficient to keep the soil close to its field
capacity throughout the irrigation season is still to be tested.
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Appendix 5

5.A1. Filtering and amplification details

Output voltages from the HPV probes had maximum values of about 60
microvolts. An ICL7650B instrumentation amplifier incorporated in each
MU multiplied input signals by a factor of 100. Additional amplification
(for a gain of 27) was obtained thanks to an OP07 ultralow offset voltage
operational amplifier. A tappered potentiometer was also included to
correct the amplification offset. Eventually, a second-order Butterworth
low-pass filter multiplied the signal by a factor of 2, eliminating noisy
components.

5.A2. Measurement unit (MU)

Specifically designed software was downloaded to each of the three main
components of the CRP (MU, CU, and PEC) for the system to work as
explained in the Materials and Methods section. The “brain” of each MU
is a PIC18F4525, C-programmed microcontroller. This device controls both
the firing of heat pulses at the defined time intervals and the collection of
differential temperatures from each pair of thermocouples in the HPV
probes. These data are filtered firstly by the second-order Butterworth
low-pass filter, and then selected by a control algorithm to obtain the t,
values, which are saved in the external EEPROM located on the MU board.
The CU can read temperature values online.

5.A3 Control unit (CU)

A Visual Basic application was designed for CU operation. This allows the
configuration of parameters related to the HPV probe characteristics and
location in the trunk, as well as of those related to sap flow and ID
calculation. The main code is dedicated to collecting, at the end of each
day, the t, values saved in the external EEPROM of the MUs. Wound width
and correction factors for sap flow calculations were chosen according to
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calibration experiments made in the olive by Fernandez et al. (2006a).
After filtering wrong data, average values were used to calculate
(Eon/Epoi)ooy and to derive ID. Clock synchronisation in MUs and CU was
checked daily, using the PC clock as master. The CU is also able to plot and
save differential temperatures read by the HPV probes, i.e. differences in
temperature between the downstream and upstream thermocouples.
This helps to detect probe malfunction.

5.A4. Pump & electrovalve controller (PEC) software

The software for the PEC was written in C language, then compiled into a
hex file, and finally loaded into a PIC16F877 microcontroller.
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An automatic controller for high frequency
irrigation based on soil water content
measurements combined with the crop coefficient
approach

Part of this chapter is published in:

Romero R, Muriel JL, Garcia I. 2009. Automatic Irrigation System in Almonds and
Walnuts Trees Based on Sap Flow Measurements. Acta Hort. (ISHS)
846:135-142.

Abstract. The aim of this work was to evaluate the performance of a new
automatic irrigation controller (AIC) in a 1 ha almond orchard during the irrigation
season of 2009. The AIC was programmed to impose two irrigation treatments,
one in which 100% of the crop water needs were replaced and another with 75%
of that amount. Volumetric soil water contents (8,) were measured with FDR
probes (EnviroSCAN) close to one representative tree per treatment. Data on
precipitation and potential evapotranspiration were automatically collected by
the AIC from a nearby weather station belonging to the Red de Informacion
Agroclimdtica of the Junta de Andalucia. This information was used by the AIC to
calculate ET, with the crop coefficient approach, and to derive the daily irrigation
amounts (IA) according to the established irrigation strategies. Then the AIC
interacted with the irrigation system in the orchard to supply the calculated IA.
While irrigating, 8, data were wireless collected by the AIC every 5 min (Zigbee
protocol). The device used this information to control in real time the
electrovalves of the irrigation system in order to keep U, values between 80% and
100% of those corresponding to field capacity. This was intended both to avoid
runoff and minimize evaporation losses. Remote connection to the AIC was
implemented to allow supervision and control of the system from any computer
connected to the internet. Main parameters related to the irrigation practice
were stored by the AIC. Results showed a good performance of the device, being
robust and able to calculate and supply the daily IA values all throughout the
irrigation season, without any intervention from the user. The remote access
utility to the data stored in the AIC was useful for supervising the irrigation
practice in the orchard. It seems, therefore, that the AIC is a suitable option for
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the management of high-frequency, precise irrigation in orchards, even if these
are in remote areas.

6.1. Introduction

Continuous increments of water demand and the scarcity of its sources
are increasing pressure to improve water-use productivity for both,
agricultural and non-agricultural purposes (Fereres and Soriano, 2007). On
the other hand, the food shortage, on a global scale, provides the
imperative to improve edible crop yields. Although irrigated areas
accounted for approximately 18% of the world’s cropped land in 2003
(FAOSTAT 2006), they produced approximately 40-45% of the global food
(Morison et al., 2008). So, it is well recognized the need to go further in
getting a better understanding of the soil-plant-atmosphere system,
mainly to develop more efficient irrigation practices (Fernandez et al.,
2008). Some of the most promising practices are those based on new
management tools to implement automatic irrigation systems that save
water and increase water use efficiency (Fereres and Evans, 2006).

Frequency domain reflectometry (FDR) sensors have been widely
used for automatic irrigation. The working principle of FDR sensors is
based on the electrical capacitance of a capacitor that uses the soil as a
dielectric depending on the soil water content (Fernandez et al., 2000). A
new approach, based on the use of low cost FDR sensors with wireless
modules to implement sensors networks, is becoming popular in precision
agriculture (Lopez Riquelme et al., 2009). In orchards with high crop-
water-stress variability, the use of electromagnetic induction devices may
help to choose representative locations, and thus to reduce the number
of required sensors. The apparent electrical conductivity (EC,), measured
with these devices, has been used for the spatial characterization of
vadose zone soil properties, like soil salinity and texture (Rhoades et al.,
1976; 1999), soil water content (Kachanoski et al., 1988) and soil physical
properties (Carroll and Oliver, 2005).
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In this work we evaluated the performance of a new automatic
irrigation controller (AIC) for fruit tree orchards. The system is based on
FDR wireless sensors and meteorological data. The experimental platform
was tested under field conditions in an orchard with mature almond trees,
representative of commercial orchards in the area.

6.2. Materials and methods

6.2.1. Orchard characteristics

The experimental 1 ha orchard is located in the experimental farm of the
IFAPA, planted with 9-year-old almond trees, at 18 km to the north of
Seville (372 30°N, 52 57‘W, ca. 10 m a.s.l.). The trees, spaced 6 m x 7 m,
were, on average, 4.8 m in height and 5 m in diameter, with round shape
crown. They were planted on ridges 0.5 m high and 2 m wide, with 4 m
between ridges.

The soil is a silty loam typical fluvisol of 2.5 m depth, fertile, with
organic matter content below 1.5 % and high cationic exchange capacity.
Laboratory determinations showed volumetric water contents (3,) at field
capacity (-0.3 MPa) and wilting point (-1.5 MPa) of 0.39 m* m™ and 0.13
m> m?3, respectively. Field measurements, however, yielded 8, values
equal to 0.22 close to the emitters a few hours after irrigation, therefore
we consider this value as the value for FC in field conditions.

The climate in the area is attenuated meso-mediterranean (FAO,
1963) with an average annual precipitation of 534 mm and ET, of 1400
mm (period 1971-2000).

The orchard was divided into three plots, shown in Fig. 6.1. The
irrigation system consisted of two laterals per tree row, one at each side
of the trees, at 1 m from the trunk. The laterals had 4 L hour drippers 1
m apart. The water supplied to each plot was controlled by an
electrovalve connected to a pressurized pipe. The results of this work are
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Fig. 6.1. Location of the treatments in the IFAPA experimental farm (1 = 100% IN:
2 =75% IN; 3 = Treatment normally carried out in the orchard, ca 70% IN).
focused in plots 1 and 2. These electrovalves were commanded by the AIC
(see below) while irrigation amounts in plot 3 were estimated as in
commercial orchards in the area.

We used an electromagnetic induction sensor (EM38-DD, Geonics
Ltd., Missisagua, ON, Canada) for evaluating the homogeneity of the
orchard soil. This device consists of two perpendicularly superposed EM38
sensors that simultaneously measure EC, in the 0-0.75 m depth soil layer
with the horizontal dipole, and down to 1.5 m with the vertical dipole
(McNeill, 1980). The information provided by the EM38 helped us to
choose representative locations within plots 1 and 2 (Fig. 6.2), where the
testing of the AIC was carried out.

Harvesting was made on August 12" and the yield of each plot
determined for a seed humidity of 6%.

6.2.2. Evaluation of the AIC

Both in al and a2 (Fig. 6.2) we installed an EnviroSCAN probe (Sentek
Sensor Technologies, Stepney, Australia) next to one of the drippers and
at 1 m from the trunk of a representative tree, to record 9, values at 0.1,
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Fig. 6.2. Spatial variability of the soil electrical conductivity determined with an
EM38-DD electromagnetic induction sensor in the area of orchard where the
water treatments were imposed (marked area in Fig 1). Also shown are the
representative locations for the 100% IN treatment (al) and the 75% IN treatment
(a2).

0.3, 0.5, 0.8 and 1.5 m depth. The probes were calibrated after
installation, by comparing the probe outputs with &, values derived from
measurements with the gravimetric method.

The AIC automatically collected data on precipitation (P) and
potential evapotranspiration (ET,) from a nearby weather station
belonging to the Red de Informacion Agroclimdtica (RIA) of the Junta de
Andalucia, and used them to calculate the irrigation amounts (IA) in the
orchard according to the established irrigation strategies (Section 3.2.3).

The AIC was programmed to supply the following IAs: in plot 1, IA =
IN, being IN the irrigation needs (IN) to replace the crop water demand; in
plot 2, IA = 0.75 IN. The device controlled the irrigation system for the
whole irrigation season of 2009 (March 18 to Jul 31).
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On October 18", after the irrigation period, a trench was dug near
the instrumented trees to study the root distribution by the trench
method (van Noordwijk et al., 2000). The trench was 2 m long (1 m at
each side of the trunk), 2 m deep and 1.5 wide, and the studied wall was
in the vertical of one of the laterals, being the drippers at 0.5 and at 1.5m
from the beginning of the studied wall. Root distribution was recorded by
overlaying the studied wall with a 0.1 m x 0.1 m grid and counting the
number and diameter of the roots.

6.2.3. Fundamentals of the AIC

The ¥, outputs were collected by the RT6 datalogger of the EnviroSCAN
system. We incorporated a Zigbee wireless module (Baronti et al., 2007)
to the RT6 and designed an application that allowed the AIC to collect the
¥, outputs at any time. The main advantage of this approach, as
compared to the use of the Sentek’s software, is that the AIC had real
time information on the soil water status, which allowed for a precise
control of the water supply (see below). After collecting the &, and
weather data, the AIC calculated IN as described below, and interacted
with the electrovalves of the irrigation system to supply IN in plot 1 and
0.75 IN in plot 2. The AIC was remotely connected, so we could supervise
and modify the control algorithms and the collected data from any
computer connected to the internet.

The procedure to control irrigation, programmed in a user-friendly
visual basic application, was as follows:

1) We fixed the time for the starting of the daily irrigation (10.00
am). At that time, the AIC started to interrogate the RIA website
on the ET, and R values of the previous day.

2) After collecting the ET, and R values the AIC calculated IN as
described in the FAO56 monograph (Allen et al., 1998):
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3)

4)

5)

1
IN=—(ET, - K. - K, — P,) Eq.6.1
EIS

where Ejs is the efficiency of the irrigation system; being a drip
irrigation system, we consider Es = 0.9. K. is the crop
coefficient; we used representative values for almonds
growing under conditions similar to those in our area (Sanchez-
Blanco et al., 1991). K, is the coefficient related to the
percentage of ground covered by the crop; in our case, K, = 1
(Fereres and Castel, 1981). P. is the effective rainfall,
considered here as 70% of P recorded by the weather station.
This procedure has the advantage of considering the effect of
the atmospheric demand on the crop water requirements,
which is especially useful for species highly coupled with the
atmosphere.

Then, the AIC opened the electrovalves to supply the required
amount of water to each treatment, i.e. IA = IN in plot 1 and IA
= 0.75 IN in plot 2. The system is designed to switch on & off
the irrigation pump, but this was not necessary in our case,
since water for irrigation was taken from a pressurized pipe, as
mentioned in section 3.2.1.

Every 5 min from the start of irrigation, the AIC read the 8,
values collected by the EnviroSCAN probes, and stopped
irrigation when a fixed upper threshold value for &, was
reached. In this work we used the 9, = 0.2 m> m?, the value for
FC in field. This was aimed to avoid undesirable ponding
conditions and to minimize evaporation losses.

When ¥, decreased below a fixed low threshold value (80% of
FCin our case), the system restarted the water supply.
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6) Steps 4 and 5 were repeated until the corresponding IA to each
treatment was applied. The AIC worked on a time basis. The
actual supplies were recorded by flow meters connected to the
AIC, and the values stored.

6.3. Results and discussion

The AIC showed a good performance during the whole season. It
calculated the daily IN values without our intervention, except for
improvements in some of the algorithms. For both treatments, the
cumulated IA supplied by the AIC showed a good agreement with the
calculated values (Fig. 6.3), which shows that the device was able to
control the opening and closing of the electrovalves properly. For the
whole season, the water applied by irrigation was 4254 m* ha™ in the
100% IN treatment and 3094 m*>ha in the 75% IN treatment.

The study on root distribution showed that most roots
concentrated close to the drippers (Fig. 6.4), which suggests a good water-
to-air equilibrium even in the volumes of the wet bulb with the greatest 9,
values. This shows that ponding conditions did not occur in the orchard,
although we do not know whether this was due to the control of the
water supplies by the AIC or to the hydraulic characteristics of the orchard
soil.

Figure 6.4 also shows that most of the roots were in the top 0.8 m
of soil. Fig. 6.5 shows that in the 100% IN treatment the soil was close to
FC all throughout the irrigation season, suggesting water losses below the
maximum rooting depth. In the 75% IN treatment, however, 8, values at
0.8 m were significantly lower (Fig. 6.5), which suggest that water losses
by drainage, if any, were minimized in that treatment. This suggests that
IAs in the 100% IN treatment were greater than the actual crop water
needs. In Fact, greater 9, values were observed below the rootzone, at
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Fig. 6.3. Cumulated values of the water supplies made by the AIC in each
treatment, as recorded by the flow meters. The irrigation needs calculated by
the AIC with Eq. 1 (se text for details), are also shown.
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Fig. 6.5. Seasonal dynamics of the volumetric soil water content measured in
both treatments at the maximum root depth (0.8 m) and at 1.5 m depth. See text
for details on the treatments and on the measurements. Dashed lines represent
the water contents at field capacity (-0.03 MPa) and wilting point (-1.5 MPa).

1.5 m depth, in the 100% IN treatment than in the 75% IN treatment (Fig.
6.5). Both from visual observations in the trench dug for the study of the
root system and data in Fig. 6.5, we assumed no influence of the water
table in the root zone, despite of the proximity of the Guadalquivir river to
the experimental orchard (Fig. 6.1). The seasonal evolution of the average
U, values in the top 0.5 m of soil, where the maximum root densities were
found (Fig. 6.4), shows little differences between the two irrigation
treatments (Fig. 6.6). The relatively constant ¥, values recorded all
throughout the season indicate that the water supplies in the 75% IN
treatment were enough to replace the crop water needs. This agrees with
the results on fruit production, since no statistical differences in yield
were found between treatments (75% IN = 1787 + 390 kg ha™; 100% IN =
1906 + 210 kg ha™).
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on the measurements. Dashed lines as in Fig. 6.5.

The usefulness of FDR measurements for irrigation management
has been reported by several authors (Thompson et al., 2007a, b). For
reliable results, both In situ probe calibration and a number of probes
according to the soil variability are required (Hidalgo et al., 2003).
Although the dynamics of the soil water content in the root zone is
considered by some as sufficient to estimate the crop water needs (Fares
and Alva, 2000), some authors recommend combining soil water
measurements with plant-based measurements (Intrigliolo and Castel,
2004). Our results show that the control of IA in our orchard was
improved by combining the IN values calculated with the crop coefficient
approach and real time values of §,.
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6.4. Conclusions

The tested prototype of the AIC proved to be robust and reliable enough
for the automatic control of high-frequency irrigation in fruit tree
commercial orchards. The device seems to be useful to minimize ponding
conditions and water losses by drainage and evaporation from the soil
surface, and it can be used for irrigating orchards in remote areas,
through the internet. Our results show that IAs can be precisely controlled
by combining soil water measurements with the crop -coefficient
approach, which takes into account the response of the crop to the
atmospheric demand. Our results also show that standard K. values
derived for almond orchards are too high for our orchard conditions.
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Improving methods to measure sap flow
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Abstract. Traditional heat-pulse methods are not well suited to measuring either
very high or very low sap flows and few methods can measure reverse flow. We
have analysed two new methods that potentially extend the measurement range.
Both methods can be used by modifying the analysis algorithm and adjusting the
probe positions of common heat-pulse methods, with no change to existing
equipment. The first method we will refer to as the symmetrical gradient method
(HPSG). It consists of averaging the temperature difference signal of two probes
(AT) that are equidistant from the heater. The second method we will refer to as
the symmetrical derivative method (HPSD). It uses the same symmetrical probe
configuration. However, the analysis is based on the maximum rate of change of
the temperature difference curve (i.e. the derivative, AT'). We use computer
modelling to show that these two indicators (AT and AT",,,,) are proportional to
the heat-pulse velocity across a wide range of positive and negative flows. Hence,
both metrics can be used to determine the actual sap flux density with acceptable
measurement errors and good measurement sensitivity. We present results from
field experiments on a willow tree (Salix alba L.) that was set up to compare our
new methods against other heat-pulse techniques. We show that HPSG and HPSD
both provide reliable data across a very wide range of flows. We are currently
working on other field experiments to further refine our use of HPSG and HPSD to
estimate tree transpiration and even to observe sap flow in roots.
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7.1. Introduction

Various thermal methods are available to measure sap flow in the stem or
roots of trees. These methods can be broadly divided into those based on
heat balance and those based on heat pulse. Detailed reviews have been
compiled by Fernandez et al. (2009), Campbell (1991), Swanson (1994),
Cermak (1995), Smith and Allen (1996), Kostner et al. (1998) and Cermak
and Nadezhdina (1998), amongst others. The main advantages of the
heat-pulse method are that the instrumentation is simple, the probes are
robust, and the measurements are reliable and accurate (Green, 1998). In
the work described here, we used the Green’s heat-pulse velocity (HPV)
system that traditionally employs both the compensation and the T-max
heat-pulse methods.

The compensation method (CHP) uses two temperature sensors
placed asymmetrically upstream and downstream of a needle heater that
is inserted radially into the conducting sapwood. A brief pulse of heat (1-2
s) is released from the needle and the time delay (t; s) for an equal
temperature rise at both sensors is used to derive a heat pulse velocity.
Alternatively, the T-max method (Cohen et al., 1981) uses a single
temperature sensor located downstream of the line heater, and the time
delay (ty, s) for a maximum rise at the downstream sensor is used to
derive the heat-pulse velocity.

An important limitation of both techniques is that they do not work
well at very low sap flux densities (< 5 cm h), as can occur, for example,
during nocturnal transpiration in dry farming or deficit irrigation
situations. In addition, these two traditional techniques cannot resolve
reverse (or negative) sap flow, which may result from hydraulic
redistribution (Bleby et al., 2010; Nadezhdina et al., 2010). Furthermore,
under conditions of very high evaporative demand, the sap flux density in
some plants can even exceed the limit of heat-pulse measurement.



Improving methods to measure sap flow 165

Recently, Testi and Villalobos (2009) reported a modification to the
compensation method, which they called the calibrated gradient method,
CAG. This new method extends the low range of CHP to zero and even
negative flows, although some improvements can be made for high and
even moderate flows (Green et al., 2008b). The heat ratio method (HRM)
of Burgess et al. (2001) is an alternative heat-pulse method developed to
accurately measure low and reverse sap flow. This method uses the ratio
of the temperature increase at points equidistant downstream and
upstream from a line heater, evaluated some 60-120 s after the release of
a heat pulse. Full details of the HRM configuration, corrections for
wounding, and other operational factors are described by Burgess et al.
(2001). The HRM method is sensitive to the direction of sap flow, being
able to measure reverse flow in roots and other conductive organs, but it
fails at higher flows (Green et al., 2008b).

In order to extend the measurement range of heat pulse, we
propose two new methods and compare their performance against more
traditional heat-pulse methods.

7.2. Materials and methods

7.2.1. Two new heat-pulse methods

We present in this paper, for the first time, a practical analysis of two new
heat-pulse methods, which potentially extend the measurement range of
heat pulse:

1) The first method, that we will call the symmetrical gradient
(HPSG), follows a similar philosophy to the CAG, but employs a
symmetrical layout of the sensors. The indicator (AT, °C)
consists of averaging the difference in temperature signal (AT)
between the two probes, for an as yet undetermined length of
time after applying the heat pulse (Fig. 7.1).
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Fig. 7.1. Analysis scheme for two new heat-pulse methods. The panel
A represents the Symmetrical Gradient method (HPSG) whereby the
temperature difference signal is averaged over the first 60 s (AT). The
panel B shows the Symmetrical Derivative method (HPSD) where we
register the maximum value of the derivative of the temperature
difference signal.

2) The second method we are proposing is called the symmetrical
derivative (HPSD) method. It uses the same symmetrical
installation of the temperature sensors and heater as in the
HPSG method. However, in this case the indicator of sap flow is
now the maximum rate of change (slope) of the AT curve (Fig.
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7.1), i.e.. mathematically this is represented by AT'pq, =
dAT(t -
t dt()(gcsl)'

Computer simulations with the heat-pulse model of Green et al.
(2003) show that the two new indicators (AT and AT’ ,.x) have a very
high linear correlation with heat-pulse velocity (Fig. 7.2). Linear
correlations remain for a wide range of sap flux densities including reverse
or negative flows. Another advantage of the new methods cf. CAG is that
a zero value of the indicators means zero sap flow, owing to the
symmetrical configuration of the probes.

In practice, we have used conventional CHP equipment and simply
altered the location of the temperature sensors relative to the heater
probe, and modified the analysis routines. For the HPSG and HPSD
methods, the temperature sensors were symmetrically installed at 10 mm
either side of the heater (Fig. 7.3). In the case of the HPSG method, the
heat-pulse velocity is estimated using the linear relation HPV = Ks-AT,
where Ksg (cm 2C* h™) is a proportionality constant that can be obtained
empirically or through computer modelling. In the case of the HPSD
method, the heat-pulse velocity is estimated using the linear relationship
HPV = Ksp'AT' jppax, Where Ksp (cm s oct h'l) is a different proportionality
constant that can also be estimated empirically or from computer
simulations.

7.2.2. Experimental site

A field experiment was set up in the branch of an 8-year-old willow tree
(Salix alba L.) from December 2009 to February 2010. Three sets of probes
were used to test the behaviour of these new methods against the more
traditional approaches. The experimental set up is shown in Fig. 7.3. Each
set of probes consists of a linear heater and two temperature sensors that
were installed radially into the branch. The equipment was connected to a
datalogger (model CR1000, Campbell Scientific, USA) powered with a 12V
7Ah battery charged by a 5W solar panel. Salient features of the HPV
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Fig. 7.2. Computer simulations of the performance of two new heat-pulse
methods. The left panel shows the Symmetrical Gradient method (HPSG) and
the right panel shows the Symmetrical Derivative method (HPSD). A strong
linear relationship exists between these indicators (AT,and AT’) and the
imposed heat-pulse velocity, HPVI.



Improving methods to measure sap flow 169

Tmax (T2)

HRM (T1/T2)
HPSG (T1-T2)
HPSD (T1-T2)

* CHP(T1-T2)
+ CAG (T1-T2)
 HPSD (T1&7T2)

Fig. 7.3. Location of probes used in the willow experiment. Using just three
sets of conventional probes, we were able to test and compare five different
heat-pulse methods (CHP, T-max, HRM, CAG, HPSG and HPSD). Here, T is the
temperature difference recorded following application of the 1-2 s heat
pulse.

system are described in Green et al. (2003). In addition, we used a voltage
regulator to reduce the effects of power fluctuations on the sap flow
measurements. Using three sets of standard probes (model HP2TC,
Tranzflo NZ Ltd, Palmerston North, NZ) located in the same branch, we
were able to test five different heat-pulse methods (CHP, T-max, CAG,
HRM, HPSG and HPSD), by simply modifying the analysis routines
performed by the data logger.

In practice, these new methods are working with very small
temperature difference signals, and so it is essential to filter out any
temperature ‘spikes’. Convoluted splines (Green, 2008a) were used to
smooth the ‘raw’ temperature curves and, more importantly, to
differentiate AT signals, as required for the HPSD method. While filtering
is helpful for the HPSG method to improve the accuracy of the
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measurements, it is essential for the HPSD method because at very low
flows the signal-to-noise ratio can exceed one.

7.3. Results and discussion

For the purpose of evaluation, we first used the big leaf model of Green
(1993) to calculate transpiration losses from the willow branch. These
calculations used meteorological data recorded from a nearby automatic
weather station, and assumed a unit leaf area.

Figure 7.4 compares the modelled transpiration against sap flux
density measured using the new heat-pulse methods. From this graph, we
can see that both methods essentially capture the daily dynamics of the
transpiration. A scatter plot of the same data also reveals there to be a
very strong linear correlation between these calculations of transpiration
and data from our new heat-pulse methods (Fig. 7.5).

Furthermore, we also performed a comparison between our new
heat-pulse methods and the more traditional CHP and T-max methods.
From Fig. 7.6 it is clear that both of our new methods work equally well
across the same range of sap flux densities compared with both the
compensation and the T-max method. As expected, both of the new
methods can resolve much lower flows than can be detected by the T-max
method.

Finally, a scatter plot of data from the new methods compared with
CHM also reveals a very strong linear relationship (Fig. 7.7).

7.4. Conclusions

Two new methods that extend the working range of heat pulse have been
evaluated using field experiments and computer modelling. These new
methods successfully capture the dynamic pattern of daily sap flow, as
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calculated using a big-leaf model for a single branch and as measured
using traditional CHP and T-max methods. In both cases, we found a
strong linear relationship between our new heat-pulse methods and
corresponding data from other more traditional heat-pulse methods,
across a wide range of sap flux densities where traditional approaches
work well. In theory, these new methods are also well suited to low and
even reverse flows.

With modern data loggers, the HPSG and HPSD methods are very
simple to implement and offer an alternative practical approach to sap
flow measurement across the full range of natural flows, including in the
reverse direction. Although more experiments should be carried out to
check and calibrate our two new methods, preliminary results presented
here look to be very promising.
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Chapter 8

Modeling and control of the soil water content in an
almond orchard

Part of this chapter is published in:

Romero R, Muriel JL, Garcia |, Mufioz de la Pefia D. 2010. Modelo suelo-planta-
atmodsfera para experimentacion de control de riego. Proceedings of the
XXXI Jornadas de Automatica, Jaén, Spain, Sept. 2010.

Romero R, Mufioz de la Pefia D, Muriel JL, Fernandez JE. 2011. Modeling and
control of the soil water content in an almond orchard. Computers and
Electronics in Agriculture. Submitted.

Abstract. In this chapter we present a soil-plant-atmosphere (SPA) model which
can be used in a intuitive way to simulate water transport in a crop field and to
design and test irrigation control strategies including model-based strategies.
Using this model, we propose and test different controllers for precision irrigation
based on classical proportional-integral-derivative (PID) control schemes,
feedforward schemes and model predictive control (MPC). Our model requires
daily potential evapotranspiration and rainfall inputs, and initial values for root
depth and leaf area index, generating soil water content (SWC) outputs in every
soil layer. Evaporation and transpiration, root and leaf area index growth and
water balance models were implemented in Simulink blocks. We identified and
validated the main parameters of the model with field data from an almond
orchard during year 2010. We compared the performance of MPC and PID
strategies to control SWC in simulations with our model. PID control showed
several implementation advantages, although MPC showed better tracking
results due to the incorporation of forecasts of potential evapotranspiration and
precipitation and the changes in SWC references. We finally applied the PID
strategy to control irrigation in a real almond orchard with promising results. This
work is intended to be continued in a future practical implementation of the MPC
strategy in our almond orchard.
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8.1. Introduction

Several soil-plant-atmosphere (SPA) models have been developed in the
past to simulate transport of water in soils. For a detailed review see
Bastiaanssen et al.,, 2007. Most of the models are programmed in
FORTRAN (Green, 2001; Van Dam et al., 2008) or similar non-graphical
programming languages, so a medium-high level of knowledge about
programming is required to use these models. Moreover, many of these
models are not open source code, so it is difficult or even impossible to
modify or improve them. In such cases, it is not easy to know exactly
which equations and assumptions the authors used, how they were
implemented in the code, or how those equations are interrelated. In
addition, many parameters have to be introduced by the users in an
often-tedious way. Another lack of the literature is that, in spite of the
fact that many efforts have been done to model the SPA continuum; there
are few references about controlling these systems. Automatic control
theory has been extensively used in other areas of science and industry
with great success, but it still has not been applied to agricultural
research, in particular to precise irrigation. Several applications have been
reported to greenhouses (Blasco et al., 2007; Alimardani et al., 2009;
Hashimoto, 1980; Magliulo et al., 2003; Beeson, 2011), and relatively
simple applications to open air cultivation, especially on drip irrigation
(Shock et al., 2002; Nogueira et al., 2003; Mufioz-Carpena et al., 2008)
and center pivots (O'Shaughnessy and Evett, 2010; Peters and Evett,
2008). Most of these results are based in proportional or on/off
controllers and, in general, there are few applications of model-based
control schemes such as model predictive control (MPC) to precise
irrigation of open air orchards. However, several authors have shown the
promising advantages of these controllers in other fields such as the
environmental control of greenhouses (Rodriguez et al., 2008; Pifidn et
al., 2005; El Ghoumari et al., 2005).

Model predictive control (MPC) was first proposed in the mid 70’s
of the past century (Richalet et al., 1978; Cuttler and Ramaker, 1980).
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Since then, MPC has been widely applied in the refining and
petrochemical industry. More than a specific kind of controller, model
predictive control is a generic method that uses a mathematical model to
predict the time evolution of a system and minimize a cost function based
on this prediction. MPC is especially suitable for multivariable systems
under restrictions and estimated perturbations, which is the case of
irrigation problems in which weather forecasts are available. The crops
considered in this thesis can be modelled as multivariable hybrid systems
subject to input constraints and measurable perturbations and hence
MPC is particularly appropriate for designing precision irrigation control
scheme.

Motivated by these issues, the aim of this chapter is twofold: first,
to present a SPA model which can be used (and modified) in a very
intuitive way, to simulate water transport and to design and test control
strategies including model-based strategies; and second, to propose and
test different control strategies for precision irrigation based on classical
proportional-integral-derivative (PID) control schemes and MPC.

We will show the SPA model developed and structured in Simulink
blocks as well as the underlying assumptions and equations. We will detail
the identification and validation processes needed to use the model and
how it was applied to a real field experiment. Then, we will present four
control strategies: 1) a feed-forward control strategy, which calculates
irrigation to compensate actual crop evapotranspiration (ETc, mm); 2) a
PID controller; 3) a PID with feed-forward; and 4) an MPC controller based
on the identified SPA model. We analysed the performance of these
strategies in simulation using the proposed SPA model. Finally, we will
present the results of field experiments in which the ET. compensation
and PID controller were tested in an almond orchard located in the IFAPA
Las Torres research centre.
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8.2. Materials and methods

8.2.1. Experimental site

We carried out field experiments in the orchard described in section 6.2.1
both to test the proposed model of the SPA and to carry out a field
experiment of a PID irrigation controller. The 1 ha orchard, planted with 9-
year-old almond trees, is located in the experimental farm of the IFAPA, at
18 km to the north of Seville (372 30°N, 52 57‘W, ca. 10 m a.s.l.). The trees,
spaced 6 m x 7 m, were, on average, 4.8 m in height and 5.0 m in
diameter The climate in the area is attenuated meso-mediterranean (FAO,
1963) with an average annual precipitation of 534 mm and ET, of 1400
mm (period 1971-2000).

The soil is a silty loam typical fluvisol of 2.5 m depth, fertile, with
organic matter content below 1.5 % and high cationic exchange capacity.
Laboratory determinations showed volumetric water contents (SWC) at
field capacity (-0.3 MPa) and wilting point (-1.5 MPa) of 0.39 m®> m™ and
0.13 m® m?, respectively. Field measurements, however, yielded SWC
values equal to 0.22 close to the emitters 48 h after rainfall, therefore we
consider this value as the value for field capacity (FC) in field conditions.
The study on root distribution (section 6.2.2 and Fig. 6.4) showed that
most roots concentrated close to the drippers, which suggests a good
water-to-air equilibrium even in the volumes of the wet bulb with the
greatest SWC values.

The irrigation system consisted of two laterals per tree row, one at
each side of the trees, at 1 m from the trunk. The laterals had 4 L hour™
drippers 1 m apart. The water supplied to the plot was controlled by two
electrovalves connected to a pressurized pipe. These electrovalves were
commanded by the automatic irrigation controller (AIC) described in
sections 6.2.2 and 6.2.3.
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8.2.2. SPA dynamic model

In general, an SPA model (Fig. 8.1) simulates the water transport through
soil and plants to the atmosphere. Assuming a daily basis, the process can
be summarized as follows. Most of the daily irrigation and effective
precipitation is incorporated to the soil. Part of this water is retained in
the soil and, when SWC is above a certain threshold, exceeding water is
drained to deeper layers. During the day, trees consume some water from
the soil for transpiration, through their roots to their leaves, and then to
the atmosphere. Also some water is lost because direct evaporation from
the soil to the atmosphere. Variations in the SWC of each layer can be
calculated with a set of differential water balance equations, which
account for irrigation (I, mm), effective precipitation (P,, mm), actual
evaporation (ER, mm) and transpiration (TR, mm) and drainage (D, mm).
These set of equations are very difficult to implement, mainly because it is
hard to define the value of each of these terms in continuous time. The
drainage, precipitation, evaporation and so on depend in a highly
nonlinear way of the state of the crop and in general they have a very high
spatial and temporal variability. In addition, it is very hard to define the
boundaries in which the water balances are studied.

We developed a discrete time mathematical model to obtain an
approximate estimation of the behaviour of a given crop which can be
used for doing predictions and design precision irrigation schemes on a
daily time scale. The use of this time scale allows obtaining an appropriate
trade-off between precision and complexity of the resulting mathematical
model, which in particular, is suitable for controller design purposes. Fig.
8.2 shows a Simulink implementation of the proposed model which
consists of a series of blocks which represents several different physical
processes of the SPA continuum.

The state of the proposed model is given by the SWC of a set of soil
layers, the leaf area index (LAIl), and the root depth (p, mm). The inputs
are the potential evapotranspiration (ET,, mm), irrigation amount (IA,
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Fig. 8.1. Inputs and outputs of the soil-plant-atmosphere model. Variations in
the soil water content are calculated as the sum of the inputs: irrigation
amount (IA) + effective precipitation (P.) minus the sum of the outputs:
transpiration (TR) + evaporation (ER) + drainage below the rootzone (D)



185

Modeling and control of the soil water content in an almond orchard

(-upmayy

‘u Aep u1 JaAe| yoea ul JUllU0I J33eM |10S 33 JO pasodwod J0193A e S| (u)ielsy] sindul uonelididaud pue
uonesiui ‘(°13) uoiiesidsuesiodens sy WOUJ JUSIUOD JDIBM |I0S 1BWIISD 0} [9POW MuljnwIS 3y} Jo weuadelp uley *z'8 "Si4

{1-upwey)

-~

(O]

ogeadiuel | [€GUSI0d SA R0y
L UORNQUIRI 100Y ()
UOGEMIEURLL UOML00R AT
dl
n m ke [(Sial
oouereg JieM DR
UOGERGIURI L U0GRI0SPAT
UONE00eAT [EMUN0d SA [P0y
d3 di3
3 dp
] d8M3
£
wogebus L]
z

(1ol

013



186 Chapter 8

mm) and effective precipitation (P, mm). SWC in each layer, LAl and p are
accumulated in integrators. In particular, an herbaceous or fruit crop and
a two-layer soil are represented. Using the model it is possible to predict
not only the future value of the state variables, but also other processes
such as evaporation, transpiration and drainage.

The interactions between processes in the Simulink model (Fig. 8.2)
are represented by arrows connecting the blocks so the graph is very
didactic and can be easily manipulated by the user. We present next the
equations used in these blocks to evaluate each of the terms of the water
balance of the SPA. Table 8.1 shows the symbol, units and definition of
the variables and parameters, respectively, used in the proposed model.

As previously mentioned, we model the soil water content in each
layer with an integrator. The daily variations of the SWC in each layer
(ASWC, and ASWC,) are computed in the ‘Water Balance block’, in which
the water balance equations are implemented in discrete time as follows:

ASWC, = P, + IA— ER— D, — TR, Eq.8.1

ASWC, = D, — D, — TR, Eq. 8.2

where, P, is the effective precipitation, 1A is the irrigation amount
applied, ER is the evaporation, and D; and TR; represent the drainage
and transpiration from layer i respectively.

In the ‘K. & K; block’ the ET, values, received as input, are corrected
by applying crop and reduction coefficients (K. and K,) to get the
maximum crop evapotranspiration (ET,, mm) as follows:

ET. = ET, - K, - K, Eq.8.3
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Table 8.1. Variables and parameters of the SPA model.

Inputs
Name unit Description
ET, mm Potential evapotranspiration
P mm Precipitation
IA mm Irrigation amount

State

Name unit Description

SWCi mm  Water content in soil layer i
P mm Root depth
LAI - Leaf area index

Parameters identified from experimental data using least-squares

Name unit Description
Kial - Extinction coefficient for solar radiation
dpuy MM Irrigation bulb diameter

Krain mm mm™ Precipitation reduction coef. (for effective P estimation)
FC;t mm mm™  Field capacity ratio

WP, mm mm™ Wilting point ratio

Kei mm mm™* Crop coefficients

Parameters estimated using field measurements or from heuristics/crop knowledge

Name unit Description

L; mm Thickness layer i

K, mm mm’™* Reduction coefficient (ratio of surface covered by the crop)
P mm Root depth

Prnax mm Maximum root depth (at the end of the crop development)

LAl ax m2|eaf (mzson)'1 Maximum leaf area index (at the end of the crop development)

tr mm mm* Threshold of available SWC below which there is water stress
RG o0t - Root growth ratio
RGy - LAl growth ratio

SWCinirat MM mm* Initial soil water content ratio (respect field capacity)
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The coefficient K. characterizes the specific crop (in relation to the
reference crop) and the coefficient K. accounts for the percentage of
ground surface covered by the crop (Fereres and Castel, 1981).

Maximum crop evapotranspiration (ET.) is partitioned in maximum
soil evaporation (EP) and crop transpiration (TP) in the
‘Evaporation/Transpiration block’, according to the following equations
(Brission et al., 1992):

EP = ET.e Kuarlal Eq. 8.4

TP = ET, - EP Eq.8.5

where K, is the extinction coefficient for solar radiation and LAl is the
leaf area index.

The root depth (p, mm) and the LAl are modelled as first order
linear systems, which do not depend on the rest of the system variables:

Ap = RGroot - (Pmax — P) Eq. 8.6

ALAI = RGyp; - (LA, — LAID) Eq.8.7

where RG,..: and RG 4 are the root and LAl growth ratios and pray, LAlnax
are the maximum root depth and LAIL. Note that the maximum values can
be changed in order to account for the seasonal behaviour of the plant.

The ‘Real vs. Potential Evaporation & Transpiration block’ emulates
an effect of the water deficit. When evaporation and transpiration
deplete the SWC below a certain threshold, the retention forces of the
soil compete for the water. Thus the potential evaporation and
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transpiration are reduced, according to the following pair of piece-wise
affine functions (Feddes et al., 2004), when SWC is depleted below the

. P . .
predefined water stress thresholds % and tr respectively, see Fig. 8.3.

WP,
SWC, <T—> ER=0

WP
Jwe SWC, — —2
ERYM swe, <wp, »ER=EP - [ ——_ 3 Eq. 838
3 WP,
WP, — 3t

SWC; > WP - ER = EP

WP,
TWi<——>TRi=O

3 Eg. 8.9

TREYWP, < rw; < tr > TR = rw; - TP,

rwW; > tr - TRI = TPI

In these equations, SWC; represent the soil water content in layer i,
ER is the actual evaporation (mm), EP the potential evaporation (mm), WP
the wilting point (mm), TR the actual transpiration (mm), TP the potential
transpiration (mm), FC the field capacity (mm) and rw is the readily
available water defined as follows:

SWC — WP
_ WL W Eq. 8.10
™= Fc—wp q

where the parameter tr represents the water stress threshold (in terms of
rw) to calculate TR.

Water uptake by plants is distributed all along the soil profile
according to the root distribution in the root distribution block. We
assume that the potential transpiration in each layer is divided
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WP/3 WP tr

Fig. 8.3. Soil and plant water stress models (ER vs. EP and TR vs. TP). ER:
actual evaporation, EP: potential evaporation, TR: actual transpiration, TP:
potential transpiration, WP: wilting point, tr: water stress threshold, 6: soil
water content, rw: readily available water.

proportionally to the amount of roots in that layer. The ‘Root Growth
model’ estimates the root depth, and then the ‘Root Distribution block’
divides the water uptake in each soil layer considering the amount of
roots in it:

p<L,->TP=TP; TP, =0

TR;: Eq. 8.11

L
p>L1—>TP1=TP~?1; TP, = TP — TP,

where TP; is the potential transpiration on layer i (mm), L; the depth of
layer i (m) and p the total root depth (m).

Finally, we modeled drainage between different layers in the
‘Drainage block’. We use the cascade “bucket” approach (Jothityangkoon
et al., 2001; Farmer et al., 2003); that is, water accumulates in a layer
until SWC exceeds field capacity, then drainage (D;, mm) is generated to
the layer below following the following equations:

{ SWCLSFCI—)DLZO
Di.

SWC; > FC; » D; = SWC; — F(; Eq. 8.12
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Equations 8.1-8.12 define the proposed SPA discrete time model
based on a daily basis. Note that although the dynamics of the system are
the water balance equations (modeled with integrators of the total
intake), the relation between the state of the system, the inputs and the
different terms of the balance equations is highly nonlinear. Under certain
assumptions (in particular assuming constant root depth and LAl), the
resulting model can be transformed into a hybrid dynamical system.

8.2.3. CROPSYST

To validate the proposed model, we compared it with the CROPSYST SPA
model (Donatelli et al., 1997). CROPSYST is a high precision SPA model
based on partial differential equations, which has been widely used in
agronomy. The code of CROPSYST is proprietary and in general is not
appropriate for control purposes.

8.2.4. Model identification

In Table 8.1 we show a list of the parameters that define the proposed
model. In order to use this model to carry out predictions or define an
irrigation control law, these parameters must be identified. In general,
each crop is different and the identification process must be done “ad
hoc” for each application. The set of parameters shown in Table 8.1 can
be divided into two different sets. The first set consists of the parameters
that can be estimated from field measurements or from heuristic
knowledge. The second set consists of those parameters that have to be
identified using experimental data. We propose an identification
procedure in two steps. First, a set of field experiments are carried out to
identify the first set of parameters. Then, using experimental data, the
rest of the parameters are defined.

The set of parameters that we propose to identify using field
measurements are: L;, K, tr, Pmax, LAlmax, RGroor and RGu. Each L; can be set
to describe a homogeneous layer of soil, with similar physical properties
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(textural classification). K, can be calculated from the percentage of
ground surface covered by the crop (Fereres and Castel, 1981). Finally, LAI
and root related parameters can be obtained in previous independent
experiments to define the LAl and root growth model. The LAI of a crop
can be estimated using standard measurement methods such as those
described in Jonckheere et al., 2004, Weiss et al., 2004 and Breda, 2003.
Root depth can be measured from soil core samplings, trench wall
methods or rhizotrons (Bengough et al., 2000). In mature fruit trees
during short periods (e.g. one irrigation season) LAl and p can be assumed
constants (LAl .. = LAly; RGia = 0; Prmax = Po; RGroot = 0).

In order to identify the second set of parameters, experimental
data is needed, in particular, a historic set of all the inputs and outputs of
the SPA system; that is, irrigation, precipitation, ET, and the resulting SWC
trajectories, along a whole season or a long enough period. The values for
SWCi can be measured with soil water sensors (TDR, FDR, neutron probes)
or from gravimetric methods (Evett et al., 2008) while the weather
conditions can be retrieved from historical data.

Following standard identification procedures, we propose to split
the whole dataset recorded during the season in identification and
validation data. Furthermore, we suggest to independently identify and
validate the parameters for irrigation and non-irrigation periods in order
to capture the dynamical behavior in these two different periods.

With the identification dataset we solved an optimization problem
in MATLAB, in order to obtain the set of unknown parameters that
minimized the mean squared (MSE) of the SWC in the root zone, defined
as:

N
1
MSE = = ) [SWCyc (1) — SWCmoa (DI Eq. 813

t=1
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where SWC,«(t) and SWC,,.4(t) are the actual and the modeled SWC in the
root zone in day t, respectively, and N the time length of the dataset in
days. We used the function fmincon (constrained nonlinear
minimization solver) and “active set” algorithm with the identification
data set of irrigation and rainfall periods. MSE is a widely used indicator to
quantify the difference between values implied by an estimator and the
true values of the quantity being estimated. Note that in order to solve
this optimization problem, we use all the parameters of the first set,
which already were identified such as LAl or root depth.

One important parameter, which has to be identified, is K. In
general, this parameter depends not only on the crop, but also on the
time of the season. There are models in which K, varies on a daily,
monthly or even an annual basis. We propose to test several different
parameterizations of the value of K. along the identification period, which
are the most common representations according to the usual practices of
agronomist and FAO suggestions (FAO, 1998):

1) One annual K, for the whole season.

2) A different constant value of K, for each month considered.
Since our experimental data finished on September 2010, we
identified K. from January to September.

3) A piecewise linear curve obtained interpolating the values of K
fixed at the central day of each month.

4) K. represented by a generalized curve (FAO56 Allen et al., 1998),
defined by the parameters shown in Fig. 8.4. The identified
parameters were K¢ ini, Kcmeds Keends Tinis tdevt, taevz and tend-

We used the validation data set (Fig. 8.5) to simulate the model
with the parameters identified as described. We compared the mean
quadratic errors of the simulated SWC with the four models for K. First
we run 1-step validations, in which the model estimates SWC from the
actual SWC of the previous day. Then we run N-step validations, in which
the model estimates SWC for the whole season from the actual SWC in
the first day of the validation period. Identified parameters and validation
results are shown in the results section.
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Fig. 8.5. Identification and validation data for irrigation and no irrigation

periods. DOY = day of year. SWC = soil water content.
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8.2.5. PID control

Proportional-integral-derivative (PID) control is the most extended single-
input single-output control loop in the industry. A PID controller tracks
three terms: the error between the process variable and the setpoint
(desired reference value), the integral of recent errors, and the rate by
which the error has been changing. It computes its next corrective action
from a weighted sum of those three terms (or modes), then outputs the
results to the process and awaits the next measurement (Love, 2007). In
this work we applied a PID to precise irrigation control of an almond
orchard. We choose SWC in the root zone as the process variable to be
controlled around a predefined set point. The code of the controller
implemented in the field experiments is shown in the Appendix 8.A1.

We applied the Ziegler-Nichols tuning method (Ziegler and Nichols,
1942) for a first approximation of the proportional, integral and derivative
coefficient of our PID controller. To do this, we simulated the proposed
model (section 8.2.2) with a PID discrete controller in Simulink. Then
coefficients were tuned to more conservative values. Finally, these
coefficients were then used in the PID applied to the actual almond crop
in the field experiments.

8.2.6. Model predictive control

An alternative to the PID technique is to use the knowledge of the
system’s dynamics to develop model-based controllers such as model
predictive control (MPC), which is a generic method that relies on the
following concepts:

1) The use of a mathematical model to predict the evolution of a
system over a finite period of time of N sampling instant
(prediction horizon) given a future trajectory of the control
inputs.

2) Minimization of a cost function based on this prediction. The
cost function depends on the predictions of the state and
control actions.
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3) The use of a receding horizon strategy.

The idea is to obtain at each sampling instant the input trajectory
(i.e. the optimal inputs over the entire prediction horizon), which
minimizes the cost function based on the prediction of the system
evolution. This is achieved by solving an optimization problem which also
takes into account the constraints of the system. At the next time step the
computation is repeated starting from the new state and over a shifted
horizon, leading to a moving horizon policy, the so called receding horizon
strategy.

Model predictive controllers can be defined for regulation or for
reference tracking, which in general, is defined by the choosing of the cost
function. Regulation MPC controllers penalize the deviation of the future
state trajectories from a fixed equilibrium point. On the other hand,
tracking controllers evaluate the cost based on the deviation from a
desired state trajectory which can be time varying.

Over the last decade a solid theoretical foundation for MPC has
emerged so that in real-life large-scale MIMO applications controllers with
non-conservative stability guarantees can be designed routinely and with
ease (Qin and Badgwell, 1997). However, the big drawback of MPC is the
on-line computational effort, which may limit its applicability to relatively
slow and/or small problems. For deterministic lineal models, the
prediction of the future plant state is defined by linear functions of the
initial state and the future inputs trajectories which leads to a quadratic
program (QP) or a linear problem (LP) depending on the definition of the
cost function. Nowadays, there are plenty of off-the-shelf efficient solvers
for both LP and QP problems, which is one of the reasons of the success of
MPC in the process industry (Camacho and Bordons, 2004), along with its
inherent capability of including constraints, delays, and uncertainties
explicitly into the controller formulation.

However, the model of the SPA system considered in this case is
non linear and hence, standard MPC implementation techniques based on
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convex optimization algorithms cannot be applied. In particular, under
certain assumptions, the SPA model belongs to the piecewise affine
family. This class of systems leads to the use of modern hybrid MPC
techniques, which we review next.

8.2.7. Hybrid MPC

The mathematical model of a system is traditionally associated with
differential or difference equations, typically derived from physical laws
governing the dynamics of the system under consideration. Consequently,
most of the control theory and tools have been developed for such
systems, in particular for systems whose evolution is described by smooth
linear or nonlinear state transition functions. On the other hand, in many
applications the system to be controlled is also constituted by parts
described by logic, such as for instance on/off switches or valves, gears or
speed selectors, and evolutions dependent on if-then-else rules. Often,
the control of these systems is left to schemes based on heuristic rules
inferred from practical plant operation.

Model predictive contorl is denoted as hybrid MPC when it is based
on models describing the interaction between continuous dynamics
described by difference equations, and logical components described by
finite state machines or if-then-else rules.

Bemporad and Morari (1999) introduced a class of hybrid systems
in which logic, dynamics and constraints are integrated. They called them
mixed logical dynamical (MLD) systems. The MLD formalism allows
specifying the evolution of continuous variables through linear dynamic
equations, of discrete variables through propositional logic statements
and automata, and the mutual interaction between the two. The key idea
of the approach consists of embedding the logic part in the state
equations by transforming Boolean variables into 0-1 integers, and by
expressing the relations as mixed-integer linear inequalities (see
Bemporad and Morari, 1999; Torrisi and Bemporad, 2004 and references
therein).



198 Chapter 8

In order to obtain the model of SWC predictions, we have used a
modelling language designed to describe hybrid models, called hybrid
system description language (HYSDEL). In appendix 8.A2, we show the
HYSDEL list used to model the SWC of a given crop field assuming that the
LAl and the root depth are constant. This will allow us to use a set of
available Matlab tools to simulate and design hybrid MPC controllers.

Controlling a system means to choose the command input signals
so that the output signals tracks some desired reference trajectories. In
Bemporad et al. (2000) and Bemporad and Morari (1999) the authors
showed how mixed-integer programming (MIP) can be efficiently used to
determine optimal control sequences. The Hybrid Toolbox for Matlab
(Bemporad, 2004) can carry out simulations both in open-loop and in
closed-loop, of hybrid systems controlled by MPC controllers. This toolbox
includes the necessary mixed-integer solvers (or communication
interfaces) needed to implement hybrid MPC controllers online. We use
this toolbox to carry out the simulations of the MPC controller proposed
next.

8.2.8. Model predictive control applied to crop fields

For the purpose of this thesis we focus on a tracking problem consisting in
determining the optimal irrigation policies to drive the SWC trajectories as
close as possible to a given reference or set point (SWC,). The predictions
of the SWC are obtained from Eqgs. 8.1-8.12. This set of equations provides
a prediction of the future SWC in the first two layers of soil (SWC‘fJr1 and
SWCIZ‘“) from the current SWC (SWC]f and SWCIZ‘), irrigation amount
(IA¥), precipitation (P¥), atmosphere conditions (ET})‘), leaf area index
(LAIX) and root depth (p¥) as follows:

[SwCkHt, SWCkH] = foy, 4 (SWCK, SWCK, 1AK, P¥, ETK, LAI, p¥)  Eq.8.14

This model is a discrete time nonlinear model subject to measured
disturbances (Pk and ET})‘).
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In particular, the functions represented by the Eqs 8.8-8.10 are
nonlinear, but assuming that LAl and root depth are constant along the
whole prediction horizon, the model becomes a piecewise affine (PWA)
system, which is a particular case of hybrid systems. This class of systems
has received a lot of attention in the last decade due to the advances in
computational power and mixed-integer problems optimization
algorithms. Although this class of optimization problems has in general a
very high computational burden, in our application that is not an issue
because the sampling time is very large (one full day).

The cost function considered in our MPC for irrigation of crop fields
penalizes the infinity norm of both the deviation from the target
reference SWC (SWC,;) and the water usage (weighted by the design
parameter c) along the prediction horizon N and is defined as follows:

N
J(SWCK, SWCK, 1A, P, ET,, SWC,ef) = Z |swekssd — swek|| o+ el

ref
j=1

Eq. 8.15
where:
IA = [IAK IAK*T, | TAK+N-1]
P = [PX pk+l . pk+N-1]

ET, = [ET, " ET, X%, .., ET "N
SWC,os = [SWCKEL, swcki2, ... swckiN
The irrigation is subject to the following constraint:

0 <IAM > 1A,,,,Vj €[0,N —1]

where 1A, 4 is the maximum irrigation allowed by the user in one day.
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Note that in order to evaluate J given an initial state and future
input trajectory (which is the decision variable), a prediction of the
precipitation and ET, must also be provided. In general, these predictions
can be obtained from weather models (i.e. from Internet, using the
automatic irrigation controller —AIC- functionalities as described in
Chapter 6). Another issue is that the SWC reference must also be known.
In general, defining these predictions is a hard problem and may define
the performance of the control scheme. In this thesis we propose to use
the deficit irrigation strategies studied in the previous chapters to define
these values.

Given this information at a particular time step k, the controller
solves the following optimization problem, which defines the proposed
MPC scheme:

min ] (SWCY, SWCE, 1A, P, ET,, SWCrer) Eq. 8.16

Subject to:
[SWCEH, SWCEH] = fowa (SWCK, SWCK, 1A, PX ETE, LAIK, p¥)
0 < IA¥Y > 1A,V j E[O,N —1]

where LAI? and p° are the constant values of LAl and p along the whole
prediction horizon.

This is a MILP problem which can be solved using well known
algorithms for which there are a plethora of commercial solutions. In this
thesis we use the Hybrid Toolbox for Matlab and the HYSDEL modelling
language. Each day, given the future trajectories for P and ET,, the model
is recalculated; then a new optimization problem is reformulated; and
finally the problem is solved to find the optimal irrigation (IA*). We tested
the proposed MPC controller in computer simulations with the identified
and validated model defined in sections 8.2.2-8.2.4. The implementation
algorithm is the following:
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1) Get measurements from SWC sensors (SWC; and SWGC,).

2) Estimate future values of ET, and P from predictions of a
weather forecast website (www.eltiempo.es).

3) Generate the model for optimal control.

4) Reformulate the optimization problem.

5) Solve the optimization problem (i.e. find the optimal irrigation
future trajectory, IA¥).

6) Apply IA**.

7) Wait for a new day and go to step 1.

Due to the restrictions imposed by the Hybrid toolbox and the
HYSDEL model, we were forced to slightly modify the problem defined by
Eqs 8.1-8.12 in order to carry out the simulations of this thesis. In
particular, ET, appears multiplying the states variables SWC, and SWC,
(thl and th2 in HYSDEL) in some of the equations of the HYSDEL code
(appendix 8.A2). This would transform our problem in a non-linear hybrid
system, which cannot be modelled using HYSDEL in order to obtain a
controller. To avoid this inconvenience, we considered ETo as a constant
value along the receding horizon (i.e. ETok+j = ETOk vV j €[0,N]) for the
prediction model of the MPC controller. It should be noticed that this is
not a limitation of MPC in general, but of the Hybrid toolbox and that, in
the simulations, the model used to update the state of the system
includes the appropriate ET,.

In addition, the Hybrid Toolbox does not accept a direct inclusion of
these predictions, but they can be indirectly treated as ‘virtual’ states of
the prediction model used to define the MPC controller following a
standard procedure. For this purpose, we implemented an N step model
in HYSDEL, by augmenting the hybrid prediction model with additional
states to include the predictions for P and SWC,s. Thus the dynamic of
these states was implemented as follows:

PO =pl,pt=p2_pi-t=p, pl =P

SWC?,; = SWCl,SWC}s = SWCZ,,..SWCRF T = SWCR, SWC™, = SWCPR,

ref refs ref refr- ref


http://www.eltiempo.es/
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where | and m are the prediction horizons for P and SWC,.;. The HYSDEL
model used to define the MPC controller, which takes into account these
issues (both the ET, and the predictions of P and SWC,..) is reported in
the appendix 8.A3.

It is important to remark that the MPC control scheme proposed in
this thesis takes into account explicitly predictions of both, the
disturbances and the set point in the definition of the optimization
problem. This information is used when finding the solution that
minimizes the function cost, and hence the performance of the controller
is improved when compared with input/output schemes such as PID
controllers, which cannot profit from this information. The simulations
carried out show this positive property of MPC.

8.3. Results

8.3.1. Cropsyst validation results

The time length for the simulation was 155 days. Two soil layers were
considered for this test: a 0.5 m. depth soil layer that represent root
growth zone; and a deeper layer (0.5 to 1.5 m.) to capture drainage
losses. Other parameters defining the system were fixed for simulation
purpose from heuristic knowledge and field measurements to represent a
reference crop, as listed in Table 8.2. We performed simulations with
CROPSYST and the proposed SPA model using these parameters and
historical data as inputs for P, ET, and IA. The results (Fig. 8.6B) show that
the proposed model provides a good approximation to the simulations
obtained using CROPSYST. Both the linear correlation coefficient and the
corresponding coefficient of determination (R?) between the data
provided by both model were 1 (Fig. 8.6A).
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Table 8.2. Variables and parameters of the SPA model.
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Initial state

Name Value unit
SWC1, 163 mm
SWC2, 332 mm
LA, 6 m?’ leaf (m’ soil)™
Do 500 mm

Parameters

Name Value unit
Kiar 0.5 dimensionless
FCat 0.4 mm mm™
WP, 0.1 mm mm™
K. 0.8 mm mm™
Ly 500 mm
L, 1000 mm
K, 1 mm mm™
Prnax 500 mm
LAl ax 6 m” leaf (m” soil)™
tr 0.3 mm mm™
RG oot 0 dimensionless
RG 0 dimensionless
SWCipirat 0.3319 mm mm™
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Fig. 8.6. Dynamics of the soil water content (SWC) simulated with CROPSYST
and the proposed SPA model.
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8.3.2. Identified values of the parameters

As proposed in section 8.2.4, we fixed part of the parameters from
previous knowledge, and the rest were identified and validated with real
data from the almond orchard experiment described in Section 6.2.
Considering that we were interested in modelling the irrigation season of
adult almonds, we assumed that root depth and LAl were constant during
the experiment. Thus, RG,.,: and RG,, were set to zero, and p,.x and
LAl,..x were not relevant for our crop. The root distribution study carried
out in Section 6.3 demonstrated that most of the roots were concentrated
in first 0.5 m (p = 500 mm). For this reason, and assuming homogeneous
properties of our soil, we defined the first layer, from surface to 0.5 m.
depth (L; = 500 mm) to represent the root zone; and the second layer,
from 0.5 to 1.5 m depth (L, = 1000 mm) to register drainage events. The
crop covered more than 50% of the ground, thus K, was equal to 1. Initials
SWC1 (165 mm) and SWC2 (330 mm) were obtained from SWC field
measurements at the beginning of the experiment. We set tr=0.3 which
means that we consider that transpiration is reduced when water is
depleted below 30% of the water holding capacity (FC-WP).

Data provided by the experiment during season 2010 was divided in
no-irrigation and irrigation periods (Fig. 8.5). During the no-irrigation
period (DOY 26-117 and 224-270) precipitation was the only water input.
During the irrigation period (DOY 118-223) water was applied by the AIC
to supply the IN of the plants. Furthermore, in each of the periods we
divide the data in two sets, for identification and validation purposes (Fig.
8.5). For the no-irrigation period, the validation data set starts in DOY 77
and ends in DOY 97 and for irrigation period, it starts in DOY 157 and ends
in DOY 177. The rest of the data was used for identification. Validation
data was chosen in the middle of the identification data sets, and the
number of days (40) was enough to capture representative variations of
SWC and input conditions (ET,, P, and /).

Table 8.3 shows the identified values of the parameters in the
irrigation and in the no irrigation periods for the four models of K,
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Table 8.3. Identified values the four models of the crop coefficient (K).

Annual K. Monthly K,
Parameter Nolrrig. Irrigation Parameter No irrig.  Irrigation
Kiar 0.5 0.5 Kiai 0.5 0.5
dbub 0.6594 0.8595 dbulb 0.6168 0.7392
Krain 0.3133 0.3133 Krain 0.3785 0.3785
FCrat 0.4 0.4 FCrat 0.4 0.4
WP, 5 0.1 0.1 WP, 4 0.1 0.1
LAI 6 6 LAI 6 6
K. 0.5004 0.5004 Kot 0.8681 0.8681
Ko 1.8854 1.8854
K 0.9679 0.9679
Kea 0.5013 0.1
Kes 0.52 0.6216
Ke 0.61 0.8691
K7 0.61 0.978
K 0.6072 0.6072
Keo 0.1088 0.1088
Monthly averaged K. Generalized curve
Parameter Noirrig. Irrigation Parameter No Irrig. Irrigation
Kiar 0.5 0.5 Kiai 0.4996 0.4996
dbuib 0.5061 0.7654 dbulb 0.6451 0.8217
Krain 0.367 0.367 Krain 0.3651 0.3651
FCrat 0.4 0.4 FCrat 0.4 0.4
WP, 5 0.1 0.1 WP, 4 0.1 0.1
LAI 6 6 LAI 5.9999 5.9999
K 0.1 0.1 Keini 1.4322 1.4322
Ko, 1.9 1.9 Ke med 0.5334 0.5894
K3 0.84 0.84 Ke fin 0.1 0.1
Kes 0.1779 0.1 tini 49.4736 49.4736
Kes 1.9 0.4735 tmed1 115 115
Kes 0.61 0.8672 tmed2 223.0192 223.0192
K7 1.9 0.8841 thin 287.5671 287.5671
Kes 0.6438 0.6438
Keo 0.1 0.1
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considered (annual K., monthly constant K., monthly averaged K. and
generalized curve) obtained by solving the nonlinear optimization
problem (MATLAB fmincon function) which minimized the mean square
error defined by Eq. 8.13 (see details in section 8.2.4).

We used the validation data set (Fig. 8.5) to simulate the model
with the parameters identified as described in the previous section. We
compared the mean quadratic errors of the simulated SWC with the four
models for K. First we run 1-step validations, in which the model
estimates SWC from the actual SWC of the previous day. Then we run N-
step validations, in which the model estimates SWC for the whole season
from the actual SWC in the first day of the validation period.

Figures 8.7-8.8 show the actual and modeled SWC for the no
irrigation and irrigation validation periods, for 1-setp and N-step
simulations and for the four K. model with N equal to the simulation
length (20 days). Table 8.4 summarizes maximum (e, .,) and averaged
relative errors (e,) for all these tests. These errors were evaluated as
follows:

SWCL g — SWCL
o) — . | mod act
€rpax (%0) ill/ll;ilﬁv(loo | Wl

act

|) Eq. 8.17

Swct

act

N . .
1 SWCL,, — SWC
& (%) = NZ(wo - I mod ““l) Eq. 8.18
i=1
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Table 8.4. Maximum and averaged relative errors for 1-step and N-step validation

Maximum relative errors (%)

1-Step N-Step
Modelled period Modelled period
No irrig. Irrigation No Irrig.  Irrigation
Annual 1.44 4.86 Annual 8.18 14.17
_ Monthly 1.74 549 _  Monthly 11.34 7.63
() (]
8 Monthly 1.39 546 © Monthly 4.99 10.65
Eu averaged Eu averaged
X X
Generalized 2.49 542 Generalized  197g 8.36
curve curve
Averaged relative errors (%)
1-Step N-Step
Modelled period Modelled period
No Irrig. Irrigation No Irrig. Irrigation
Annual 0.66 1.17 Annual 5.65 7.09
__ Monthly 0.68 111 _ Monthly 4.48 1.97
() (]
8 Monthly 051 123 & Monthly 3.03 3.27
EU averaged Eu averaged
N3 X
Generalized 1.04 1.09 Generalized 5.72 1.86
curve curve

where, for the i time step, SWC},,; and SWCl,, are the modeled and
actual SWC.

The maximum errors for the 1-step predictions were 2% and 5% for
the no irrigation and irrigation periods. For the N-steps predictions, the
maximum errors grow up to 10-20%. These errors are low enough to use
this model in a MPC setting because although the prediction errors grow
with the horizon, the controller is implemented with a receding horizon
strategy, so the most relevant error is given by the first step. From the
results we can conclude that the most suitable identified parameter set is



Modeling and control of the soil water content in an almond orchard 211

the monthly average K. model, which provides the lowest average N-steps
prediction errors together with the lowest maximum error of the 1-step
predictions in the irrigation period, which is the most relevant for
precision irrigation purposes.

8.3.3. Controllers simulations

We used the model described in Section 8.2.2 with the parameters of the
reference crop (Table 8.2) to test several irrigation control strategies
through simulation using Simulink and Matlab. The time length for the
simulations was set to 100 days. We considered two soil layers: the first
0.5 m. depth representing the root zone and the next 0.55 m. depth to
represent drainage losses. To simulate the controllers in this section we
set WP = 10% (50 mm), FC = 50% (250 mm) and tr = 0.3 (23%, 110 mm).
We assume no precipitation events during the simulation period unless
noted.

8.3.3.1. No irrigation

We first simulated a period with no irrigation (Fig. 8.9). The SWC
trajectories show two different periods. After 26 days soil water content
decreased below the water stress level defined by tr since evaporation
and transpiration deplete soil water. The SWC decreases at a lower rate
from that day on. These trajectories show clearly the hybrid nature of the
SPA model.

8.3.3.2. Feedforward ET.

Next we applied daily IAs calculated as 100% of the ET. measured in the
previous day. Fig. 8.10 shows how SWC remains close to its initial value,
since we are just restoring the plant and atmosphere water use. As
expected, this method is not able to achieve or follow a set point because
the SWC just stays close to its initial value.
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8.3.3.3. PID

We also tested a PID to control irrigation. Fig. 8.11 shows the Simulink
scheme of this controller. The set point for the SWC was 200 mm. The
parameters of the PID were first tuned with a heuristic method, formally
known as Ziegler-Nichols method (Ziegler and Nichols, 1942) and then
manually tuned to obtain better performance (proportional gain KP = 0.8,
integral KI = 0.1, derivative KD = 0). The main advantage of this method is
that the ET, values are not necessary, although SWC must be measured to
provide feedback to the controller. This feedback is crucial to guarantee
the robustness of this controller. Set point is reached in nine days.
Afterwards, soil water content remains inside +2.3% set point bounds (Fig.
8.12). The trajectories show that the closed-loop system is sensible to
variations on the ET,, which the controller takes some time to
compensate, which leads to some oscillations.

8.3.3.4. PID + Feedforward ET.

Next we tested both control strategies together (Fig. 8.13); that is,
feedforward ET. was added to the PID output. PID performance is
improved when ET, feedforward is included. Set point is reached in five
days, then the controller causes over-irrigation during seven days and
finally, after twelve days, soil water content remains inside +1.7% set
point bounds (Fig. 8.14).

8.3.3.5. MPC

We tested the MPC implemented using the hybrid toolbox as described in
the previous section. We compared the MPC vs. PID to control SWC
assuming two scenarios: assuming no precipitation (Fig. 8.15) and
simulating precipitation events (Fig. 8.16).

To do these simulations, the MPC controller used, as a prediction of
the ET,, the value of the previous day; that is, the precision forecast was
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Fig. 8.11. PID control scheme.
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used, and in general, although the ET. varies slowly, these prediction
introduced several errors which can be seem in the trajectories.

Figure 8.15A shows the trajectories of the SWC in the root zone
(SWC,) and the references (set point) for the MPC and the PID simulations
in the no-precipitation scenario. MPC reached the reference in the first
day of simulation and remained closer to the reference for the rest of the
test. From the analysis of the irrigation trajectories (Fig. 8.15B) is also
clear that the MPC change more often and react to the errors introduced
by the variable weather changes (ET,).

In Fig. 8.16, MPC and PID are compared in the presence of
precipitation events which can be predicted. Fig. 8.16A shows the
corresponding SWC trajectories along with the daily precipitation values.
In this scenario, MPC advantages are even more evident and again MPC
was able to improve the control respect to the PID. Set point was
achieved faster with the MPC, and SWC remained closer to the reference.
The differences were especially significant in the beginning of the
simulation and after the precipitation events. This was because the
controller was able to adapt the irrigation needs in advance with the
precipitation predictions. Note from the irrigation trajectories graph (Fig.
8.16B) that the MPC reduced irrigation from DOY 31, four days before the
high precipitations occur (DOY 35), taking into account that there would
be an excess of water inflow in the incoming days. On the contrary, PID
controller reacted later, reducing irrigation from DOY 36. MPC was also
able to increase irrigation (from DOY 44) three days before the PID
controller did, predicting the future water inflow deficit after the
precipitations period.

In Fig. 8.17A we plot the trajectories of the SWC in the root zone
when we included the changes in the reference as known information for
the controller, by using the modelling method mentioned in the previous
section. This controller (MPCp) was compared with a simpler MPC, which
not incorporated the information on the changes of references (MPCnp).
This information improved the performance of the MPC, which was
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especially notable when the set point changed from 180 to 150 mm (DOY
159). The improved MPC was able to achieve the setpoint four days
earlier, thanks to the inclusion in the controller of the setpoint prediction.
The 1A’s applied by both MPC were quite similar (Fig. 8.17B). The main
differences appeared after the change in the setpoint, during the days
after DOY 159.

An important limitation of the PID technique is that when the actual
SWC is above the setpoint, a negative control signal would be required.
But, since irrigation cannot be negative, the only way to reduce SWC is
just to wait for the plants and atmosphere to consume the exceed water
in the rootzone. This limitation of the control signal leads to a problem
with PID controllers known, in theory of control, as windup. Windup can
occur in loops where the process has saturations and the controller has
integral action. When the process saturates the feedback loop is broken. If
there is an error the integral may reach large values and the control signal
may be saturated for a long time resulting in large overshoots and
undesirable transients. Fig. 8.16 shows the effect of windup in an
irrigation controller. After a precipitation period, the PID controller needs
some time to start irrigating to account for water losses. Thus, windup
should be taken in account in precise irrigation when applying a PID to
control SWC. An important advantage of MPC is that it naturally
incorporates the constraints of the system and thus, the windup problem
is solved. Fig. 8.16 shows that the MPC controller regulates the SWC
correctly even after a high precipitation period.

8.3.3.6. Irrigation controller comparative

Table 8.5 shows the |As applied and the mean square error (MSE) for each
irrigation controller for the same simulation conditions. The MSE was
evaluated as follows:

1 M
M.

i=1

SWCLi,, — SWCL,
SWCH

ref

MSE = Eq. 8.19
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Table 8.5. Irrigation ammount (IA) and mean squared error (MSE) for the tested
irrigation controllers.

Irrigation controller IA (mm) MSE (mmz)
Feedforward ET, 364.18 465.63
PID 385.99 5.92
PID+Feedforward ET, 386.89 3.19
MPC 386.45 0.61

where, for each time step i, SWCisim and SWCiref are the simulated and

reference SWC respectively and M is the simulation time frame.

The lowest IA was achieved by feedforward ET,, but this controller
is only able to maintain SWC, but not to achieve a given set point. Thus,
this strategy showed the highest MSE. The rest controllers applied similar
IAs (386.5 £0.5 mm). The addition of the feedforward ET. improved the
PID performance. The lowest MSE was achieved with the MPC controller.

8.3.4. Application to real field of the PID controller

A PID irrigation controller was implemented in the almond orchard. PID
parameters were set as in the simulations (KP = 0.4, KI = 0.05, KD = 0). We
tested the PID performance in two different periods (13 and 12 days)
during July-August 2010 (Fig. 8.18 and 8.19). After only 1 day, set point is
achieved and remains in £ 5% set point bounds. During these periods of
time, the irrigation controller operated in a fully autonomous manner,
compensating weather conditions without any external information or
forecast.

8.4. Discussion

The validation with Cropsyst confirms that our model correctly represents
the SWC dynamic of a representative SPA system. Several authors have
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Fig. 8.18. Soil water content (SWC, A) and irrigation amounts (IA, B) when PID
was applied in a real field experiments, from DOY 186 to 199. Setpoint was
set to 180 mm.
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Fig. 8.19. Soil water content (SWC, A) and irrigation amounts (IA, B) when PID
was applied in a real field experiments, from DOY 208 to 220. Setpoint was set

to 180 mm.

applied Cropsyst for different crops and environments (Donatelli et al.,
1997; Tubiello et al., 2000; Peralta and Stockle, 2002; Benli et al., 2007;
Singh et al., 2008). Also, Bonfante et al. (2010) compared SWAP, Cropsyst
and MACRO models. They concluded that the three models gave very
satisfactory results. In the overall comparison SWAP shown slightly better
performance than Cropsyst, and this shown better results than MACRO.
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But as far as the coefficient of residual mass (CRM) index was concerned,
Cropsyst was the best choice, since showed little differences in
performances between calibration and validation years. Confalonieri et al.
(2010) compared the performance of Cropsyst and CERES-Wheat models
to simulate SWC for winter wheat systems. Cropsyst presented the
highest accuracy.

The identification and validation processes that we proposed
showed that our model acceptably represents the SWC dynamic in our
almond orchard. However, it should be noticed that the complexity and
variability of these systems inevitably reduce the accuracy of the
predictions of the model. Similar conclusions have been pointed out by
Calvet et al. (1998) and Tuzet et al. (2003).

The simulation of a no irrigation period revealed that soil-water
storage is depleted below the fixed threshold point after 26 days since the
evaporation and transpiration processes are taking out water from soil
and there is not replenishment. The time length for soil-water depletion
mainly depends on the climatic condition and the value of the soil and
crop parameters used in the model. The wilting point threshold is also
highly variable and species dependent. Fereres et al. (1979) studied the
recovery of two orchards of Valencia orange trees, which had not been
irrigated for 3 and 6 months. They showed that the trees were capable of
recovery from high levels of water stress despite being in extremely dry
soil with average soil matrix potential of -2.6 MPa before irrigation.
Moriana et al. (2003) estimated that rain fed olive trees with leaf water
potentials around -8 MPa extracted an additional 40 mm from below the
conventional permanent wilting point of -1.5 MPa in a 240-cm deep
profile.

When an ETc Feedforward strategy was modelled, SWC exceeded
field capacity after 90 days. This indicates that ETc was not correctly
calculated (crop water consumption was overestimated). This is mainly
because of difference between TR and TP and ER and EP. ETc (that is the
usual value to calculate irrigation) do not consider the reductions in
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transpiration and evaporation induced when SWC is bellow threshold
values (WP or tr). ETc compensation is a typical method used successfully
by farmers and it does not require SWC values to be measured. This is an
advantage for farmers, because they can be advised for using suitable
ETo, Kc and Kr values to estimate irrigation without investing in sensors.
As disadvantages, Kc values are indentified in few experimental sites with
specific climate conditions that usually differ of those where the Kc values
are applied. Hence, the differences between the local peculiarities of the
plot, weather and crops might introduce many errors in the Kc estimation.
Furthermore, stomatal control by plants or limited transpiration or
evaporation (caused by dry soil conditions), can lead to over irrigation as
shown in the simulation. ETc Feedforward strategy has been widely tested
in the literature. In particular, this is the typical strategy for the irrigation
of the control treatment in DI research (Ruiz-Sanchez et al., 2010; Fereres
and Soriano, 2007; Fernandez et al., 2008a, b). It should be notice that,
although this strategy might be acceptable when studying periods with
not irrigation, special care must be taken when rainfall events occurs
during the experimental period. In the last case, the IN (ETc-P) should be
replenished instead of ETc to avoid over-irrigation.

With the PID strategy, the setpoint for SWC (200 mm) was reached
and followed accurately after 5 days of simulation. As mentioned, PID
parameters were first tuned by using Ziegler—Nichols method and then
readjusted to get optimal results. The main advantage of PID is that it can
achieve an accurate performance with no information of ET or the model
of the SPA. It only needs SWC feedback to outputs next corrective action.
The advantages of PID for the control of environment in greenhouses
have been reported in the past (Hashimoto, 1979 and Magliulo et al.,
2003). Hashimoto (1979) showed that PID and computer aided plantation
are a useful control system for sunflower plants in greenhouses. Magliulo
et al., (2003) successfully applied a PID strategy to control the
concentration of CO, in tomato plants. The plants growing in CO, enriched
air improved both yield performance and water savings.
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When both strategies (PID and ET. feedforward) were applied at
once setpoint takes more time to be reached than in the previous tests
(25 days). Errors between setpoint and SWC were also increased. PID
performance was not improved by including ET. compensation. On the
contrary, the accuracy was reduced because of the errors induced by the
overestimations of the ET.. MPC on the other hand is not only able to
include the daily ET. compensation, but also the future predictions of the
weather conditions and reference changes. Fig. 8.15 shows how the MPC
controller anticipates with respect to PID when one of these conditions
change.

The model predictive control simulations suggest that this might be
the best strategy when a precise model of the system and acceptable
predictions for ET, and P, are available. Given these requisites, MPC
should be able to calculate the optimum present and future IA’s. At our
knowledge, no application of MPC to precise irrigation of fruit orchards
has been reported. However, several authors have shown the promising
advantages of these controllers in other fields such as environmental
control of greenhouses. Rodriguez et al. (2008) demonstrated the
applicability of an adaptive hierarchical control to an industrial
greenhouse, in which heating was controlled by means of an MPC
algorithm. They obtained good tracking performance while diminishing
fuel consumption associated costs. In Pifién et al. (2005), the authors
simulated the application of an MPC for temperature control of a
greenhouse. They concluded that an MPC with feedback linearization
strategy seems to be attractive for a class of feedback linearizable systems
due to its relative computational efficiency. El Ghoumari et al. (2005)
compared an MPC and a PID controller for temperature regulation of a
greenhouse. Their results showed the two main disadvantages of PID
controllers: constraints are not considered, and only single input single
output (SISO) loops are implemented, resulting in poor performance. They
implemented an MPC algorithm in real time to solve the problems found
for the PID controllers application.
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8.5. Conclusions

We developed a discrete time mathematical model to obtain an
approximate solution of the behaviour of a given SPA system. The model
can be used for doing predictions and design precision irrigation strategies
and controllers. The proposed model was first successfully checked with
CROPSYST, and then it was identified and validated for a specific almond
orchard using data from a whole irrigation season. Finally different control
strategies (PID, ETc feed forward, MPC) were tested and evaluated with
the model in simulations.

The PID strategy proved to be robust and accurate controlling SWC.
Better SWC evolution was achieved with PID than with feedforward ET,
method due to SWC measurement feedback. We also applied this PID
controller in field during July-August 2010 with excellent results. After
only 1 day, set point was achieved remaining in £ 5% set point bounds
during the experimental period. We conclude that PID is a robust and
efficient strategy that provides precision irrigation when a reference for
soil water content (SWC, mm) is known. PID achieves better performance
tan ET, compensation thanks to the SWC measurement feedback.

Extra information (e.g. ET. and rainfall forecasts, and changes in
SWC reference) can be incorporated in advance in the MPC controller to
optimize the control of the SWC. Furthermore, in MPC the contribution of
the weighting coefficients to the signal control can be pondered. These
allow the farmer to find a mid-way solution between optimal soil water
content and saving water. Our MPC controller showed promising results
when simulated with the SPA model. Nevertheless, field experiments are
required to confirm these results.
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Appendix 8

8.A1l. C code of the PID implementation

float PID (float rO, float y0)
(

e0 =r0-y0;

D =qd * (e0-el);

| = I+ qi * (r0-y0);
u=Kp*e0+D+1;

el =e0;

)
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8.A2. Hysdel code for simulating SPA system

/* SPA model
July 2010 by R. Romero & D. Mufioz*/
SYSTEM SPAmodel {
INTERFACE {
STATE { REAL th1 [0,1000];
REAL th2 [0,1000];}
INPUT { REAL | [0,1000];
REAL R [0,1000];}
OUTPUT { REAL y1;
REAL y2;}
PARAMETER { REAL Ts,WP1,WP2,FC,ETo;
REAL k,kc,LAlL1,L2,tr;}
}
IMPLEMENTATION {

AUX { REAL D1,D2,ER2,ER3,TR1_2,TR1_3,TR2_2,TR2_3;

BOOL D1mode, D2mode;

BOOL ERmode2,ERmode2b, ERmode3;
BOOL TR1mode2,TR1mode2b, TRImode3;
BOOL TR2mode2,TR2mode2b, TR2mode3;}

AD {Dlmode =th1+l+R-FC*L1>=0;
D2mode = th2-FC*L2>=0;
ERmode2 = th1>=WP1/3;
ERmode2b = th1<=WP1;
ERmode3 = th1>=WP1;

TR1mode2 = (th1-WP1)/(FC*L1-WP1)>=WP1;
TR1mode2b = (th1-WP1)/(FC*L1-WP1)<=tr;
TR1mode3 = (th1-WP1)/(FC*L1-WP1)>=tr;
TR2mode2 = (th2-WP2)/(FC*L2-WP2)>=WP2;
TR2mode2b = (th2-WP2)/(FC*L2-WP2)<=tr;
TR2mode3 = (th2-WP2)/(FC*L2-WP2)>=tr;}
DA { D1 = {IF DImode THEN th1+I+R-FC*L1 ELSE 0};
D2 = {IF D2mode THEN th2-FC*L2 ELSE 0};
ER2 = {IF ERmode2 & ERmode2b THEN ETo*kc*exp(-

k*LAI)*(th1-WP1/3)/(WP1-WP1/3) ELSE 0};

ER3 = {IF ERmode3 THEN ETo*kc*exp(-k*LAl) ELSE O};

Appendix 8

TR1_2 = {IF TRImode2 & TR1mode2b THEN (th1-WP1)*ETo*kc*(1-exp(-

k*LAl))/(FC*L1-WP1) ELSE 0};



Appendix 8 237

TR1_3 = {IF TR1Imode3 THEN ETo*kc*(1-exp(-k*LAl)) ELSE 0};
TR2_2 = {IF TR2mode2 & TR2mode2b THEN (th2-WP2)*ETo*kc*(1-exp(-
k*LAIl))/(FC*L2-WP2) ELSE 0};
TR2_3 = {IF TR2Zmode3 THEN ETo*kc*(1-exp(-k*LAl)) ELSE 0};}

CONTINUOUS { th1 = Ts*(th1+R+I-ER2-ER3-D1-TR1_2-TR1_3);

th2 = Ts*(th2+D1-D2-TR2_2-TR2_3);}
OUTPUT {y1 =th1;
y2 =th2;}
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8.A3. Hysdel code for generating the MPC controller

/* SPA model
July 2010 by R. Romero */
SYSTEM SPAmodel {
INTERFACE {
STATE { REAL th1 [0,1000];
REAL th2 [0,1000];
REAL p0 [0,1000];
REAL p1 [0,1000];
REAL p2 [0,1000];
REAL p3 [0,1000];
REAL p4 [0,1000];
REAL p5 [0,1000];
REAL p6 [0,1000];
REAL p7 [0,1000];
REAL p8 [0,1000];
REAL rth0 [0,1000];
REAL rth1 [0,1000];
REAL rth2 [0,1000];
REAL rth3 [0,1000];
REAL rth4 [0,1000];
REAL rth5 [0,1000];}
INPUT { REAL | [0,1000];}
OUTPUT { REAL y1;}
PARAMETER { REAL Ts,WP1,WP2,FC,ETo;
REAL k kc,LAI,L1,L2,tr;}
}
IMPLEMENTATION {

AUX { REAL D1,D2,ER2,ER3,TR1 2, TR1 3,TR2_2,TR2_3;

BOOL D1mode, D2mode;
BOOL ERmode2,ERmode2b, ERmode3;

BOOL TR1mode2,TR1Imode2b, TRImode3;
BOOL TR2mode2,TR2mode2b, TR2mode3;}

AD { D1mode = th1+l+p0-FC*L1>=0;
D2mode = th2-FC*L2>=0;
ERmode2 = th1>=WP1/3;

Appendix 8
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ERmode2b = th1<=WP1;
ERmode3 = th1>=WP1;
TR1mode2 = (th1-WP1)/(FC*L1-WP1)>=WP1;
TR1mode2b = (th1-WP1)/(FC*L1-WP1)<=tr;
TR1mode3 = (th1-WP1)/(FC*L1-WP1)>=tr;
TR2mode2 = (th2-WP2)/(FC*L2-WP2)>=WP2;
TR2mode2b = (th2-WP2)/(FC*L2-WP2)<=tr;
TR2mode3 = (th2-WP2)/(FC*L2-WP2)>=tr;}
DA {D1 = {IF D1Imode THEN th1+l+p0O-FC*L1 ELSE 0};
D2 = {IF D2mode THEN th2-FC*L2 ELSE 0},
ER2 = {IF ERmode2 & ERmode2b THEN ETo*kc*exp(- k*LAI)*(th1-
WP1/3)/(WP1-WP1/3) ELSE 0};
ER3 = {IF ERmode3 THEN ETo*kc*exp(-k*LAl) ELSE 0},
TR1_2 = {IF TRImode2 & TR1mode2b THEN (th1-WP1)*ETo*kc*(1-exp(-
k*LAI))/(FC*L1-WP1) ELSE 0};
TR1_3 = {IF TRImode3 THEN ETo*kc*(1-exp(-k*LAl)) ELSE 0};
TR2_2 = {IF TR2mode2 & TR2mode2b THEN (th2-WP2)*ETo*kc*(1-exp(-
k*LAI))/(FC*L2-WP2) ELSE 0};
TR2_3 ={IF TR2Zmode3 THEN ETo*kc*(1-exp(-k*LAl)) ELSE 0};}
CONTINUOUS { thl = Ts*(th1+I-ER2-ER3-D1-TR1_2-TR1_3+p0);
th2 = Ts*(th2+D1-D2-TR2_2-TR2_3);
p0=p1;
pl=p2;
p2=p3;
p3= p4;
p4=p5;
p5= pb;
p6=p7;
p7=p8;
p8=p8;
rthO = rthi,;
rthl = rth2;
rth2 = rth3;
rth3 = rth4;
rth4 = rth5;
rth5 = rth5;}
OUTPUT {y1 = th1-rth0;}
}
}
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Concluding remarks

9.1. Deficit irrigation

We carried out three experiments in commercial orange orchards to study
deficit irrigation strategies in orange orchards located in the Guadalquivir
River Valley, SW Spain.

First we compared three SDI treatments with different levels of
water reduction (77%, 67% and 53% of IN) in a 12-year-old orange
orchard (Citrus Sinensis L. Osbeck, cv. Salustiana). The results showed that
irrigation water savings of up to 55% of IN had no significant impact on
tree yield, but affected key quality factors (TSS and TA). The greatest
increase in WP was detected in the SDI53 treatment. However, the low
values of W, detected in this treatment suggest stresses levels that
could result in reductions of yield in the future. A longer experiment is
required to evaluate this aspect. The SDI67 and SDI77 treatments,
however, did not cause significant Wy, reductions as compared to the
fully-irrigated, control treatment.

We also implemented four RDI strategies in 11-year-old orange
trees (Citrus sinensis L. Osb. cv. Navelina). Although WP increased in all
tested RDI treatments, our results show that RDI-776 (37% IN) was the
best strategy. This treatment allowed 1200 m® ha™* yr" water savings, with
no significant effect in yield. It also improved fruit quality parameters as
TSS and TA. The rest of the tested RDI treatments involved a greater
reduction of irrigation water at flowering (44% of control). All of them
reduced fruit number. Furthermore, maintaining this reduction during the
fruit growth period caused a significant loss in fruit weight and some

changes in fruit quality parameters, such as an increase of TSS and TA. Our
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results show that the differences on water distribution along the irrigation
season caused by the irrigation strategy, had a greater effect on the
response of orange trees than the annual IA applied in each treatment.

In another set of experiments, a LFDI treatment was applied to 11-
year-old orange trees Citrus sinensis L. Osbeck, cv. Navelina) and
compared with a fully irrigated control treatment (110% of the crop IN)
and a SDI treatment in which total water supplies amounted to 58% of the
crop IN. Water savings amounted to 41% for the LFDI treatment, as
compared to the control. The reduction in yield was 18% only, and the
quality parameters TSS, TA and MI improved. In the SDI treatment, water
savings were slightly higher than in the LFDI treatment (48%), but the
yield reduction was substantially greater (40% reduction).

The described results suggest that, although SDI treatments
potentially improve WP and fruit quality respect to a full-irrigation
treatment, RDI strategies might be more suitable. Thus, knowledge on the
sensitivity of the crop to water stress depending on the phenological stage
avoids severe water restrictions at critical stages and, therefore, negative
effects of DI strategies on yield and long-term crop performance. Results
from the LFDI treatment suggest that a quick recovery after a DI period
also contributes to mitigate yield reductions. We suggest a new strategy
that exploits the advantage of both RDI and LFDI strategies. It is based on
a RDI strategy but alternating DI periods and quick recoveries in each
phenological stage. We encourage new research on this approach to
further refine the most appropriate irrigation strategy for orange orchards
in the area. Our results also show the usefulness of Sy and Sg, as reliable
water stress indices, although their usefulness for precise irrigation is
limited by their low temporal resolution. This problem is avoided by the
use of the MDS and MXSD indices derived from TDV records. Because of
their capability for continuous and automatic data recording and data
transfer, they are an advantageous alternative to W, for the assessment
of tree water stress in the orchard.
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9.2. Automatic irrigation controllers

One of the main objectives of this thesis was the development of AlCs.
The CRP, in which IAs are calculated from sap flow readings in the trunk of
trees, was tested in an olive orchard close to Seville (Spain). The CRP
proved to be a robust device able to calculate and supply daily IA to the
orchard, in accordance with the specified irrigation protocol. In our
experiment the daily values of the E,w/E,o ratio had not enough
resolution for the desired irrigation approach, intended to replace the
daily crop water consumption. This was due to the experimental trees
being old trees with large rhizospheres growing in a soil of medium to
high water holding capacity. The CRP, however, was able to react to a
sudden increase in the tree’s water stress caused by the soil water
content falling below the threshold for soil water deficit. This suggests
that the device could be suitable for applying DI in olive orchards with
similar characteristics as our experimental orchard. The resolution of the
Eon/Epor ratio could be greater when irrigating species with a lower
capacity to take up water from drying soils, especially if the trees are
small and grow in a soil of low water-holding capacity.

The AIC that we tested in an almond orchard calculated the IAs
based on the crop coefficient approach and SWC measurements. The
prototype we developed and evaluated proved to be robust and reliable
enough for the automatic control of high-frequency irrigation in the
orchard. The device seems to be useful to minimize ponding conditions
and water losses by drainage and evaporation from the soil surface, and it
can be used for irrigating orchards in remote areas, through the Internet.
Our results show that |As can be precisely controlled by combining soil
water measurements with the crop coefficient approach, which takes into
account the response of the crop to the atmospheric demand. Widely
recommended K. values for almond orchards resulted too high for our
orchard conditions.
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9.3. New sap flow methods

Our experiments with DI strategies and AlICs proved the usefulness of
plant-based measurements to estimate the IN of the crop and to identify
water stress thresholds. One of the most promising variables for this
objective is sap flow. We proposed and evaluated two new methods for
extending the measurement range of current heat-pulse methods to
measure sap flow. These new methods successfully captured the dynamic
pattern of daily sap flow, as compared to simulations with a big-leaf
model for a single branch and measurements with conventional CHP and
T-max methods. These comparisons showed strong linear relationships for
wide ranges of sap flux densities. In theory, these new methods are also
well suited to low and even reverse flows. Although more experiments
should be carried out to check and calibrate our two new methods, the
preliminary results presented here are promising.

9.4. Modeling and control of SPA systems

Finally, we developed a discrete time mathematical model to obtain an
approximate solution of the behaviour of a given SPA system. The model
can be used for doing predictions and for designing precision irrigation
strategies and AICs. The model was first successfully checked with
CROPSYST. Then we used two different set of data from a whole irrigation
season to identify and validate the model for a specific almond orchard.
Finally different control strategies (PID, feedforward ET. MPC) were
tested and evaluated with the model in simulation exercises.

The PID strategy proved to be robust and accurate for controlling
SWC. Better SWC evolution was achieved with PID than with the
feedforward ET. method, due to the use of SWC measurement as a
feedback signal. We also applied this PID controller in field during July-
August 2010 with excellent results. After only 1 day, the set point was
achieved, remaining in £ 5% set point bounds during the experimental
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period. We concluded that PID is a robust and efficient strategy that
allows precision irrigation when a reference for SWC is known. PID
achieves better performance than feedforward ET, thanks to the SWC
measurement feedback.

Extra information (e.g. ET. and rainfall forecasts, and changes in
SWC reference) can be incorporated in advance in the MPC controller to
optimize the control of the SWC. Furthermore, in MPC the contribution of
the weighting coefficients to the signal control can be pondered. These
allow the farmer to find a mid-way solution between optimal SWC and
saving water. Our MPC controller showed promising results when
simulated with the SPA model. Nevertheless, field experiments are
required to confirm these results.



	Table of contents
	Figures
	Tables
	Symbols and abbreviations
	Agradecimientos
	Abstract
	Resumen
	Introduction
	Impact of sustained deficit irrigation on yield, water productivity and fruit quality in a commercial citrus orchard, cv. Salustiana
	Impact of regulated deficit irrigation on yield, water productivity and fruit quality in a commercial citrus orchard, cv. Navelina
	Impact of sustained and low frequency deficit irrigation on the physiological response, water productivity and fruit yield of citrus trees cv. Navelina 
	An automatic irrigation controller for fruit tree orchards, based on sap flow measurements
	Appendix 5
	An automatic controller for high frequency irrigation based on soil water content measurements combined with the crop coefficient approach
	Improving methods to measure sap flow
	Modeling and control of the soil water content in an almond orchard
	Appendix 8
	Concluding remarks


