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Abstract

The use of capacitance water sensors for the skhgdef irrigation for hydroponic tomato and
cucumber crops grown in coir was investigated sef@es of laboratory and glasshouse experiments
in the Free State province of South Africa.

Laboratory experiments in a climate controlled chamwere conducted to accurately calibrate
ECH,O capacitance sensors, models EC-10 and EC-20pimwith an improved calibration
procedure. Water content predictions by the cogedjT calibration and manufacturer’s calibration
equations were compared to actual water contensuned from mass loss of the coir sample. The
manufacturer's calibration equation indicated a rp@mcuracy of prediction, which mostly
underestimated the volumetric water content, cosgpao the near perfect prediction of the
coir-specific calibration of individual sensors.répid calibration procedure for EC-10 and EC-20
sensors was proposed to reduce the calibration dintee sensors and promote their commercial
use for irrigation management in coir. The accurafcgrediction by the rapid calibration procedure
for the plant available water content range was fiog both EC-10 and EC-20 sensors and allowed
for the compensation for variation between sensors.

Glasshouse studies aimed to characterise the wettmtion and ability of coir to supply water to
greenhouse tomato and cucumber crops through th&naous monitoring of medium water
content in small and large growing bags with the®Cand EC-20 capacitance sensors during a
drying cycle, compared to well-watered plants. 8sagf crop water stress were identified and,
based only on the plant’s response to the dryirecyt was suggested that water depletion can be
allowed to the point of mild water stress for bgteenhouse tomato and cucumber crops, which can
be detected by soil water sensors. In a seconessefiglasshouse experiments, the identified stages
of crop water stress were used to determine anty ajgpletion levels in coir and compare this
irrigation strategy to a well-watered treatment fiseenhouse cucumber and tomato plants, with
regard to the water balance components, yield aattnwuse efficiency for different bag sizes.
Results indicated that irrigation was successfolgnaged to the pre-determined water depletion
levels for cucumber and tomato plants in coir, tigto the use of in situ calibrated capacitance
sensors. For both crops the depletion of watereddbetween bag sizes, indicating that various bag

sizes require different irrigation management sgyegs. Scheduling to the highest pre-determined



depletion levels reduced irrigation by 124 Lrim the small and 240 L fin the large bags for
cucumbers and 427 Lfrin the small and 487 L in the large bags for tomato plants, compared
to the well-watered treatments. Yields achievedtly greenhouse tomato plants in the large
growing bags and cucumber plants in the small angklbags were maintained or improved when
scheduled to the highest depletion level (approtetge60% available water content) compared to
the well-watered treatment. The combination of oeduirrigation and improved or maintained
yields resulted in improved water use efficiendfbased on irrigation and transpiration) for the
highest depletion level compared to the well-watdreatments. In all glasshouse experiments the
well-watered treatment resulted in luxury water bgéhe plants.

Finally, a study was conducted in order to commaop water stress of greenhouse cucumber and
tomato plants under luxury water supply and cyelater deficit conditions. The comparison was
based on the transpiration ratio and yield, while tise of capacitance sensors was evaluated for
irrigation scheduling in coir for both crops. Trairation data indicated that cucumber and tomato
plants subjected to luxury water supply experieneger stress earlier than plants subjected to
cyclic water deficit conditions, irrespective of goaize. Results also indicated that irrigation
scheduling according to water depletion levelsnmalé bags is not yet recommended for greenhouse
tomato and cucumber plants grown in coir, untitar research is conducted. Scheduling to water
depletion levels in large bags is, however, justifby the improved or maintained yields of the
greenhouse cucumber and tomato plants. The estintpletion levels for large bags beyond
which yield are reduced was at 85% for tomatoes7@3d for cucumbers.

In conclusion, the results clearly indicated thegt tise of capacitance sensors in large growing bags
improves irrigation management of hydroponic cucammband tomatoes in coir by eliminating
over-irrigation and improving water use efficiendjore research is needed before a conclusion can

be made regarding irrigation scheduling with cajaace sensors in small growing bags.



Uittreksel

Die gebruik van kapasitansie water sensors virfeespgskedulering van tamatie en komkommer
plante wat hidroponies in kokosveen gegroei igndersoek in ‘n reeks laboratorium en glashuis
eksperimente in die Vrystaat provinsie van Suidkafr

Laboratorium eksperimente is uitgevoer in ‘n klimbaheerde kas om EGH kapasitansie sensors,
modelle EC-10 en EC-20, akkuraat te kalibreer wkdsveen deur 'n verbeterde kalibrasie
prosedure. Waterinhoud voorspellings deur die kekes spesifieke kalibrasie en die vervaardiger
se kalibrasie vergelykings is vergelyk met die Jikek waterinhoud wat gemeet is deur die
kokosveen monster se massaverlies te monitor. ralklieid van voorspelling deur die
vervaardiger se kalibrasie vergelykings was swakhen meestal die volumetriese waterinhoud
onderskat in vergelyking met die byna perfekte spelling deur die kokosveen spesifieke
kalibrasie van individuele sensors. 'n Vinnige kadisie prosedure vir die EC-10 en EC-20 sensors
is voorgestel om die kalibrasie tyd te verkort éa Kommersiéle gebruik van die sensors vir
besproeiingsbestuur in kokosveen aan te moedig. dRi@iraatheid van voorspelling deur die
vinnige kalibrasie prosedure, binne die grenseplant beskikbare waterinhoud, was hoog vir beide
EC-10 en EC-20 sensors, terwyl die prosedure ooksening maak vir variasie tussen sensors.
Glashuis studies is uitgevoer om die water rete@sigermoé van kokosveen om water te voorsien
aan tamatie en komkommer gewasse in kweekhuis&arakteriseer. Dit is bereik deur die
mediumwaterinhoud van klein en groot plantsakkealdpend te monitor met behulp van die EC-10
en EC-20 kapasitansie sensors gedurende 'n uitdyagklus, en dit te vergelyk met 'n waterryke
behandeling vir elke gewas waarvolgens die plagtekeer per dag besproei is. Fases van gewas
waterstremming is geidentifiseer en, volgens dakse van die plant tot die drogingsiklus, is dit
voorgestel dat wateronttrekking toegelaat kan wtotddie punt van matige waterstremming wat
aangewys kan word deur kapasitansie water sengobeide kweekhuis tamatie en komkommer
gewasse. In 'n tweede reeks glashuis eksperimentdia geidentifiseerde fases van gewas
waterstremming gebruik om onttrekkingsvlakke virk&sveen te bepaal en toe te pas as
besproeiingskeduleringstrategie vir kweekhuis komkwer en tamatie plante. Toegepaste vlakke is
vir elke gewas vergelyk met 'n waterryke behandgten opsigte van die waterbalans komponente,
opbrengs en watergebruiksdoeltreffendheid in vlesi@ sakgroottes. Resultate het aangedui dat

besproeiing suksesvol bestuur is tot die voorafalelgawateronttrekkingsvlakke vir komkommer en



tamatie plante in kokosveen, deur gebruik te maakim situ gekalibreerde kapasitansie sensors.
Die onttrekking van water deur beide gewasse heskildussen klein en groot sakke, wat aangedui
het dat verskillende sakgroottes verskillende hmsiprgsbestuur strategieé vereis. Skedulering tot
die hoogste voorafbepaalde onttrekkingsvlak hewargelyking met die waterryke behandelings,
besproeiing verminder met 124 L7in die klein en 240 L fAin die groot sakke vir komkommers,
en 427 L nf in die klein en 487 L i in die groot sakke vir tamatie plante. Opbrengsia
kweekhuis tamatie plante in die groot plantsakk&@nkommer plante in die klein en groot sakke
is gehandhaaf of verbeter deur skedulering tothdiegste onttrekkingsvlak (ongeveer 60% van
beskikbare water inhoud), in vergelyking met dietemyke behandeling. Die kombinasie van
verminderde besproeiing en verbeterde of gehandeaapbrengste het gelei tot verbeterde
watergebruiksdoeltreffendheid (besproeiing en paasie) vir die hoogste onttrekkingsvilak, in
vergelyking met die waterryke behandelings. In i dlashuis eksperimente het die waterryke
behandeling gelei tot oorvlioedige watergebruik deante.

'n Finale studie is uitgevoer om gewas waterstremgmian kweekhuis komkommer en tamatie
plante wat onderwerp is aan oorvloedige watervearsg deur agt keer per dag te besproei en
sikliese watertekorttoestande, te vergelyk. Diegebiking is gebaseer op die transpirasie
verhouding en opbrengs, terwyl die gebruik van kédpasie sensors vir besproeiingskedulering in
kokosveen vir beide gewasse geévalueer is. Traspidata het aangedui dat komkommer en
tamatie plante wat onderwerp is aan oorvloedigewabrsiening vroeér waterstremming ervaar as
plante wat onderwerp is aan sikliese watertekosttvele, ongeag van die sakgrootte. Resultate het
aangedui dat besproeiingskedulering volgens watteeskingsvliakke vir klein sakke nog nie
aanbeveel kan word vir kweekhuis tamatie en komkemplante alvorens verdere navorsing
gedoen is nie. Skedulering tot wateronttrekkingskéavir groot sakke word egter geregverdig deur
die verbeterde of gehandhaafde opbrengste van kweekomkommers en tamaties. Die beraamde
laagste onttrekkingsvlakke vir groot sakke wat oypbrengs betekenisvol sal beinvioed nie is 85%
vir tamaties en 70% vir komkommers.

Ten slotte dui die resultate duidelik daarop da debruik van kapasitansie sensors in groot
plantsakke besproeiingsbestuur van hidroponiesek@ommers en tamaties in kokosveen verbeter
deur oorbesproeiing uit te skakel en die watergkbdoeltreffendheid te verbeter. Meer navorsing
is nodig alvorens 'n gevolgtrekking gemaak kan wiend opsigte van besproeiingskedulering met

kapasitansie sensors in klein plantsakke.
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Chapter 1

Introduction

1.1 Motivation and problem identification

Water is the most important factor limiting yield agriculture worldwide. South Africa is mostly a
semi-arid country with an average rainfall of o452 mm per annum (Department of Water Affairs
and Forestry, 2004), while rainfall is highly seasloand varies erratically from year to year
resulting in unpredictable periods of drought atwbd (Davies & Day, 1998). These conditions
make year-round production of crops under drylamhddions, in most production areas,
impossible.

Although irrigated land accounts for only about (@3 million hectares) of the total land area of
South Africa (Department of Agriculture, 2006),uses almost 60% of all water used in South
Africa (Department of Water Affairs and Forestrp02). In spite of the important economic role of
agriculture in South Africa, it can be safely assdnthat the availability of water for agriculture
will decrease because of an increase in demanaidtar for urban, household and industrial uses
(Department of Water Affairs and Forestry, 20043.water for agriculture become scarcer, the cost
of water will increase, adding further pressureiroigated agricultural. This basically implies that
yield per area of land needs to be increased, Wéskewater is used.

The crop water use efficiency and irrigation e#oty of hydroponic crops, both measured as
marketable yield per unit of water used, are appb#g higher than that of open field crops. This is
because crop water requirements are considerabdyifte greenhouses than in open fields when
aiming for similar levels of production and is ansequence of the much lower evapotranspiration
inside greenhouses because of less wind, redudadradiation and higher atmospheric humidity
(Fernandezt al., 2005), while greater protection from temperatfioetuation, wind damage or
insect damage improves marketable yield.

At present water use in hydroponic systems in Sédtica is not optimal. The main hydroponic
growth medium used in South African greenhousegni€omposted pine sawdust and shavings

from the wood industry. This growth medium is cltéeaised by a very low water holding capacity



and easily available water (Bohne, 2004; Kahgl., 2004), which increases the risk of water stress
during active plant growth (Allairetal., 2004). Because of these characteristics the growt
medium needs to be irrigated frequently and with \@lumes per irrigation event to prevent water
stress (Maree, 1986; Bohne, 2004). Therefore, istraommercial hydroponic systems in South
Africa, irrigation is set according to a fixed sdie which is usually determined by trial and error
over a couple of production seasons. This comp$es fixed frequency of six to eight or more
irrigation events per day depending on the producteason and the stage of crop development.
Irrigation is adapted weekly according to perceetalyainage or electrical conductivity (EC)
expressed as the percentage of drainage EC tatiomgEC (Combrink, 2005). Crops are over-
irrigated by 20 to 30% for each irrigation evenetwsure that plants are not subjected to wategsstre
and to prevent the accumulation of salts in the iomdFricke, 1998; Schroder & Lieth, 2002;
Giuffrida et al., 2003; Combrink, 2005), while special growing bagth elevated drainage holes
are used to create a reservoir in the bag whererwah be stored between irrigation events (Maree,
1986).

The use of a growth medium with a larger water imgjccapacity, such as coir, can result in
improved water use efficiency since less water dast Ithrough drainage during production
(Rincdn et al., 2005; Rouphasedt al., 2005). A high content of available water and dacuate air
supply are the most important physical charactesistequired for growth mediums to achieve
optimal growth (Raviwt al., 2002).

Coir is increasing in popularity as growth mediuon §reenhouse crops world wide (Verhagen,
1999; Noguerat al., 2000) and in South Africa (Combrink, 2005). Thengin popularity can be
ascribed to positive results achieved by reseascher yield and fruit quality of tomato and
cucumber crops grown in coir compared to rockwdddh(meet al., 2001; Collaet al., 2003;
Halmann & Kobry, 2003). Coir constitutes of waste materials frameanut Cocos nucifera L.)
fruit husks after the removal of industrially-valbla long fibres (used for ropes and matting)
(Nogueraet al., 2000). It is a lightweight material with a bullertsity varying between 0.04 and
0.13 kg nt® depending on the ratio of fibres to dust (Evaral., 1996; Kanget al., 2004). Recently
improved product standards guarantees bulk desdig¢ween 0.09 and 0.10 kg°niPelemix.q,
Israel). According to Prasad (1997), coir has atnetly high easily available water content of

approximately 35%.



Coir varies greatly from sawdust and shavings wetiard to water availability. The appropriate
irrigation strategy for coir will therefore alsoryagreatly from that used for sawdust and shavings.
However, because coir is a relative new growth omadiexperimentation with different irrigation
management practices are limited and guidelingh@mest irrigation management strategy for coir
is not yet published or readily available. Therefgrroducers manage irrigation in coir according to
practices used for other locally used growth mediusuch as sawdust and shavings in South
Africa. Hydroponic crops grown in coir are, themfomostly over-irrigated which creates water
logged conditions and will have a direct effect water uptake, oxygen availability and the
occurrence of soil-borne diseases, while this nmajréctly have a negative effect on yield and
water-use efficiency (Kramer & Boyer, 1995; Giuffaiet al., 2003). Because producers often do
not know the cause of these problems and therdioneto manage them, they may easily refrain
from using coir without realising its potential ledits as a growth medium.

Because of the variation in water requirements ifferént crops, irrigation management also
needs to be crop specific. It is therefore impdrtarfind a reliable irrigation management method
for a targeted level of plant performance of speafops, which considers water content changes in
the coir due to changes in plant-water status (&ve& Bilderback, 2004). Changes in plant water
status may result from changes in environmentatlitmms, the stage of crop development as well
as interactions between these conditions (Tekineleik, 1994). A specific crop’s demand for
water at any given time under any given circumsantherefore, determines the frequency (timing)
and amount (volume) of irrigation in commercial hgonic systems.

Considering these gaps in knowledge on coir wamtion and -supply to various greenhouse
crops, capacitance water sensors were identifiggbtentially improve the irrigation management
strategy for the growth medium. Irrigation schedglbased on continuous soil water monitoring is
an increasingly common practice (Suojala-Ahlfors S&alo, 2005; Fares & Polyakov, 2006;
Marouelli & Silva, 2007; Thompsoet al., 2007a; Papadopoulesal., 2008) and in South Africa it
is used by companies such as Kennedy Irrigation Griekwaland-Wes Co-operative to manage
irrigation in the summer rainfall field crop prodion areas. It is suggested by Kiehhl. (1992)
and Thompsoret al. (2007b) that soil water sensors potentially previde means to irrigate in

accordance with the unique characteristics of argnrop in a given soil or growth medium.



1.2 Objectives

The main objective of this study was to addresg-owgation and poor irrigation management
practices of tomatoes and cucumbers grown hydrggptwiin coir through the use of capacitance
water content sensors, in order to improve waterafficiency in South African greenhouses. To

achieve this, the main objective was divided intarenspecific objectives:

1. To evaluate existing calibration procedures forE@H,0 capacitance water content sensors
(EC-10 & EC-20) and propose and evaluate new @ldor procedures for coir for purposes
of research and commercial application in greené®(Shapter 2).

I. To propose a laboratory procedure for calibratif@HEO capacitance water content
sensors (EC-10 & EC-20) in coir and evaluate thaufecturer’s calibration equations
for use in coir.

ii. To propose a rapid procedure for calibrating EGHKapacitance water content sensors

in coir and evaluate the rapid calibration methaduse in coir.

2. To characterize plant water stress of greenhousantber Cucumis sativus) and tomato
(Lycopersicon esculentum Mill.) plants in coir (Chapter 3).
I. To describe the development of plant water straesispgant reaction during a drying
cycle of greenhouse cucumbers and tomatoes groamifin
ii. To identify different stages of plant water strasswell as criteria for the identification

of these stages.

3. To determine the efficiency of pre-determined walepletion levels as a method to irrigate

greenhouse cucumber and tomato plants in coir (€hdp.



To assess the irrigation management options wigarce to bag size and target
depletion levels in coir.
To determine the effect of these management optionsthe water balance

components, yield and water use efficiency of gheesse cucumbers and tomatoes.

4. To compare crop water stress of greenhouse cucuamoetomato plants under luxury water

supply and cyclic water deficit conditions (Chayagr

To determine whether the water stress criteria ldpeel for greenhouse cucumbers
and tomatoes (based on the relationship betweeltrahspiration ratio and available
depletion) for conditions of luxury water supplyeasound for application in cyclic

water deficit conditions.

To determine the relationship between depletiorell@f plant available water and

yield, as well as to evaluate the use of capacitaswl water sensors for irrigation

scheduling.
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Chapter 2

2.1 Laboratory procedure to calibrate EC-10 and EC-20 capacitance

sensors in coir
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Most calibration procedures use only a few gravifoetoil samples to calibrate soil water sensors.
A laboratory calibration procedure is proposed Hasm the principle of the continuous
measurement of mass loss of a saturated coir saspieg a drying cycle, of which the drying
period depends on the evaporative demand of th@oamvent as well as the water retention
characteristics of the coir. The continuous momtpof the sample’s mass loss indicated a constant
decrease in volumetric water content throughoutdin@tion of the experiment. Hourly logging of
sensor output (mV) in the coir indicated that tlapacitance sensors responded to the decreasing
water content of the coir during the drying cy@éhough this decrease in sensor output was not
constant. However, a perfect fit, indicated fw@lues greater than 0.99, for sensor responses/ers
volumetric water content was achieved by"adégree polynomial curve for all EC-10 and EC-20
sensors. The volumetric water content predictedthyy manufacturer's pre-calibrations was
compared to that of the coir specific laboratoryibcation using various methods for statistical
evaluation. The accuracy of the manufacturer's iptech proved to be poor, mostly
underestimating volumetric water content by a largegin compared to the near perfect prediction
of the coir specific laboratory calibration of in@tiual sensors. The deviation of the prediction of

the measured water content of coir using the matwfar's calibration amounted to between



0.153 to 0.241 rhm™ for the EC-10 sensors. The equivalent deviationttie EC-20 sensors was
between 0.176 to 0.206°m™>. Comparing the D-indexes showed that the laboyatatibrations
were between 27-42% and 33-43% more accurate igamanufacturer’s calibration for the EC-10
and EC-20 sensors, respectively. The higher acgwfthe coir specific calibration was attributed
to differences in the water retention charactesstf coir compared to that of the soil used by the

manufacturer for the determination of calibratiguations.

Keywords. Capacitance sensors, coir, laboratory calibrati@ater content, water retention

2.1.1 Introduction

World wide, the automation of irrigation in greemlse crop production largely enhances
productivity. It is a well known fact that waterskes due to inefficient irrigation management in
South African greenhouses amounts to about 10 % 80Dthe total water use of crops (Maree,
1992; Combrink, 2005). Water losses can be coetlolith the application of recent advances in
soil water sensor technology, provided that th&umsents are properly calibrated.

Various authors have experimented with differerdirect methods to determine the water
content of growth mediums. Dielectric sensors (&#rge domain reflectometry and capacitance
sensors), tensiometers and neutron scatteringharenbst commonly used field methods (Topp &
Davis, 1985; Campbell & Mulla, 1990; Ferré & To@02; Starr & Paltineanu, 2002; Ledbal.,
2003; Doraist al., 2005; Fares & Polyakov, 2006). Of these, capaci techniques have become
very popular because of their precision, sensytiypbrtability, low cost of construction, simpligijt
speed of measurements, continuous monitoring, aiddf radiation (Belkt al., 1987; Dearet al.,
1987). A relatively small amount of water can irage the average dielectric constant of a growth
medium significantly (Morgaset al., 1999).

Several factors affecting the accuracy of sensatings include calibration, installation, inherent
sensor electronics and properties of the growthimmedPaltineanu and Starr (1997) suggested that
the most reliable calibration equations come fraiwotatory calibrations, which can be applied in
the field or laboratory. The principles for fielddilaboratory calibration is similar and comprige o
measuring the sensor reading in the field or im@isiurbed soil core or soil packed to originalkoul
density in the laboratory, and consequently calgcand drying samples taken close to the sensor
to attain gravimetric water content. The sampla&entaining the sensor is wetted, and repacked if

10



applicable, and the procedure repeated at sevetal wontents (approximately five to seven times
until saturation is reached) to attain a calibmatarve (Dighton & Dillon, unpublished data as dite
by Paltineanu & Starr, 1997; Mead, unpublished dataited by Paltineanu & Starr, 1997; Seyfried
& Murdock, 2001; Cobos, 2006). A more accuratelbration procedure was described by Lane and
Mackenzie (2001) and comprise of the slow wettih@mintact core, in a cylindrical PVC casing,
containing a time domain reflectometry (TDR) sensioom below to reach saturation after
approximately two weeks, whereafter the core asBemlare suspended from a load cell and
allowed to dry through evaporation until no detbl#achange in mass is observed, roughly after 33-
41 days. The cores are oven-dried to determine Helksity and the water content calculated
independently for each load cell from gravimetriater content to match each TDR measurement.
This method produced good linear calibration filsa1:1 basis, although the wet and dry ends
produced large errors of -8.6% and 17.2%, respagtivhese large errors may be explained by the
decreasing sensitivity of the dielectric constamtsbil water content under dry conditions as
observed by Chanzt al. (1998). In experiments of Tomer and Anderson (}19%% dielectric
constant only increased from 3.8 to 6.1 as watatertt increased from 5 to 12%, which explains
why it is so difficult to detect small changes iater content with the capacitance probe in dry or
coarse textured soils. Errors at the wet end apallyslower than that at the dry end, because of
more free water. Potential errors of this laboratoalibration can be ascribed to non-uniform
distribution of water within the core after wettirgjructural heterogeneities within the core ared th
effect of water layering in the core (Lane & Mackien 2001).

Because the capacitance sensors measure the nitelmstant of the soil surrounding the
sensor, any air gaps or excessive soil compactionnd the sensor can profoundly influence the
readings (Belkt al., 1987; Decagon Devices, 2006). To install the sens blade is used to make a
pilot hole in which the sensor can be inserted. Blage should then be inserted again a few
centimetres away from the sensor to gently foreentedium towards the sensor to ensure good
contact (Decagon Devices, 2006). Large metal abjecthe proximity of the sensors can attenuate
the sensor’s electromagnetic field. This will akdtect output readings. Another challenge is the
existing bias of sensors toward greater readingkerfield due to root mats (Tomer & Anderson,
1995; Wallach & Raviv, 2008). Capacitance sensaositar a certain volume of soil surrounding
the sensor. This is called the sphere of influeadthough this region is not spherical or sharply

delineated (Deast al., 1987). As the sphere is small it is importarat tthe medium surrounding
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the sensor should represent the total root voluteadial distance of 10 cm for 99% of all
capacitance sensors’ responses, and an axial iggnsif about 5 cm, was observed by Kuraz
(1982) and Paltineanu and Starr (1997).

Growth mediums differ with regard to their dieléctproperties (Baumhardét al., 2000;
Seyfried & Murdock, 2001; Fares al., 2007). Any molecule with electric dipoles thaspond to
the frequency of an electric field can contributethe dielectric constant (Deabal., 1987). The
overall response is a function of the moleculartiagthe binding forces and the frequency of the
electric field (Dearet al., 1987), although the greatest contribution todiebectric constant is most
likely the free water held in pores by surface iemgBell et al., 1987). The ratio of bound to free
water varies between different soil types, soilevatontents and soil temperatures (Or & Wraith,
1999), while bound water has a dielectric constamich lower than that of free water
(Dobsonet al., 1985 as cited by Seyfried & Murdock, 2001). Thallenge of laboratory calibration
is to keep the sample used as close to field congditas possible. Therefore salinity, bulk density
and texture, which may have an effect on the dieteconstant in the soil (Tomer & Anderson,
1995), should be reproduced in the laboratory. tixgscalibration equations of manufacturers and
other scientists have generally been developedspecific soil textures. For example, because
ECH,O sensors come pre-calibrated for most soil typesluding extremes such as soils with high
sand or salt content (Decagon Devices, 2006), tegsations may over- or under estimate the
volumetric water content when used in differentetypf mediums (Morgaet al., 1999). Customers
are therefore encouraged by the manufacturers rforpe medium-specific calibrations. This is
especially critical in growth mediums with high pootions of bound to free water, especially at
low water contents (Hilhor&t al., 2001; Seyfried & Murdock, 2001; Fares & Polyak2006).

An exponential relationship between sensor frequamc soil water content provides the best fit
for different soil types (Paltineanu & Starr, 19%gumhardtet al., 2000). In contrast, Beét al.
(1987) concluded that even though the relationbkigveen a capacitance sensor reading and water
content is not linear over all soil types, a linapproximation is adequate for individual soil type
Campbell (2001) found a near linear relationshifwieen sensor output (mV) and volumetric water
content for loamy sand, sandy loam, loam, silt lpaiit clay loam and silt clay soils, although the
regressions for soils with high sand content wersierably different from those of the other soil

types. The objectives of this study were, i) togmee a laboratory procedure for calibrating ECOH
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capacitance water sensors (EC-10 & EC-20), andoiigvaluate the manufacturers’ calibration

eqguations for use in coir.
2.1.2 Material & methods

2.1.2.1 The capacitance sensors

Eight ECHO capacitance sensors, comprising of four EC-10famdEC-20 sensors from Decagon
Devices Inc., were used in this experiment. Thqueacy of the sensors is ~8 MHz, which makes
readings vulnerable to salts in the water (Paltine& Starr, 1997), and relatively insensitive to
temperature, although the manufacturer (DecagoncBgy2006) specified that the sensors have a
comparatively low sensitivity to saline and tempera effects in the soil. According to Campbell
(2001) the EC-10 and EC-20 sensors’ circuitry mimes effects due to temperature variation,
while the sensor coating somewhat minimizes sgliitects. It has therefore been assumed that an
operating environment of between 0 and 50°C willehkittle effect on the sensor output (Decagon
Devices, 2006). A data logger, model CR1000 of CaetipScientific, was used to record hourly
water content measurements of the sensors in Yollis (mV).

The manufacturer’s recommended the following lineguations for the calibration of the EC-10

and EC-20 sensors, wheikgis the volumetric water content and mV is the ed@ctrical output:

EC-10: 6, (m* m®) = 0.000936 mV — 0.376
EC-20: 6, (m* m®) = 0.000695 mV — 0.290
2.1.2.2 Water characteristic curve

The water characteristic curve is a function of ewatontent and matric suction of the growth
medium. Samples were analyzed in the suction raegeeen 0 to 10 kPa by means of a hanging
water column apparatus, and by pressure plate ajpgam the suction range between 10 and
1500 kPa. Samples were packed to a bulk density ¢00.1 g cnT and saturated in a vacuum
chamber. [P was previously determined by packing a known vaumith air dried coir similar to
the density at which a growing bag is filled anddfia mass to volume ratio. Individual samples
were repeatedly equilibrated to a certain suctieadnfor different values below 10 kPa with the
hanging water column. For pressures of 10 kPa aoré nthe pressure of the air phase needed to be
increased and this was achieved by placing the lesmp a pressure chamber. A range of suction

values was applied successively and water conteasured repeatedly at each suction pressure.
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The drained upper limit (Ratcliff, 1983) was alsetafmined in the laboratory. Oven dried coir
was packed at Pinto 10 cm depth x 10 cm diameter rings (876’)camd weighed. The samples
were saturated under vacuum and thereafter placeddwet coarse sand bed to reduce the suction
gradient between the sample and the bed, and abveétk a plastic sheet to prevent evaporation
from the sand bed as well as the samples. The samydre allowed to drain until drainage was
negligibly low, i.e. sample mass remained constahis point was observed after 48 hours and the

samples were weighed again and the volumetric watetent was taken as the drained upper limit.

2.1.2.3 Equipment and material for the proposed laboratory procedure to calibrate
ECH,0 sensors

Equipment required comprises of (i) a perforateléhdgr in which the growth medium is packed to
a known bulk density, (ii) a vacuum chamber to uthe sample, (iii) load cells and a data logger
for monitoring mass loss, and (iv) a controlleanadie chamber for controlling temperature.

A 50 cm long x 10.5 cm diameter PVC pipe was petfdt manually with random holes at a
density of approximately two holes per Zffrigure 2.1.1). In order to obtain relative homogas
packing of the growth medium in the cylinder, theeio dried medium was packed into the cylinder
in separate portions each with the same bulk derdite EC-10 sensor and one EC-20 sensor was
inserted from either sides of the cylinder, leaviagradial and axial measuring distance of
approximately 10 cm and 5 cm, respectively (Kul£82; Paltineanu & Starr, 1997).

Figure2.1.1 A 500 mm long calibration cylinder constructednfraa standard

10.5 cm diameter PVC pipe and lids. The 6 mm holese manually drilled at a
density of approximately 2 holes per Tto create uniform drying of the growth
medium packed in the cylinder.

Saturation of the cylinders was attempted by sugmgrthem in distilled water for 24 hours. This

produced a water content of 0.580m¥, a value similar to the laboratory determined izl
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upper limit determined for coiriz. 0.607 ni m™. Complete saturation of a smaller sample of coir
using a vacuum chamber in the laboratory produoesianetric water content of 0.910°mm >,

Load cells were calibrated by increasing the masthe cells by known increments and finding a
linear relationship between the mV reading from kba&d cells and the mass on the cells. The
cylinders packed with the growth medium were sudpdnon the load cells as shown in
Figure 2.1.2. Hourly mass readings were recordedttie duration of the experiment with a
Campbell Scientific (CR1000) data logger. The vadtme water content within a cylinder at any
given time was determined by subtracting the drgsnaf the growth medium and all equipment
from the total mass, and multiplying this with thak density of the coir.

A controlled climate chamber was used to maintainoastant temperature of 28°C for the
duration of the drying cycle to eliminate the dareffect of temperature on the dielectric constant

of water and sensor electronics.

Figure2.1.2 The calibration cylinder hanging from a load aelbunted in the
controlled climate chamber.

21.2.4 Measurements and statistical analysis

Millivolt readings and volumetric water contentlmfth EC-10 and EC-20 sensors were plotted over
time to present the change in water content througthe drying cycle. Volumetric water content

predicted from the manufacturer’'s equations, aedctiir specific laboratory determined calibration
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eguations were compared using statistics propog&tliimott (1982). A deviation area of 4% from

a 1:1 line was allowed in which predictions mayyydrased on the specifications of the EC-10 and
EC-20 sensors with regard to accuracy. Statistoalysis comprised of the determination of the
root mean square error (RMSE), unsystematic rodnsgjuare error (RMSJ, systematic root
mean square error (RMSE the index of agreement (D-index) and the redoessoefficient (R).

For a good fit the RMS&should approach zero, the index of agreement drapyproach one, and
the RMSKE, should be as close as possible to the RMSE, vifffilealues give an indication of the
accuracy of the line fit and not the accuracy efphediction.

2.1.3 Results & discussion

2131 Laboratory procedure to calibrate ECH,O sensors

Most calibration procedures use only a few gravioedoil samples to calibrate soil water sensors
(Bell et al., 1987; Paltineanu & Starr, 1997; Morgeanal., 1999; Seyfried & Murdock, 2001;
Cobos, 2006). Such results may not reflect detatrdsor response to water content changes in the
growth medium. The proposed procedure is basedemptinciple of continuous measurement of
mass loss of a saturated coir sample during agligyele of at least one week. Drying is created by
evaporation and the length of the drying period ethels on the evaporative demand of the
environment as well as the water retention charatites of the growth medium.

The drying cycle employed was long enough for twwh medium to dry out beyond the lower
limit of plant available water. It was thereforesaed that the calibration between the drained
upper limit and the air dried state achieved frdme drying cycle would be sufficient, since
irrigation scheduling will mostly occur between gbeoints.

The response of volumetric water contey) ©ver the drying cycle was nearly linear (Figure
2.1.3). This graph shows that variation betweemdgrs was small. Differences between them is
probably due to one of the following reasons: défeces in the conductivity of the growth medium
due to spatial variations in bulk density (the pagkof the coir); variation in saturation values
between different cylinders; differences in the sign of the perforations between cylinders;

differences caused by the relative positions ahdgrs in the controlled climate chamber.
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Figure2.1.3 Volumetric water content8() of coir measured continuously
(n =252) over the duration of a drying cycle fayurf different calibration

cylinders each containing one EC-10 and one ECeR8a.

2.1.3.2 Sensor response over time

The sensor response, expressed in mV, was non-lowvea the complete drying cycle for both

EC-10 and EC-20 sensors (Figure 2.1.4). Variatioisansor response between three of the four
EC-10 sensors was small. The third EC-10 sensaveehdifferently in the wet range between day
zero and day three of the drying cycle (Figure4a)l..Variation in sensor response between the four
EC-20 sensors was high (Figure 2.1.4b). SensoriNgenerally gave a lower reading than the

others over the first six days of the drying cyddo obvious reason could be found for this

phenomenon except that it indicated that some senssponded uniquely to

water content

changes.

900 a 900 ‘ b
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Figure2.1.4 a) EC-10 and b) EC-20 EGH sensor response (mV) to changes in the wateebnt

of coir (n = 252) measured over the duration ofyandj cycle.
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The mV response of individual sensors was alsde®lto thed,. Due to very little variation in the
shape of the curves of individual sensors, only @melomly chosen curve for each of the EC-10
and EC-20 sensor types is presented in Figure .2Rf.5alues greater than 0.99 prove that™a 4
degree polynomial equation provides an almost peffefor the relationship for all the EC-10 and
EC-20 sensors (Table 2.1.1). Although small, soar@tion in the function equations indicates that
individual sensors are unique and should therdferealibrated separately.

a b

0.8 0.8
y =-8.06 +0.05x - 1.11Ex? + 1.10E'x* - 3.95Ex* y=-2.70 +0.01x - 2.28E°x? + 1.33E%% - 7.54E¢* P

0.7 0.7

) . /
0.6 1 R®=0.99 / 06 R®=0.99 /
0.5 v _ 05

=04 ™_04
i“ — ios P —
0.2 / 0.2 4

400 450 500 550 600 650 700 750 800 400 450 500 550 600 650 700 750 800 850
Sensor response (mV) Sensor response (mV)

Figure2.1.5 Graphs showing the relationship between sensporse (mV) and volumetric water
content @,) of coir for individual EC-10 and EC-20 sensois), $ensor No. 6 and (b) sensor No. 7,
respectively; and the equations that describe tinees (y =6, and x = mV).

Table2.1.1 The 4" degree polynomial equations that describe theioekhips between sensor
response (mV) and volumetric water contéqj Of coir for all the EC-10 and EC-20 sensors used
for the laboratory calibration (y & and x = mV).

Sensor type

4" degree polynomial equation R?-value
and number
EC-10(1) y=-8.06+ 0.05x —1.1T¥ + 1.10E"x°- 3.95E"x* 0.99
EC-10 (2) y=-5.93 + 0.04x — 8.3%# + 8.19E%" — 2.92E"x* 0.99
EC-10 (3) y=-33.39 + 0.23x — 6.05€ + 6.95E'x® — 2.97E"%* 0.99
EC-10 (4) y=-6.20 + 0.04x — 9.75€ + 1.03E'x° — 4.03E"x* 0.99
EC-20 (1) y=-22.46 + 0.14x — 3.40€ + 3.63E'x® — 1.43E"%* 0.99
EC-20 (2) y=-2.70 + 0.01x — 2.28¢" + 1.33E°° — 7.54E"%* 0.99
EC-20 (3) y=-16.04 + 0.10x — 2.23€ + 2.23E'x® — 8.23E"x* 0.99
EC-20 (4) y=-13.10 + 0.08x — 1.91¢ + 1.96E'x® — 7.40E"x* 0.99
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2.1.3.3 Evaluation of the manufacturer’s calibration equations

The predicted, of coir using the manufacturer’s calibration failsvas compared with results
obtained with the proposed laboratory calibratiquagions for the four individual EC-10 and
EC-20 sensors in Figure 2.1.6 and Figure 2.1.pecs/ely.
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Figure2.1.6 Graphs showing the relationships between measuedhetric water contend() of
coir (n = 252) and, predicted using the manufacturer's and the prapdaleoratory calibration
procedures for four EC-10 capacitance sensors. Theline and the specified 4% accuracy
boundary lines are also presented.

Figure 2.1.6 and 2.1.7 clearly indicate that theppsed laboratory calibration for coir is much more
accurate than the manufacturer’s prediction. Tafwéhne relative reliability of the two procedures,

the relationships between predicted and meas6yedhlues for all the sensors were compared
statistically. Compared to the manufacturer’'s o, the accuracy of the proposed laboratory

calibration procedure proved to be very reliable dh the sensors: RMSEapproached zero; the
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D-index approached one; RMSBvas either equal or nearly equal to the RMSEwASs 0.99 or
better.
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Figure2.1.7 Graphs showing the relationships between measuiedhetric water contendy) of
coir (n = 252) and), predicted using the manufacturer's and the prapdaleoratory calibration
procedures for four EC-20 capacitance sensors. Itheline and the specified 4% accuracy
boundary lines are also presented.

In contrast the comparable values for the manufacticalibration were as follows for the various
EC-10 and EC-20 sensors: RMSE varied between 0atfb 0.243 mim™>; RMSEs generally
contributed almost all the error; RMSEaried between 0.008 and 0.014 mi*; the D-index varied
between 0.58 and 0.73%Raried between 0.98 and 0.99.

The results in Figure 2.1.6 show that for the f&@-10 sensors the laboratory calibration
procedure predicted the measuréd better than the manufacturer’s calibration proceday
between 0.153 and 0.241°®m™. Comparing the D-index values showed that the rktboy

calibration was between 27 and 42% more accuratettte manufacturer’s calibration.
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The statistical results (Figure 2.1.7) for the f&(@-20 sensors were similar to those for the
EC-10 sensors. The results in Figure 2.1.7 showthigalaboratory calibration procedure predicted
the measured, better than the manufacturer's procedure by betw@476 and 0.206 tm?.
Comparing the D-index values showed that the ldboyacalibration was between 33 and 43%
more accurate than the manufacturer’s calibration.

All statistics therefore pointed to poor relialyiliof the manufacturer’'s calibration equations for
coir. The importance of medium specific calibrafofor material used in greenhouses is
accentuated. The poor predictions achieved by teufacturer’s calibration equations is attributed
to the difference in water retention characterssbetween coir and other growth mediums such as
different soils. To illustrate this, the water mgien characteristics of coir and a sandy soil ¥8.6
clay) are plotted together in Figure 2.1.8. Coirsveaturated at 0.910*m™ compared to 0.410
m® m* for the sandy soil. The high value for coir is ritsed to its high porosity, reported as
approximately 94% by Noguesgt al. (2000) and Kangt al. (2004). The drained upper limit for
coir was reached at 0.607m™, approximately 0.270 imn® more than the equivalent value for
the sandy soil. From the large difference in watgention characteristics between these two
mediums, it can be concluded that for capacitarexes@s such as those used in this study,
predictions ob, from equations developed for soils, will probaggnerally under estimate tAgof

coir. This can lead to the mismanagement of iriigapractices in greenhouses.
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Figure 2.1.8 Water retention characteristics of coir and a gaswil with 8.6%
clay.
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2.1.4 Conclusions

A simple but sound scientific procedure was devetbpnd tested to calibrate EEH(EC-10 and
EC-20) capacitance sensors. The procedure is lmasé#ae continuous weighing of a coir sample,
packed in a perforated PVC cylinder, during a dyyégcle after the sample had been saturated.

The gravimetric water content decreased consistentr the drying period of ten days, while
the mV output responded in a similar way. The tssaliggested that the sensor response was
sensitive enough to measure volumetric water conbetween the drained upper limit and
saturation. Small differences in individual sensgsponse to water content further suggested that
sensors are unique and should therefore be caibssparately.

A nearly perfect fit, indicated by®Rvalues greater than 0.99 for individual sensopaase to
volumetric water content was achieved by"adégree polynomial curve for all EC-10 and EC-20
sensors. This result was compared with the manucs calibration equations for both types of
sensors. Various methods used for statistical atialu of the manufacturer’s calibration functions
for soil indicated poor accuracy for the predictminvolumetric water content for both EC-10 and
EC-20 sensors in coir. This is attributed to déferes in the unique water retention characteristics
of coir compared to that of soils. It is therefarencluded that specific calibration of growth
mediums used in the greenhouse industry in SouticaAfother than soil, is essential for the
calibration of EC-10 and EC-20 capacitance sensdngs will result in accurate estimations of

volumetric water content for the purpose of impmireigation scheduling.
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2.2 Rapid procedure to calibrate EC-10 and EC-20 capacitance sensors

in coir
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A rapid calibration procedure for EC-10 and EC-2éhsors is introduced to promote the
commercial use of these sensors for irrigation rgameent in coir for South African greenhouse
producers. The method is comprised of taking omsaereading and one gravimetric sample, both
at drained upper limit, for each sensor installedlar production conditions, to determine an
individual sensor’s deviation from an accurate gehlaboratory calibration equation developed for
coir. The rapid calibration procedure was evaludbedour separate EC-10 and EC-20 sensors. To
verify the relative reliability of the rapid proaaet, statistical analysis was performed separébely
all data points and for data points between thenddaupper limit and permanent wilting point of
coir. From the statistical parameters used, it whserved that all the predictions in the plant
available water content range were good with RM%kies < 0.030 thm™ for the EC-10 and

< 0.021 ni m* for the EC-20 sensors. The D-index also pointed high accuracy of prediction in
the plant available water content range, with valalkove 0.98 and 0.99 for the EC-10 and EC-20
sensors, respectively. Since a degree of variaeomained between sensors, it is confirmed that
sensors should be calibrated individually. The dgmiocedure proves a simple but scientifically
sound method to calibrate sensors and is easypty gpindividual sensors in the field.

Keywords. Capacitance sensors, coir, rapid calibration, maiatent
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2.2.1 Introduction

Although a very accurate and precise determinatforolumetric water content through the use of
capacitance sensors is targeted, the practicailcapiph of these instruments to improve irrigation
management is even more important. A balance shih@icefore be found between accuracy of
calibration for research purposes and scientifycatbund simplicity of calibration, even if it is
slightly less accurate, to promote the use of dégrame sensors for irrigation management in
greenhouse growth mediums.

Standard calibration procedures can be executed the field or laboratory
(Paltineanu & Starr, 1997). Field calibration comaes the installation of capacitance sensors in the
field, recording sensor data and the gravimetritemeination of soil water content through
sampling (Bellet al., 1987; Morganet al., 1999). Field calibration, however, is laboricassd
time-intensive due to the large scale of operafftarr & Paltineanu, 2002). Measurement errors in
the field often result from the gravimetric calibom method where the sample taken is not
representative of the capacitance sensor's sphérenfluence (Tomer & Anderson, 1995;
Chanzyet al., 1998; Lane & Mackenzie, 2001), while soil hetemgey may cause big differences
in water content within a small volume of soil (lea& Mackenzie, 2001). The latter disadvantage
strongly promotes the possibility that the gravimeetmethod of calibration is not optimal for
capacitance sensors. Another problem with regatie@ccuracy of capacitance sensors is found in
the occurrence of air gaps caused by poor fieldtallasion (Evett & Steiner, 1995;
Morganet al., 1999).

In an effort to simplify field calibration of capi#&nce sensors to a less time-consuming
procedure, Geesirg al. (2004) compared calibration equations developea fvarious amounts of
gravimetric samples for different sites and sitagi Combining data points of different sites
resulted in over- and under-estimation of voluneetvater content due to differences in soil texture
and site-specific calibration was emphasised fderogeneous fields. However, according to the
authors, the reduction in the collection of samptes85 per site sampled in one day, produced
satisfactory results for predicting volumetric watentent with a root mean square error (RMSE) of
0.040 ni m*,

Laboratory calibration comprises recording sensadmgs in soil packed at a known bulk
density, and consequently, collecting and drying@as to attain gravimetric water content. This

procedure is then repeated at several water cenf@pproximately five to seven times until
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saturation is reached) to attain a calibration e®ighton & Dillon and Mead, unpublished data as
cited by Paltineanu & Starr, 1997; Seyfried & Muclp2001; Cobos, 2006).

Young et al. (1997), Lane & Mackenzie (2001) and Nemsitial. (2008) proposed rapid and
improved laboratory calibration procedures for tidmmain reflectometry (TDR) sensors. Young
etal. (1997) used the upward infiltration method fotedmining soil water content to calibrate
TDR sensors. The method comprises the pumping terved a constant rate (0.53-1.0 cif) from
the bottom of a column containing the sensor. TB&RTsensor data and mass of the column are
logged every three minutes for 7-13 hours untilevadtarts leaking from the upper end of the
column. The soil is oven-dried at the end of thpegkment to determine volumetric water content
from gravimetric water content and bulk density. vAdtages of this method are shorter
experimental times, collection of many data poinith a data logger and once-off packing of the
soil column (Younget al., 1997), which eliminates the effects of variabldk density on the
dielectric constant (Dirksen & Dasberg, 1993). Aypossible problem with this method may be
that capillary pressure hysteresis can cause gignifdifferences in the observed volumetric water
content (Wallach & Raviv, 2008) between the wetttugve as created in this calibration and the
drying curve that occurs under normal irrigatedtfieonditions.

The rapid calibration method used by Lane & Mackerf2001) comprises the slow wetting of
an intact core in a cylindrical PVC casing contagna TDR sensor, from below to reach saturation
after approximately two weeks, whereafter the @sgemblies are suspended from a load cell and
allowed to dry through evaporation until no detbtdachange in mass is observed, roughly after
33-41 days. The cores are oven-dried to determiie density and the water content is calculated
independently for each load cell from gravimetriater content to match each TDR measurement.
This method produced good linear calibration fitsa 1:1 basis, although the wet and dry end
produced large errors of -8.6% and 17.2%, respagtivhese large errors may be explained by the
decreasing sensitivity of the dielectric constamtsbil water content under dry conditions, as
observed by Chanzt al. (1998). In experiments conducted by Tomer & Asder(1995), the
dielectric constant only increased from 3.8 to 6vhjch explains why it is so difficult to detect
small changes in water content with the capacit@ncbe in dry- or coarse-textured soils. However,
these conditions often fall outside (below or aaethe water content range used by the plant and
thus may not exercise a large effect on the acyusaprediction (Chanzgt al., 1998). The rapid

calibration method of Lane & Mackenzie (2001), hoare was much more accurate than the field
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calibration executed by the same authors. Potestiats of this rapid laboratory calibration can be
ascribed to non-uniform distribution of water withthe core after wetting, structural heterogenitie
within the core and the effect of water layeringtive core (Lane & Mackenzie, 2001). Although
less labour-intensive, the rapid calibration metipodposed by Lane and Mackenzie (2001) still
requires an extended saturation and drying pevbdé;h remains time-consuming.

Nematiet al. (2008) developed a single third-degree polynoreglation for the relationship
between volumetric water content and the dieledoiestant of 30 organic growth mediums based
on TDR and gravimetric measurements. Although thkbrations were accurately executed,
prediction of volumetric water content with the g calibration equation was not verified
gravimetrically in any of the 30 growth mediumsdise

From all the calibration procedures studied, speaflibration of capacitance sensors for
different growth mediums remains the order of tlag dnd may be supported by the following
observations: Ould Mohamed al. (1997) observed a linear relationship betweendiegectric
permittivity and the volumetric water content forsdty clay loam soil for a narrow range of
volumetric water contents between 0.250mit and 0.400 fm™. However, according to Bedt al.
(1987) and Nemastt al. (2008), a large range in water content changeslittear relationship
between dielectric constant and volumetric watemteat to a nonlinear relationship. Betl al.
(1987) also observed that soils with low bulk deéesiseem to be responsible for a steeper gradient
of the calibration compared to soils with highetkodensities. The great variability of the dielectr
properties of a particular growth medium are conéid by various authors (Baumhaetlel., 2000;
Seyfried & Murdock, 2001; Farestal., 2007) who also recommend that capacitance semsmd
to be calibrated for a specific growth medium. lonttast, Morekt al. (2008) concluded that
ECH,O capacitance sensors need not be calibrated fi@redit growth mediums. However, the
authors only used two similar growth mediums todlep the calibration equation, where both
contained 75% lIrish sphagnum peat, while the egoatias also never tested by the authors.

Great variation between individual sensors commamigurs due to variable sensor installation
and location in the field, and since the variat@annot be predicted, sensors must be calibrated
individually (Chanzyet al., 1998). Individual sensor calibration is also goped by Seyfried &
Murdock (2001), Bandaranayalat al. (2007), and Morekt al. (2008). The variation in the
intercept values can be related to variation ofl $exture (Ould Mohameet al., 1997) or

differences in bulk density. Bandaranayakal. (2007) further observed that the sensor output in
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air and water is not constant and depends on gujpects, such as temperature and humidity in
the case of air, and temperature and salinity énctlise of water. They concluded that, because the
guality parameters of air and water are not ingeedelent, output values in air and water are not
useful for normalisation which is normally usedam effort to minimise sensor-to-sensor variation.

During testing of the performance of E@MHsensors, model EC-20, in a well-drained sandy soi
Bandaranayaket al. (2007) occasionally found some sensors unexplgctaded to produce an
output in a normal soil water range but becamevactigain after a short period, while others
completely failed to operate for no apparent rea3tms was attributed to water leakage into the
sensor circuitry since the sensors which failedhim field worked well after removal and storage
under dry conditions (Bandaranayadteal., 2007). However, these errors can be avoidedsigu
replicated sensors and programming the data loggdiscard output values below a certain point
(Bandaranayaket al., 2007). Therefore, although it is possible to rwrsoil water content at the
field scale, with only a few individually calibratecapacitance sensors (one to three), the use of
more than one to avoid serious irrigation faillg@gacommended. The objectives of this study were,
i) to propose a rapid procedure for calibrating EOHapacitance water sensors, and ii) to evaluate
the rapid calibration method for use in coir.

2.2.2 Material and methods

2221 Equipment and material

Sixteen ECHO capacitance probes (eight EC-10 and eight ECD2@agon Devices, Inc.) were
used in this experiment, of which eight were useddvelop the laboratory calibration equation for

each sensor type, while the remaining eight weeel is evaluate the rapid procedure.

2.2.2.2 Laboratory calibration procedure

The eight sensors used to determine the labora#ityration equations were calibrated through the
continuous measurement of mass loss of a satucatedample during a drying cycle of at least one
week. Four coir samples were packed in four peréorecylinders at a known bulk density
containing one EC-10 and one EC-20 sensor eacltyAtiders were saturated by submerging them
into deionised water. Each cylinder was suspendaah fa load cell, placed inside a temperature
controlled chamber directly after saturation, anyirdy was performed through evaporation

(Figure 2.1.2). A data logger, model CR10X of CaripBcientific, recorded mass loss measured
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from the load cells and mille volt (mV) readingsrfr the ECHO sensors. The volumetric water
content within a cylinder was determined by suliingcthe dry mass of the growth medium and all
equipment from the wet mass measured with the td and multiplying this with the bulk

density of the growth medium. The response (mV)irmfividual sensors was related to the
volumetric water content of the growth medium, andl' degree polynomial curve was fitted to the

combined sensor data for both EC-10 and EC-20 s&nso

2223 Rapid calibration procedure

The rapid method is based on the general laboratilgration equation per sensor type (EC-10 or
EC-20), corrected by specific values of individwEnsor output u. , mV) and measured
volumetric water content gy, ) at the drained upper limit (DUL). To get measueats at DUL
firstly requires the installation of the capacitarsensor in the growth medium where it will be used
for irrigation management. Thereafter the growtldimen is thoroughly wetted; the surface covered
and allowed to drain for at least 48 hours. Thimpis considered as the DUL. The sensor output is
recorded from the point of wetting and the poinDafL is identified as soon as the sensor readings
remain near constant after approximately 48 hoQ@onsequently, gravimetric sampling from the
growth medium at DUL is done and volumetric watentent ¢,) determined by multiplying
gravimetric water content with the bulk densitytlodé growth medium.

Suspecting that variation in the saturation andipgcof coir will always be a problem in the
commercial use of these sensors, sensor respoNgeafmd measureél, were converted to relative
sensor response ) and relatived, (yre) in an effort to reduce variation between indiatiu
sensors. The sensor reading at DUL was used inefald reading at saturation, because saturation
is difficult to reach without a vacuum chamber, amdjation scheduling mostly occurs in the plant
available water content range between the DUL &edlawer limit of the plant available water.
Therefore, %o and ke Were determined by dividing both sensor resporyarfd measureé, (y)
by their respective maximum values at DUL, namely >and Yy :

XRel = X / XouL

Yrel =Y / YouL
Since the general calibration equation for coibased on relative sensor output and relaiivey
will be equal to the general equation multipliedygy :

YRel = & + DXRel + Ctref + OXRel” + EXRel”
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Y = (@ + BRel + CtRel” + MXrel” + &Rel) X YouL
Therefore, e is determined from any given x value (mV) by diwigl it by xou. (mV), which was

measured by the sensors at DUL, whilg,yis theb, determined at DUL.

2.2.2.4 Statistical analysis

Volumetric water content predicted from the rapadiliration equation was compared to a 1:1 line
(Willmott, 1982) and 4% accuracy was allowed basedhe specifications of the EC-10 and EC-20
sensors, while the predictions were evaluatedssitzlly according to the procedure of Willmott
(1982). Statistical analysis was comprised of tb&ewmination of the RMSE, unsystematic root
mean square error (RMSE systematic root mean square error (RMSEBnd the D-index.
Accordingly, for a good fit the RMSEshould approach zero, the D-index should approaeh and
the RMSE should be as close as possible to the RMSE, Wilalues only gave an indication of

the accuracy of the line fit and not the accuradye prediction.
2.2.3 Results and discussion

2.2.3.1 General principles

Most calibration procedures are too elaborate,-ttoresuming and complicated for practical use in
greenhouses. The proposed rapid procedure was basdt measurement of one sensor reading
(mV) at DUL and the consequent gravimetric sampdh®UL, for the determination of volumetric
water content ) for each sensor used under real-time productionditions. These two
measurements were used to determine an individunelos's deviation from the general calibration

equation developed for coir through an accuraterkbry calibration procedure.

2.2.3.2 Sensor response

Variation in the relationship betwe®p and sensor response (mV) was evident for both @@ntl
EC-20 capacitance sensors, which will result iromsrrshould a general calibration equation be
derived from various individual calibration equaiso(Figure 2.2.1). This variation between sensors
is not unique to this experiment and is commonlyegienced by other researchers (Ould Mohamed
et al., 1997; Chanzgt al., 1998; Seyfried & Murdock, 2001; Bandaranayekal., 2007; Morelet

al., 2008). The difference between sensors in thidysis mainly ascribed to errors in the saturation
of the coir and therefore also, to a lesser extentthe packing of the growth medium in the
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calibration column. Differences in measurement eetwsensors may also be due to individual

sensor variation in electronics.
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Figure2.2.1 The relationship between measured volumetric waintent ¢,) and sensor
response (mV) (n = 252) for a) four EC-10, anddu) fEC-20 capacitance sensors.

The conversion to relative values of sensor resp@ml measure@, reduced variation between
sensors, although one outlier was observed for BG@H0 and EC-20 sensors as seen in Figure
2.2.2. This conversion eliminated large errors l& tvet end, as experienced by Lane and
Mackenzie (2001), while errors in the dry end fritside of the water content range of coir. A 4
degree polynomial curve, fitted over the combinedssr data for both EC-10 and EC-20 sensors,

remained the best fit for the accurate predictibyrg from Xze (Figure 2.2.2).
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2.2.3.3 Evaluation of the rapid calibration procedure

To evaluate the rapid calibration procedurgyxand yy. were determined in coir for four
independent sensors of EC-10 and EC-20, respegctivedm this, xe was determined for various
readings of x and the corresponding y determinedh fthe general calibration equation multiplied
by youL. The predicted, of coir using the proposed rapid calibration eopret for the EC-10 and
EC-20 sensors was compared to a 1:1 line with 49atien boundaries in Figure 2.2.3 and Figure
2.2.4 respectively. The lower sections of one EG:fye (Sensor no. 2) and three EC-20 curves
(Sensor no. 1, 3 and 4) under-estimatgdowever, according to the retention curve devetbfor
coir in a previous experiment, the permanent wgltpoint (PWP), determined at 1500 kPa, is
reached at 0.275%m3, meaning that this under-estimation will not isfice the prediction @, in

the available water content range for coir. Dewiatirom the 1:1 line at the dry end, predicted by
TDR, as experienced by Chargyal. (1998), also fell outside of the available watentent range
for the soil used and therefore was not signifidantthe purpose of irrigation management within
the available water content range.

The figures clearly indicate that the proposeddagalibration for coir is reasonably accurate,
especially between DUL and PWP for most EC-10 a@d2B sensors. To verify the relative
reliability of the rapid procedure, statistical brséss was done separately for all data points amd f
data points between DUL and PWP.

The accuracy of the proposed rapid calibration @dace proved to be equally reliable over all
data points and for data points between DUL and PMfPall EC-10 sensors: the D-index
approached one;’Rvas 0.97 or better (Figure 2.2.3). RMSgenerally contributed much of the
error, while RMSE varied between 0.012 and 0.030m for the prediction of, between DUL
(0.607 ni m*) and PWP (0.275 fm'®) with the proposed rapid calibration procedure.

Compared to all data points, the accuracy of tlopgsed rapid calibration procedure for data
points between DUL and PWP proved to be more relidbr all EC-20 sensors: the D-index
approached one;’Rvas 0.99 or better (Figure 2.2.4). Again, RM$€nerally contributed much of
the error, while RMSE varied between 0.014 and Di®2m*for the prediction of, between DUL
(0.607 ni m*) and PWP (0.275 fm®) with the proposed rapid calibration procedure.
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Figure2.2.3 The relationship between measured volumetric wedetent §,) (n = 252) and,
predicted using the rapid calibration procedurefdor EC-10 capacitance sensors. The 1:1 line, the
specified 4% accuracy boundary lines as well agmédaupper limit (DUL) and permanent wilting
point (PWP) for coir are also presented.

The comparable values for all data points for tli&2D sensors were as follows: RMSE varied
between 0.021 and 0.066°m™; RMSEs contributed almost all the error; the D-index edri
between 0.95 and 0.997 Raried between 0.94 and 0.99 (Figure 2.2.4).

The statistical results in Figure 2.2.4 show thatproposed rapid calibration procedure yielded a
good prediction of thé, for data points between DUL and PWP, while theisdteal results in
Figure 2.2.3 were similar for the predictiontffor all data points and data points between DUL
and PWP. Since the 4% accuracy of prediction forlBCand EC-20 sensors indicated by the
manufacturer is based on more accurate and timgdoang calibration procedures, slight deviation
from these boundaries may be acceptable when cechpar the benefit of using the rapid

calibration procedure in the field and the easappilying it to individual sensors.
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Figure2.2.4 The relationship between measured volumetric wedetent §,) (n = 252) and,
predicted using the rapid calibration procedurefdor EC-20 capacitance sensors. The 1:1 line, the
specified 4% accuracy boundary lines as well agmédaupper limit (DUL) and permanent wilting
point (PWP) for coir are also presented.

2.2.4 Conclusions

A simple procedure was developed and tested forraipel calibration of ECHO (EC-10 and
EC-20) capacitance sensors in an operational emvient. The method is based on the taking of
only one sensor reading and one gravimetric sampi¢h at DUL, for each sensor in the
environment where they will be used to manage atrgn, to determine an individual sensor’s
deviation from the accurate general laboratorybecation equation developed for coir.

The general calibration equation for coir was oi#difor half of the sensors through an accurate
laboratory calibration procedure. Great variati@iween sensors, with regard to the relationship
between sensor output an@l, posed the problem of high percentages of overd/can
under-estimation of water content if data for thdividual sensors were to be combined into a
calibration equation for each sensor type (EC-10 BR-20). Sensor response and measayed

were converted to relative sensor response antveeld, by dividing both sensor response and
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measured, with their respective maximum values at DUL. Thnversion reduced sensor-to-
sensor variation. A nearly perfect fit, indicategl B values greater than 0.99 for the relationship
between relative sensor response and relaiveas achieved by d"4degree polynomial curve for
both EC-10 and EC-20 sensors in coir. The equatbmsequently incorporated the measured sensor
response and measurgcat DUL in operational conditions in the greenhouse

The calibration equations for EC-10 and EC-20 weraluated with different sensors of which
only the sensor output alig, determined through gravimetric sampling, were snead at DUL for
each sensor. Various methods used for statisticaliation of the rapid calibration pointed to a
good accuracy for the prediction @f between DUL and PWP, for both EC-10 and EC-20@sns
in coir. The rapid method, based on a growth medgpecific calibration with relative values of
sensor output and measur®gd should perform equally well in other growth medai In
conclusion, it must be accentuated that indivicegsor calibration in the laboratory is essential f
the accurate prediction 6f for a specific growth medium, while the rapid badition procedure for
ECH,O capacitance sensors will simplify their use imogercial greenhouses, for the purpose of
improved irrigation management in coir. Companiggdying the sensors to farmers or agricultural
research stations, e.g. University laboratoriesukhbe contracted to do these medium specific

laboratory calibrations on which the rapid procedigrbased.
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Greenhouse cucumber plants grown in coir are mastéy-irrigated when irrigation is scheduled
according to the standard method used in Soutlt&irgreenhouses for sawdust and shavings. This
results in luxury uptake that is not preferablerfaximum yield. Improved irrigation techniques are
required to decrease water loss from drain-to-wgegenhouse production systems in South Africa.
The objectives of this study were to describe tegetbpment of plant water stress and plant
response during a drying cycle of greenhouse cuewmsngrown in coir, to identify different stages
of plant water stress and set criteria for the ftifieation of these stages, and to determine the
implication for irrigation management. From thiady, mild water stress was identified as the point
from where the {T, (transpiration ratio where 4F transpiration of unwatered and
Tw = transpiration of well-watered plants as detesdinising the water-balance equatidogs not
recover under continuous drying of the medium. ¥iswilting indicated moderate crop water
stress, while severe water stress was identifieth@agpoint where changes in the slope @fT|,
plotted over time, becomes negligible and about 5%l plants are irreversibly wilted. Based on
the plant response it is recommended that watdetiep can be allowed to the point of mild water
stress before the next irrigation event is stari@though possible effects on yield was not

considered and will be addressed in follow on CéiaptSoil water sensors calibrated to measure

40



volumetric water content in coir or tensiometer suraments converted to volumetric water content
from a laboratory-determined retention curve for,amay be used to trigger irrigation the point of

mild water stress.

Keywords. Capacitance sensors, coir, drying cycle, greersnousumber, water stress

3.1.1 Introduction

With the increasing demand for water due to expajndidustrial and household needs, the best use
of available water resources are required in itedaagricultural systems, while minimising
environmental pollution. Irrigation scheduling im@h African greenhouses consists mostly of a
fixed frequency, which varies between seasons an@ growth phases, while the volume is
increased throughout the growing season accordingrdinage percentage or drainage electrical
conductivity (EC) (Combrink, 2005). This method Ww®rwell for greenhouse crops grown in
sawdust and shavings, due to low plant availablemaontent of about 13%, which can increase up
to 23% as the medium decomposes throughout theorsemsd therefore needs to be irrigated
frequently and with low quantities per pulse tover® water stress (Bohne, 2004). In South Africa,
special growing bags with elevated drainage halesused to create a reservoir where water can be
stored between irrigations because of the low watdding capacity of the substrate. In contrast,
the plant available water content of coir can béigh as 35% (Prasad, 1997). As more producers
start to use coir as a growing medium, they ofteer-arrigate their crops since coir can hold up to
about 700% of its dry mass in water. The lack dbrmation on irrigation scheduling in this
medium demands a detailed characterisation of @iemretention characteristics and its ability to
supply water to greenhouse crops.

In a glasshouse where irrigation and drainage eamdasured accurately and evaporation can be
controlled by covering the surface with mulch, tdmy unknown components in the water balance
are the water content of the medium and transpimgiioomis & Connor, 1996). The transpiration
flux of water vapour into the atmosphere from thenpfoliage depends on the availability of water
in the root zone. The daily cycle of net water lagsl gain of irrigated plants can be divided into
two stages. The first stage stretches from sumoisaidday when uptake lags behind transpiration
due to the continuously declining tissue potentidlile the second stage occurs in the late aftarnoo

when transpiration slows and uptake recovers taetpb a more favourable potential in the evening
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(Hsiaoet al., 1980). In unwatered plants, expansive growtimesfirst physiological process which
is restricted by mild water stress (Hsieioal., 1976a). The reduction of expansive cell growth
reduces leaf area development which in turn intydionits photosynthesis through reduced £O
assimilation (Hsia@t al., 1976b). Because the process of cell divisionaay commence when a
certain minimum cell size is reached, reduced erflansion therefore also limits cell division,
thereby restricting the leaf initiation and potahiieaf area of a plant (Hsiaa al., 1976b). Leaf
drooping or curling occurs as the leaf water st&gusduced and causes a reduction in the radiation
load on leaves (Hsias al., 1976b). As the medium dries out further andplaat suffers moderate
to severe water stress, the water supply in theiumedecomes insufficient to meet loss by
transpiration, and constant turgor loss causesttimaata to first close partially and eventuallyyful
(Hsiao et al., 1976a; Marshall & Holmes, 1988). Partial and &ibmatal closure increases leaf
resistance (r (s m') and reduces leaf function and growth (Loomis &@ar, 1996). At this stage
(moderate to severe water stress), xylem conduetahavater is severely reduced (Hseal.,
1976a). According to Loomis and Connor (1996), leafer potential'f|) defines the internal water
status of a crop, but it is not possible to un@derdtthe nature of the response to water shortage
without the associated measurements. @tomatal resistance of cucumber increases asd¢deim
dries out, although it may be reduced again as plla@t lowers its net photosynthetic rate
(Wang & Zhang, 2002). Cucumber is furthermore vegysitive to a large vapour pressure deficit
(>1 kPa) especially when accompanied by high saldiation and closes its stomata quickly under
these conditions (Chamostal., 1995).

The crop’s ability to cope with diurnal internal teadeficit will determine the length of time that
the plant will survive if the medium water is nefiled. It is evident that a crop nears irrevelesib
water stress as BET, nears zero (EJ=actual evapotranspiration and S potential
evaporation). Bothaet al. (1983) defined this relationship between ;Ednd ET, as the
supply-induced plant water stress index (Sl), wldolrelates the increasing severity of stress with
the ratio nearing zero. According to Loomis and @on(1996), the relationship between Ehd
ET, is maintained until the relative available watentent of the medium falls below the 0.3 ratio,
whereafter the decline of BET, is linear for a wide range of crops and soil texiclasses
irrespective of the soil water potential. The objexs of this study were i) to describe the

development of plant water stress and plant reactioing a drying cycle of greenhouse cucumbers
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grown in coir, ii) to identify different stages qflant water stress as well as criteria for the

identification of these stages, and iii) to desetibbe implication thereof for irrigation management
3.1.2 Material and methods

3.1.2.1 Location and cropping details

The experiment was conducted in a 48temperature-controlled glasshouse at the Uniweosithe
Free State in the Free State province of SouthcAff26°11°'20” E, 29°06'33” S, 1409 m altitude).
Cucumber Cucumis sativus) seed of the cultivar Airbus were sown on 15 Jan@@08 and
transplanted at a mean density of 2 plarifsan 4 February 2008. Seedlings were transplanted to
9L and 20 L bags filled with coir. Drainage holesre punched into the bottom of all bags to
prevent the build-up of a reservoir in the bag. &lir used in the experiment (30 x 5 kg blocks) was
processed before the bags were filled to minimisgation in bulk density between bags.
Compressed coir blocks were soaked in water, exeatss was drained and the coir was spread out
on plastic sheeting and mixed to ensure uniforntridigion of coir dust and fibres between all
bags. The medium was flushed within the bags usingicipal water of EC 0.2 mS ¢huntil the

EC of the drain water was equal to that of the inpater. Plants were fertigated through a drip
irrigation system with a balanced nutrient solut@nEC 1.8 mS cm (Maree, 1994) which was
prepared from feeding municipal water. Plants wadlewed to grow indeterminately by trellising
one side shoot per plant downwards from the topzbotal wire. This was necessary to supply

sufficient leaf area to compensate for destruatieasurements.

3.1.2.2 Treatments and experimental design

Plant response to irrigation treatments were evatui two bag sizes. Planted bags were organised
in eight single rows which were divided into twadtks, resulting in four single rows of 12 plants
per bag sizeviz. 9 L and 20 L. The cucumber plants were grownuib rhaturity, reaching the
horizontal trellising wire 2 m above the bag suefand in full production, in accordance to local
practice, before the irrigation treatments wereliagdgandomly in each bag size block. Before the
irrigation treatments started, all plants weregated according to the standard irrigation method
used in South African greenhouses which consistsfofed irrigation frequency of eight irrigation
events over the daylight period. The volume appied increased throughout the growing period to

maintain a drainage percentage of approximately Dpsevent the build-up of salts. The irrigation
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treatments which started on 20 March 2008 consisteath unwatered treatment with no irrigation

to create a drying cycle and induce water stressaawell-watered control treatment which was

irrigated as described. This drying cycle lastedualiive days for the small bags and eight days for
the large bags, whereafter the experiment was tertel.

3.1.2.3 Measurements

Echo 10 and Echo 20 capacitance water sensors @ped2evices Inc.) were installed vertically in
the 9 L and 20 L bags respectively. The distanceé ah between the sensor, emitter and plant was
constant for all treatments and replications (Theomet al., 2006). A data logger (model CR1000,
Campbell Scientific Africa) recorded water conteneasurements of the sensors in mV every
20 minutes. Readings were converted to volumet@tewcontent values (hm?®) using in situ
calibrations. The exposed surface area of the medvas fully covered with cardboard to prevent
evaporation losses. Transpiration (T) was deterchifieom the water balance equation:
T=1-D-A0; where |=irrigation (1), D =drainage () and A9 is the change in water
content (M) measured by the capacitance sensors. Irrigatidndaainage volumes of four plants
per irrigation treatment and medium volume were snead once a day. Xylem potential of the
stems of mature leaves, located at the top of @memy, was measured daily at dawn and midday
with a Scholander pressure chamber. Measurements taleen within one minute after each leaf
was removed to prevent significant changes in \eatlr status, while four leaves were measured
per irrigation treatment and bag size. Leaf remavas spread evenly over replications (single
plants) ensuring that only one leaf was removedptent (20-25 leaves per plant) approximately
every 2-3 days. Stomatal resistance (§ mvas measured with a steady state diffusion poreme
(model SC-1, Decagon Devices Inc.), as indicatgslaft water stress, on four plants per irrigation
treatment and bag size. Stomatal resistance wasumeehdaily at dawn and midday. Well-watered

treatments were used as reference data for coropasish unwatered treatments.

3.1.2.4 Methods used to identify and classify different stages of crop water stress

Various approaches can be used to determine thesstaf crop water stress during a continuous
drying cycle. The first approach uses daily watasslto identify a point where the medium displays
a critical change in water content or a breakingntpdgStarr & Paltineanu, 1998). Starr and
Paltineanu (1998) identified two stages of watess]oconsisting of a first phase which is

characterised by a relatively high rate of wates]dollowed by the second phase where the rate of
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water loss has slowed down drastically and cropemaptake is limited by the limited amount of
water in the medium. They identified the transitlmetween these two stages as the commencement
of crop water stress. A similar approach was uset@ifompsoret al. (2007) where great changes in
the water content between successive days wasasseah indication of the onset of crop water
stress and in the event of this trend continuinth&following day, it is considered confirmatioh o
crop water stress. A similar approach used by Tismmgt al. (2007) involves water content
changes in the medium during the night. Accordimngrhompsoret al. (2007), crop water stress
commences when night time changes of the waterenbmtecome negligible, due to the lack of
water within the medium to be redistributed to daeeas. The second approach involved daylight
transpiration (mm 121, with the onset of stress as soon as the traat&pirratio (:T. Where
Tq = Transpiration unwatered ang|, ¥ transpiration well-watered or reference trarepn (ET,))
starts to decrease, and reaching severe stresseamtio nears zero and differences between
measurements become negligible. The third appraacdkentifying crop water stress involves
xylem potential (kPa) (Hsiao, 1990) and stomatalstance (s i) (Loomis & Connor, 1996), as
well as visual symptoms of wilting. The commencet&ncrop water stress was identified as the
point where the xylem potential and stomatal rasis¢ of unwatered plants starts to decrease
relative to that of well-watered plants, with theverity of stress increasing as the xylem potential
and stomatal resistance of unwatered plants dexgd¢adher relative to that of well-watered plants.
After the identification and classification of thibfferent stages of crop water stress, plant
available water content was determined and intredas an indicator of the various stages of water
stress. This was done in an effort to create aeusal indicator which will overcome differences
between systems, e.g. different bag sizes. Plailadle water content was determined as the water
content between the drained upper limit (DUL) anel bower limit of water availability. DUL was
determined in the laboratory using three samplekqhto a density of 0.1 g ¢in 876 cmi
columns. Samples were first saturated under vac@zbth kPa) before being transferred to a wet
sand bath where they drained for three days. M&se vecorded and water content expressed on a
volumetric basis. The lower limit was determinedindg the experiment as a point in the drying
cycle when all plants suffered from wilting. Milblt readings at this point were used to calculate

the lower limit for each bag size on a volumetrsis.
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3.1.25 Statistical analyses

A one-way analysis of variance (ANOVA) was perfodhnan the volumetric water content, plant
available water content, daily water losg,Tl, and stomatal conductance results of the diffébagt
sizes for the different water stress levels. P-eslwere used to compare means at a 5% probability
level, using STATISTICA version 8.0 (StatSoft In2Q04).

3.1.3 Results and discussion

3.1.3.1 Development of plant water stress and plant response

The effect of the main treatments (well-watered andiatered) was evident in the change in the
volumetric water content over time in both the dnflaigure 3.1.1a) and large (Figure 3.1.2a) bag
sizes. Water contents of well-watered treatmentsillaed in a narrow band of 0.550 to
0.650 ni m™ for the small bags and 0.600 to 0.688m7 during the drying cycle in the large bags,
except when it dropped temporarily to 0.550m in the large bags on day 7. The water content of
both bands was close to the laboratory-determingt fr coir viz. 0.607 ni m*. Total drainage
expressed as a percentage of the total irrigatitication over the measuring period amounted to
29% and 18% in the small and large bags respegtiddthough these results were derived from a
relatively short period of irrigation, it reflectash the unproductive water losses induced by the
irrigation method or strategy commonly used by gheeise producers in South Africa. The impact
of stopping irrigation as indicated by the unwatietreatments can clearly be seen in the decline of
the volumetric water content over time in both k&gs. In this case the plants were forced to rely
on the coir reservoir to supply water to meet tadydrequirements. This treatment provided the
opportunity to study the development of water strésiring a drying cycle (Figure 3.1.1a-h,
3.1.2a-h), which lasted about five days for the lstvags and eight days for the large bags. In spite
of the difference in the length of the drying cy;leends of all data were similar for small andjéa
bags; therefore some of the results will be disedissithout special reference to individual bag
sizes, although both are implicated.

Daily (24-hour periods) water loss of the unwataredtments can be divided into two different
phases, similar to the observations made by Stair Raltineanu (1998). The first phase was
characterised by an initial reduction in water logkereafter the plants recovered to more
conservative values of water loss (Figure 3.1.1b2B). From these figures it was evident that the

plants experienced a shock condition from the on$ewater stress and restricted transpiration
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severely. The plants reacted quickly, though, aedevable to condition and adapt their water loss
to more conservative values. This indicates possibkurious uptake in response to the high
frequency irrigation scheduling, although an insezhuptake may not necessarily be required for
optimal plant growth and production. The effectlod conditioned state on yield and quality of the
produce, and therefore water use efficiency, howeeenains unknown and will be evaluated in the
near future. The second phase was characterisaccbgtinuous decline in water loss by the plants
without any further recovery (Figure 3.1.1b, 3.).Zbhe reduced daily water loss of unwatered
treatments from early in the drying cycle indicatbat the plant gradually restricted its water
uptake according to water availability. It was hat observed that there was a considerable
reduction in the water content of the medium dunight time for both irrigation treatments (Figure
3.1.1c, 3.1.2¢), as also observed by Thompa. (2007). Again, the difference between water
loss for well-watered and unwatered treatmentsesmed towards the end of the experiment. The
cause of water loss during the night remains uatersince no measurements of stomatal
conductance were taken during the night. It mayex@ained through equilibration of the plant,
root and medium potentials as described by Loomid &onnor (1996) or could be due to
incompletely closed stomata during the night, ddpenon the size of the vapour pressure deficit
(Richardset al., 2002; Cairckt al., 2007). Meadit al. (1996) as cited by Baumharetal. (2000)
attributed diurnal water content fluctuation in thedium to vapour transport which increases water
content as medium temperature increases. Furtseareh will include measurements during the
night to determine the cause of water loss, sinatemloss without carbon gain will decrease crop
water use efficiency as well as crop productivityedo reduced plant water status (Cagtdl.,
2007).

As with daily water loss, {T,, decreased rapidly early in the drying cycle, Habaecovered
partially as the plant conditioned itself to the anbed water levels in the medium
(Figure 3.1.1d, 3.1.2d). Since the medium waterdit@n kept on deteriorating, a constant slower
reduction in T:T,, occurred as the plant approached permanent wiléihigough the reduction was

not linear for most crops, as observed by Loom&é@annor (1996).
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Figure3.1.1 Development of water stress of cucumber plantinduhe drying cycle induced in
the small bags (9 L): a) Diurnal change in voluricetvater content (thm®); b) Daily water loss
(ml 24 hourd); c) Night time water loss (ml 12 hoil)s d) Actual transpiration (JJ over potential
transpiration (§,); €) Xylem potential (-kPa) measured at dawn (0¥:0 Xylem potential (-kPa)
measured at midday (14:00); g) Stomatal resistascen’) measured at dawn (07:00); and
h) Stomatal resistance (Sjnrmeasured at midday (14:00). The different stajgsant water stress
are indicated by vertical lines on the graphs, wmset of water stress (Onset), mild (Mild),
moderate (Mod.) and severe (Sev.) water stress.
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Figure3.1.2 Development of water stress of cucumber plantinduhe drying cycle induced in
the large bags (20 L): a) Diurnal change in voluinawater content (thm™); b) Daily water loss
(ml 24 hourd); c) Night time water loss (ml 12 hoil)s d) Actual transpiration (JJ over potential
transpiration (§,); €) Xylem potential (-kPa) measured at dawn (0¥:0 Xylem potential (-kPa)
measured at midday (14:00); g) Stomatal resistascen’) measured at dawn (07:00); and
h) Stomatal resistance (Sjrmeasured at midday (14:00). The different staggsasft water stress
are indicated by vertical lines on the graphiz, onset of water stress (Onset), mild (Mild),
moderate (Mod.) and severe (Sev.) water stress.
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The plant maintained turgor for the greatest parthe drying cycle in spite of the previous
results which indicated water shortage in the nmadaund decreased water loss by the plant. Since
the plants were allowed to grow indeterminatelptighout the experiment, it became obvious that
plants from unwatered treatments gradually ceasedt compared to plants from well-watered
treatments as the experiment progressed. Visualpteyns correlated with turgidity and the
observation of softer leaves was only made asngilbbecame visible. After visible wilting, the
cucumber plants deteriorated rapidly and reachedrsewilting within one day; irrespective of bag

size (Figure 3.1.3 illustrates leaves of planthalarge bags).

Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8

Figure3.1.3 Development of visual water stress symptoms onl¢ages of cucumber plants
grown in large bags, where the first visual sym@onere observed on Day 6, while irreversible
wilting occurred on Day 7.

Inconsistent measurements of xylem potential fangd in the large bags measured at dawn
(Figure 3.1.2e) were probably due to experimentadre Failure to completely seal off the deep
indentations on the petioles, probably lead tolgakage which resulted in poor measurement of the
xylem potential (Hsiao, 1990). In spite of the meament problems, xylem potential indicated
plant water stress (as compared to the well-wateestments) for the plants in the small bags at
both dawn and midday (Figure 3.1.1e, f) as welhiamidday for plants in the large bags (Figure
3.1.2f).

Stomatal resistance increased rapidly from sinplaints where recovery was observed in daily
water loss and {T,, (Figure 3.1.1g, h, 3.1.2g, h). Lower values ofnsdtal resistance of the
unwatered plants at midday (compared to dawn) mayhie result of the aerial environment
(e.g. humidity) on measurements as suggested bgoH4i990). These results may indicate that

50



stomatal opening, like xylem potential, is only @nfirmation of water stress and not sensitive

enough to timely indicate plant water stress fonaggng irrigation.

3.1.3.2 Identification and classification of different stages of plant water stress

The development of water stress as observed frenm@dium as well as the plant water status can
be further characterised into four different staglewater stress as indicated by the vertical lioles
Figure 3.1.1 and Figure 3.1z onset of water stress (Onset), mild water stfellsl), moderate
water stress (Mod.) and severe water stress (Sev.).

The onset of water stress was identified as thetpshere the water was turned off. Water
content (M m™) and water loss (ml) started to decrease relatithe well-watered treatments soon
after the onset of water stress (Figure 3.1.1a-t,28-c). After the recovery and conditioning
period, water content and -loss angT}, declined continuously (Figure 3.1.1a-d, 3.1.2aid)e
start of this gradual decline was identified as tmset of mild water stress, since no further
recovery (regaining of turgidity) of the plant ocad. For both bag sizes this point is supported by
the increase in stomatal resistance for plantsnefatered treatments compared to that of well-
watered treatments (Figure 3.1.1g, h, 3.1.2g, fgmRhe previous results, clear evidence revealed
that the cucumber plants already started to expegievater stress regardless of the lack of visual
wilting at this identified stage. This was in cast to Hensley's (1984) observation that mild water
stress, referred to as first material stress byathtbor, in leaves of maize and wheat occurred only
when water stress symptoms became visible. This beagxplained by the differences in crop
sensitivity to water deficits, as well as the esiea root zone of field crops where roots
differentiate over multiple soil layers comparedthe limited root zone of greenhouse crops with
roots concentrated throughout the entire mediune fdots of field crops therefore have a non-
uniform uptake of water in contrast to a more umfowvater uptake of greenhouse crops which
depletes the root zone quicker and more completesylting in water stress before visual wilting
sets in. Plant available water contents were samfly higher in the large bags compared to the
small bags at the critical point of mild water segTable 3.1.1). This was identified as the direct
result of bag size as well as differences in roohcentration between different bag sizes.
Volumetric water content, 41Ty, and stomatal resistance measured at noon atwaitdr stress
were not significantly different (P = 0.05) betweleag sizes (Table 3.1.1). However, volumetric
water content at mild water stress varied signifisabetween the small and large bags at a 10%
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probability level. At this stage, 41T\, and volumetric water content values seem to bebtst

indicators of mild water stress for cucumber plagrtsvn in small and large bags.

Table3.1.1 Comparison of various physical points between wellered (reference) treatments,
onset of water stress, mild water stress, modevater stress, severe water stress and irreversible
water stress for greenhouse cucumbers grown in améllarge bags in a coir medium.

Reference Onset Mild Moderate Severe

Days after drying cycle started:

Small bags - 0 2 3

Large bags - 0 3
Volumetric water content (m® mi®):

Small bags 0.588a 0.679a 0.400a 0.327a 0.275a

Large bags 0.620a 0.687a 0.497a 0.276a 0.211a
Plant available water content (%):

Small bags 93a 126a 26a Oa -19a

Large bags 104a 124a 67b Oa -20a
Daily water loss (ml 24 hours™):

Small bags 1982a 2713a 1634a 655a 484a

Large bags 2393b 2849a 1547a 1284b 1166b
Ta: Tw:

Small bags 1.00a 1.16a 0.91a 0.40a 0.23a

Large bags 1.00a 0.96b 0.77a 0.40a 0.34a
Somatal resistance (s m™):

Small bags 26.4a 24.6a 43.6a 115.3a 167.7a

Large bags 25.7a 21.5a 30.2a 123.5a 162.2a

Means within each stress level and for differenasueement groups followed by the same Ietter arsigoificantly different at P=0.05

After the onset of mild stress was identified, adiking point approach (as described by Starr &
Paltineanu, 1998) was followed to identify variqusints for the curves of daily water loss and
T4:Tw Where the slope of each of the curves changedfisgmtly. The identified breaking points

were on day 3 and 4 for the small bags and on dayd67 for the large bags. The first breaking
point of both bag sizes was confirmed by the Bighs of visual wilting which was observed in the
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afternoon of day 3 and day 6 for plants grown i@ $mall and large bags respectively. This stage
was identified as moderate water stress. The seboraking point for both bag sizes correlated

with irreversible wilting of about 75% of the toti@laves of all plants in the afternoon, while the

slopes flattened from this point onwards and difees became negligible. This stage was
identified as severe water stress.

Daily water loss at moderate and severe watersstraged significantly between different bag
sizes, probably due to differences in the total ewaholding capacity (L ba and root
concentrations. Values of volumetric water contgrignt available water content,:T, and
stomatal resistance at noon did not vary signitigametween different bag sizes for moderate and
severe water stress (Table 3.1.1). Due to measutezn®rs of Xxylem potential, stomatal resistance
was a much better indicator of the developmentatkewstress in the plant.

The results set criteria for the identification adifferent stages of water stress for greenhouse
crops, although the values of the used indicatalisvary between crops. Firstly, mild water stress
was identified as the point from where thgTl, does not recover under continuous drying of the
medium. Next, the first breaking point after reagyetogether with visual wilting, indicated
moderate crop water stress, while severe watessstias identified as the point where changes in

the slope of §T,, becomes negligible and about 75% of all plantsraegersibly wilted.

3.1.3.3 Implication for irrigation management

The response of greenhouse cucumber plants tayirgatycle with regard to plant water relations
indicated possible luxury uptake of water with tstandard irrigation method for sawdust and
shavings in South African greenhouses. This imf@&dhat greenhouse cucumbers grown in coir
and irrigated according to the standard irrigatraethod of 6-8 irrigation events per day, are
over-irrigated. The recovery of cucumber plantatmore conservative uptake of water when the
drying cycle was started possibly indicates theaptm which water may be allowed to be depleted
in coir before the next irrigation event. For bdikg sizes this point was identified at mild water
stress, two and three days after the previousating event for the small and large bags,
respectively. Although it is simpler to schedulegation according to fixed intervals such as days,
this is not recommended since other factors likenate may influence water uptake and
availability. It is therefore recommended thatgation is scheduled to start at mild water stress
which can be identified for small and large bagsulh the results in this paper. Soil water sensors
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or tensiometers may be used to monitor the changelumetric water content of the medium to the
physical point of mild water stress where irrigatis triggered. Soil water sensors such as the
EC-10 and EC-20 capacitance sensors can be catibagturately with a simple but scientifically
sound procedure to predict the volumetric watert@onof coir (Van der Westhuizen & Van
Rensburg, 2009, Chapter 2.1). An accurate labgratetermined retention curve developed for coir
may be used to convert volumetric water contentueslto matric suction values, should
tensiometers be the preferred method of sched(ftigure 3.1.4). The ratio of4IT,, and stomatal
resistance may be valuable to confirm mild wateesst The benefits of increased irrigation
intervals include reduced water and fertilizer us&, may also prove beneficial as load shedding of
electricity becomes more common. It should be s&@ghat this recommendation is based purely
on plant water relations and further experiment$ also consider the impact of reduced irrigation
events on yield and fruit quality.
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Figure3.1.4 Water retention characteristics of coir for thenwersion of
volumetric water content (mm?® to matric suction (-kPa) for irrigation
scheduling with a tensiometer.

3.1.4 Conclusion

Greenhouse cucumber plants grown in coir are mastéy-irrigated when irrigation is scheduled
according to the standard method used in Soutlt#irgreenhouses for sawdust and shavings. The
results indicated luxury uptake which will probablgt be required for maximum yield. After the

onset of water stress, cucumber plants experieacdtbck condition to which they responded with
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severely restricted water loss, but adapted andvezed to a more conservative water uptake.
However, when the drying cycle continued, the @amarted to gradually restrict water uptake, with
the start of this gradual reduction identified atdnwvater stress. The observation of visual wilting
supplied good evidence for the identification ofdemate water stress, while breaking points for
daily water loss and4IT,, proved to be the best indicator for identifyingdecate and severe crop
water stress. Measurements of xylem potential werensistent and are only recommended as a
supportive indicator of plant water stress. Stohasistance recorded at 12:00 proved to be a good
measure to confirm moderate and severe water siéa®r was more or less equally available to
the plant up to a critical point identified as miléter stress, whereafter it decreased rapidlye®as
on the plant response it is recommended to allotemdepletion to the point of mild water stress
before the next irrigation event is started. Iltagain stressed that this recommendation is based
purely on plant water relations, and possible ¢ff@mn yield and fruit quality were not considered
and will be addressed in follow on Chapters. Satexr sensors calibrated for coir or tensiometers
set to volumetric water content from the laboratdeyermined retention curve, may be used to
trigger irrigation at mild water stress.

The characterisation of water stress for greenhaussumbers grown in coir identified
boundaries for different stages of water stresschvban be monitored by equipment that measures
volumetric water content or matric suction. Furtb&perimentation to determine the effect of the
different identified stages of water stress on ptagowth and yield as well as water use efficiency
will indicate if reduced irrigation frequency in icacan maintain yield and improve irrigation
efficiency in South African greenhouses. These wilo be useful indicators of the ability of
greenhouse cucumbers, especially those grown irl $mags, to prevent large yield losses if

irrigation should fail due to unforeseen situatisnsh as power failures.
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The standard irrigation method for greenhouse gn@uluction in sawdust and shavings in South
Africa consists of a fixed irrigation frequency eight irrigation events over the daylight period,
while the volume applied is increased throughow growing period to maintain a drainage
percentage of approximately 20% to prevent thedbwgl of salts. Considering that coir can hold up
to 700% of its mass in water, greenhouse cropsra&ly over-irrigated when scheduling occurs
according to this standard method. This presumaddylts in luxury uptake because plants receive
more water than is probably required for maximueddyior fruit quality. There is therefore a need
to improve irrigation scheduling techniques in orte decrease water loss from drain-to-waste
greenhouse crop production in coir in South Afritlae objectives of this study were to describe the
development of plant water stress and plant regpduogng a drying cycle of greenhouse tomatoes
grown in coir for two bag sizes, to identify diféent stages of plant water stress and set criteria f
the identification of these stages, and to detegrtiie implication for irrigation management. From
this study, mild water stress was identified as gbat from where the 4IT,, (transpiration ratio
where T = transpiration of unwatered and, ¥ transpiration of well-watered plants) does not
recover under continuous drying of the medium. ®iswilting as well as the first breaking point
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after mild water stress indicated moderate cropewstress. Severe water stress was identified as
the point where changes in the slope gfT{ over time becomes negligible and about 75% of all
plants are irreversibly wilted. It is recommendedaiow water depletion to the point of mild water
stress, before irrigation is started, although tisisbased purely on plant response without
considering yield. Irrigation may be triggered atumetric water content levels of mild water stress
for both bag sizes through soil water sensors @k for coir, or tensiometers of which matric
suction is converted to volumetric water conteotrfran accurate laboratory-determined retention

curve.

Keywords. Capacitance sensors, coir, drying cycle, greertntrsato, water stress

3.2.1 Introduction

Coir is increasing in popularity as medium for grieeuse crops world wide (Verhagen, 1999;
Noguera et al., 2000). The medium has a total porosity of apprately 92%-96%
(Kanget al., 2004) and relatively high easily- available watentent of about 35% (Prasad, 1997).
Additionally, it can hold up to 700% of its masswater, improving water use efficiency when
irrigation is scheduled correctly. However, lack ksfowledge on irrigation of greenhouse crops
grown in coir, severely hampers the productivityhed medium, with some South African producers
returning to sawdust and shavings, or productiothénsoil. Considering the relatively high cost of
most substrates, an incorrect approach to irrigamheduling for the medium, will result in failure
to achieve improved yield, fruit quality (Bohneeal., 2001; Halmann & Kobny, 2003) and water
use efficiency (Rinén et al., 2005). This in return reduces drainage of fetidavater and thereby
reduces the cost of nutrient loss to the producet e environment. Continuous soil water
monitoring is an increasingly common practice, usgdennedy Irrigation Consultants (Personal

communication, J. Kennedy, 200@ww.echo.co.zg and Griekwaland-Wes Co-operative (Personal

communication, J. Bothma, 2009, Douglas), for examp apply irrigation in the summer rainfall
field crop production areas of South Africa. Howewe accomplish the same magnitude of success
for greenhouse production in coir, it is critical tharacterize the medium’s water retention
characteristics and ability to supply water.

Characterization should be based on measurementsgaition, drainage, change in medium
water content and evapotranspiration of the medduring a drying cycle compared to well-
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watered conditions. Irrigation and drainage areilyea®easured within a closed glasshouse
environment; evaporation from the medium surfaceliminated by covering the surface area, and
the change in medium water content is determinedutfh measurement with in situ calibrated
capacitance sensors. The transpiration flux of weaépour into the atmosphere from the plant
foliage depends on the availability of water in tlo®t zone and therefore transpiration can be
accurately attained from the hydrological balance.

In normal irrigated production, plant water uptakeéhe result of water loss through transpiration
which allows the plant to assimilate carbon dioxiBaily water loss causes a reduction in leaf
water potential\f'L), which in turn results in a potential gradientvibeen the medium and the plant
for water absorption from the medium and transporthe leaves (Hsiao, 1990¥, is therefore
always lower than medium water potenti#y( during the day as long as there is transpiration
(Hsiao, 1990), while during night-time, water idisdributed due to the potential gradient that
develops between areas in the medium, with andowitioots, as well as between the medium and
the plant leaves and roots (Loomis & Connor, 1996).

Excessively low¥, can be caused by medium drying, high transpiratiagh medium hydraulic
resistance, or high plant hydraulic resistancesa @ombination of these factors (Hsiao, 1990).
Therefore, when irrigation water is withheld for amdeterminate period¥. and root water
potential Pr) will initially equilibrate to meet’y, at dusk, but as the medium dries otit,and¥g
diurnal equilibration becomes progressively latentil finally these potentials can not recover to
meet¥y (Loomis & Connor, 1996). At this stage the watgoy in the medium is not sufficient to
meet loss by transpiration, with the result that thater potential of the leaves and shoots are
depressed, causing a depression in plant wateisstaturgor loss, which may cause the stomata to
close (Hsiacet al., 1976a; Marshall & Holmes, 1988). Closure of sttanearies within the plant
canopy with higher leaves intercepting more radratand thus transpiring more, while higher
leaves are also farthest from the roots, and tbexdiave greate?| and close stomata at higher
water potential than lower leaves (Hsigtoal., 1976a). Stomatal closure increases leaf hydraulic
resistance (B (s m') and reduces leaf function and growth, while measents of R describes
the nature of the plants’ response to water shertagomis & Connor, 1996). Tomato plants
exhibit both leaf and root osmotic adjustment taewvaeficit stress, allowing the crop to survive or
remain productive under conditions of water sh@tagomato stomata are highly sensitive to

evaporative demand (Hsiao, 1990), and they canralotite leaf water status in such a way, that
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plant water status is maintained over a wide raigeedium water contents (Jones, 1990). Osmotic
potential is lowered in response to water strasd,thereby turgor is maintained. The lower osmotic
potential may enable stomatal adjustment so th@hata remain open, aB, decreases. This
characteristic of tomatoes further allows the dmpnaintain a favourable water status particularly
in the roots and also maintains growth during watdress periods (Wullschleger &
Oosterhuis, 1991). Therefore significant differende stomatal resistance only occur at severe
water shortages (Grange & Hand, 1987), while clesidrthe stomata needs to be considerable and
stomatal resistance quite high, to exert a sigamificeffect on transpiration (Hsiao, 1990).
Jones (1990) confirmed the importance of Bnd added plant responses such as visual
wilting/rolling or leaf orientation, which reducenterception and radiation for photosynthesis
(Hsiaoet al., 1976b), and changes in growth rate or plant dsiwers as indicators of water stress, to
improve crop water status under water stress. Riameér status is however not a very sensitive
indicator of water stress (Jones, 1990). Apicalistems are relatively isolated from water shortage,
with the result that leaf initiation is the lasbopess affected by water stress. Leaf primordia may
accumulate on the meristem under severe waterssams continue cell division and expansion,
when assimilate supply and turgor are once motealsei

Medium-plant predawn water potential disequilibriwan occur even earlier, if night-time
transpiration is substantial (Caietlal., 2007a). As during the day, night-time water ldepends on
leaf conductance and the vapour pressure defidRD(Vbetween leaves and the air, as well as
canopy structure and atmospheric mixing. Accorditog Caird et al. (2007b), night-time
transpiration rates of tomato plants under ambgasshouse conditions are 9%-30% and much
higher than for the field grown tomato crops, whighly indicated a maximum of 10%. Leaf
conductance during night-time can be attributeth&ofollowing factors: i) Photoperiod length and
light intensity can affect the speed and degreehizh stomata close in the dark, e.g., incomplete
closure resulted from short-day photoperiods ins@nghemum, while high light intensity during the
day or longer photoperiods, resulted in faster stamclosure in roses, although closure was not
complete (Caircet al., 2007a). ii) Conditions that allow high photosyetib rates during daytime,
can also result in high night-time conductance,, éegf-to-air VPD and air movement are important
determinants of the magnitude of water loss, waHially open tomato stomata causing substantial
water loss throughout the night (Cagtdal., 2007b). iii) Plants may pre-open stomata befa@wrd

in an effort to increase their photosynthetic carlgain. This may be especially advantageous in

61



water-limited environments, because of higher paderfor early morning carbon gain when
temperatures and VPD are lower (Catdl., 2007a). In contrast, Donovahal. (2003) argued that
substantial night-time water loss, due to low wadeailability and/or high night-time VPD,
decreases predawn water status of plants, whichle@tl to the loss of limited water resource
without carbon gain and may shorten the periodhmitgsynthetic carbon gain (Rawson & Clarke,
1988), thus reducing overall plant water use edficy. Potential reduction in crop productivity
could result from reduced plant water status, coeypavith non-night-time transpiring plants
(Cairdet al., 2007b). The objectives of this study were i) ésctibe the development of plant water
stress and plant reaction during a drying cyclgreenhouse tomatoes grown in coir, ii) to identify
different stages of plant water stress as wellrdisra for the identification of these stages, @nd

to describe the implication thereof on irrigatioamagement.
3.2.2 Material and methods

3.22.1 Location and cropping details

The experiment was conducted in a 48temperature-controlled glasshouse at the Uniweosithe
Free State, in the Free State province of Soutlt@f{26°11°'20” E, 29°06’33” S, 1409 m altitude).
Tomato Lycopersicon esculentum Mill.) seed of the cultivar Espadilha were sown®April 2008

in seedling trays. Seedlings were transplantedlt@@d 20 L bags filled with coir at a mean density
of 1.8 plants rif on 15 May 2008. All coir used in the experimer@t {35 kg blocks) was processed
before the bags were filled to minimise variationbulk density between bags. Compressed coir
blocks were soaked in water, excess water was aettaamd the coir was spread out on plastic
sheeting and mixed to ensure uniform distributibca@r dust and fibres in all bags. The medium
was flushed within the bags using municipal wateEEG 0.2 mS cnt until the EC of the drain
water was equal to that of the input water. Plavese fertigated through a drip irrigation system
with a balanced nutrient solution of EC 2.0 mS’cMaree, 1993), which was prepared from

feeding municipal water with an EC of <0.2 mStm

3.2.2.2 Treatments and experimental design

Plant response to irrigation treatments were ev@tlim two bag sizes. Planted bags were organised
in eight single rows which were divided into twatks, resulting in four single rows of 12 plants

per bag sizeyiz, 9 L and 20 L. The tomato plants were grown tb fieaturity, reaching the
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horizontal trellising wire 2 m above the bag suefamnd in full production, in accordance to local
practice, before the irrigation treatments wereliagpandomly in each bag size block. Before the
irrigation treatments started, all plants weregated according to the standard irrigation method
used in South African greenhouses, which consisssfixed irrigation frequency of eight irrigation

events over the daylight period. The volume applives increased throughout the growing period to
maintain a drainage percentage of approximately Bh@revent a build-up of salts. The irrigation

treatments which started on 23 August 2008, catsist an unwatered treatment with no irrigation,
to create a drying cycle and induce water stresd,aawell-watered control treatment which was
irrigated as described. The drying cycle lasteduafiee days for the small bags and eight days for

the large bags, whereafter the experiment was hextendl.

3.2.2.3 Measurements

Echo 10 and Echo 20 capacitance water sensors ¢bed2evices, Inc.) were installed vertically in
the 9 L and 20 L bags, respectively. A 7 cm distabetween the sensor, emitter and plant was
constant for all treatments and replications (Theomet al., 2006). A data logger (model CR1000,
Campbell Scientific Africa) recorded water contemtasurements of the sensors (in mV) every 20
minutes. The millivolt readings were converted tdumnetric water content values {mm) through

in situ determined calibrations as described by dan Westhuizen and Van Rensburg (2009,
Chapter 2.1). The exposed surface area of the mmedias covered with cardboard to prevent
evaporation losses. Transpiration (T) was deterchinen the water balance equation: T =1-D —
A®; where | = irrigation (%), D = drainage () and A@ is the change in water content’)jnas
measured through the previously mentioned calidraensors. Irrigation and drainage volumes of
four plants per irrigation treatment and mediumuwaé, were measured once a day. Water potential
of mature leaves, located at the top of the canagg, measured daily at dawn and midday with a
Scholander pressure chamber. Leaves were not rehemtgely, but rather a section of about one
by five centimetres were cut from the leaves andsueements were taken within one minute after
each section was cut, to prevent serious changkesfirwater status. Four sections were measured
per irrigation treatment and bag size. Removakctiens of the leaves was spread over replications
(single plants) so that the same plant was only aggin, after three measurement events. One leaf
allowed for the removal of approximately four sens, therefore a maximum of two leaves per

plant was used for the duration of the experimStamatal resistance (s’ )hwas measured with a
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steady state diffusion porometer (model SC-1, Dexdgevices, Inc.), as indicator of plant water
stress, on four plants per irrigation treatment bag size. Stomatal resistance was measured daily
at dawn and midday. Well-watered treatments wersl s reference data for comparison with
unwatered treatments, thereby nullifying the needveather data outside of the greenhouse.

3.2.24 Methods used to identify different stages of crop water stress

Various approaches identified in a previous expenm(Van der Westhuizermt al., 2009,
Chapter 3.1) were used to determine the differeages of crop water stress, during a continuous
drying cycle. The first approach was based on tlmspiration ratio (JT,; where [ =
Transpiration unwatered (BTand T, = transpiration well-watered/reference transparat{ET,)),
where water stress increases as the ratio nearamdrdifferences between measurements becomes
negligible (Bothaet al., 1983; Loomis & Connor, 1996). Secondly, the bregkpoint approach
identifies a point where the medium displays aiaaitchange in water content or a breaking point
(Starr & Paltineanu, 1998). The third approach aesording to¥, (kPa) (Hsiao, 1990) and Rs

m™) (Loomis & Connor, 1996), as well as visual synmpsoof wilting. Magnitude of crop water
stress was increased as Weand R of unwatered plants increased, relative to thavelf-watered
plants. The criteria were as follows: i) Mild watdress was identified as the point from where the
T4:Tw does not recover under continuous drying of theliome. ii) Visual wilting indicated
moderate crop water stress. iii) Severe water stnas identified as the point where changes in the
slope of F:Tw becomes negligible and about 75% of all plantsraegersibly wilted.

After the identification of the different stagesabp water stress, plant available water content
was determined and introduced as indicator of #r@us stages of water stress. This was done in
an effort to create a universal indicator whichlwiercome differences between systems, e.g.,
different bag sizes. Plant available water contesd determined as the water content between the
drained upper limit (DUL) and the lower limit of ve availability. DUL was determined in the
laboratory using three samples packed to a deasilyl g cn? in 876 cni columns. Samples were
first saturated under vacuum pressure (-50 kP&yrddeing transferred to a wet sand bath where
they drained for three days. Mass were recordedeapdessed in a volumetric format. The lower
limit was determined during the experiment as anjpwi the drying cycle when all plants suffered
wilting. Millivolt readings at these points wereeaakto express the lower limit for each bag sizeaon

volumetric basis.
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3.2.25 Statistical analyses

A one way analysis of variance (ANOVA) was perfodran the volumetric water content, plant
available water content, daily water loss;Tl,, leaf water potential and stomatal conductance
results of the different bag sizes, for the differ@ater stress levels. P-values were used to campa
means at a 5% probability level, using STATISTIC&sion 8.0 (StatSoft Inc., 2004).

3.2.3 Results and discussion

3.23.1 Development of plant water stress and plant response

The change in volumetric water content for the wdtered and unwatered treatments over the
entire drying cycle are presented in Figure 3.24d Figure 3.2.2a, for the small and large bags,
respectively. Water contents of well-watered tresrita ranged from 0.640%m™ to 0.751 M m™

for the small bags and 0.642 m™ to 0.704 m m™ for the large bags throughout the drying cycle.
The water content of both bags ranged above therdadry-determined DUL for coir,
viz., 0.607 M m®, indicating that there was no water shortage & wtell-watered plots, but also
indicating that the standard irrigation strategged for greenhouse crops grown in sawdust and
shavings, over-irrigates coir. This was supportgcekpressing the total amount of drainage as a
percentage of the total irrigation application otbe experimental period, which resulted in
unproductive water losses of 18% and 36% for thellsamd large bags, respectively. In contrast,
the complete lack of irrigation in the unwatereshtments caused a steady decline of the volumetric
water content over time in both bag sizes and thetg were forced to rely on the coir reservoir to
supply water to meet the daily requirements. Thevaiared treatment characterised the
development of crop water stress during a dryingecyFigure 3.2.1a-h, 3.2.2a-h). The drying cycle
lasted five days for the small bags and nine dayshe large bags. Trends of all data were similar
for the small and large bags and therefore somghefresults will be discussed without special
reference to individual bag sizes, although bo¢hiplicated.

Two different phases of daily water loss were obseifor the unwatered treatments, namely an
initial reduction in water loss, followed by a comious decline in water loss by the plants without
any further recovery (Figure 3.2.1b, 3.2.2b). Then{s, therefore, experienced a shock condition
from the onset of water stress and restricted wass severely, although they recovered quickly to
more conservative values of water loss during tts¢ phase. This may be the result of luxurious

uptake in response to the high frequency irrigaticmeduling. It is uncertain if the luxurious upak
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is required for optimal plant growth and productanmd if water use efficiency can be improved by
irrigating at a target value, similar to the coraied state. This will be evaluated in the neaurit
Reduced night-time water losses were observedherunwatered treatments, compared to the
well-watered treatments for the small bags, butfaothe large bags (Figure 3.2.1c, 3.2.2c). The
difference between water loss for well-watered amdvatered treatments in the small bags,
increased towards the end of the experiment. Nb swend was found for the large bags, which
may be explained by the observation by Cairdl. (2007a), that plants may pre-open their stomata
before dawn in an effort to increase their phottisgtic carbon gain, especially in water-limited
environments, because of the higher potential &diyenorning carbon gain, when temperatures and
VPD are lower. However, this may be debatable & tlontrasting argument by Donovenal.
(2003) is considered which states that substamiggit-time water loss, due to low water availapilit
and/or high night-time VPD, decreases predawn wsttgus of plants. This will lead to the loss of
limited water resource without carbon gain (Cagétdal., 2007b) and may shorten the period of
photosynthetic carbon gain (Rawson & Clarke, 198Bys reducing overall plant water use
efficiency. Measurements of stomatal conductances wigken during the night (data not shown) in
the glasshouse and confirmed some stomatal actidawever, the stomatal conductance during the
night could also have been the result of streétdign the vicinity of the glasshouse.

The relationship betweengTand T, also decreased rapidly early in the drying cytlet also
recovered partially as the plant conditioned itdelfthe changed water levels in the medium
(Figure 3.2.1d, 3.2.2d). Thereafter, a constanuetadn in T4:T,, occurred, as the plant approached

permanent wilting.
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Figure3.2.1 Development of water stress of tomato plants dutire drying cycle induced in the
small bags (9 L): a) Diurnal change in volumetriater content (hm®); b) Daily water loss
(ml 24 hourd); c) Night-time water loss (ml 12 hotfs d) Actual transpiration (fJ over potential
transpiration (§,); €) Xylem potential (-kPa) measured at dawn (0¥:0 Xylem potential (-kPa)
measured at midday (14:00); g) Stomatal resistascen’) measured at dawn (07:00); and
h) Stomatal resistance (s%nmeasured at midday (14:00). The different stajgsant water stress
are indicated by vertical lines on the graphliz, onset of water stress (Onset), mild (Mild),

moderate (Mod.) and severe (Sev.) water stress.
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Regular monitoring of the response of the tomatmigl to water stress symptoms resulted in the
observation of soft leaves, approximately 0.5 ariddays, before wilting was visible for plants in
the small and large bags, respectively (Table B.Zlie observation of softer leaves was made after
the plant experienced mild water stress. This sié® that mild water stress may be the limit to
which water can be depleted, before it affectstaingidity of the tomato plant. After visible wiltin

the tomato plants deteriorated rapidly and reackexkere wilting shortly after visual wilting
(Figure 3.2.3).

Leaf water potential as well as stomatal resistandecated plant water stress of the unwatered,
compared to the well-watered treatments for plamthe small and large bags at both dawn and
midday (Figure 3.2.1e, f, 3.2.2e, f). Bdth and R increased rapidly from similar points, where
recovery was observed in daily water loss agd ] From these results, it seems that stomatal
opening and leaf water potential are good indicatof tomato plant water stress, although
measurements should be taken at a fixed time dailyncrease sensitivity of the predictions of

water stress.

@

s £

Day 1 Day 2 Day 3 Day4 Day5 Day6 Day7

\AAAAAAA AL

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8 Day9 Day10 Day1l Day 12

(b)

Figure3.2.3 Development of visual water stress symptoms ofatonplants grown in a) 9 L and
b) 20 L bags.
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Table3.2.1

Diagnostic symptoms of water stress in greenhoaris®atoes, after the onset of two
drying cycles in small and large bags filled withircrespectively.

Day Time Small bags Large bags
2 14:00 No visual signs of wilting No visual signs of wilting
Some leaves from dry plots feel softer
compared to wet plots
3 0700 First signs of wilting
4 07:00 All plants from dry plots are wilted,
some severely
14:00 All  plants from dry plots are No visual signs of wilting
moderately to severely wilted Some leaves from dry plots feel softer
5 07:00 Bottom 75% of all plants from dry compared to wet plots
plots are severely wilted
14:00 Top 25% of all plants from dry plots
also suffer visual wilting
6 07:00 Top 25% of all plants from dry plots Leaves of all plants from dry plots are
suffer severe wilting softer than those from wet plots
14:00 Leaves are becoming brittle from the
bottom of all plants from the dry plots
7 07:00 Plants beyond recovery and removed
from greenhouse
8 07:00 First signs of wilting on bottom
20-50% of some plants from dry plots
14:00 Most plants from dry plots show
visual symptoms in bottom leaves
9 07:00 Most plants from dry plots are wilted
14:00 Bottom 75% of all plants from dry
plots are severely wilted
13 07:00 Plants beyond recovery and removed

from greenhouse
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3.2.3.2 Different stages of plant water stress

Four different stages of plant water stress wasad@rized as the drying cycles progressed and are
indicated by the vertical lines on Figure 3.2.1 &mglre 3.2.2. These are expressed as the onset of
water stress (Onset), mild water stress (Mild), erate water stress (Mod.) and severe water stress
(Sev.).

Since the drying cycle was started by the discoatiion of irrigation, this point was identified as
the onset of water stress. This point triggered dberease in water contentm?®) and water
loss (ml) of the unwatered treatments, relativetiite well-watered treatments to the point of
recovery (Figure 3.2.1a-c, 3.2.2a-c). Since theewabntent, water loss and;. T, gradually
declined after recovery, this point was identifesithe onset of mild water stress (Figure 3.2.1a-d,
3.2.2a-d). This point is supported by the incraadeaf water potential and stomatal resistance for
plants of unwatered treatments, compared to thavelFwatered treatments for both bag sizes
(Figure 3.2.1e-h, 3.2.2e-h). From the resultss iblbvious that the tomato plants already started to
experience water stress regardless of the lacksaflwilting at the onset of mild water stressisTh
is supported by the findings of Araki al. (2000), which indicated that leaf water potentis
well-watered tomato plants are approximately equmab00 kPa, while that of water-stressed plants
can decrease to -1400 kPa, under severe wates.stres

Volumetric water content, plant available water teo, daily water use, 41T, and leaf water
potential measured at noon at mild water stress, e significantly different (P = 0.05) between
bag sizes (Table 3.2.2). It seems that these vateshe best indicators of mild water stress for
tomato plants grown in small and large bags. Stamagsistance at mild water stress varied
significantly between the small and large bagssThay probably be ascribed to the great variation
in R_ between replicate plants in the small and larggs paespectively (data of individual replicates
not shown). This may indicate that stomatal reststas too variable to use as an indicator of mild
water stress, although it may be useful to constrass.

The breaking point approach described by StarrRaitineanu (1998), was followed to identify
various points for the curves of daily water lossl d4: Ty, starting from the newly identified point
of mild water stress, to the end of the drying eydlwo points were identified where the slope of
each of the curves changed significantly on dapd@4 for the small bags and on day 8 and 9, for
the large bags. The first signs of visual wiltirgrncided with the first breaking point on day 3 and

8, for plants grown in the small and large bagspeetively (Figure 3.2.3). This stage was iderdifie
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as moderate water stress. Irreversible wiltinghafud 75% of all leaves on all plants occurred i th

afternoon of day 4 and 9, for the small and larggsbrespectively, and this stage was identified as
severe water stress (Table 3.2.1).

Table3.2.2 Comparison of various physical points between wellered (reference) treatments,
onset of water stress, mild water stress, modevater stress, severe water stress and irreversible
water stress for greenhouse tomatoes grown in smdllarge bags in a coir medium.

Reference Onset Mild Moderate Severe

Days after drying cycle started:

Small bags - 0 2 3 5

Large bags - 0 3
Volumetric water content (m* m™):

Small bags 0.733a 0.786a 0.533a 0.480a 0.452a

Large bags 0.786a 0.713a 0.568a 0.342b 0.320b
Plant available water content (%):

Small bags 226a 272a 50a Oa -24a

Large bags 168a 147a 88a Oa -9b
Daily water loss (ml 24 hours™):

Small bags 2116a 1754a 1154a 528a 269a

Large bags 2087a 1802a 1465a 556a 399
Ta: Tw!

Small bags 1.00a 0.96a 0.54a 0.24a 0.12a

Large bags 1.00a 1.08a 0.63a 0.27a 0.18a
Leaf water potential (-kPa):

Small bags 470a 738a 725a 1013a 1238a

Large bags 433a 733a 700a 1025a 1063a
Somatal resistance (s m™):

Small bags 87.7a 81.4a 280.5a 391.4a 638.0a

Large bags 81.5a 126.0a 183.8b 852.7b 1184.7a

Means within each stress level and for differenasueement groups followed by the same Ietter arsignificantly different at P=0.05
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Volumetric water content at moderate water stresged significantly between different bag sizes.
Values of plant available water content, daily watee, T:T,, and leaf water potential at noon, did
not vary significantly (P = 0.05) between differdsaty sizes for moderate water stress (Table 3.2.2).
At severe water stress, volumetric water conterd @hant available water content, varied
significantly between bag sizes (P = 0.05), whi¢ely\dwater loss, §:T,, and stomatal resistance
varied significantly at P = 0.10. Great variationviolumetric water content, plant available water
and daily water use between bag sizes at moderates@vere water stress, is probably due to
differences in the water holding capacity and roohcentrations. Great variation in stomatal
resistance at moderate and severe water stresgdreteplicated plants, again indicated that &is i
not a reliable method for monitoring the developtr@crop water stress, although it may be useful

to confirm water stress.

3.2.3.3 Implication for irrigation management

Greenhouse tomato plants responded similarly terdr@use cucumber plants, to the drying cycle
induced by the unwatered treatment. The resultagasn luxury uptake of water, when plants are
irrigated according to the standard irrigation noethfor sawdust and shavings in South African
greenhouses. Greenhouse tomatoes grown in coiirggated according to the standard irrigation
method of 6 to 8 irrigation events per day, aradftge over-irrigated. The adaptation of tomato
plants to the initial drying period possibly indies the point to which water may be allowed to be
depleted in coir, before the next irrigation evdrtis point was identified at mild water stresso tw
and three days after the previous irrigation evett,0.533 m m?® for the small bags and
0.568 mi m* for the large bags. Similar threshold values ainplavailable water content for
irrigation scheduling were observed by Thompeboal. (2007), at 49%-70% and 52%-81% for
winter and spring tomato, respectively, while tlagiation was due to the method used to determine
drained upper limit (DUL) and permanent wilting pp{PWP). Lower values were observed by the
authors for DUL and PWP values determined in thedatory by pressure plate (30 kPa-1500 kPa),
while higher values were observed using values WE nd PWP determined in situ, although the
PWP value used, was determined for a pepper crapedsiling of irrigation according to fixed
intervals such as days, is not recommended, sitier factors like climate may influence water
uptake and availability. In order to schedule mtign to start at a targeted water content depletio

level such as mild water stress, the volumetricewabntent of the medium must be monitored
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continuously. Therefore irrigation can be contrdlley the use of soil water sensors or tensiometers.
The volumetric water content can easily be predidtg soil water sensors such as the EC-10 and
EC-20 capacitance sensors, which can be calibratedirately for coir with a simple, but
scientifically sound procedure (Van der WesthuizZ&nVan Rensburg, 2009, Chapter 2.1).
Tensiometers can also be used for scheduling targeted water content depletion level, by
converting matric suction values to volumetric watentent values, through an accurate laboratory-
determined retention curve developed for coir (FegB.2.4). The use of water content depletion
levels to schedule irrigation will increase thegation intervals, which may in turn reduce the avat
and fertilizer use, while it may also prove beneficas load shedding of electricity becomes more
common.

The possible water depletion level identified atdmiater stress for the scheduling of irrigation
in coir, is purely based on plant water relatidagtther experiments will consider the impact of the

reduced irrigation events on yield and fruit qualit
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Figure3.2.4 Water retention characteristics of coir for thenwersion of
volumetric water content (mm?® to matric suction (-kPa) for irrigation
scheduling with a tensiometer.

3.2.4 Conclusion

From this study, luxurious water uptake is evidentgreenhouse tomato plants grown in coir, and
irrigated according to the standard method for setvdnd shavings in South African greenhouses,
although the effect on yield remains uncertain. iigjation was discontinued in the unwatered

treatments, the tomato plants severely restrictatbmloss, although it recovered to a point where
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water uptake was more conservative. This pointegbvery was identified as mild water stress.
Continuation of the drying cycle further restrictedter uptake, without recovery. Breaking points
for daily water loss and 4IT,, identified moderate and severe crop water stigbg;h coincided
firstly, with visual wilting and secondly, with aomt where the slope of4IT,, becomes negligible
and about 75% of all plants are irreversibly wiltédthough leaf water potential and stomatal
resistance increased from the point of mild wategss, there were no distinct boundaries between
the different stages of crop water stress. Bothhoug are therefore only recommended as a
supportive indicator of plant water stress.

The recommendation to allow water depletion topgbimt of mild water stress before irrigation is
started, is based purely on plant response withonsidering yield. Irrigation may be triggered at
volumetric water content levels at mild water strés both bag sizes, through soil water sensors
calibrated for coir or tensiometers, of which n@suction is converted to volumetric water content
from the laboratory-determined retention curve.

From the current study, volumetric water conterirmtaries for different stages of water stress,
was identified for greenhouse tomatoes grown in. ddie effect of the different identified stages of
water stress on plant growth and yield, as wellvaser use efficiency will be tested in future
experiments to ensure verification of the findirwatt reduced irrigation frequency in coir can
maintain yield and improve irrigation efficiency fBouth African greenhouses. Yield data will
further indicate if greenhouse tomatoes, especihtige grown in small bags, can resist large yield
losses, if irrigation should fail due to unforese#nations, such as power failures.
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Chapter 4

4.1 Effect of pre-determined water depletion levels on the water
balance components, yield and water use efficiency of greenhouse

cucumbers (Cucumis sativus) in coir

R.J. van der Westhuiz&r_.D. van RensbufgG.A. Agenbad & S. Deckerd

'Department of Agronomy, University of StellenbosBhiyate Bag X1, Matieland 7602, South
Africa

E-mailrykie@sun.ac.za

’Department of Soil-, Crop- and Climate Sciencedyehsity of the Free State, PO Box 339,
Bloemfontein 9300, South Africa

E-mailvrensbl.sci@ufs.ac.za

*Bodemkundige Dienst van Belgié, Willem de Croyld8n3001, Leuven-Heverlee, Belgium

Prepared for submission to Acta Horticulturae

Sawdust and shavings are becoming scarcer and expensive and some greenhouse producers
have started to experiment with coir as growth meediDifficulty to schedule irrigation is however

a big obstacle and producers may not achieve siyigéds compared to sawdust and shavings. This
may be the result of over-irrigation as producess the standard irrigation method which consists
of a fixed number of irrigations per day for sawdaisd shavings. The objectives of this study were
to assess the use of capacitance sensors fotimrigaanagement with regard to bag size and target
depletion levels, and determine the effect of thenagement option on sensor performance, water
balance components, yield and water use efficiemitygreenhouse cucumber planSu¢umis
sativus). The results of this study indicated that irrigatican be successfully and accurately
managed to pre-determined water content level®ih the 9 L and 20 L bag sizes. However, it is

recommended that the EC-10 and EC-20 capacitamseiseare also calibrated between the drained
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upper limit and saturation and that multiple sessshould be used to eliminate faulty
measurements. It is also suggested that irrigaticould be managed to an upper level where it is
turned off instead of fixed volume application. 8dhling to the pre-determined level identified
between mild water stress and the drained uppériinboth bag sizes, decreased the irrigation and
drainage to between 42-58% and 12-24% for the saradl large bags, respectively, while
maintaining or even improving yield compared to g@ndard irrigation treatment. This increased
the transpiration and irrigation water use efficgrsignificantly, indicating that the standard
irrigation method restrict yield through over-iraipn. Further experiments should comprise of
several depletion levels between mild water steess the drained upper limit for individual bag

sizes to identify the optimum depletion level forgation scheduling of greenhouse cucumbers.

Keywords: Capacitance sensors, coir, greenhouse cucumbeater vdepletion, water use

efficiency, yield

4.1.1 Introduction

Cucumber plants grow vigorously and therefore nexjplenty of water (Macet al., 2003;
Suojala-Ahlfors & Salo, 2005). Cucumber plants satgd to water stress levels of -600 kPa yield
less compared to plants subjected to higher wateéenpals (Suojala-Ahlfors & Salo, 2005).
Suojala-Ahlfors and Salo (2005) recommend irrigatecheduling based on soil water content
measured by tensiometers to an optimal thresholgtéoting irrigation between -15 and -30 kPa for
sand and sandy clay soils. Scheduling within sailew content boundaries can be achieved through
the use of soil water sensors. Zotarelial. (2009) observed that the appropriate use of sdrased
irrigation systems can allow producers to sustaiofifable yield while reducing irrigation
application for tomatoes grown in a sandy soil. lde@r, when crops are grown in soil, rooting
depth, field capacities, wilting point, sensor lbedtion and sensor accuracy across the relevant
range of water contents are issues of uncertawitych impede the scheduling of irrigation to a
recommended fixed threshold value of plant avadablater content with soil water sensors
(Thompsoret al., 2007).

Efficient use of water by a crop and irrigationtgys is essential to improve irrigation especially
in arid and semiarid regions. To complicate thaation, different crops and even cultivars of the
same crop may vary in their response to water ileéspecially during sensitive growth stages.
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Crop water use efficiency (W@ g L") as defined by Benniet al. (1988) limits the WUEr to

the total amount of marketable produce per volurhevater lost through evapotranspiration;
thereby they simplified the comparison between mjnease crops since the marketable fruit is the
desired product and not total biomass. Irrigatifiitiency (WUE, g L) reflects on the marketable
produce per volume water applied through the itiigasystem, while the water added is subject to
unproductive water losses, e.g. evaporation, rusadfdrainage (Hillel, 1987).

Variable results exist for WU& and WUE under deficit and well-watered conditions for the
cucumber crop grown in soil, which is probably degent on the severity and timing of water
stress. Kayat al. (2005) found an increase in WPEEunder deficit irrigation scheduled to 75% of
A-pan evaporation every three days, regardlessgoéatly reduced fruit yield. They observed mean
WUEgr values for field cucumbers of 3.7 ¢ lwithout mulch and 5.3 gt for deficit irrigation
with mulch. Maoet al. (2003) observed the best WiiEand WUE of 56.6 and 48.7 gt over the
total production season when deficit irrigationtle form of a fixed frequency every 18-20 days,
was applied for greenhouse cucumbers in Saihsek et al. (2005) confirmed improved WUbut
not WUE:r for open field cucumbers under deficit irrigatihich were started at 50% of available
soil water. The mean WUBver two years were 8.6 g'lfor well-watered plants compared to 14.3
g L™ for the deficit treatment, while WU for the well-watered treatment was 8.6 gdompared
to 8.0 g L* for the deficit treatment. According ®imsek et al. (2005), over-irrigation had the
lowest WUE:r and WUE of 6.8 g L* and 6.6 g L', respectively. The results from over-irrigation
observed bySimsek et al. (2005) suggest that cucumber plants are sengaiwxcessive watering
and significant water and yield losses can occheylproposed a polynomial relationship between
irrigation and marketable fruit yield for a cucumloeop. Maoet al. (2003), Yuaret al. (2006) and
Tlzel et al. (2009) observed good linear relationships betwgeld and irrigation water amount.
The authors did however not consider the effectewar-irrigation and therefore the use of the
linear equations involves a lot of uncertainty. Tdigectives of this study were i) to assess the
irrigation management options with regard to bage find target depletion levels of a cucumber
crop grown in coir, and ii) to determine the effe€these management options on the water balance

components, yield and water use efficiency.
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4.1.2 Material and methods

41.2.1 Location and cropping details

The experiment was conducted on fresh market cueuifilucumis sativus) of the cultivar Airbus

in a 48 nf temperature-controlled glasshouse at the Uniwersitthe Free State in the Free State
province of South Africa (26°11'20” E, 29°06’33” $409 m altitude). Cucumber seed were sown
on 15 January 2009 and transplanted at a meantyenfsi2 plants if on 23 January 2009.
Seedlings were transplanted to 9 L and 20 L balgsl fivith coir, with drainage holes at the bottom
of all bags to prevent the build-up of a water ¢alll coir used in the experiment (30 x 5 kg
blocks) was processed before the bags were fidbeohinimise variation in bulk density between
bags. Municipal water with an electrical condudgiiEC) of below 0.2 mS cthwas used to flush
the coir of excess salts. Plants were fertigatedutfh a drip irrigation system with a balanced
nutrient solution of EC 1.8 mS ¢m(Maree, 1992). The cucumber plants were toppechwhey
reached the horizontal trellising wire approximat2lm above the bag surface and the experiment
was only terminated once all the fruit on all thents were harvested.

4.1.2.2 Treatments and experimental design

The response of cucumber plants to irrigation soleeddto pre-determined water depletion levels
were evaluated in two bag sizes. Planted bags weganised in eight single rows which were
divided into two blocks, resulting in four singlews of 12 plants per bag size. 9 L and 20 L. The
outer rows and plants on the ends of rows wereuded from the experimental plot. The cucumber
plants were irrigated according to the standardation method used in South African greenhouses,
which consists of a fixed irrigation frequency ajtg irrigation events over the daylight periods, fo
two weeks after transplanting before the irrigaticgatments were applied randomly in each bag
size block. The irrigation treatments started dfebruary 2009 and included a control irrigation
treatment namely the standard irrigation method thnele irrigation treatments scheduled to start
irrigation at pre-determined water depletion levealdentified in a previous study by
Van der Westhuizeret al. (2009, Chapter 3.1). This comprised depletionatdevel identified
between the water contents recorded for the stdnotagation method and mild water stress
(BSM), mild water stress (Mild) and moderate watress (Mod). The depletion levels were at
approximately 0.585 frm® for BSM, 0.452 mm™ for Mild and 0.335 mim™ for Mod in the small
bags, and 0.565 tm™ for BSM, 0.421 mm for Mild and 0.253 mim™ for Mod in the large bags.
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Irrigation volumes were determined as the diffeeebetween the laboratory determined drained
upper limit (DUL) of 0.607 m m* and the depletion level, plus 20% to maintain airdige
percentage of approximately 20% to ensure thatdtheage water EC never increased by more
than 50% of the applied nutrient solution EC (Coimigr2005). Different irrigation treatments were
applied for the duration of the experiment untilfalit from all plants were harvested; whereafter

the experiment was terminated on 27 March 20009.

4.1.2.3 Measurements

Echo 10 and Echo 20 capacitance sensors (DecagooeBgelnc.) were installed vertically in the
9 L and 20 L bags respectively. A 7 cm distancevben the sensor, emitter and plant was constant
for all treatments and replications as recommenogdrhompsonet al. (2006). A data logger
(model CR1000, Campbell Scientific Africa) recordsdil water content measurements of the
sensors (in mV) every 20 minutes. The millivolt dems were converted to volumetric water
content values (hm™) through in situ calibrations as described by \d@n Westhuizen and Van
Rensburg (2009, Chapter 2.1). The exposed surfaeecd the medium was covered with cardboard
to reduce evaporation losses. Transpiration (T) eetermined from the water balance equation:
T=1-D — AB; where | =irrigation (), D = drainage () and A0 is the change in water
content (M) as measured through the mentioned calibratedoseris this study. Irrigation and
drainage amounts of two random plants per irrigatreatment and bag size, was measured daily.
Fruit was harvested twice a week and marketable ywth regard to fruit number and fruit yield
was recorded per plant for all irrigation treatnseritranspiration water use efficiency (W{JEnd
irrigation water use efficiency (WUEwere calculated per square meter as gram fresketable

yield per litre water transpired or applied.

4.1.2.4 Statistical analyses

Factorial analysis of variance (ANOVA) was perfodnan the total fruit number, total fruit fresh
yield, total WUE and total WUEwith bag size and irrigation treatments as factBrsalues were

used to compare means at a 5% probability levéhguSTATISTICA version 8.0 (StatSoft Inc.,
2004).
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4.1.3 Results and discussion

4131 Sensor performance in controlling irrigation to pre-determined depletion

levels

The changes in volumetric water content for theiowsr irrigation treatments over the entire
production season for greenhouse cucumbers arerpeesin Figure 4.1.1 for the small bags and
Figure 4.1.2 for the large bags. The results fer itidividual bag sizes are discussed separately,
since water depletion was dissimilar between bagssi

In the small bags, a gradual increase in volumetrater content occurred for the standard
irrigation treatment over the first 6 weeks of theeriment, whereafter it remained approximately
constant for the duration of the production seadégure 4.1.1a). The volumetric water content
observed in the bags of the standard irrigatiomattnent continuously exceeded the laboratory
determined DUL of 0.607 frm>,

Scheduling to the pre-determined depletion levelthe small bags were very accurate in this
study, with irrigation starting at or close to 658.452 and 0.335 trm® for the BSM, mild and
moderate stress irrigation treatments, respectiffeiyure 4.1.1b-d). The upper level also remained
constant within treatments, although it differedwsen treatments which may indicate that the
DUL varied between treatments. From these figures also clear that the number of irrigation
cycles decreased as the depletion level incre&is¢de small bags, the number of irrigation cycles
for the standard irrigation treatment amounts t8, & mpared to 19, 11 and 8 cycles for the BSM,

mild and moderate irrigation treatments, respebtjw@ver the total production season (Table 4.1.1).

84



e, (m md)

e, (m’'m)

e, (m’ md)

e, (M’ m)

1.0 §

0.8 1

0.7 1

0.6

0.5

0.4 1

0.3 1

0.6 +

0.5

0.4

0.3 1

0.2

1.0 4

0.8 1

0.7 +

0.6 -

0.5 +

0.4 +

a
7 14 21 28 35 42 49 56 63 70
i
]
7 14 21 28 35 42 49 56 63 70
C
7 14 21 28 35 42 49 56 63 70
d
7 14 21 28 35 42 49 56 63 70
Time (days)

Figure4.1.1 Volumetric water contendy,) of coir in the 9 L bags for the standard
(@), between standard and mild (b), mild (c) anddenate (d) stress irrigation

treatments over the duration of the cucumber pribcluseason.
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Table4.1.1 Weekly and total number of irrigation cycles (Q)dawater balance componentsz. irrigation (I), drainage (D),
transpiration (T) and drainage percentage (DP)difberent irrigation treatments for greenhousewuabers grown in small bags.

Standard Between Standard and Mild Mild Moderate
Week C I D T DP C I D T DP C I D T DP C I D T DP
No. L m? %  No. L m? %  No. L m? %  No. L m? %
3 56 34 9 24 28 3 15 0 16 O 2 15 2 13 11 1 9 1 3 10
4 56 41 11 29 26 4 31. 2 25 5 1 9 1 11 11 1 10 O 2
5 56 44 13 30 29 3 28 3 28 10 2 19 3 17 13 1 11 1 16
6 56 58 16 41 28 4 41 7 30 16 2 22 3 19 15 2 23 2 14
7 56 59 17 42 28 2 21 4 24 17 2 23 4 19 18 1 12 1 16
8 56 51 15 36 29 3 32 4 25 13 2 23 3 21 15 2 24 3 16 11
9 6 5 2 4 29 0 0 0 2 0 0 0 0 0 0 0 0 0 4 0
Total 342 292 83 206 28 19 168 20 150 11 11 111 16 100 15 8 89 8 77
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In the large bags, the volumetric water content tfee standard irrigation treatment increased
steadily over the first 6 weeks of the experimend ancreased slightly from approximately week 8
until the experiment was terminated. Again the wodtric water content for the entire production
season remained above the laboratory determined Bldure 4.1.2a).

Figure 4.1.2b-d presents depletion to 0.565, 0.42d 0.253 i m™ for the BSM, mild and
severe irrigation treatments, respectively, whichswagain at or close to the pre-determined
depletion levels for the large bags. The uppertlohre-fill remained constant for all treatmertisi
again varied between treatments, possibly indigatiifferences in the DUL between bags or the
influence of the crop on the DUL. As the depletievel increased, the number of irrigation cycles
over 7 weeks was reduced from 342 for the stanidagation treatment to 14, 9 and only 2 cycles
for the BSM, mild and moderate irrigation treatngefitable 4.1.2).

Since the volumetric water content constantly ededethe laboratory determined DUL for the
standard irrigation treatment in both bag sizess guggested that over-irrigation occurred for the
total duration of the production season. Re-fillatifthe depletion level treatments also resulted i
water contents well above the laboratory determibddl. It is therefore possible that these
treatments also may have been over-irrigated aadittwill be important to determine the crop
modified upper level in future studies as suggebieHattingh (1993). It could also be possible that
the estimation of the volumetric water content a&0v700 is not very accurate since sensors were
not calibrated between 0.700 and 0.91® mi® at saturation. The irrigation management may
therefore be improved by calibrating sensors bet@&00 and 0.910 ¥nm™ and by stopping

irrigation at a pre-determined upper level instetdpplying fixed irrigation volumes.
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treatments over the duration of the cucumber priboluseason.
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Table4.1.2 Weekly and total number of irrigation cycles (Q)dawater balance components, viz. irrigation (laiclage (D),
transpiration (T) and drainage percentage (DP)diferent irrigation treatments for greenhouseuwubers grown in large bags.

Standard Between Standard and Mild Mild Moderate
Week C I D T DP C I D T DP C I D T DP C I D T DP
No. L m? %  No. L m? %  No. L m? %  No. Lm %
3 56 40 10 33 24 2 19 0 19 O 1 15 0 9 2 0 0 7 0
4 56 57 10 45 18 2 21 0 25 1 1 16 1 23 9 0 0 3 0
5 56 72 14 52 20 4 48 4 39 8 2 34 3 25 9 1 20 2 3 12
6 56 80 17 62 21 3 43 4 39 9 2 38 3 33 7 0 0 9
7 56 82 22 60 27 2 29 3 28 9 1 19 1 24 6 0 0 8
8 56 76 22 53 29 1 15 1 18 6 1 19 1 25 6 1 21 3 11 15
9 6 8 2 5 23 0 0 0 0 0 1 19 1 5 6 0 0 0 2 0
Total 342 415 97 310 23 14 175 12 168 7 9 160 10 144 7 2 41 5 43 13
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4.1.3.2 Water balance components

Weekly and total values of the water balance coraptmfor the different irrigation treatments are
presented in Table 4.1.1 for the small bags andeTéht.2 for the large bags.

Irrigation of the small and large bags for the dt&d treatment over the entire experiment was
292 L m? and 415 L rf, respectively (Table 4.1.1, 4.1.2). Total irrigatifor the BSM, mild and
moderate irrigation treatments, expressed as &p&ge of that of the standard treatment, was 58,
38, 31% for the small bags and 42, 39, 10% fotdhge bags, respectively.

The mean drainage percentage for the standardtioigtreatment over the entire production
season was 83 L for 28% of the total irrigation for the small bagsd 97 L nf or 23% of the
total irrigation for the large bags. Total drainafge the BSM, mild and moderate irrigation
treatments as a percentage of the standard treBéndeainage was 24, 19, 10% for the small bags
and 12, 10, 5% for the large bags, respectivelyds assumed that the build-up of salts in the
growth medium was not detrimental to the plantgabee the drainage EC remained close to the
irrigation water EC for the duration of the expegimh

Total transpiration of the standard treatment artedito 206 L nf in the small bags and 310 L
m? in the large bags. Transpiration decreased alfimesirly in both bags over the treatmenig,

73, 49 and 37% of the standard transpiration insthall bags and 54, 47 and 14% of the standard
transpiration in the large bags.

4.1.3.3 Yield

Harvesting started in week six for both bag sizas al irrigation treatments, except the moderate
treatment for the large bags which was only haedesince in week nine (Figure 4.1.3, 4.1.4).
Marketable yield peaked in week eight for the staddaind BSM irrigation treatments with yields of
4.5 and 4.1 kg i for the small bags and 4.6 and 5.7 kif for the large bags, respectively.
Marketable yield from the mild irrigation treatmefor the large bags also peaked in week eight
with a yield of 2.5 kg M. Marketable yield for the mild and moderate irtiga treatments in the
small bags peaked only in week nine with yield2@ and 2.2 kg . In large bags marketable
yields for the moderate treatment also peaked dusieek nine with yields of 0.5 kgmThe later
peaking of yield for the mild treatment in the shimlgs and moderate treatments in the large bags
was induced by the greater exposure to water stesgecially in the small bags where the water

reservoir is very small. According to Suojala-Almf@nd Salo (2005), reduced vegetative growth of
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pickling cucumbers due to water stress decreasgsdgirowth and increase competition between
plant organs. The result is continued growth ofjéarfruit under water stress while that of small
fruit are severely inhibited (Ortega & Kretchma®82), although the yield quality is maintained
(Suojala-Ahlfors & Salo, 2005). This is confirmey iKaya et al. (2005) who observed that
continued irrigation deficit causes flowers and Brfraiit to drop while yields are significantly
reduced. Macet al. (2003), Yuanet al. (2006) and Tuze&t al. (2009) also correlated deficit
irrigation with lower fresh yields when comparedatell-watered plants.

A significant interaction for total marketable frujield between irrigation treatments and bag
sizes showed that, in contrast to all other iri@atireatments, the moderate treatment produced
significantly higher yields in small than in largmgs (Table 4.1.3). There was no significant
difference in the mean cumulative marketable fyidld of the standard and BSM irrigation
treatments for both bag sizes (Table 4.1.3). Theutative marketable fruit yield amounted to 11.9
and 10.4 kg i for the small bags and 12.2 and 12.6 kgfor the large bags, for the standard and
BSM irrigation treatment, respectively. This wagrsiicantly higher than the marketable fruit
yields of 5.2 and 4.4 kg frfor the small bags and 7.8 and 0.5 kg for the large bags, for the mild
and moderate treatments, respectively.

Table4.1.3 Marketable and unmarketable fruit yield (kgfrand fruit number per square meter
of greenhouse cucumbers for different irrigatioeatments, namely standard (Std), between
standard and mild (BSM), mild (Mild) and moderao(l), in small and large bags.

Fruit yield (kg n) Fruit number

Std BSM Mild Mod Std BSM Mild Mod
Marketable Yield:
Small bags 119a 104a 5.2b 4.4b 21.6a 20.0a 10.96b
Large bags 12.2a 126a 7.8b 0.5c 20.8a 21.2a 14.02c
Unmarketable Yield:
Small bags 2.1a 1.5a 2.2a l.1a 4.4a 5.2a 8.0a 4.4a
Large bags 1l.4a 0.6a 1.6a 1l.7a 24a 1.6a 4.0a 6.0a

Means for each parameter followed by the samerlateenot significantly different at P=0.05
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Marketable fruit number showed similar significatitfferences between irrigation treatments and
bag sizes as observed for marketable fruit yielab(@ 4.1.3). Mean individual fruit size was not
influenced significantly by irrigation treatmentaept for fruit from the moderate treatment in the
large bags which was significantly smaller comparedll other treatments (Data not shown). This
possibly indicates that the cucumber plant accisedtto water deficit by developing fewer fruit to
full size while abscising progressively more of #maller fruit and flowers as the depletion levels
increased, as also observed by Kaya. (2005).

Unmarketable fruit yield and number was not sigaifitly affected by irrigation treatments or
bag sizes which confirmed the suggestion that tleeimber plant rather aborts flowers and small
fruit when mild to moderate water stress is expaes.

The result possibly indicates that irrigation mayrbduced to values of BSM for both bag sizes,
without significantly influencing yield. It is recamended that further experiments should be
conducted on additional depletion levels betweenstlandard and mild values in order to find the

optimum depletion level for each bag size.

4.1.3.4 Water use efficiency

A significant interaction between the differentigation treatments and bag sizes, similar to
marketable fruit yields, was found for WU&nd WUE (Figure 4.1.5). This interaction also showed
significant differences due to bag size for the aratk irrigation treatment, but not for other
irrigation treatments. The WUYBf 61.6 and 71.9 gt for small and large bags of the BSM
treatment was significantly higher compared to4Bes and 29.4 g tfor the small and large bags
of the standard treatment. The WU the mild treatment for both bag sizes was $lyghbut not
significantly, higher compared to the standardttrest (Figure 4.1.5a). In general the WUW&und

in this study was higher compared to the 48.7'gobserved by Maet al. (2003) when deficit
irrigation was applied, which may be explained hg greatly reduced irrigation frequency and
better fruit quality in the greenhousgimseket al. (2005) also reported improved WU&Nder
deficit irrigation (irrigation started after 50% tfe plant available soil water was used). The high
WUE, of the BSM treatment in the current study is threa result of decreased unproductive water
losses through drainage water, while the yield mastained compared to the standard irrigation

treatment.
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Although only significant for the large bags, théJ®t of 69.4 and 75.6 gt for small and large
bags of the BSM treatment was higher compared @ &d 39.4 g . for the standard irrigation
treatment (Figure 4.1.5b). Irrespective of bag ,sire WUE of the mild treatment were not
significantly different from that of any other tte@ent except the large bags of the moderate
treatment which were significantly less than alesttreatments (Figure 4.1.5b). Although slightly
higher values of WUE was observed in the current study, it supportedieearesults of
Maoet al. (2003) that showed that WWEare improved by deficit irrigation. In contrast tiois
Simgek et al. (2005) observed decreased values of WWHen more severe deficit irrigation
treatments were applied where irrigation is starbede 50% of plant available soil water is
depleted. From a fresh yield perspective, thiscattis and confirms results from the current study

that the severity of water stress influences WUE
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Figure4.1.5 Water use efficiency of cucumber plants in the Israad large bags based on
a) irrigation (WUE: g L'Y) and b) transpiration (WUE g L), for all irrigation treatments, where
Std = Standard; BSM = Between standard and mildd MiMild; and Mod = Moderate irrigation
treatments.

Both WUE and WUE clearly illustrates that the standard irrigatibrategy leads to over-irrigation
and luxurious growth, without an accommodating éase in yield. This is supported by results
observed bySimsek et al. (2005) which suggests that cucumber plants amsitsee to excessive

watering and significant water and yield losses @ecur.
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4.1.4 Conclusion

The in situ calibrated EC-10 and EC-20 capacita®esors managed irrigation successfully to the
pre-determined water depletion levels. For thedsed irrigation treatment, the volumetric water
content constantly remained above the laboratotgroiened DUL for both bag sizes. Refilling of
the bags from the depletion level treatments atgbicated variation in the upper limit between
treatments, although irrigation was determinechasdifference between the laboratory determined
DUL value and depletion level plus 20% for drainaBeth instances may indicate that the DUL is
different for the coir filled bags in the greenheusompared to the laboratory and/or that the
calibration curves of the capacitance sensors reecurate for values exceeding 0.700 mi,
which represents the upper limits to which the sensvere calibrated. It is possible that refilling
caused over-irrigation of individual depletion letreatments. Irrigation management may therefore
be improved by also calibrating sensors betweef0ahd 0.910 thm™ and by switching off
irrigation at a pre-determined upper level instetdpplying fixed irrigation volumes.

The use of depletion levels did reduce the appheghation and drainage without accumulation
of salt in the growth medium, while scheduling he BSM treatment maintained or even improved
marketable fresh fruit yield and number in both lmpes. This lead to improved water use
efficiencies for the BSM treatment compared toadler treatments. It was also obvious that the
standard irrigation method over-irrigates greenkotiscumbers grown in coir. Further experiments
on additional depletion levels between the standad mild values can improve the estimation of

the optimum depletion level for each bag size.
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The lack of knowledge on the management of irragain coir inevitably leads to over-irrigation
and luxurious growth of greenhouse crops. This s a problem when water is scarce or
expensive and when similar yields can be achieviéld less irrigation. The objectives of this study
were to assess the use of capacitance sensorsidation management with regard to bag size and
target depletion levels and to determine the eftdcthese management options on the sensor
performance, water balance components, yield artérwese efficiency. Results from this study
indicated that irrigation can be successfully maagatp pre-determined water depletion levels in
both the 9 L and 20 L bag sizes, through the use situ calibrated capacitance sensors. However,
various bag sizes require different irrigation ngeraent strategies, since the depletion of water
varies between bag sizes. Less irrigation and dga@rnwas achieved by scheduling to specified
depletion levels, which is more cost efficient hesz less water and fertilizer are used, while less
water and fertilizer drains to waste. Yield and evause efficiency results indicated that the
depletion levels used in this study were too lolithaugh the standard irrigation treatment resulted

in luxury water use by the plants and inefficiamigation. However, additional research is required
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to find the optimal depletion level for each bageswhich will result in maximum water use
efficiency. Capacitance sensors also needs to lieratad for volumetric water content values
between the drained upper limit (DUL) and saturates it was observed that the DUL of the bags
varies from that determined in the laboratoryslaiso recommended that producers use more than
one sensor to monitor water content in the greesd@s a precautionary measure to overcome the

impact of a faulty sensor.

Keywords. Capacitance sensors, coir, greenhouse tomatdgation, water depletion, water use

efficiency, yield

4.2.1 Introduction

Irrigation frequency for tomato crops varies betwebmatic regions, different soil types or growth
mediums and different production environments @pgen fields versus protective structures.
Various authors have indicated boundaries for s@iter content in which irrigation is optimal
(Fares & Alva, 2000; Fares & Polyakov, 2006). Tlisequired because water stress can cause
large decreases in yield and percentage marketahble (Sammis & Wu, 1986), although a 50%
allowable depletion of plant available water (PAWM)ough partial root drying, may have no effect
on fruit quality with the exception of fruit siz&¢pcuet al., 2007).

Scheduling within soil water content boundaries banachieved through the use of soil water
sensors. According to Zotaredi al. (2009) the use of time domain reflectometry (TI3R) water
sensors to schedule irrigation, increased marketaato yield by 10-26% compared to a
time-based irrigation treatment, while also resgltin 15-51% reduction in applied irrigation.
Therefore, the appropriate use of sensor basaghiion systems can allow producers to sustain
profitable yield while reducing applied irrigatiqZotarelli et al., 2009). Thompsomrt al. (2007)
cited some values of soil matric potentials fosfrenarket tomatasiz. -10 kPa in a fine sandy soil,
-20 kPa in a clay loam soil, -30 kPa for loamy $0i60 to -150 kPa for clay soils and -39 to -5@ kP
for an artificial layered soil consisting of a 26 ¢ayer of sandy loam covered by a 10 cm layer of
coarse river sand. The recommended FAO threshalek far available depletion is 60% of PAW
for tomato under medium evaporative demand. Clinadfects soil matric potential threshold
values, with higher values recommended for highaperative conditions (Thompsehal., 2007).
General problems with regard to scheduling irrigatin the soil to a recommended fixed threshold
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value of plant available water content with soit@rasensors include issues related to rooting depth
measurement of field capacity and wilting pointhsa calibration and sensor accuracy across the
relevant range of water contents (Thompeioal., 2007).

Efficient water use is a key characteristic of aumstble plant production in water-limited
environments (Bhattarai & Midmore, 2007). Accorditgg Bennieet al. (1988), crop water use
efficiency (WUE:r, g L) refers to the total amount of marketable produeevolume of water lost
through evapotranspiration. Irrigation efficiendWW(E,) reflects on the marketable produce per
volume water applied through the irrigation systamd the water added is subject to unproductive
water losses, e.g. evaporation, runoff and drainage

Tomato plants maintained at field capacity recemaes uses more water than those grown under
water deficit conditions (Kirdeet al., 2004; Bhattarai & Midmore, 2007). However, a evat
application greater than the maximum evapotranspirachieved by the crop, eventually results in
increased drainage and decreased water use effjc{8ammis & Wu, 1986). This is supported by
results of Kirdaet al. (2004) and Topcet al. (2007) for greenhouse tomato production in goil i
Turkey, where partial root drying at 50% of thel faligation indicated higher WUg and WUE
compared to the full irrigation treatment. Kirgaal. (2004) reported WUg& values of 29.6 and
45.9 g L for full irrigation compared to 35.1 and 64.5 { for the partial root drying treatment, for
spring and fall-planted tomatoes, respectively. TMEE, was 32.2 and 45.1 g“Lfor the full
irrigation treatment compared to 50.3 and 73.5'ddr the partial root drying treatment, for spring
and fall-planted tomatoes, respectively. For angpgplanted tomato crop, Topa al. (2007)
observed WUE; of 44.1 and 57.3 gt for the full irrigation and partial root dryingespectively,
while WUE, was 46.4 and 70.8 g'iLfor the full irrigation and partial root dryingespectively.
Kirda et al. (2004) found no significant differences in yiéletween the full irrigation treatment and
partial root drying with 50% less irrigation watatthough the yield was slightly higher for thelful
irrigation treatment. In contrast, Topeual. (2007) observed a significant increase in yieldthe
full irrigation treatment. The higher WUE observieg Topcuet al. (2007) for the spring planted
tomato crop were ascribed to higher water streperéanced by the plants which caused a decrease
in marketable yield (Sammis & Wu, 1986), although measurements of the plant water status
were taken. The objectives of this study were ip$sess the irrigation management options with

regard to bag size and target depletion levelsaoin, @nd ii) to determine the effect of these
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management options on the water balance compongegits and water use efficiency of greenhouse

tomatoes.
4.2.2 Material and Methods

4.2.2.1 Location and cropping details

The experiment was conducted on fresh market torfiatcopersicon esculentum Mill.) of the
cultivar Espadilha in a 48 Tiemperature-controlled glasshouse at the Uniyedsithe Free State
in the Free State province of South Africa (26°D1'E, 29°06'33” S, 1409 m altitude). Tomato
seed were sown on 12 August 2008 and transplarttexd raean density of 2 plants’ron 20
September 2008. Seedlings were transplanted tardL20 L bags filled with coir. Drainage holes
were punched into the bottom of all bags to preveatbuild-up of a reservoir in the bag. All coir
used in the experiment (30 x 5 kg blocks) was meee before the bags were filled to minimise
variation in bulk density between bags. The medwas flushed within the bags using municipal
water of electrical conductivity (EC) 0.2 mS ¢mntil the EC of the drain water was equal to tfat
the input water. Plants were fertigated throughrip grigation system with a balanced nutrient
solution of EC 1.8 mS cth(Maree, 1993), which was prepared from feeding ioipal water. The
tomato plants were topped when they reached thedmal trellising wire approximately 2 m
above the bag surface and the experiment was entyitated once all the fruit on all the plants

were harvested.

4.2.2.2 Treatments and experimental design

The efficiency of scheduling irrigation to pre-detéened water depletion levels were evaluated in
two bag sizes. Planted bags were organised in sighle rows which were divided into two blocks,
resulting in four single rows of 12 plants per lszpviz. 9 L and 20 L. The outer rows and plants
on the ends of rows were excluded from the experiaiglot. The tomato plants were irrigated
according to the standard irrigation method use8idath African greenhouses, which consists of a
fixed irrigation frequency of eight irrigation eusrnover the daylight period for three weeks before
the irrigation treatments were applied randomlgath bag size block. The irrigation management
treatments which started on 9 October 2008 includecbntrol irrigation treatment namely the
standard irrigation method and three irrigatioratingents scheduled to start irrigation at different

water depletion levels. The water depletion lewedsd to schedule irrigation was identified in a

102



previous study by Van der Westhuizetral. (2009, Chapter 3.2). They consisted of depletma
level identified between the water contents recorfite the standard irrigation method and mild
water stress (BSM), mild water stress (Mild) angese water stress (Sev). The depletion levels
were at 0.633 thm for BSM, 0.533 M m™ for Mild and 0.452 mim™ for Sev in the small bags,
and 0.633 mm™ for BSM, 0.568 m m™ for Mild and 0.320 mm? for Sev in the large bags.
Applied irrigation volumes were increased throughthe production period to maintain a drainage
percentage between 20 and 30% for the standagation treatment, while water was re-filled to
the laboratory determined drained upper limit d0J. n? m™ plus 20% for the depletion level
treatments to ensure drainage and prevent builof gplts. The drainage water EC never increased
by more than 50% of the applied nutrient soluti@h fiar the depletion level treatments, thus within
limits as recommended by Combrink (2005). Differengation treatments were applied for the
duration of the experiment until all fruit from adlants were harvested; whereafter the experiment

was terminated on 12 January 2009.

4.2.2.3 Measurements

Echo 10 and Echo 20 capacitance sensors (DecaganeBgelnc.) were installed vertically in the

9 L and 20 L bags, respectively. A 7 cm distandgvben the sensor, emitter and plant was constant
for all treatments and replications as recommenoedrhompsonet al. (2006). A data logger
(model CR1000, Campbell Scientific Africa) recordsadil water content measurements of the
sensors in mV, hourly. The millivolt readings we@nverted to volumetric water content values
(m® m®) using in situ calibrations as described by Van Westhuizen & Van Rensburg (2009,
Chapter 2.1). The exposed surface area of the mmedias covered with cardboard to prevent
evaporation losses. Transpiration (T) was deterchifieom the water balance equation:
T=1-D-A®; where | =irrigation (), D = drainage (f) and A9 is the change in coir water
content (M) as measured through the mentioned calibratedoseris this study. Irrigation and
drainage amounts of two random plants per irrigatreatment and bag size, was measured once a
day. Fruit was harvested twice a week and marketgield with regard to fruit number and fruit
yield was recorded per truss per single plant fbirggation treatments. Transpiration water use
efficiency (WUE) and irrigation efficiency (WUR was calculated per square meter as gram fresh

marketable yield per litre water used.
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4.2.2.4 Statistical analyses

Factorial analysis of variance (ANOVA) was perfodnan the total fruit number, total fruit fresh
yield, total WUE and total WUEwith bag size and irrigation treatments as factBrsalues were

used to compare means at a 5% probability levéhguSTATISTICA version 8.0 (StatSoft Inc.,
2004).

4.2.3 Results and discussion

42.3.1 Sensor performance in controlling irrigation to pre-determined depletion

levels

The variation in volumetric water content in coiveo time induced by the main irrigation
treatments, namely a) the standard irrigation tneat that consists of 8 irrigation cycles per day,
b) a pre-determined level allowing depletion toompbetween the standard irrigation treatment and
mild water stress (BSM), c) a pre-determined lealklwing depletion to mild water stress (Mild),
and d) a pre-determined level allowing depletiorséwere water stress (Sev) before irrigation is
started, are presented in Figure 4.2.1 and Figut@ 4or the small and large bags, respectively.
Water depletion varied between the two bag sizadicating that the bag size preferred by the
producer will determine how the medium water depleshould be managed. Therefore the results
for the individual bag sizes will be discussed safmdy.

The water content of the coir in the small bagsaieed constant within a narrow band of 0.720
and 0.835 rim’® for the standard irrigation treatment, excepthia third week when it dropped to
0.487 i m* as a result of power failure which prevented itiiga (Figure 4.2.1a). The water
content of the standard irrigation treatment remaiwell above the laboratory determined drained
upper limit, namely 0.607 frm™, for the duration of the production season.

The water depletion to the pre-determined watertesdnlevels for the small bags was very
accurate for the BSM and severe irrigation treatsyan which irrigation was mostly started at the
allowable depletion levels of 0.633 and 0.418 m*, respectively (Figure 4.2.1b, d). Any
diversions from these lower boundaries were modtlg to power failure or the stock nutrient
solution that was depleted. The water content dieplavas less accurate for the mild irrigation
treatment, due to a faulty sensor, and therefota ftam another replicated sensor for the same
treatment was used (Figure 4.2.1c). There wasaa diecrease in the number of irrigation cycles as

the allowable depletion levels increased, as cavbiserved in Figure 4.2.1.
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Figure4.2.1 Volumetric water contenty;) of coir in the 9 L bags for the standard
(a), between standard and mild (b), mild (c) andese (d) irrigation treatments
over the duration of the tomato production season.
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The number of cycles per week was fixed at 56 i@ standard irrigation treatment, but varied
between weeks for all other treatments. The weeathation is due to the change in water demand
through the crop growth stages and climate. Thadstal irrigation method resulted in a total of 772
irrigation cycles over the tomato production seageeeks 3-16), while the BSM, mild and severe
irrigation treatments resulted in only 44, 33 ardirtigation events within the same period (Table
4.2.1). The water content of the coir in the |abggs irrigated with the standard irrigation treatine
increased gradually from 0.617 to 0.864 mi° over the first 12 weeks of the production season,
which was also well above the laboratory determidedned upper limit (Figure 4.2.2). The last 4
weeks of the trial was characterised by a rapidemse in water content above 1.000mT, which
shows that the sensor had either become faultiairthe calibration curve used in converting mV
into volumetric water content was out of range, @eceeding 0.700 frm™. However, the mean
water contents between day 49 and 84 was use@ apger boundary for the last four weeks of the
experiment. Scheduling according to depletion ewelthe large bags resulted in accurate depletion
of water to the pre-determined levels of BSM, nalt severe irrigation treatments at 0.633, 0.506
and 0.320 mm>, respectively (Figure 4.2.2b-d). Deviation frone thepletion level boundaries only
occurred at the BSM treatment and this was thdtreSpower failure within the third week of the
production cycle (Figure 4.2.2b). The reduced arhooh irrigation cycles as observed in
Figure 4.2.2b-d are directly proportional to thegex amount of water available in the large bags fo
the crop as the depletion level increases. The eumbirrigation cycles for the standard irrigation
treatment was fixed at 56 irrigation events perkyéeait decreased considerably for the BSM, mild
and severe irrigation treatments (Table 4.2.2).tRerBSM treatment irrigations amounted to 2-3
times per week during the vegetative and earlyodyctive stages of the tomato crop, while it
decreased toward late reproductive season. The ewaibrrigation cycles for the mild irrigation
treatment peaked during the vegetative stage, whédee was no trend for the severe irrigation
treatment. In total the standard irrigation treattmeesulted in 772 irrigation cycles during the
production season, while the BSM, mild and severgation treatments only irrigated 29, 15 and 5
times, respectively, during the production seadable 4.2.2).

In both bag sizes, the volumetric water contenthef coir regularly exceeded the laboratory
determined DUL, and therefore sensors may not berated sensitively enough to predict water
content between DUL and saturation. This will beeamportant for follow up experiments with

depletion levels higher than that of BSM and themefsensors will also need to be calibrated
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Table4.21 Weekly and total number of irrigation cycles (Q)dawater balance componentsz. irrigation (I), drainage (D),
transpiration (T) and drainage percentage (DP)difberent irrigation treatments for greenhouse abmes grown in small bags.

Standard Between Standard and Mild Mild Severe
Week C I D T DP C I D T DP C I D T DP C I D T DP
No. L m? % No L m? % No L m? %  No. L m? %
3 56 19 6 12 31 3 14 1 14 3 18 2 15 11 1 8 0 10
4 56 18 12 6 64 5 23 1 18 3 4 18 2 17 9 2 16 0 17
5 56 26 4 22 15 3 14 0 21 3 18 1 21 5 2 16 0 12
6 56 41 6 35 14 5 31. 0 31 1 5 36 2 29 5 1 9 0O 14 O
7 56 46 11 34 25 3 22 2 14 11 3 24 1 23 6 2 19 2 14 10
8 56 52 8 44 15 4 30 2 27 7 3 26 1 28 4 1 10 1 12
9 56 63 23 40 36 3 26 3 23 12 3 29 3 24 12 1 11 2 10
10 56 69 23 46 34 2 17 3 18 15 2 20 3 19 13 1 11 2 9 19
11 56 69 19 50 28 3 26 4 24 16 3 30 3 22 10 1 11 2 9 0
12 56 69 21 48 30 4 35 4 25 12 1 10 1 15 6 1 11 2 9 20
13 56 73 22 50 31 3 27 3 25 11 2 21 2 15 12 1 12 3 8 0
14 56 73 30 43 41 3 28 3 25 11 1 11 1 6 0 0 0 0 3 0
15 56 73 35 38 48 2 19 2 20 10 0 0 0 0 0 1 12 3 9 0
16 44 57 23 35 40 1 9 1 12 9 0 0 0 0 0 1 12 2 5 0
Total 772 748 243 503 32 44 321 29 297 9 33 261 22 234 8 16 158 19 141 12
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Figure4.2.2 Volumetric water content6() of coir in the 20 L bags for the
standard (a), between standard and mild (b), nojdagd severe (d) irrigation
treatments over the duration of the tomato prodacteason.
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Table4.22 Weekly and total number of irrigation cycles (Q)dawater balance components, viz. irrigation (laiclage (D),
transpiration (T) and drainage percentage (DP)diferent irrigation treatments for greenhouse @ames grown in large bags.

Standard Between Standard and Mild Mild Severe
Week C I D T DP C I D T DP C I D T DP C I D T DP
No. L m? %  No. L m? %  No. Lm %  No. Lm %
3 56 22 1 19 6 1 13 0 15 1 1 17 3 14 16 0 0 9 0
4 56 31 2 28 8 3 38 0 3 O 1 17 0 22 O 0 0 3 0
5 56 43 14 27 33 2 25 3 22 12 2 35 4 27 12 1 23 6 9 26
6 56 46 8 36 18 3 39 2 37 2 36 2 33 6 0 0 0 6 0
7 56 53 18 34 34 2 27 1 25 1 18 1 25 7 1 24 4 11 16
8 56 59 11 48 18 3 41 4 38 2 36 2 30 5 0 0 0
9 56 70 18 52 26 2 31 4 30 15 1 19 1 21 8 0 0 4 0
10 56 84 37 49 44 2 31T 2 29 7 1 19 2 18 9 1 23 2 13 8
11 56 84 29 54 34 3 46 3 39 7 1 19 1 18 4 0 0 0 6 0
12 56 84 18 64 21 3 46 3 47 7 1 19 2 16 11 1 23 0 17 O
13 56 87 24 61 28 2 333 2 26 7 1 19 3 12 14 0 0 0 8 0
14 56 88 27 56 31 1 17 1 20 8 0 0 0 6 0 1 23 2 15 O
15 56 88 30 55 34 1 17 1 17 5 1 19 2 9 12 0 0 0 6 0
16 44 69 27 40 39 1 17 1 12 7 0 0 0 2 0 0 0 0 2 0
Total 772 908 264 623 29 29 421 27 392 7 15 273 23 253 8 5 116 14 117 11
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between the laboratory determined DUL and saturafible constant high volumetric water content

of the standard irrigation treatment throughout pneduction season in the small and large bags
possibly indicates over-irrigation of the growth dnen through the use of the standard method of
irrigation scheduling for sawdust and shavingsont8 Africa.

4.2.3.2 Water balance components

The effect of scheduling irrigation to different t@ma depletion levels on the water balance
components compared to the local standard methograsented in Tables 4.2.1 and 4.2.2 for the
small and large bags, respectively.

Total applied irrigation water for the standardgation treatment was 746 and 908 [ fior the
small and large bags, respectively (Table 4.22.2J. The application of allowable depletion levels
reduced the total applied irrigation water in thea#i bags to 43, 35 and 21% and in the large bags
to 46, 30 and 13% of that of the standard treatnfentthe BSM, mild and severe irrigation
treatments, respectively.

The average drainage percentage over the entigu@iion season for the standard irrigation
treatment was 32% for the small bags and 29% fotaige bags. The total drainage, expressed as a
percentage of that of the standard treatment,e0BBM, mild and severe irrigation treatments were
only 3.8, 2.9 and 3.0% for the small bags and 3.8,and 1.4% for the large bags, respectively.
Increased drainage volumes per irrigation eventewike result of increased irrigation volumes,
although the drainage percentages for the presdeted levels remained low for both bag sizes
(Table 4.2.1, 4.2.2).

For both bag sizes, depletion to the highest digpldevel, namely BSM, resulted in irrigation
guantities of less than 50% compared to the standagation treatment, while some drainage was
maintained and the drainage EC never exceeded 8milData not shown). The fluctuation in
drainage percentages for the depletion level treatsindicated that there existed some variation in
refilling. This possibly shows that the DUL in thags are different from that determined in the
laboratory, although the reason for this is underta

Total transpiration of the BSM irrigation treatmevas 59 and 63% of the standard treatment for
the small and large bags, respectively. The highl transpiration of the standard irrigation
treatment may indicate luxury water use that may lb@ required for optimal yields. This

assumption will be re-evaluated later in this papleen yields are also considered.

110



4.2.3.3 Yield

The start and peak of the harvesting period diffdsetween irrigation treatments and bag sizes.
Harvesting of fruit from plants in the small bagdyostarted at week 10 for all irrigation treatrmeent
(Figure 4.2.3).
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Figure 4.2.3 Marketable yield (kg f) of tomato plants in the 9 L bags for the
standard (a), between standard and mild (b), nujdafd severe (d) irrigation
treatments during the harvesting period.
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Marketable yield of the standard irrigation treamtneeaked at week 14 with 3.0 kg’roompared to
week 12 for the BSM and mild irrigation treatmewith only 1.4 and 0.9 kg ) respectively.

Results presented in Figure 4.2.4 show that theelséing of fruit from plants in the large bags
started in week 9 for the BSM and mild irrigatiaedtments and in week 10 for the standard
irrigation treatment. Marketable yield of the stardland BSM irrigation treatments peaked at week
14 with 3.0 and 2.6 kg 1 respectively, while yield of the plants from tméd irrigation treatment
peaked in week 12. There was no peak for the sewegation treatment. The earlier ripening and
peaking of fruit from plants from the drier mildrigation treatments for both bag sizes, was
attributed to faster development and ripening aft funder water stressed conditions as explained
by Wolf and Rudich (1988).

There was a significant interaction for total maakde yield between irrigation treatments and
bag sizes (Table 4.2.3). Mean cumulative marketgield of the standard irrigation treatment in the
small bags was 10.2 kg mwhich was significantly higher than the respestinean total yields of
4.5, 2.2 and 0.1 kg fachieved by plants from the BSM, mild and sevatigation treatments. The
mean cumulative marketable yield of the standardation treatment in the large bags was 10.4 kg
m?, which was not significantly higher than the méatal cumulative yield of 8.5 kg fhachieved
by plants from the BSM irrigation treatment, buglner than that of the Mild and Sev treatments.
Mean cumulative marketable yields for the standamndd and severe irrigation treatments were
similar in small compared to large bags, but BSMIded significantly less in the small bags
compared to the large bags (Table 4.2.3). This gblbybreflects on difficulty experienced in the
selection of a depletion level between the mild atahdard irrigation treatments between the bag
sizes. The BSM depletion level was not identifiedaiprevious trial like the other treatments. The
problem should be resolved by adding depletionléebetween the standard and mild irrigation
treatments to identify points that are similar imygiological response between the different bag
sizes. This was restricted in the current studytdueo many depletion levels in the dry end ardd to
few loggers and sensors.

Unmarketable yield was lowest for the standard B8§ irrigation treatments for both bag sizes,
but increased as the depletion levels increased.fi@sh yield of the unmarketable fruit did not
vary significantly between the standard and BSMttreents for the respective bag sizes or between

the small and large bags with regard to the stahitagation treatment. However, the BSM, mild
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and severe treatments of the small bags yieldetfisigntly more unmarketable fruit compared to
the large bags (Table 4.2.3).

Yidd (kg m) Yidd (kgm) Yidd (kg m?)

Yidd (kg mi)

Figure4.2.4 Marketable yield (kg i) of tomato plants in the 20 L bags for the
standard (a), between standard and mild (b), nojdagid severe (d) irrigation
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Table4.23 Marketable and unmarketable fruit yield (k¢frand fruit number per square meter
of greenhouse tomatoes for different irrigatioratneents, namely standard (Std), between standard
and mild (BSM), mild (Mild) and severe (Sev), inaihand large bags.

Fruit yield (kg nt) Fruit number

Std BSM Mild Sev Std BSM Mild Sev
Marketable Yield:
Small bags 10.2a 5.1bd 2.2cde 0.1ce 56a 4lac  20bébd
Large bags 10.4a 8.5a 3.6d 0.1e 53a 54a 30c 2d
Unmarketable Yield:
Small bags 0.9ac 1l.5ad 3.5b 1.7ae da 13a 40bc 46bc
Large bags 0.8cde 0.3c  1.2cde 0.4cd 3a 2a 17ac 32c

Means for each parameter followed by the samerlateenot significantly different at P=0.05

Marketable fruit number did not vary significanthetween the standard and BSM irrigation
treatment for both bag sizes (Table 4.2.3). Thisceted that the difference in yield between these
treatments was due to differences in individualtfyield, as also observed by Nuruddah al.
(2003), Kirdaet al. (2004), Gallardcet al. (2006) and Bhattarai & Midmore (2007), where ffrui
were smaller for the BSM treatment compared to stendard treatment for both bag sizes.
Unmarketable fruit number was similar for the stmadand BSM treatments for both bag sizes, but
increased significantly for the mild treatment loé tsmall bags and the severe treatment of both bag
sizes. The incidence of blossom-end rot (BER) wghdr under increasing water depletion levels
and was the result of low €astatus in the plant due to water stress or osnstiss (Ho, 1999). It
can, however, be prevented by sprays of*Ga fruit at critical stages of fruit development
(Ho, 1999).

4.2.3.4 Water use efficiency

For WUER and WUE, a significant interaction occurred between défdrirrigation treatments and
bag sizes (Figure 4.2.5a, b). Significant diffeenin WUE and WUE between the severe and
mild irrigation treatments can probably be expldify reduced marketable yields as the depletion
levels were increased and the plants were subjd¢otedore water stress (Sammis & Wu, 1986).
According to literature, a reduction in yield caa &ttributed to the failure of pollination and frui
setting (Hsiao, 1982; Wolf & Rudich, 1988; Kirdhaal., 2004), reduced translocation of assimilates
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to the fruit due to decreases in phloem and xyleap #uxes, fruit respiration and leaf
photosynthesis, while sap backflow through xylerd &nit shrinkage can also occur (Aradial.,
2000). The reduced yield, WYBEnd WUE under water stressed conditions is therefore mainl
attributed to the number of fruit and individualifryield (Nuruddinet al., 2003; Kirdaet al., 2004;
Gallardoet al., 2006; Bhattarai & Midmore, 2007).

30r 30 r
¥ Small bags ¥ Small bags
T Large bags T Large bags
25 25
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Std BSM Mild Sev Std BSM Mild Sev

Irrigation treatments Irrigation treatments

Figure4.25 Water use efficiency of tomato plants in the smefld large bags based on
a) irrigation (WUE: g L'Y) and b) transpiration (WUE g L), for all irrigation treatments, where
Std = Standard; BSM = Between standard and mildd Mi Mild; and Sev = Severe irrigation
treatments.

The yield advantage for both bag sizes decreasedhasirrigation volumes or cumulative
transpiration rates of the standard irrigation tireant that determine WYEnd WUE, increased.
The decline in yield advantage was, however, sldaethe small bags compared to the large bags.
From these results the conclusion can be drawnai@inal yield can probably be achieved with
less frequent irrigation.

For both bag sizes, the WY&f 15.9 (small) and 20.2 (large) g'lfor the BSM treatment was
higher compared to 13.7 and 11.4 g for the small and large bags of the standard atidm
treatment, respectively. It was, however, only Bigantly higher for the large bags (Figure 4.2.5a)
The increased values of Wyter the BSM treatment compared to the standargaition treatment
can be ascribed to less water losses due to daiaag thus improved irrigation management. The
WUE, was low compared to values observed by Kedal. (2004) and Topcet al. (2007), which

was 32.2 and 46.4 g'ifor a full irrigation treatment consisting of totoglants maintained at field
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capacity and 50.3 and 70.8 § kt a partial root drying strategy where irrigatisrmanaged to 50%
of the full irrigation treatment. The higher accuation of dry matter observed by Kirda al.
(2004) and Topceet al. (2007) may possibly be attributed to lower meamgeratures throughout
the production season in Turkey, which ranged betwis and 25°C, compared to local conditions
of 16°C minimum night time to 35°C maximum daytitamperatures within the glasshouse.

As with WUE, the WUE was not significantly different between the staddand BSM
treatments for both bag sizes. The highest WOE20 g L for the standard irrigation treatment
was obtained in the small bags and did not sicgnifily differ from that of the BSM treatment (17 g
LY and may suggest that the turning point (maximutdB/without significant yield losses) will
be somewhere between the BSM and standard irrigat@atment. For the large bags the WWE
22 g L' for the BSM treatment was higher but not signifitydifferent from the WUE of 17 g L*
for the standard irrigation treatment (Figure 402.5The higher WUE for the BSM irrigation
treatment possibly indicates luxury water use aadspiration of plants subjected to the standard
irrigation treatment. Kirdat al. (2004) and Topcet al. (2007) observed WU values of 29.6 and
44.1 g L'* for tomato plants grown at field capacity (fulligation) and 35.1 and 57.3 g'lwhen
subjected to a partial root drying strategy wherigation is managed to 50% of the full irrigation
treatment. Bhattarai and Midmore (2007) also olesrincreased water use for tomato plants
maintained at field capacity compared to defigigation. Again, results of the current study were
very low, and would have been even lower comparedesults of Kirdaet al. (2004) and
Topcuet al. (2007) if these authors separated evaporatiom fa@nspiration. Since the vapour
pressure deficit was not considered in any of thava results, climate may be the cause for these
differences between studies. Lower values obseimedhe current study may also indicate
disequilibrium between CQOand water uptake, because an increased water eumtaks not
necessarily result in increased carbon assimilaiwh therefore improved production. This should
however be further investigated since the root nsass$ total biomass was not included for the
determination of the WUE Another limitation to WUE may be the availability of oxygen in the
root zone, since the water content levels for taedard irrigation treatment was constantly above
the laboratory determined drained upper limit anousd have displaced part of the air space of the
coir. The critical value of the oxygen deficienate is relatively high for tomato (2 mi's?)
compared to other crops, e.g. 13 angg8n* s’ for sugar beet and wheat, respectively {&i &

Stepniewski, 1985). However, the oxygen levels weré measured in this study, and it is only
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speculated that this could be a factor, becausaMbi&; of tomato plants is reduced in poorly
aerated soils (Bhattarat al., 2006). Optimal yield may therefore be achieveéd anuch lower
transpiration rate. These results for transpiraéiod irrigation indicate that there probably exssts
point between the BSM and standard irrigation tnesit where the water use efficiency will be at
maximum. However, the lack of additional depletiemels above the BSM irrigation treatment

prevented the exact determination of this pointhersmall and large bags, respectively.

4.2.4 Conclusion

Irrigation was successfully managed to pre-deteedhiwater depletion levels through the use of
in situ calibrated EC-10 and EC-20 capacitance @sngrom the differences in depletion levels
between the bag sizes, it is evident that varicag $izes require different irrigation management
strategies. Irrigation and drainage was succegsfetiuced by scheduling to specified depletion
levels. Irrigation of the BSM treatment was only d48d 46% of that of the standard irrigation
treatment for the small and large bags, respegtiiaainage was even lower at only 3.8 and 3.3%
of that of the standard irrigation treatment foe $mall and large bags, respectively, without the
reduced drainage amounts increasing the EC. THigti®n is advantageous because less water and
fertilizer are used, while less water and fertilideains to waste. The result is that productiost€o
can be saved on fertilizer as well as water, wischspecially beneficial to greenhouse producers
who usually use expensive municipal water or wheeh@a bridge periods of sub-surface/borehole
water shortage with the use of expensive munioiter. Yield and water use efficiency results
indicated that the depletion levels used in thislgtwas too low, although the standard irrigation
treatment resulted in luxury water use by the glamtd inefficient irrigation compared to the BSM
irrigation treatment. It may therefore be concludkdt the standard irrigation method results in
over-irrigation of tomatoes grown in coir, but ttzatditional research is needed to find the optimal
depletion level for each bag size between the B®M standard irrigation treatment which will
result in maximum water use efficiency. For thisitl be necessary to calibrate the capacitance
sensors for volumetric water content values betw2iéh and saturation, as it was observed that the
DUL of the bags varied from that determined in thboratory. It is also recommended that
producers use more than one sensor to monitor watgent in the greenhouse as a precautionary

measure to overcome the impact of a faulty senstonitoring of oxygen levels within the coir in
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future trials will also aid to explain differencestranspiration or crop water use efficiency begwe

different depletion levels.
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A crop’s response to water stress varies greathen@ing on its ability to acclimatise to water

deficit conditions. The objectives of this studyrevdirstly to determine if the water stress creri

developed for greenhouse cucumber and tomato plaviieh was based on the relationship

between the transpiration ratio and available depiefor conditions of luxury water supply, are

sound for application in cyclic water deficits aselcondly, to determine the relationship between

available depletion and yield and evaluate the afsgoil water sensors for irrigation scheduling.

The relationship between transpiration data andaibta water depletion indicated that greenhouse

cucumber and tomato plants subjected to luxury mwatpply experienced water stress earlier

compared to plants subjected to cyclic water de&ionditions, irrespective of bag size. This was

due to reduced transpiration by acclimatised greesé cucumber and tomato plants. The

occurrence of mild crop water stress, based orspigation, was variable for both crops in the small

and large bags. The high irrigation frequency forab bags scheduled to pre-determined water
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depletion levels indicated that small bags are ndependent on the irrigation system than on water
stored in the coir, while large bags rely more be toir and less on the system. From the yield
results, irrigation scheduling according to wat@pldtion levels is not yet recommended for
greenhouse tomato and cucumber plants grown inl $rag$, since the depletion levels used was
too low (below 60%) and did not improve or maintgield. However, the improved or maintained
yields of the greenhouse cucumber and tomato piarnke large bags justified irrigation scheduling
according to available water depletion levels tiglouhe use of soil water sensors. The lower
depletion level for the large bags beyond whichdyis reduced was estimated at 85% for tomatoes

and 70% for cucumbers.

Keywords. Greenhouse cucumbers, Greenhouse tomatoes, ibngatheduling, Transpiration,
Yield, Water depletion levels

51 Introduction

Coir is a relative new growth medium used in gresises with different water retention
characteristics compared to other growth mediunesl amd therefore requires a different irrigation
management strategy. There is however not manyighalal guidelines for irrigation scheduling in
this growth medium and greenhouse producers moslyyon scheduling methods developed for
other growth mediums. Van der Westhuize@l. (2009a-b, Chapter 4) observed over-irrigation of
greenhouse cucumber and tomato crops grown in wbich resulted in low crop water use
efficiency compared to improved water use efficienehen irrigation was scheduled to water
depletion levels and crops experienced cyclic waédicits. According to Turner and Begg (1981),
a plant’s response to water deficit is modifieditsyability to acclimatise to water shortage, while
mechanisms of acclimation to water stress includanges in phenological development and
physiology.

The effect of water deficit stress on plant pheggldepends on the duration and intensity of the
stress, as well as the timing relative to the dgwelent cycle of the plant (Desclaux & Roumet,
1996). Early water stress impairs early vegetatiegelopment and therefore has a continuous
negative effect on growth and yield in corn (JamaD&man, 1993), while crop water stress in
soybean lead to shortened reproductive phasesemsdtime between crop phases (Desclaux &
Roumet, 1996). According to Wolf and Rudich (198B§ level of soil water content influences the
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final dry mass of tomato fruit by influencing thength of the fruit development period and/or the
rate of growth. Fruit developing early in the protlon cycle has a higher rate of dry mass
accumulation compared to later developing fruite do a shortened growth period caused by
reduced translocation of assimilates to the frunt anore rapid ripening under water deficit
conditions (Wolf & Rudich, 1988). The result is veed total and marketable fresh fruit yield under
water stressed conditions, which can be mainlybaiied to lower snumber of fruit and individual
fruit yield (Nuruddinet al., 2003; Kirdaet al., 2004; Gallardeet al., 2006; Bhattarai & Midmore,
2007). The limitation of crop growth and yield dretacclimatisation of indeterminate greenhouse
tomatoes and cucumbers to water deficit will themefdepend on the timing and severity of the
stress imposed as suggested by Jama and Ottmed) @dre®Desclaux and Roumet (1996).

According to Hsiaoet al. (1976), a plant’'s ability to make physiologicalj@stment to water
stress depends on the rate of water stress devefdgpmith more rapid development impairing this
ability, while more gradual stress facilitatesTiherefore, physiological conditioning to water ste
does not necessarily result in improved plant perémce or yield (Jama & Ottman, 1993).

Water deficits are usually associated with a radaan turgor and thereby in a reduction of the
physiological processes in which turgor is involvedy. stomatal behaviour (Hsiabal., 1976).
According to Kramer (1983), plants can respond tatew deficit by delaying dehydration by
maintaining relative high plant water potential, by tolerating dehydration by continued
functioning at lower plant water potentials. Theimi@nance of high plant water potential requires
reduced transpiration by reducing stomatal conditgtiwhile the reduction of plant water potential
requires active osmotic adjustment to maintainitling and support transpiration (Kramer, 1983).
The maintenance of turgor potential when leaf watential declines, which reduce the critical
leaf water potential, is confirmed by Zhang and baald (1993), while lannucot al. (2000)
observed that berseem clover acclimatised to waédicit through the maintenance of tissue
hydration.

According to Turner and Begg (1981), all plantst thetively transpire experience some degree
of short term water deficit regardless of how whbky are supplied with water. The available soil
water potential sets the upper limit of recovergttis possible by the plant when it is not actively
transpiring (Turner & Begg, 1981). For a longeriparof water deficit, evaporative demand will
start to progressively exceed water uptake fronrdloé medium, regardless of several opportunities

for the plant to recover. Plants subjected to comus water stress reduce their transpiration rate
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relative to well-watered plants (Blum & Arkin, 1984Risemanet al. (2001) exposed potted
miniature roses to cyclic water deficits during theduction season. They observed that the
greatest physiological responses occurred followirggfirst exposure to water deficit compared to
well-watered plants, but that this had a condingneffect on the plants which improved their
response to subsequent water deficits. In contBisim and Arkin (1984) observed that the
transpiration rate of sorghum is unaffected by s@ter unless it is reduced to 20% of available
water or less. Below 20% available water, the fpaaton of sorghum leaves were reduced
probably due to a reduction in leaf area, althotrgimspiration was not ceased completely and
stomatal closure was not complete (Blum & Arkin,84R Because water deficit affects crop
evapotranspiration (ET) and yield, it can be queettiby the rate of actual ET (EYto maximum

ET (ETv) (Doorenboset al., 1980). Fully irrigated crops will have a EETy of one, while the
ratio will drop below one under water deficit coimains. Payer@t al. (2006) observed that the ratio
of transpiration of un-watered plants to that oflwetered plants, namelyq4IT,, is a very stable
water variable to relate crop yield to availabld s@ter with a correlation coefficient of 0.90. &h
objectives of this study were: i) to determinehé twater stress criteria developed for greenhouse
cucumbers and tomatoes which was based on thenralip between the transpiration ratiq:{T,)

and available depletion for conditions of luxuryterasupply are sound for application in cyclic
water deficits; and ii) to determine the relatiapsbetween available depletion and yield and

evaluate the use of soil water sensors for irraasicheduling.

5.2 Material and methods

Data used in this study was obtained from four sepaexperiments conducted in a 48 m
temperature-controlled glasshouse at the Univeddithe Free State in the Free State province of
South Africa (26°11'20” E, 29°06’33” S, 1409 m #alte). Fresh market cucumbeCuCcumis
sativus) of the cultivar Airbus and tomata.y{copersicon esculentum Mill.) of the cultivar Espadilha
were used in the experiments. In all experimergedlngs were transplanted to 9 L and 20 L
growing bags filled with coir and spaced at a meeamsity of 2 plants iy while plants were topped
when they reached the horizontal trellising wirpragimately 2 m above the bag surface.

Different water stress treatments were applied ndurihe four experiments. The first two
experiments comprised a luxurious water supply@radrying cycle for greenhouse cucumber and
tomato plants, respectively (Van der Westhuiztral., 2009c-d, Chapter 3). In the last two
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experiments greenhouse cucumber and tomato plaste wubjected to cyclic water deficit
conditions (Van der Westhuizenal., 2009a-b, Chapter 4).

The first water stress treatment, the luxury sttesstment, comprised of keeping plants of both
crops and for both bag sizes well-watered by itimgpeight times per day for the duration of the
production season and withholding irrigation fromdftof the plants only in the mid reproductive
stage, until they reached permanent wilting (Van\kesthuizeret al., 2009c-d, Chapter 3). The
second water stress treatment, the cyclic watecitdgkatment, comprised of the acclimatisation of
plants of both crops and for both bag sizes tcerbfiit pre-determined water depletion levels (Van
der Westhuizest al., 2009a-b, Chapter 4).

Some water stress criteria developed by Van dertMizenet al. (2009c-d, Chapter 3) for
greenhouse cucumber and tomato plants grown inweere used for comparison in this study.
Firstly, mild water stressyiz. the point from where the transpiration ratioq:{T,, where
Ty = transpiration of dry or depletion level treatrheand T, = transpiration of well-watered
treatment) does not recover under continuous drginhpe medium as well as the lowest level to
which irrigation may be scheduled based only omtplasponse, were used to compare transpiration
ratios of cucumber and tomato plants between tleewater stress treatments in small and large
growing bags, respectively. Secondly, moderate msitess, identified as the lower level of plant
available water content, and a modified drainedeagpnit (DULy) was used to determine the
percentage water available for depletion at varidata points, based on the volumetric water
content of these points. This is referred to asla@va depletion which basically is the percentafje
water in the medium that is easily available to plkent. A DUL, was determined from the data of
all four experiments (Van der Westhuizetral., 2009a-d, Chapter 3 & 4), as it was observed that
water was constantly extracted above the laboradetgrmined drained upper limit for the well-
watered and highest available depletion level mneats. The DUJ, was determined for each bag
size as the combined mean water contents of theweétred treatments over the previous four
experiments. This resulted in a mean QUtalue of 0.728 and 0.712°m™ for the small and large
bags, respectively.

Yield data from the experiments where irrigatiorswaanaged to pre-determined water depletion
levels and plants acclimatised to the cyclic wateficit (Van der Westhuizest al., 2009a-b,
Chapter 4), was used to determine the optimum lefehvailable water depletion which will

maintain yield in both bag sizes and for both crdpsrder to compare yield between crops, it was
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converted to a relative value expressed as the fHtiY,,) between yield from the depletion level
treatments () and that from well-watered treatments, Y

Regression lines of the relationship between thaspiration ratio and available depletion as
well as yield and available depletion were compdrganeans of thétest as described by Clewer
and Scarisbrick (2001).

53 Results and discussion

5.3.1 Soundness of water stress criteria based on the transpiration ratio under luxury
water supply

In previous experiments by Van der Westhuieeal. (2009c-d, Chapter 3) the transpiration ratio
was identified as the main criterium to determinailable water content levels where mild water
stress occurred for greenhouse tomato and cucunrbps. Based only on plant response to a
drying cycle applied after well-watered conditiofhsxury stress treatment), water content at mild
water stress was identified as the lowest deplééwel to which irrigation should be scheduled. The
development of crop water stress for greenhousattmrand cucumber crops subjected to cyclic
water deficit conditions, based on the relationdbgween transpiration ratio and available water
content determined from follow-up experiments byn\der Westhuizest al. (2009a-b, Chapter 4),
was similar compared to the luxury stress treatm@tattistical results for the slopes and intercepts
of the linear relationship between transpirationorand available water depletion, presented in
Table 5.1, were not significantly different betwetdye two stress treatments for the tomato and
cucumber crops within each bag size. Thereforeitigar regression lines of the different stress
treatments were combined into one function per éoogach bag size (Figure 5.1).

From Figure 5.1 it is evident that both tomato amdumber plants experience water stress
immediately after irrigation is stopped, irrespeetof bag size. This may be explained by the high
leaf area index of greenhouse cucumbers and tosjatdech may result in a large plant response

to a small water deficit.
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Tableb.1 Comparison of regression statistical parametessrdeng the development of water
stress based on the relationship between the fratisp ratio (13:T,) and available depletion
between the luxury stress treatment and cyclic wdtdicit treatment (CWD) for greenhouse
tomato and cucumber crops in small and large bags.

Crop Treatment Slope Intercept n R
Tomatoes Small bags:
Luxury 0.0078a 0.250a 4 0.958
CWD 0.0061a 0.323a 4 0.937
Large bags.
Luxury 0.0073a 0.236a 4 0.985
CWD 0.0069a 0.145a 4 0.817
Cucumbers  Small bags:
Luxury 0.0061a 0.476a 4 0.661
CwD 0.0055a 0.414a 4 0.976
Large bags:
Luxury 0.0060a 0.425a 4 0.990
CwD 0.0070a 0.183a 4 0.909
MR - Mild: LUX a " b
Qo081 Sos L Mild LUX
T — Tomato T — Tomato
= --- Cucumber = --- Cucumber
Sos Sos Mild: LU —
2 e Mild: CWD = e Mild: WD
'3_0,4 '3_0.4 1
= 0.2 =02
0.0 T T T T 0.0 T T T |
100 80 60 40 20 0 -20 100 80 60 40 20 0 -20
Available depletion (%) Available depletion (%)
Tom 0,7‘28 0.6‘78 0.6‘29 0,5‘79 0,5‘30 0.4‘80 0.4é0 Tom 0,7‘12 0.6‘38 0.5‘64 0,4‘90 0,4‘16 0.3‘42 0.26‘8
Cuc 0.728 0.648 0.567 0.487 0.407 0.327 0.247 Cuc 0.712 0.625 0.537 0.450 0.363 0.276 0.189
Volumetric water content (m® m™) Volumetric water content (m* m™)
Tom 6,‘5 6.‘1 5.‘7 5‘.2 4,‘8 4,‘3 3‘,9 Tom 14‘.2 12‘.8 li.3 9‘.8 8.‘3 6.‘8 5‘.4
Cuc 65 5.8 5.1 4.4 3.7 2.9 22 Cuc 142 125 10.7 9.0 7.3 5.5 3.8
Litre Litre

Figure5.1 Linear regression of the relationship between thaaspiration ratio (fT,) and
available water depletion (%), volumetric water teon (n? m™) and liters water content per bag for
the combined luxury irrigation treatment (LUX) awmgclic water deficit treatment (CWD) for
greenhouse tomato and cucumber plants in a) smgdl &nd b) large bags.
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Although the development of water stress was simbatween the stress treatments, the
transpiration ratio at which mild water stress agoed for each bag size and crop, varied. This
variation between the two water stress treatmentinmeach bag size and for individual crops was
indicative of the difference in the intensity of teastress (Figure 5.1). Both tomato and cucumber
plants subjected to the luxury stress treatmenersipced water stress earlier compared to those
which acclimatised to cyclic drying, irrespectivelmg size. Mild water stress for cucumber and
tomato plants subjected to the luxury stress treatnm the small bags occurred at transpiration
ratios of 0.91 and 0.54, respectively (Van der \Magenet al., 2009c-d, Chapter 3), compared to
transpiration ratios of 0.48 and 0.47 for cucumaed tomato plants, respectively, which were
conditioned to cyclic drying (Van der Westhuizetral., 2009a-b, Chapter 4). Similarly, cucumber
and tomato plants in the large bags experienced walker stress at transpiration ratios of 0.77 and
0.63, respectively, when subjected to the luxurgsst treatment, compared to transpiration ratios of
0.47 and 0.40 for cucumber and tomato plants, otisqedy, which were conditioned to cyclic
drying (Van der Westhuizest al., 2009a-b, Chapter 4). Therefore, in both bag simesumber and
tomato plants experienced delayed water stressruhdecyclic water deficit treatment because of
reduced transpiration. As a result, greenhouse tmiarad cucumber plants which are acclimatised
to some degree of water stress, may deplete watewer levels of available depletion with similar
effects to the plant’s response based on the watess criteria, although transpiration will be
reduced. This is contrasting to the results of Bland Arkin (1984) who observed that the
transpiration rate of sorghum was unaffected byilavia soil water above 20%, although a
decrease in transpiration was observed by Pageido (2006) for corn.

The occurrence of mild water stress in greenhouseirober and tomato plants for the two
different water stress treatments varied betweegnsiies (Figure 5.1). It is expected that the water
stored in the coir in the small bags are low coragdo that of the large bags and therefore that
plants should experience water stress earlier énsthall bags. This was only true for cucumber
plants subjected to the luxury stress treatmertt) . T,, ratios of 0.91 and 0.77 for the small and
large bags, respectively, and tomato plants sudgett cyclic water deficits, with 4IT,, ratios of
0.47 and 0.40 for the small and large bags, resdet Cucumber plants subjected to cyclic water
deficit experienced mild water stress at similgT] ratios of 0.47 for the small bags and 0.48 for
the large bags. The late observation of mild watezss of tomato plants subjected to the luxury

stress treatment in the small bags is probablytaltiee high intensity of water stress experiencgd b
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this crop. This was not captured fully in thgT, ratio which was only calculated at 24 hour
intervals, in order to prevent large errors in e, data which may result due to great variation in
transpiration during the course of a 24 hour period

However, plants in the small bags received a hideguency irrigation compared to the large
bags when scheduled to pre-determined water comg®ets. Therefore, cucumber and tomato
plants grown in the small bags depend more onrtlgaiion system than on water stored in the coir
(available depletion), while plants in the largegdaely relatively more on the coir to meet their

daily crop water demand and less on the system.

5.3.2 Yield response to crop water stress and validity of soil water sensors for irrigation

scheduling

The trend of relative yield of acclimatised cropsavailable depletion varied significantly between
small and large bags for both tomatoes and cucusnbesm Figure 5.2 it was observed that relative
yield of tomato plants were reduced more compapecdutumber plants at higher available water
depletion levels for both bag sizes.

For both crops in the small bags, the lack of aold# depletion levels between approximately
60 and 100% available depletion resulted in theresfiptability of the lowest depletion level that
may be required to maintain yield (Figure 5.2aprk160% available depletion both crops showed a
slower linear decrease in yield with decreasedisevkavailable depletion. The water reserve of the
small bags is little in comparison to large bagd drerefore the crops depend heavily on frequent
application of water through the irrigation systdrrther research is necessary for both cucumber
and tomato crops grown in small bags to determietd yevels between 60 and 100% available
depletion in order to evaluate the use of watetedem levels for irrigation management.
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Figure5.2 Relative yield (4:Yy) compared to available water depletion (%), voltrroevater
content (M m™) and liters water content for greenhouse tomatom(Tand cucumber (Cuc) plants
in a) small bags and b) large bags.

Both tomato and cucumber plants in the large bdgsved similar trends in relative yield as
available depletion were reduced (Figure 5.2b).r& eere two clear breaking points for both crops
between which relative yields decreased rapidly, 79 and 61% available depletion for the
tomatoes and 67 and 51% available depletion forcthhmumbers. On either sides of this rapid
decrease, yield decreased more slowly as availdbfdetion was reduced. The generalized
hypotheses quoted by Hillel (1998) states that wisteequally available from the drained upper
limit up to a critical point of available depletidieyond which availability decreases. Therefore, th
optimal level of available water depletion for taoes and cucumbers in large bags may be
predicted by extending the lines between the bngpgbints toward ¥Y,, = 1.0 as shown by the
dotted lines on Figure 5.2b. This estimates ther@dtlevel for available water depletion at 85% for
tomatoes in large bags and 70% for cucumbers geléags. This confirms previous results by
Van der Westhuizent al. (2009a-b, Chapter 4) that the standard irrigatregthod, which aims to
maintain field water capacity or 100% available ld&pn, results in luxury water uptake by both
greenhouse cucumber and tomato crops.

Compared to the transpiration ratio, optimal wat@anagement for maintaining yield is predicted

from Figure 5.1 at 0.784IT,, for tomatoes and 0.754,, for cucumbers for the large bags. For
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tomatoes, this value was much higher than the T46R, of mild water stress for the luxury stress
treatment, which was proposed as the lower deplé&eel to maintain yield, based only on plant
response (Van der Westhuizetral., 2009c-d, Chapter 3). However, for cucumbers, vhise was
very similar to the 0.77 Td:Tw of mild water stres®ayeroet al. (2006) observed a decreased
transpiration ratio to the level of 0.5%:T,, where yield of corn was not significantly reduced
compared to a 1:1 ratio. The higher transpiratatiorrequired to maintain yield of the greenhouse
crops compared to irrigated field corn is probablye to the indeterminate growth habit of
greenhouse crops as well as plant factors suclheagreater leaf area, leaf size and lesser leaf
thickness of greenhouse crops.

From results of Van der Westhuizeal. (2009a-b, Chapter 4), it was observed that thelBC-
and EC-20 capacitance sensors accurately schedtubgation to pre-determined water depletion
levels in coir. Therefore, the optimal depletiorvdis identified in this study for greenhouse
cucumber and tomato plants grown in coir shoulcdti@eved accurately through the use of these
sensors in order to schedule irrigation in larggsbd&ntil further research is conducted between 60
and 100% available water in small growing bagsggation scheduling according to water depletion

levels is not recommended for small bags.

5.4 Conclusions

The development of crop water stress, based orethgonship between the transpiration ratio and
available water content, for greenhouse cucumbdrtamato plants did not vary significantly
between the luxury stress treatment and cyclic madicit treatment. Although the development
did not differ between water stress treatmentspthet of mild water stress was experienced earlier
by both cucumber and tomato plants subjected tduthay stress treatment compared to the cyclic
water deficit treatment, irrespective of bag sizhis clearly indicated that the response of both
crops to water stress was delayed when they weskmeatised to cyclic water deficit, while
transpiration was reduced compared to similar gashtwvater stress for the luxury stress treatment.
The occurrence of water stress in greenhouse cusuarid tomato plants for the two different
water stress treatments varied between bag sidésougih no specific trend could be observed
between the small and large bags, it was evidattttie small bags are more dependent on the
irrigation system than on water stored in the adire to the high irrigation frequency triggered by
rapid water depletion. In contrast, plants in theyé bags rely more on the coir to meet their daily
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water demand and less on the system. As a redatitspgrown in large bags will be able to
withstand water deficit if irrigation should failud to unforeseen circumstances such as power
failures.

From the yield results, irrigation scheduling aciiog to water depletion levels is not yet
recommended for greenhouse tomato and cucumbes@eswn in small bags, since the depletion
levels used did not improve or maintain yield. Tdfer against water stress conditions in the small
bags are too small for the depletion levels usddchvmay result in large yield losses over a small
period of time, especially for greenhouse tomattkdil further research is conducted it is rather
recommended to irrigate small bags to a fixed feeqy and control irrigation quantity by
monitoring of the drainage percentage. This frequemeed not be eight times per day as for the
standard irrigation method, but may probably be&dwithout the occurrence of mild water stress.
Further research is necessary to determine if sdingdto water depletion levels with soil water
sensors is the correct irrigation management gyeta production in coir in small bags (9 L).

The improved or maintained yields of the greenhaussumber and tomato crops may justify
irrigation scheduling with soil water sensors t@itable water depletion levels for large growing
bags. The lower level of plant available water cagabeyond which yield is reduced is estimated
at 85% for tomatoes and 70% for cucumbers whichuamsoto transpiration ratios of 0.78 and 0.75

T4 Tw for acclimatised tomato and cucumber crops, reasfedy.
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Chapter 6

Summary, application and recommendations

6.1 Summary

Hydroponic crops grown in coir in South African gnfiouses are mostly over-irrigated, which
waste limited irrigation water and fertilizer anelduce yields. As coir is a relative new growth
medium and irrigation management guidelines limitatd not readily available, the primary
objective of this study was to evaluate an irrigatimanagement strategy involving capacitance
water content sensors for hydroponic tomato andimber plants grown in coir. Six experiments
were conducted in a controlled climate chamberglasshouse.

In the first experiment, a controlled climate chamtvas used to evaluate a laboratory procedure
for the calibration of EC-10 and EC-20 capacitaseesors in coir and evaluate the manufacturer’s
calibration equations for use in coir. The propokdzbratory calibration procedure was based on
the principle of the continuous measurement of n@ss of a saturated coir sample during a drying
cycle. The result was perfect calibration for semssponse against volumetric water content for all
EC-10 and EC-20 sensors. Evaluation of the manufacs calibration equation indicated a poor
accuracy of prediction which mostly underestimatsel volumetric water content compared to the
near perfect prediction of the coir specific lallorg calibration of individual sensors. The
laboratory calibrations were between 27-42% andl34 more accurate than the manufacturer’'s
calibration for the EC-10 and EC-20 sensors, raspmdg. While the proposed laboratory
calibration procedure takes less time than someratalibration methods which also aspires high
accuracy, it remains a time consuming method thay mot be very usable in commercial
production environments. In order to reduce thécation time of these sensors, a rapid calibration
procedure for EC-10 and EC-20 sensors was proptmsguiomote the commercial use of these
sensors for irrigation management in coir. The psagl rapid procedure comprises of taking one
sensor reading (mV) and one gravimetric sampl@ i), both at drained upper limit, for each
sensor installed under production conditions. Atuaate general laboratory calibration equation for
coir is used of which the (mV) andy (m* m®) values are substituted by relative values ¢fq)
andy (Yre) Which is determined from any given valueobr y divided by their corresponding
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values at drained upper limitiz. xpy. andypy,. The accuracy of prediction by the rapid calitoati
procedure for the plant available water contengeawas high for both EC-10 and EC-20 sensors,
while the use of relative values waindy for individual sensors compensated for variatietwzen
Sensors.

The second set of experiments were conducted ilasslgpuse and aimed to characterise the
water retention and ability of coir to supply watemature greenhouse tomato and cucumber crops.
Growth medium water content was continuously maadothrough the EC-10 and EC-20
capacitance sensors during a drying cycle and uwd#rwatered conditions. Identified stages of
water stress for both greenhouse cucumbers anddemgrown in coir comprised of: i) mild water
stress as the point from where theT], (transpiration ratio whereyF transpiration of unwatered
and T, = transpiration of well-watered plants as deteedinsing the water-balance equatidogs
not recover under continuous drying of the mediiuiilnmoderate water stress as the point were
wilting became visible; and iii) severe water s¢ras the point where changes in the slopeydf, T
plotted over time, becomes negligible and about ©5%ll plants are irreversibly wilted. Based
only on the plant’s response to the drying cyclebath crops, it was recommended that water
depletion can be allowed to the point of mild waseness which can be detected by soil water
Sensors.

In the third set of experiments, the identifiedgsts of crop water stress were used to determine
and apply depletion levels in coir and compareoitat well-watered treatment in glasshouse
experiments for greenhouse cucumber and tomataspl@ansor performance was evaluated and the
efficiency of the pre-determined depletion leveisth regard to the water balance components,
yield and water use efficiency for different bages, was determined. From the results it was
evident that irrigation was successfully managethéopre-determined water depletion levels in coir
through the use of in situ calibrated capacitaraesars for both cucumber and tomato plants. For
both crops the depletion of water varied betweendizes, indicating that various bag sizes require
different irrigation management strategies. Schiaduto the highest pre-determined depletion
levels reduced irrigation by 124 Lfrin the small and 240 L Hin the large bags for cucumbers
and 427 L rif in the small and 487 L thin the large bags for tomato plants, comparedhéontell-
watered treatments. Yields achieved by the greesentmmato plants in the large growing bags and
cucumber plants in the small and large bags welatamaed or improved when scheduled to the

highest depletion level compared to the well-wateteeatment. Yields were therefore not
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significantly reduced when irrigation were schedute 65, 67 and 79% of plant available water

content for cucumbers in the small and large bagstamatoes in the large bags, respectively. The
combination of reduced irrigation and improved @imtained yields resulted in improved water use
efficiencies (based on irrigation and transpiratitor the highest depletion level compared to the
well-watered treatments. In all glasshouse experimthe well-watered treatment resulted in luxury

water use by the plants.

Finally, a study was conducted in order to compaop water stress of greenhouse cucumber
and tomato plants under luxury water supply andicyeater deficit conditions. The comparison
was based on the transpiration ratio and yieldJenthie use of capacitance sensors was evaluated
for irrigation scheduling in coir for both cropsrahspiration data indicated that cucumber and
tomato plants subjected to luxury water supply eepee water stress earlier than plants subjected
to cyclic water deficit conditions, irrespective dfg size. Results indicated that irrigation
scheduling according to water depletion levelsds yet recommended for greenhouse tomato and
cucumber plants grown in small bags, until furtfeearch is conducted. However, the improved or
maintained yields of the greenhouse cucumber amthtto plants in the large bags justified
irrigation scheduling according to available watlepletion levels through the use of soil water
sensors. The lower depletion level for the larggsdaeyond which yield is reduced was estimated at
85% for tomatoes and 70% for cucumbers.

In conclusion, the study successfully addresseg@patific objectives and it may be concluded
that the use of capacitance sensors in large ggowamgs improves irrigation management of
hydroponic cucumbers and tomatoes in coir throinghexclusion of over-irrigation and improved

water use efficiency.
6.2  Application and/or recommendations

6.2.1 Research

The laboratory calibration procedure proposed lierEC-10 and EC-20 capacitance sensors can be
applied to various other soil water sensors andvtjranediums or soil types to improve the
accuracy of prediction of volumetric water contelhitwas evident from this study that water is
extracted differently within a specific growth mexi for different crops and root volumes.

The laboratory calibration procedure can be impdove starting calibration at saturation which
can be achieved through the used of vacuum su@sit,was observed that the drained upper limit
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of the bags in the glasshouse varied from thatrated in the laboratory. After this, additional
research for both greenhouse tomatoes and cucursheguired to find the optimal depletion level
between saturation and the highest depletion lesed in this study for each bag size which will
result in maximum water use efficiency.

Further research is also required to determine @rerulevel to which irrigation should be
managed in coir instead of a fixed volume applaratiwhich will further improve water use

efficiency.

6.2.2 lIrrigation management for greenhouse producers

It is evident from this study that the use of cafa@mce sensors in coir can improve irrigation
management, yield and water use efficiency of drease cucumbers and tomatoes. Since crop
water stress are now characterised for greenhausenbers and tomatoes grown in coir, laboratory
calibration of sensors are not required and thé&drppocedure proposed in this study provides a
simple but scientifically sound method to calibransors which is easy to apply to individual
sensors in the field. It is, however, still reconmed that producers use more than one sensor to
manage irrigation in the greenhouse as a precaryianeasure to overcome the impact of a faulty
sensor.

It is recommended that the irrigation managemeatesgy should be based on an available water
depletion level determined from plants that weradittoned to a specific irrigation schedule
throughout their growth period. General guidelif@sdepletion levels are proposed in this study
for cucumber and tomato plants grown in large gngwbags. For the large growing bags (20 L), it
is recommended that the lowest depletion levelaif, avithout any yield penalty, is estimated at
85% for tomatoes and 70% of plant available watertent for cucumbers. To determine these
levels for application in large bags for a speddiiation, the plant available water content may b
calculated as the difference between the volumetrater content measured by the EC-20
capacitance sensors at drained upper limit andbther level of plant available water contewitz.
0.276 mt m* for cucumbers and 0.342°nm® for tomatoes. It is not recommended to schedule
irrigation to water depletion levels in small gragibags (9 L) until the lower depletion level for
coir, beyond which yield is reduced, is determimeturther experiments. However, from the results
in this study, which indicated 1-5 irrigation eveiper week for the highest depletion level treatmen
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in the small bags, it can be speculated that ayatron frequency of 2-4 cycles per day is moratha
sufficient to maintain or even improve yield of gnfiouse tomato and cucumber crops grown in

coir in the small bags under greenhouse conditions.
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