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ABSTRACT

This paper presents a deficit irrigation managersgstem that can be used at the farm level, whene tis a limited
water supply, poor water quality or when leachisgprohibited. It consists of a network of in-fildigation
controllers and soil sensors, connected via a aseelink to a farmer’s computer. Further, a deanisiopport system
(DSS) that helps farmers to choose an appropriaggiion scheduling strategy in view of the amoand quality of
available irrigation water, plant status, weathat bbcal constraints. Scheduling strategies and@ehresholds can
be programmed into the irrigation controllers. Dgrihree growing seasons from 2007 to 2009, diffeversions
of the system were evaluated for high value vedetabd ornamental crops in Italy, Turkey, Lebantmrdan and
the Netherlands. The sites differed in local gaaid constraints, the irrigation infra-structure d@hd availability
and quality of irrigation water. We observed thaimpared to common grower practices, sensor-aetivdeficit
irrigation scheduling largely enhances water udieiehcy and saves from 16% up to 69% of waterwal as
reduces leaching. Good marketable crop qualitiese vebtained using moderate deficit regimes. We eaciul
acceptable marketable yields at higher depletidnegaor when using poor-quality water. Deficit deptust be
chosen carefully, and an optimized fertigationtsiyg is a pre-requisite to maintain sustainabititythe growing
media or soils. The system worked well, but to emdail-safe operation, it must be extended wifawdt detection
and warning system. The system was implementedsimgwcommercially available technologies and irdégg
them into an irrigation management system by addieg hardware and software components. Allthougts
the system are commercially available and are usegractice, the FLOW-AID system as a whole is get

available on the market, but irrigation equipmarggiers are encouraged to implement the presemtadiples.

" Corresponding author: jos.balendonck@wur.nl
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INTRODUCTION

Fresh water (FW) sources are becoming scarce, imcd sgriculture is the largest water user, ithie tmain
competitor for domestic and industrial water us@&rgerefore, farmers try to avoid spilling of watard ensure that
all available irrigation water is being used by ttr@p. To compare cropping system efficiencies, aVaise
Efficiency (WUE) defined as the dry matter prodantiper water loss (g/kg) is being used as an indlextaise
WUE, and to achieve “more crop per drop”, groweraynimplement fairly simple changes to their irrigat
equipment and cropping system. For instance, tddaleakage and evaporation, closed pipes insteadpeh
channels; to enhance water application efficiedeip instead of furrow or sprinkler irrigation; &wvoid evaporation
losses, a soil-coverage could be used. To improldEWirther after optimizing the irrigation and cpipg system,
growers can match water supply with actual cropewdemand. A common approach for this is to eseéndaily
crop water demand by using an evapo-transpiratiodeinlike the Penman—Monteith equation (PMe) (Alétral.,
1999) or derivates such as the CIMIS (Californigghtion Management Information System) equatiappsed by
Pruitt and Doorenbos (1977). Besides climatic ddtase models require input for crop and pheno&gitage
dependent parameters like the crop coefficien},(Ks can be obtained from a FAO database (Alleal.et1999).
Though less used, another method which is based apestimate of the crop available water in tha mmne, is
soil moisture sensor (SMS)-activated irrigationegliling (I1S) (Meron, 2001 and Pardossi et al., 2009

In case the actual crop water demand is larger ti@mmount of water available from FW resourceswgr must
use higher values for the Management Allowable Biaph (MAD) factor, and apply lesser water or aidaially
use non-FW resources like saline, treated or meeldiwastewater (RW). Limiting water supply or usingrginal
water resources may easily lead to a lower crold yad quality. However, Geerts and Raes (2009 skeat DI is
successful in increasing water productivity forigas crops without causing severe yield reductiamgler the
condition that growers are careful with their waserd fertilizer management. Tools informing thenowbcrop
health, soil water availability, water quality atite climatic conditions, may help to make soundisiens about
water and fertilizer doses, water source and itiegatiming. We present a farm-level DI system lohsg@on a

distributed control concept for SMS-activated |8l &ime allocation of multiple quality water sourcedled: FLOW-
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AID". With various system implementations and for défe crops, as compared with common grower pragtice

we demonstrate the potential to save fresh watgresuce leaching while maintaining acceptable pecoglields.

METHODS AND MATERIALS

The FLOW-AID system (Fig. 1) consists of irrigatioantrollers (IC), placed in each individual cotitble area (a
plot) for all irrigated crops at the farm (zonek}.s, working continuously and autonomously, regiylaead-out
SMS'’s and initiate irrigation events through opgnémd closing a valve based upon a set of irrigatides and set-
points. They safe-guard the operation of the sydtgnemploying a set of safety rules. More sophagéd IC’s
might have added complexity like data logging addaaced calculating options, to be able to perferm ET-
model based irrigation. They can drive multiple evegources of distinct water qualities throughteo$ealves. The

IC's are connected via a wireless link to a lo¢atrf) computer (Balendonck et al., 2008).

Irrigation controller

Zones
Plotl ﬁ Valves
il Sensors
Plot2 ﬁ
ﬁ HARDWARE
Plot3
ﬁ SOFTWARE
Crop Zoning

Scheduler

Crop Database

. |

Farmer
PC <— input

Figure 1— Schematic representation of the FLOW-AID system.

A Decision Support System (DSS) helps growers timoge their irrigation and fertilizer managementview of
their selected crop, cropping system, the expeatder availability, climatic conditions as well asop
development on a day-to-day basis (Anastasiou.,e2@D9). For this, the DSS incorporates a databhseops and

“best practice irrigation strategies” as well asrap stress model for DI. It further contains awisdry module

" FLOW-AID is the acronym for: Farm-Level Optimal Yéamanagement, an Assistant for Irrigation undefidit.
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(Incrocci and Pardossi, 2009) that computes anmgbtfertigation recipe based upon cropping stagécitl depth
and water quality. It also incorporates a farm mgrind economic crop planning tool which advisesvgrs upon
selecting crops giving the largest gross margireumgiven constraints (Dominguez et al., 2008). DI¥S may run
either on the same local computer or on a remog tomputer located at a service provider (e.gadvisory
service, river basin water management, growerscégsm or a computer/software supplier). On a ttaglay basis,

but not necessarily strict regularly, growers méneak IC performance, crop status and water avéthabln

addition, they can consult the DSS and, if neettez}; may decide upon changing the IS strategy.

Figure 2— A WET-sensor (Delta-T-Devices, UK) installedha rooting zone at 15 cm and a 5TE (Decagon, US)
installed underneath the rooting zone at 30 cm hiepibth to measure water content, EC and
temperature (left); a wireless sensor network (€{ossbow, US) and irrigation controller (GP1,
Delta-T Devices, UK) installed just after plantifgeberg lettuce in a Dutch case study.

During three growing seasons (2007 — 2009), theesysvas evaluated in Italy, Turkey, Lebanon, Jordad the

Netherlands. Sites differed in constraints likemelic condition, irrigation structure, crop, watsupplies,

availability and quality of irrigation water anddal goals. Each trial was performed as a randorditeck

experiment with at least 4 replicates per treatm@ie controller network was implemented using dtad
irrigation equipment, like WET-sensors and prograhla IC’s (GP1), both from Delta-T Devices (UK) st®own

in Figure 2. Equipment was added as required byspezific case study needs. The evaluated systesns all

different, covering a wider scale of complexitiespecially the way fertigation was handled. Inyl@hd Turkey a

modern fertigation computer (Spagnol Automatioalylt was used, in other cases fertigation was @acerding to
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local practices. After assembly and installatiowied or wireless connection (Crossbow-Eko, US} watablished

with a PC, and the DSS (Geomations S.A., Greecs)setup to control the IC network (Figure 3).
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Figure 3 — A web-based DSS tool, containing, a platformdata exchange and presentation (Geomations S.A.,
Greece).

Case Study: Container-grown landscaping ornamerntaés Mediterranean climate (ltaly)

In Tuscany (Italy), the major European region fontainer-grown ornamentals in outdoor nurserieswgrs use
drip or sprinkler irrigation, but WUE is low becausf over-irrigation (Pardossi et al., 2009b). Theality of
available water is getting worse every year, espigcalong the coast with rising EC levels. In figuprobably high
saline waste water may be the main source for oragation. A prototype fertigation controller (Inmcci et al.,

2010) was developed making use of a WET-sensobtairo volumetric water content and electrical costihity

Paper 1.8 — Page 5



(EC) of the substrate. A dual water source was weidld low-salinity groundwater (GW) and saline @@ohed
wastewater (RW) and the IS strategy was based ugioig as much RW as possible, and using GW onlynwhe
EC passed a pre-defined threshold. The water samddertigation regime were chosen based upoma stress
index derived from the pore water EC in the substid/ET-sensors were calibrated for pore water &Glfe peat-

pumice growing media used in this area as an atemfor the Hilhorst-equation which is defined as

EC, = :—W—g EC, &
=0

wheree is the measured permittivity,,..r the permittivity for pure water corrected for teengture and,-o a
constant depending on the substrate material (KHith@000). The prototype was evaluated at the raxpatal
research station Centro Sperimentale Vivaismo (€¥§pn Pistoia, and the cultivation of differentecies in the
same plot Photinia x fraseri, Viburnum tinus, Prunus lauroasus and Forsythia intermedip was simulated
following an accustomed practice in the Pistoiaseties (Incrocci et al., 2010, these proceedinfss approach
was compared with three IS strategies using only. GiMer control (standard farmers practice), anr&ddel and
SMS-activated IS with hydraulic tensiometer (SWD4&Jta-T Devices, UK) or WET-sensor (Pardossi et2009a).

Case Study: Drip-irrigated cucumber grown in greeases under a mild-winter climate (Turkey)

The Tahtali Dam supplies fresh drinking water tmitz the third largest city in Turkey. Due to pdlan risks,
authorities have issued a regulation discouragragHing into the catchment area of the dam, affgdérgely local
greenhouse vegetable production, being the magal lagricultural activity. To introduce SMS-actigdtlS and to
define practical recommendations to prevent learhihile keeping acceptable crop yields, five on¥fdrials were
conducted in a poly-ethylene greenhouse in YenlMépnderedzmir (Tuzel et al., 2009) with cucumbeZycumis
sativaL.). The cultivar was ‘AT 191’ in first trial, beg suitable for a long crop cycle, and in the rerimaj four
trials it was ‘Champion’ because of the short cyélertilizers were applied automatically (Figurevig a pressure
compensated drip irrigation system. Besides waser, arop growth, water stress and drain (lysimegsail and
irrigation conditions were monitored at 15-20 adA@ cm depths with WET-sensor, SM200, water-filled-
tensiometers, theta-probes (Delta-T-Devices, UK) dielectric tensiometers (Whalley, 2009). Threesbategies
(MAD = 20, 40 and 60%) were compared with curreartrfers practice. IS was based upon a WET-senscegla
(15-20 cm) in the first two trials. In other trialgrigation started based upon a dielectric temsiter and stopped at

a certain water dose. In the fourth trial this dess modulated on-the-fly by the DSS.
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Figure 4 — A fertigation unit installed at the Turkish s{t&pagnol Automation, Italy).

Case Study: Drip-irrigated eggplant in semi-ariéghcate (Lebanon)

The Bekaa Valley is a semi-arid area accountingabmut half of the agricultural production in LebanA quarter
of the area is used for irrigated agriculture ussogface, furrow, basin and flooding techniques¥B4sprinkler
irrigation (28%) and drip-irrigation (8%). About %2 of the water comes from deep-well GW sourceggdtion
costs have gone up drastically (energy) and watkity has shown a gradual deterioration. Farmeith an
improper farm-level water management need to adeptwater saving techniques.

In summer 2009 (May-September), at the Tal-AmaraeBRech Station, a field trial with drip-irrigatedgplant

(Solanum melongena) cultivar ‘Baladi’, was conducted on a fairlyained, clay soil with an average bulk density

of 1.41 g crif in the 90 cm top layer (Chazbeck, 2008; Saliba,9200he field capacity (FC) at —0.33 bar and
permanent wilting point at —15 bar averaged 29.5% ¥6.0% respectively by weight, resulting in anplavailable
water holding capacity of 170 mm. SMS-activatedgation was used with GP1 controllers and SM200sgen
(Delta-T-Devices, UK) with a MAD of 30%. As a regrce strategy, a well-watered treatment at 100%used.
Three deficit treatments were evaluated at resgygtir5%, 50% and 25% of the gross irrigation vadum

Case Study: Drip-irrigated tomato in arid climat&of¢dan)

Jordan has very limited fresh surface and grountmr@sources. The demand on water is ever incrgasid the

average yearly rainfall, of which 94% evaporatesyvks very little addition to available water. Tdgw/ernment
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promotes efficient water use and the use of re@dimaste water. Consequently, farmers need to adejtusual
irrigation practices to the use of treated wasttewwith high salt and nutrient content. At thes€ach Centre of
Jordan University of Science and Technology indrhivo field trials (see Figure 5) with drip-irrigal tomato
(Solanum Lycopersicuin) cultivar ‘Super Red’ were conducted (Rousaalgt2008). Automatic SMS-activated 1S
for different water quality and deficit levels ugisM200 and WET-sensor (Delta-T devices, UK) weymgared
with farmer practice using tensiometers and Wateksméirrometer, Co. Riverside California). Soil wasepared
according to common growers practice and coverell siblack foil after planting to prevent evaparatiosses.
The standard FAO advice (MAD = 40%; Allen et aB99) was used as a reference (Full 1 and 2) angaed

with a DI strategy (MAD = 60%), while using two veatqualities (Deficit 1 and 2): fresh (Efage= 0.8 ds.nt)

and RW (EGyerage= 2.0 dS.1i).

Figure 5— Jordan Case Study. Tomato grown with fresh wateteurfull Irrigation (left-side) and Deficit
Irrigation (right-sight).

Case Study: Drip-irrigated lettuce under rain-feahditions (The Netherlands)

Water and fertilizers drain very rapidly into thrensly soils found in Limburg, in the south of thetidglands. Crops
suffer rapidly from drought and nutrients leachoirthe ground water during heavy rain-fall. To reslugtrate

emission, while keeping a high crop quality anddjigrowers must apply water and fertilizers morecgsely. In

summer 2009 (48 days), an experiment was condattdte PPO Research Station at Vredepeel evalutiténgse
of SMS-activated IS, controlled fertigation andpdiirigation. Iceberg lettuceléctuca satival.) was grown on

loamy-sandy soil beds covered with black plasticdmeventing infiltration of rain. The aim was poevent leaching
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by maintaining a constant water level in the ramez at two depths. Irrigation was triggered witWET-sensor at

15 cm, and the threshold level and initial dosen(8) were set using a MAD = 35%. After well rooti(®L days),

the dose was computed by the DSS using a WET-sg@ustounderneath the root-zone at 30 cm. With anaug

trend in water content the dose was lowered, ard widownward trend the dose was raised. Standardef

practice (no foil; granular fertilization at 100 kgha) was compared with three fertilizing stragsgi(1) granular

fertilization (100%) and two fertigation (83%, 58%ijategies (2 and 3) for which the dose matchegd growth.

RESULTS

Table 1 gives a summary of the most important deltted to water use. Instead of using the standifidition for

WUE, we used the Fresh, Marketable WUE (GeertsRams, 2009) defined as the total fresh crop weighduced

per volume of the total applied water includingnraiater (kg/m). We computed a water saving index (%) for each

case by comparing the WUE for each treatment t&MhkE obtained by a common farmers practice.

Table 1— Case study results with obtained Water Useigficies (WUE) and Water Saving Indices.

Case Study Strategy Marketable Water Use  Drainage Ratio Fresh Water
Crop Yield Fresh to Marketable  Saving
Total WUE IndeX
Water
(MAD%, dose) (kg/nf) (mm) (mm) (%) (kg/nT) (%)
Ornamentafs  Farmer (Timer) ; 540 (n=3) 237 100 ; 0!
ET-Model 410 (n=1) 94 100 24
SMS (WET+TM)? 379 (n=3) 84 100 30
WET (GW+RW)? 413 (n=2) 119 66 24
Cucumber Farmer 25.4 717 (n=5) 92.4 100 35.4 o
Deficit 1 (20/100%) 29.0 683 (n=5) 10.3 100 42.4 71
Deficit 2 (40/100%) 23.8 545 (n=5) 0 100 43.7 19
Deficit 3 (60/100%) 21.2 495 (n=5) 0 100 42.7 17
Tomato Full 1 1.8 425 (n=2) ; 100 6.1 o
Full 2 2.3 410 (n=2) 03 7.0 13
Deficit 1 1.6 275 (n=2) 100 7.0 13
Deficit 2 1.6 275 (n=2) 03 8.1 25
Egg plant Full (30/100%) 3.4 94.6 (n=1) 100 35.7 [}
Deficit 1 (30/75%) 3.9 71.0 (n=9%) 100 54.4 35
Deficit 2 (30/50%) 2.0 47.3 (n=%) 100 41.3 14
Deficit 3 (30/25%) 1.3 23.7 (n=F) 100 23.7 -51
Lettuce Farmer 4.1 186 (n=1) 50.5% 22.2 ot
Deficit 1 (35/) 4.2 67.6 (n=1) 59.2° 62.5 64
Deficit 2 (35/7) 4.7 69.6 (n=1) 60.3° 68.0 67
Deficit 3 (35/7) 4.8 65.6 (n=1) 57.9° 72.6 69

“Values not obtained or availabl®eference treatmentdVET = WET-sensor, TM = Tensiometer, GW = Ground &/aRW =
Reclaimed WastewatelRW; “Including 92 mm rain watefincluding an estimate of 30% of 92 mm rain watexkksd through
the foil coverage‘?Water use calculated based upon an ET-md@else variable and computed with DSRBefers to a multi-
crop irrigation scheme with four different ornanargpecies®Maximum Water Saving Index printed in bold type retwaers.
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Ornamentals

In this trial, WET-sensors were used to obtain Rb&iaer EC by using the model from Hilhorst (2000showed

that the Hilhorst model was not appropriate for pleat-pumice

2009) was obtained yielding the following equat{sae Figure 6):

mixtures used, and a new model (locretcal.,

EC, = (20885 *¥*)(EC .

)

Predicted pore watelEC (gp; dS m™)

8.0

2.0 r

0.0
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[ ]
y =0.36x + 0.93
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Figure 6 — Results of a WET-sensor calibration for pore w&€ in a peat-pumice mixture for container-grown

ornamentals using Hilhorst model (left) compareétoew specific calibration (right).

As crop yields were not recorded, WUE could nobbtained and to compute the Water Saving Index seg the

Water Use directly. Compared to farmer practicéirteer control), all DI strategies did not signifitdy influence

plant growth. They all reduced significantly theasenal water consumption (24 — 30%) as well asdthéage

fraction because of a lower irrigation frequency {8119 mm compared to 237 mm). For both the ETehas well

as SMS-activated IS, the water saving performanas similar. The dual water source approach hadghtisi

higher drain fraction.

Cucumber

With the Deficit 1 treatment a higher marketablepcyield (14%) than with farmer’s practice was af¢d. The

Deficit 1 regime reduced the leaching considerdh.3 mm) compared to farmers practice (92.4 mnefidd 2

and 3 gave slightly smaller yields, but with neamty noticeable percolation losses. All deficit treants lead to
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similar water saving results (17 — 19%). The neeldatitric tensiometer (Whalley et al., 2009, Figéyeperformed

better than hydraulic tensiometers due to the tadgeamic range, especially in the drier deficdinees (Figure 8).

Figure 7 — A prototype dielectric tensiometer (DT160, Déltdevices, UK) used in Turkey case study on
cucumber, shown while wetted prior during instadat

Date
20.05.09 27.05.09 03.06.09 10.06.09 17.06.09 24.06.09 01.07.09 08.07.09
0 4
20
40
o 60
o
s
30
100 — Full Zone 1 DT160 v4 u
120 = Deficit 1 Zone 2 DT160v1
Deficit 2 Zone 3 DT160v3
140 — U
= Farmer Zone 4 DT160s5n21
160

Figure 8 — Readings from the DT160 for several deficit tmeatts.
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Tomato

The marketable yield was highest with FI (1.8 —yBrf), both for FW and RW. The Water Use was signifian
smaller for the deficit treatments (275mm compdoed10 — 425mm). Deficit 1 with FW gave a small @ragaving
of 13%. Water Use Efficiencies were slightly higl{@2 — 13%), and higher nitrogen, phosphorus artdgsam
contents in the plant tissue were found, when RW used. Compared to Fl, smaller size and moreddjfnuits
(non-marketable) were found with DI. Use of RW il in accumulation of salt in the top soil, whigras
observed more under DI (Figure 9). A continuoustr@dmwas not possible because water availabilitg Vimited to
two times per week.

Eqgg-Plant

The Deficit 1 regime (75%) had the highest yield(Bg/nf) and water saving index (35%). The vyield is slight
more than with FI (3.4 kg/fjy but considerably more than common farmer’s petida levels with a traditional
furrow irrigation system (1.5 — 2.0 kgfjnThe Deficit 1 regime led to less fruits (aboB8@ but with a 50% higher
mean fruit weight. DI with 50% and 25% dose, gawasiderably lower yields, even resulting in a negawater
saving index for a dose of 25%.

Lettuce

For all treatments the crop quality was high amdilar, and most of the produce (97.2 — 98.8%) waatked as
Class 1. Marketable crop yield was about 15% hidivethe fertigated deficit regimes. During heasynfall events,
infiltration through the foil occurred in the Digik, and an estimated amount of 30% of the rainfal added to the
Water Use. The SMS-activated treatments used cenadite less water (65.6 — 67.6 mm) compared to darm
practice (186 mm). For the farmer treatment, dfmwvest, nearly no Nitrogen was found in the toiplager (0 —
30 cm), while in the DI treatments still some Ngen was found, the most in Deficit 1 for which loégrtilizers
were used. For Deficit 1 crop yield was slightlyalar than for Deficit 2 and 3, in spite of the fdigen left in the
soil. This was probably due to the dryer regime grahular fertilizer that did not mineralize. Comgxto farmers
practice, the SMS-activated DI treatments stameéghition more frequently and used a smaller degech lead to a
significant large water saving (64 — 69%) and adeslynamical trend in soil water contents. Thalltsesof the
automatic dose calculation by the DSS to preveatHing are shown in Fig. 10. Based upon these wdsens, and
although actual drainage was not measured, we wdedlthat in farmers practice a fairly large portad Nitrogen

leached to deeper layers, as well causing a smyadet.
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Figure 9— Results from the Jordan case study. Sensor readih@200 and WET-sensor for treatment with
treated wastewater, for Full Irrigation (top) andeficit Irrigation (bottom). Pore Water EC (EC
values obtained from WET-sensor by using the Hitheguation (Hilhorst, 2000).
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Figure 10— Dutch case study example on DSS functionality;-urigated and fertigated Iceberg lettuce under
rain-fed conditions. Above: Volumetric Water Contfem all 4 treatments, and the blue line refers to
the farmer treatment. Below: Calculated irrigatidose. After rainfall the dose is decreased and then
slowly increased again.

DISCUSSION

Saving water

Geerts and Raes (2009) state that DI is succeassiiutreasing water productivity for various cropghout causing
severe yield reductions. Indeed, we see in our sas#ies that DI leads to higher water use effidies; with
maximum values ranging from 19% to 69% for modefkeegimes with MAD-values ranging from 30 — 40%.
Over this range, product quality may vary largaly,e.g. fruits may vary in total and sizes. Mariktgields vary

from -11% up to +17%, compared to farmers practioe$-l. Maximum marketable yields are not necebsari
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obtained using the DI strategy with the highestewataving ratio. It was seen that farmers sometiterd to
overirrigate their crop, resulting in leaching eftflizers and consequently a yield reduction, Whi@s observed by
Geerts and Raes (2009) as well. Therefore, whamgudi, farmers must choose the DI-depth based upcal
situations like availability and costs of wateneadl as market prices.

Prevention of leaching

For cucumber and lettuce, compared to farmers ipesctwe were able to reduce leaching with a cenalde
amount by using moderate DI. By using optimizedipitrigated) fertigation, compared to bulk fert#ition,
slightly higher yields could be obtained taking andtage of non-leached fertilizers. In containeraamantal crops,
SMS-activated IS reduced considerably the leachihgitrates and phosphates compared to the comretti
grower’s practice. With more severe DI zero leaghinuld be obtained, but this implies that the cositjon of the
irrigation water must match exactly crop nutrieptake. Zero leaching is not sustainable when aealiater source
is used. In the ornamental trial we allowed fon®h leaching fraction to prevent salinity build-ufp make such a
system sustainable, the drain water could be delteand re-used after mixing and desalinization.Mawed that
while irrigating with a saline water source, andrbgnitoring substrate salinity using WET-sensors,were able to
maintain a pre-set EC-level in the growing mediakimg only minimal use of a FW source. In rain-gggiculture,
as was observed in the lettuce trial, rain and -avigiation are the main cause of leaching. Thé dmily partly
blocked the rain, but it reduced leaching consiolgraHowever, farmers have indicated not to be kean
implementing the foil because of the short croggime, material costs and labour intensive hagdlin

Use of reclaimed wastewater

A high water saving ratio (25%) was obtained in aortrials with a DI strategy. Use of RW led tolieg yields due
to higher organic compounds and plant nutrientsvéi@r, it is not likely that farmers will use RW @@mbination
with such a DI strategy, due to the lesser fruiliy and yield and the fact that IS is more catidNevertheless,
even when using RW, a moderate DI regime can be fasevhich acceptable fruit quality and yield,vasll a lower
water use can be obtained. As such, SMS-activated @ good tool. However, a straightforward prognaed
SMS-threshold with a preset dose was not optimal tdua non-continuous water supply. We suggestakenuse
additionally of ET-forecasting to find an optimals or to use a local water buffer. ConsiderablesaWings were

obtained in the ornamental trials, when using Hgline RW in combination with a small leaching fiac. A FW
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source was used only when the crop approachedritysatress threshold level. This was made posdilyl using
WET-sensors giving feedback about salinity, whia@swot possible using a timer or an ET-model.

Decision Support System

A minimal version of the DSS was implemented aemate host computer (Anastasiou et al., 2009) asid in
the lettuce and cucumber trials with a limited seDlI-rules. On a daily basis, or upon receptiomefv data, the
DSS computed new irrigation control parameterse@holds, doses and timing) which were sent via ibtmahe
farmer, who set the irrigation controllers manuallyne DSS could have updated the irrigation scheduirectly
and without growers intervention. However, it shdwbat to make such a system fail-safe and rolthstDSS
should not only incorporate DI expertise, a cropgabdase and stress model, but as well an observeéneof
performance of the irrigation controllers, detegtany faulty condition (leakage, power failures.emd major
changes in crop development and growing media.O%8 should use, combine and analyse all availedike, énd
alert the grower upon any critical event needirggihiervention. Such warming system would be venydficial for
growers, even while using a manual control. Thé dapabilities and flexibility of the DSS and theop stress
database upon reprogramming the irrigation comrslbn-the-fly and adapt the Dl-strategy to chaggiontraints
was not explored in the case studies. We anticitieteby doing so, the water saving performancayp gtield and
crop quality could be enhanced even more.

Costs and farmers use of the DSS and SMS

With respect to the aim to save water or reducehieg, the system performed well. The system cbelddapted to
several different farmer practices, and apart fiepriew minor failures, the technical implementatiafissensors,
controllers and wireless systems performed wellweleer, investments, operating and maintenance Gugts
relatively high. Therefore, successful implemewtativill depend solely on the outcome of an econceniluation.
Costs must be covered by extra income from savamgsvater, fertilizer and energy and benefits frorhigher
product yield and quality. All depends on local swwaints and especially on the price for FW andewg&tatment
besides the enforcement of legislation. In mangsasgater is still too cheap to change over to Skti«ed DI,
but in cases where farmers use RW we feel thabtbak-even point has been reached already. SM&'ssaful for
IS but its application demands extra skills, esgbcdue to soil variability. It is advisible to apt the DSS so that it
automatically checks sensor calibration and firmeetuset-points. Farmers are interested to userseasd a DSS,

even for just monitoring soil water dynamics, thére is a demand for more accurate and cheapesrsens
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RECOMMENDATIONS

Growers are advised to give more frequently water rautrients with smaller doses, matching moreetiothe crop
demand over time, preferably by using an automaystem, which can save a lot of work. SMS-activdtds a
tool that can help farmers to manage DI in a cdieloway under severe conditions of water availgbind
quality. Industry may take up the FLOW-AID concepid should focus on accurate, low-cost sensor anttatler

technology and a robust DSS capable to serve allglioarsity of cropping systems and constraints.

CONCLUSIONS

SMS-activated DI scheduling may significantly enterwater use efficiency and reduce leaching. In case
studies and compared to common grower practicesaved water from 19% up to 69% while maintaining
acceptable yields (-6% to +17%) and crop qualigrde DI depths influence crop quality and yieldesely, but it
is possible to achieve acceptable crop qualityyaeldis at moderate DI-depths. RW or saline wateirsss can be
used, even under DI regimes. However, to prevesp twsses and salinity built-up it is advised te esventually
lower EC water to maintain the soil EC at an acailet level and to initiate a leaching event whepdeel.
Continuous EC-monitoring with WET-sensors is arfulséool for this. An optimized fertigation stragg, matching
crop demands is a pre-requisite to maintain sueidity of the soil or growing media, especially e&sthRW or
saline water is being used. The DSS works well,targhsure a fail-safe operation in growers practn automatic

fault detection and warning system must be impleetn
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GLOSSARY OF TERMS

CIMIS  California Irrigation Management IS Irrigation Scheduling
Information System equation K.  crop coefficient
DI Deficit Irrigation MAD Management Allowable Depletion factor
DSS Decision Support System PC  Personal Computer
EC, EG Electrical Conductivity, Pore Water EC PMe Penman—Monteith equation
ET Evapo-Transpiration RW Reclaimed Wastewater, also used for treated
€ Dielectric permittivity waste water
FC Field Capacity SMS soil moisture sensor
FW Fresh Water WET Sensor for Water, EC and Temperature sensor
IC Irrigation Controllers (introduced by Delta-T-Devices Ltd, UK)

WUE Water Use Efficiency
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