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Optimization of nutrition management in greenhouse vegetables through an innovative
decision support system and ion selective electrodes
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Laboratory of Vegetable Production

ABSTRACT

The recycling of drainage solution (DS) in greenhouses by applying closed-loop
soilless cropping systems (CLS) eliminates pollution of the aquifers by nitrogen and
phosphorus emissions. Nutrient management faces two main challenges when the DS
is recycled in CLS, the sodium (Na*) accumulation and the variable composition of the
DS. If the water source used to prepare nutrient solution (NS) contains Na* at
substantial concentrations, Na* will accumulate to levels imposing salinity stress, and
this discourages farmers from recycling of the nutrient solution. To address this
problem, a new nutrient management strategy is suggested to control the increase of
the electrical conductivity (EC) in the root environment, thus avoiding salinity stress
and minimizing the discharged DS. Currently, the recommended nutrient
concentrations for the root zone of tomato exceed those for maximising yield, aiming
at a moderate salinity stress to enhance fruit quality. The suggested strategy for Na*
accumulation management is to gradually reduce the target concentrations of
macronutrients except for P in the root zone in proportion to the accumulation of Na*,
by considering a minimum safety threshold, while maintaining constant the mutual
ratios between them. The algorithm developed to support this new strategy was

integrated to the Decision Support System NUTRISENSE (https://nutrisense.online/)

and applied in a tomato crop grown on mineral wool in a CLS. The new strategy was
compared with the standard strategy of maintaining constant nutrient concentrations
in the root zone. The results demonstrated the efficiency of the new strategy to control
the EC in the root zone while ensuring a balanced nutrition of the plants. The new
strategy could not fully eliminate the need to discharge DS with a Na* concentration of
4 mM in the raw water. However, the new strategy reduced the losses of nitrates and
phosphorus due to discharge of DS by 25.5% and 9.20%, respectively, avoided yield
losses due to salinity stress, and increased the water productivity (WP) and agronomic

efficiency of N (AEn).


https://nutrisense.online/

The variable nutrient composition of the DS poses a significant challenge to its
recycling in CLS. To address this challenge, a strategy was developed, based on daily
monitoring of macronutrient concentrations in the DS using ion-selective electrodes
(ISE) coupled with a modelling approach applied through the DSS NUTRISENSE. The ISE
measurements were input data for the DSS to calculate appropriate rates of different
single-fertiliser concentrated solutions for automatic injection into a mixture of DS and
raw water. The fertiliser injection rates were transmitted online to a fertigation system
equipped with nine different single-fertiliser concentrated solutions and applied
automatically in real time. The objective was to maintain the root-zone nutrient
concentrations within an optimal range. To test this technology and to validate the
modelling approach applied through this DSS, tomato was grown in a CLS with daily
measurement of NOs,, K*, Ca?*, and Na* concentrations in the DS using ISEs. The
credibility of the ISEs was confirmed by comparing their measurements with those
from standard laboratory procedures in the same samples. The model approach
successfully maintained the target nutrient concentrations in the root zone and
concomitantly increased the fruit yield by 7.6% and the agronomic efficiency of
nitrogen by 23%. The proposed technology is expected to encourage the adoption of

CLS by growers thus minimising environmental impacts from greenhouse crops.

The algorithm applied via the NUTRISENSE DSS to support the use of ISEs in CLS
was designed based on the assumption that the Na* concentration in the raw water
used to prepare NS is low (0.6 mM) and Na* accumulation in the system will be
negligible. However, if the Na* concentration in the raw water is suboptimal (0.6 to 3
mM), its accumulation must be taken into consideration when applying ISEs, to avoid
excessive EC increase causing salinity stress. To address this problem, a combination of
the two above-mentioned strategies, Na* accumulation management and use of ISEs
to monitor the mineral composition of the DS, was tested in a cucumber crop grown
in a CLS using raw water with a sub-optimal Na* concentration (2.5 mM) to prepare
NS. The K*, Ca%*, NO3” and Na* concentrations in the DS were measured daily using ISEs
and entered to the NUTRISENSE DSS, which calculated actual injection rates of
concentrated fertiliser solutions and transmitted these on-line to a multi-tank

fertigation system for automatic implementation. Three treatments were compared:



an open system, a CLS with standard nutrient management, and a CLS with daily
automatic readjustment of the nutrient supply by NUTRISENSE based on the ISE-
measured K*, Ca%*, NOs” and Na* concentrations of the day. This strategy maintained
the target EC in the root zone, thus preventing exposure of the crop to salinity.
Furthermore, no nutrient deficiency was observed in the ISE-NUTRISENSE treatment,
and yield was similar to that obtained in the open soilless system. Water productivity
and agronomic efficiency of nutrients were significantly improved in the ISE-
NUTRISENSE treatment. This study showed that smart digital technologies supported
by ISEs can eliminate salinity damage due to Na* accumulation in CLS when the Na+
concentration in the raw water does not exceed 2.5 to 3 mM depending on the crop

species.

Scientific area: Soilless vegetable production

Keywords: Tomato, cucumber, vegetables, drainage solution, Nutrisense, water
recycling, nutrient losses, hydroponics, precision agriculture, nitrate pollution,

nutrient sensing.



BeAtiotonoinon tng udpoAinavong Twv KNMEUTIKWY OTO0 OEPLOKATILO HECW KOULVOTOOU
CUGCTAHATOC UTLOOTHPLENG ATtOPACEWV Kol EKAEKTLKWV LOVTLKWY aLoOntripwv

Tunua Emotiung @utiknic Mapaywyric
Epyaotrpio Knrmeutikwv KaAAtepyeiwv

NEPINHWH

H avakUkAwon tou SdtoAvpatog anoppong (AA) ota Bepuoknmia HECW TNG
ebapuoyng KAEOTwV udpomovikwy cuotnuatwy (KYZ) e€adeidel T pumavon Twv
UTIOVELWV USATWY amo VITPKA Kal pwodopika Lovta. H Staxeiplon twv Bpemtikwv
otolxelwv ota KYZ avtipetwrilel S5U0 BaoKEG TTPOKANCELG: TN CUCCWPEUCH VATPLOU
(Na*) oto meptBaArlov Twv plwv Kot TG pun PoPAEPLUEC HETABOAEG TG oUOTACNG TOU
AA. Otav 10 vepo apdeuong mepléxel Na*t oe oxetikd UPNAEG CUYKEVIPWOELG, N
cuoowpeuon Tou aufavel TNV NAeKTPIKN aywylpotnta (EC) oto mepiBailov tn¢ pilag
TIPOKOAWVTAC KATATIOVNON aAATOTNTAG N omoia anoBappUVeL TOUG aypOTEG amod TV
ULOBETNON CUCTNUATWY avakUKAwong tou AA. Mo TNV OVTLUETWILON QUTOU TOU
npoPANUaTog, TPOTElvETOL Ml VEX oOTpatnylkn Olaxeipong tng Bpédng ue
TIPOOSEVTIKN UELWON TWV CUYKEVIPWOEWV TWV BPETITIKWY HAKPOOTOLXELWV (TTANV TOU
P) oto pwooTpwua o€ emimeda mMOU L0OCKEAL{OUV TNV alénon TNG CUYKEVTPWONG TOU
Na*, wote va amodelyetal n avénon g NAekTplkAG aywywuotntag (EC) otn
pwoodalpa. Autr n oTPATNYLKA €lval EPLKTN YLATL Ol CUVIOTWUEVEC CUYKEVIPWOELG
BPETTIKWVY OTOLXELWV YLa TNV TOUATA 0TV TteEpLoxn tn¢ prloodatpag eivat upnAotepeg
OO QUTEC TIOU OUMOLTOUVTAL Yyl TN UEYLOTN amodoon, WOTE va TMPOoKAAE(TaL AL
oAatoUxoG Kkatamovnon n omoia PBeAtlwvel TNV mowdtnTa Twv Kapmwv. Ot
OUYKEVTPWOELS TWV KUPLWV BPEMTIKWY OTOXEIWV 0TO PL{OCTPWHA LELWVOVTAL LEXPL
éva elaylwoto eninedo aododeiag, evw ol petafd Toug avadoyieg Siatnpouvral
otaBepéc. O alyoplOuog mou avamtuxbnke yla Tn oTtAPLEN AUTAG TNG OTPATNYLKAG
edapUOOTNKE UECW TOU Juothuatog Ymootnpléng Anodacswv (XYA) NUTRISENSE

(https://nutrisense.online/) oe kaAALEpyeLa TOpATOG O uSpOTOVia e TIETpoPBApBaka

oe KYZ. H otpatnylkn autn cuykpibnke pe tnv kAaoikrn péBodo diatripnong otabepwv
OUYKEVTPWOEWV Bpemtikwv otolxelwv otn pudodapa. Ta amoteAéopata
emBeBaiwoav TNV ATMOTEAECUATIKOTNTO TNC VEAC OTPATNYLKAG yla Tov €Aeyxo tn¢ EC,

evw efaodaliotnke ooppomnuévn OBpén. H avaykn ywo amodppupn AA bev


https://nutrisense.online/

e€aleidOnke MANPwWC pe ouykévipwon 4 mM Na* oto vepd. QoTd00, OL AMWAELEG
VITPLKWV Kal dwoddpou Adyw amoppung tou AA pewwdnkav kotd 25,5% kat 9,2%,
avtiotolya, xwpeig pelwaon otnv anodoon, evw auvgnOnke n anodotikotnTa Xpriong tTou

vepou kal tou alwtou (AEn).

H petaBAntn kat pn mpoBAEPun cuotoon tou AA amoTteAel EmMiong onUAVTIKN
TPOKANGN yLa TNV avakUKAwor) tou ota KYZ. Na TV avIETWTLoN TNG, avamntuxbnke
plo oTpaTnyYKn Baclopévn otnv Kabnuepv mopakoAolOnon TwV CUYKEVIPWOEWV
HOKPOBPEMTIKWY 0TO AA e eKAEKTIKA LOVTIKA NAekTpOSLa (IEH), Twv omoiwv n xprion
urnootnpixbnke amd katdAAnAo oAyoplOpo esvowpatwpévo oto NUTRISENSE. Ou
petpnoelc Twv IEH amotelovoav ta Sedopéva elcodou ta omoio to NUTRISENSE
XPNOLLOTIOLOUCE YL TNV AVATIPOCAPUOYI TNG oUVOEONC TOU TTAPEXOUEVOU BPETTIKOU
StoAbpatog. Katdémv, to NUTRISENSE UTOAOYLlE QUTOUOTO TIG OTTALTOUEVEG
avaAoyieg €yxuong oKTw SLaPOPETIKWY TIUKVWY SLOAUUATWY AUTOCUATWY TIOU ETPETE
va tpooteBolv oto pelypa AA kat vepou. To clotnua edapUOoTnNKe o€ KAAALEPYEL
Topdtag kat n aflomotia Twv IEH emPefalwbdnke pe olyKPLON HE €PYAOTNPLAKEG
avaAUoelg. H edappoyrn autng tng texvohoyiog séaodpaAios tn Slatripnon twv
ETLOUUNTWV CUYKEVIPWOEWYV TWV BPEMTIKWY LOKPOOTOLXELWV 0TN pL{ocdalpa, avénoe
NV nmopaywyn Katd 7,6% kot BeAtiwoe tnv aypovoulkn amodotikdétnta tou N katd
23%. H texvoloyila autr pmopel va evBoppuvel TNV guputepn vloBétnon twv KYZ,

oUMPBAAAovTaG 0TN Helwon Tou TTEPLBAAAOVTLKOU AMOTUTIWUOTOC TWV BEpUOKNTIiWVY.

O aAyoplBuog mou edoapuootnke péow Tou NUTRISENSE DSS yua tnv
urnootnpLen tne xpnong ISEs oe CLS BacioBnke otnv unmoBeon otL n cuykévtpwon Nat
oto vepod eival xapnAn (20,6 mM), ondte n cucowpeuvon Na* Ba eival apeAntéa.
Qotooo, eav n ouykévipwon Na* oto vepd umepPaivel autd to eminedo, n
CUCOWPELCN TOU TIPETEL va Aappavetal umoyn katd tnv epapuoyn IEH, wote va
anopevyBel n unepBoAikry avénon tng EC mou mpokaAsi katamnovnon aAatotnTag.
AapBavovtag umoyn ta MOPATAVW, OVATTUXONKE Kol €popuooBnKe LEOW TOU
NUTRISENSE £vag véog akyoplBuog mou cuvduale Tig U0 TPONYOUUEVEC OTPATNYLKEC
(6laxeipion Na* kat xprion IEH) oe kaAALEpyela ayyoupldg o KYZ, e xprion VEPOU ToU
nepleixe 2,5 mM Na*. Ou ocuykevipwoelg K*, Ca?, NOz;~ kat Na* petpouvrtav

KaBnuepwa kat ewoayovtav oto NUTRISENSE to omoio umoAdyuwe autopata TLG



avaAoyileg €yxuong TwV MUKVWY SLOAUUATWY AUTOOUATWY KAl TG E0TEAVE SLOSIKTUOKA
O TPAYUATIKO Xpovo ot pia kedaAn udpoAimavon pe moAAamAd Soxela TUKVWV
SLOAUPATWY yLa AUECT AUTOMATN EOPUOYN. ZUYKPLONKAV TPELG OTPATNYLKEG: AVOLKTO
ocvotnua, KYZ pe kAaowkn Staxeiplon, kat KYZ pe kaBnuepvi avamnpooappoyn Bacet
Twv IEH-NUTRISENSE. H otpatnywkr IEH-NUTRISENSE diatripnoe otabepr tnv EC kat
anétpePe TNV KATATIOVNGON AAATOTNTAG XWPLE va epdavioBolv eAAel el BpemTikwy
otolxelwyv, evw mapdAAnAa Swatipnoe tnv amodoon TnG KAAALEpyelag ota Sl
emineda e AUTH TOU AVOLKTOU CUCTAMATOC. H aypOVOULKH amo80TIKOTNTA TNG XPONG
veEPOU Kal BpemTikwy oToXeiwv auénBnke onuavtikd. H peAétn avtr emiBePfaiwoe otL
0 ouvbuaopoG IEH kot €EL6LIKEVUEVOU AOYLOULKOU E(VOL ATTOTEAECUATIKOG OTOV EAEYXO

NG ouoowpeuong aAatwy og KYZ Otav To vepO MePLEXEL LETPLA OUYKEVTPpWON Na*.

Emiotnpoviki meploxn: YOPOmoVvIKEG KOAALEPYELEG KNTTEUTIKWVY

Né€erg kAewdd: Topdta, ayyoupt, Aaxovikd, SldAvpo amoppong, Nutrisense,
OVOKUKAWGT VEPOU, OMWAELEG BpeMTIKWY OToLXElWV, udpomovia, yewpyia akplBeiag,

VITPOPUTIAVON, AVIXVEUGN BPETTIKWY CTOLXELWV.



This Ph.D. Dissertation was supported by the European research project:
“ECONUTRI: Innovative concepts and technologies for ECOlogically sustainable
NUTRIent management in agriculture aiming to prevent, mitigate and eliminate

pollution in soils, water, and air”

(Grant Agreement Number 101081858).




ACKNOWLEDGEMENTS

The completion of this dissertation marks the completion of a long and
challenging journey, made possible through the support, guidance, and
encouragement of many people. Their contributions, intellectual, practical, and
emotional, have been invaluable throughout the course of this work. It is with
gratitude that | acknowledge all those who played a role in shaping the research and

providing support along the way.

Foremost, | express my heartfelt gratitude to my supervisor, Professor Dimitrios
Savvas at the Agricultural University of Athens. His expertise and willingness to
generously share his knowledge were crucial throughout this research. | thank him for
constantly challenging me to think beyond the conventional, and for maintaining high
research standards that strengthened my academic foundation. His trust, mentorship,
and financial support ensured the successful completion of this work, and | will always
be thankful for the opportunity to be his student. | would also like to extend my sincere
thanks to Professor Rodney Thompson at the University of Almeria, who willingly
participated on my advisory committee. His practical advice, and structured approach
to research and scientific writing helped me overcome critical challenges and
significantly influenced the direction and quality of my work. His involvement was a
privilege that | will always value. My deep appreciation also goes to Associate Professor
Georgia Ntatsi at the Agricultural University of Athens. Her constant encouragement,
constructive feedback, and motivating words helped me stay focused and resilient
throughout this demanding journey. Beyond academic guidance, Georgia inspired me
with important life lessons, how to set goals, the power of teamwork and cooperation,
and the value of personal effort. Her mentorship reached far beyond the confines of

the laboratory.

| am equally grateful to Professors Thomas Bartzanas, Konstantinos Saitanis,
Nikolaos Katsoulas and Georgios Salahas, for their role in evaluating this dissertation.
Their thoughtful feedback, scientific insight, and support enriched the quality of this

work and contributed to its final form.

10



| would like to thank Dr. loannis Karavidas, Dr. Theodora Ntanasi and George P.
Spyrou, my company in the laboratory, for our morning coffee sessions, and generally
being my partners “in crime”, providing a supportive environment throughout the
research process. During our demanding daily program, we enjoyed moments of
respite together over many beers, as well as an opportunity to exchange ideas,
encourage one another and develop a mutual understanding. The shared dedication,
practical assistance and moral support within the laboratory were fundamental to
overcoming challenges and maintaining motivation during demanding periods. This
spirit of cooperation and friendship was crucial to the successful completion of my PhD

and remains one of the most rewarding aspects of the experience.

Above all, | owe great thanks to my family and beloved ones. To my parents,
Athanasios and Dimitra, for their lifelong love and unwavering belief in me, thank you
for your boundless patience and encouragement. To Theodora, my partner in life,
thank you for your unconditional love, strength, and understanding, especially during
the most challenging moments. You have been my anchor and my inspiration. At times
when | lost courage, you reminded me of my purpose and helped me persevere.
Finally, | thank my dear friends, who stood by me through every up and down over the
past three years, for their emotional support and joyful companionship during this
journey. To all of you, thank you. | would never have reached this point without such

an extraordinary circle of mentors, colleagues, friends, and family.

Me tnv adeld pou, n mapoloa epyacia eAéyxBnke amd tnv Eéetaotikr Emutpornr) péca amod AOYLOULKO

avixveuong AoyokAomng mou StaB£tet To MA kal SlactaupwBnKe N eyKUPOTNTA KAl N TTPWTOTUTILA TNG

11



To my parents Athanasios and Dimitra

2Touc yoveic uou Adavaoto kot Anuntpa

12



Science is more than a body of knowledge,
is a way of thinking...

Carl Edward Sagan (1934-1996)
H emmotriun eivoit oAU meploooTEPO TPOTTOC OKEYNC,

nmapa nedio yvwonc...

KapA Saykav (1934-1996)

13



INDEX

ABSTRACT ittt ettt sttt s e e st e e s be e e s abe e e st e e ebaeesbaeesnbaeesbaeenabeeenanes 3
LT o AN I L SRS 6
NV ] = SRS 14
1. INTRODUCTION — LITERATURE REVIEW .....ccotiiiiiiieieeeieeetee st 21
1.1 Closed-loop soilless culture syStemS.........ccovcuieeiiriiiieeiiieee e 22
1.2 Nutrient management in closed-loop soilless culture systems..........cccceeuvneenn. 23
1.3 Sodium accumulation in closed-loop soilless culture systems .........ccccceevuneenn. 25
1.4 Use of ion selective electrodes for nutrient sensing .........cceecvveeeeecieeeeeccinnennn. 28
1.5 Decision support systems (DSS) in nutrition management ...........ccccceeeeennennn. 29

2. OBJECTIVES OF THE RESEARCH .....c.utiieiiieeieeeitee et etteeevee e tee e saee e snee e ssaeesnnee e 33
3. MATERIALS AND METHODS ......utiiiiiiieiiee ittt site s siee s ieeesvee s sbaessbeeesavee e e 35
3.1 Development and validation of an innovative algorithm for sodium accumulation
management in closed-loop soilless culture systems.......cccceeeeeveciiiveeeeeeee e, 35
3.1.1. AlZOrithm OULIINE .eeeeeiee e e e 35
3.1.2 Experimental deSigN ... ..o 39

3.2 Developing and validating a modelling approach linked with ion selective
electrodes to control pollution of water resources from greenhouse crops........... 44
3.2.1. System backgroUNnd ..........cccuiieiiiiiiiie et 44
3.2.2 Daily determination of the macro-ion concentrations in the DS................ 44
3.2.3 Readjusting the composition of the supplied solution (SS)........cccccevveeennne 46
3.2.4 Experimental design, plant material and growth conditions...................... 49
3.2.5 Sampling and laboratory analysis .........cccccviiiieieei e, 55

3.3 Sodium accumulation management in a closed-loop soilless cucumber crop
using ion selective electrodes and Decision Support System ........cccceeeveeeeeeicnrnnnene. 56
3.3.1 Nutrient management strategy ......cccccviiiiii, 56
3.3.2 Experimental deSigN ... ..o 62

3.4 Analytical determinations .......c.c..uviiiiiiii i e 70
3.5 Calculation of water productivity and agronomic efficiency of nutrients ......... 71
3.6 StAtiSHCAl @NAIYSES ...euvrrieiiee e e e e e e e e eanes 71
Y Y U I 1 USSR 72
4.1 Development and validation of an innovative algorithm for sodium accumulation
management in closed-loop soilless culture systems.......ccccceeeeveevnrveeeeeeeeeeeicrneeeen. 72
4.1.1 The evolution of root-drainage solution composition .........cccceeeeeveennnnenen. 72
4.1.2 Composition of the added solution (AS) and the supplied solution (SS)....75
4.1.3 Leaf macronutrient concentrations .........cooeccciiiieeeee e ecccciieeee e, 78
4.1.4 Yield and fruit qUAalILY ......ceeeeee i 79
4.1.5 Water and NItrOZEN USE ..ueeeieiiiiiecirieieeeeeeeeccirreeee e e e eestrreeree e e e e e eeanareeeees 81
O I SR U 1= oY d [ T <SS 82



4.2 Developing and validating a modelling approach linked with ion selective
electrodes to control pollution of water resources from greenhouse crops........... 83
4.2.1 Evolution of macronutrient concentrations in the root-drainage solution 83
4.2.2 Evolution of mutual ratios between macronutrients in the root-drainage

] [V n (o] o HE USSP SP PP PP RUPPPPPRRRPPPPPRTIN 85
4.2.3 Daily measurements with ion selective electrodes ........cccccvveeeeieieccnnnnnnn. 87
4.2.4 Leaf nutrient cONCENTratioNS.....cccuviiiiiiiiiieeieeceee e 89
4.2.5 Yield, fruit quality, harvest index, water and nitrogen use...........ccccecuven.. 90

4.3 Sodium accumulation management in a closed-loop soilless cucumber crop
using ion selective electrodes and Decision Support System ........cccccevvveeeeniineenn. 92
4.3.1 Evolution of macronutrient concentrations in the root-drainage solution 92
4.3.2 Daily measurements with ion selective electrodes ........cccccvveeeeeeiicccnnnnnnn. 95
4.3.3 Leaf nutrient conCentrations.......oocvveviieiiiee e 98
4.3.4 Yield, water and NULHENT USE.....ccovcvieiiiiiiee e 99

5. DISCUSSION ...ceiititestie ettt ettt et e et e et e e s bt e e sta e e sbaeesbaeesabaeesabaeesaseeesaseeenaseean 103
5.1 Development and validation of an innovative algorithm for sodium accumulation
management in closed-loop soilless culture systems........cccceeeeeeeiccciiiieeeeeeeeeeeens 103
5.2 Developing and validating a modelling approach linked with ion selective
electrodes to control pollution of water resources from greenhouse crops......... 110
5.3 Sodium accumulation management in a closed-loop soilless cucumber crop
using ion selective electrodes and Decision Support System ........cccccvvveeeeeeeencnnens 116
5.4 General overview and OULIOOK........ccueviiiiiiei e 122

6. CONCIUSIONS .ttt st s e e e s st e e e sabae e e s ssbeeeessareeeeas 129
7. Originality of the Ph.D. DiSSErtation ..........ccocevivreeieeeeeiiiiirieeeeeeeeeesecirrreeeeeeeeeeennns 132
8. Abbreviations and NOMENCIALUIE ........cooovuiiiiiiiiiieeeeee e 133
8.1 ADDIEVIAIONS ..eeiiiiiiiei et e e s e e 133
<302 \[o] 3 U=T g Vol F= 1 U PP SPRPPSP 133
0. REIBIENCES ...ttt sttt e s e e st e e e e e e s e araee e s 137
CURRICULUM VITAE ...ttt ettt ettt ettt ettt ettt e st st e e stteesneeesaneeesanee s 153

15



Table Index

Table 1. Mineral composition of the raw water used to prepare nutrient
solutions, standard target nutrient concentrations in the root solution and
drainage solution (RS/DS) of T1 and T3, minimum target nutrient
concentrations in the RS/DS of T2, and maximum acceptable EC, Na* and CI
concentrations in all treatments. The EC values are in dS m¥, the
concentrations of macronutrients Na* and CI° are in mM, and the
concentrations of micronutrients are in uM.

Table 2. Concentrations used as calibration points for the ISE of K*, Ca?*, NOs’
and Na* (LAQUAtwin, Horiba, Kyoto, Japan).

Table 3. The algorithm used in the current study through the DSS NUTRISENSE
to control salinity due to sodium accumulation in a closed-loop soilless
cultivation.

Table 4. Concentrations used as calibration points for the ISE of K*, Ca?*, NOs3’
and Na* (LAQUAtwin, Horiba, Kyoto, Japan).

Table 5. Mineral composition of the raw water used to prepare nutrient
solutions for the three treatments, standard target nutrient concentrations in
the root solution and drainage solution (RS/DS) for T1 and T2, minimum target
nutrient concentrations in T3, and maximum acceptable EC, Na* and CI
concentrations in the RS/DS for T2 and T3.

Table 6. Mean fruit weight (MFW), number of fruits per plant (NF), total
soluble solids (TSS) expressed as 2Brix, titratable acidity (TA) expressed as citric
acid %, and taste index in the three different treatments.

Table 7. Water productivity (WP) as weight of fruit produced per volume of
water (kg m3), agronomic efficiency of N (AEn) as kg of fruit produced per kg
of supplied nitrogen (kg kg*), mean drainage percentage referring to the total
volume of supplied solution (SS), and percentage of discharged to the total
supplied water.

Table 8. Mass of discharged macronutrients (kg ha) in the three different
treatments and percentage of nutrient savings by gradually reducing the target
concentrations of macronutrients except for P in the root zone in proportion
to the accumulation of Na up to a minimum safety threshold as compared to
maintaining constant target nutrient concentrations despite Na* accumulation
(T2 vs. T3).

Table 9. Yield per m?, Mean fruit weight, number of fruits per plant, total
soluble solids expressed as 2Brix, titratable acidity expressed as % citric acid,
fruit dry matter content (%) and taste index in the two treatments.

Table 10. Harvest index as the dry yield biomass divided by the total dried
biological biomass, water productivity as weight of fruit produced per volume
of water consumed (kg m3), and agronomic efficiency of N as kg of fruit
produced per kg of supplied nitrogen (kg kg™).

41

51

57

66

67

81

82

83

91

92

16



Table 11. Mean fruit weight (MFW), number of fruits per plant (NF), mean daily
system water consumption (WC) (L days? plant?), average drainage
percentage (DP), and water productivity (WP) as weight of fruit produced per
volume of water consumed.

Table 12. Agronomic efficiency of nitrogen (AEn), phosphorus (AEp), potassium
(AEk), calcium (AEca), magnesium (AEwg), and sulfur (AEs) expressed as kg of
fruit produced per kg of supplied nutrient

Figure Index

Figure 1. The two different concepts of recycling the DS in substrate-grown crops.
A: The fertigation system prepares automatically AS (Eq) which is subsequently
mixed with DS at a controlled ratio to prepare SS (E;). B: The DS is mixed with raw
water at a controlled ratio to achieve a mixture with a target E» which is pumped
to a fertigation system to inject stock solutions of fertilisers up to a target EC, thus
obtaining SS (Ey).

Figure 2. Schematic representation of the evolution of sodium accumulation in the
root solution of closed-loop soilless systems and its influence on electrical
conductivity (EC): A: when nutrient concentrations are maintained constant, and
B: when nutrient concentrations are reduced to compensate for the sodium
concentration increase.

Figure 3. Schematic outline of the calculation and the adjustment of AS in a closed-
loop soilless systems via DSS NUTRISENSE. The input data to DSS are the plant
developmental stage, the mineral composition of the irrigation water, the
chemical analysis of the DS and the climatic conditions. The output of DSS is the
actual UC which are used to calculate also the proper AS and SS compositions that
are applied to the crop via the fertigation system.

Figure 4 Schematic representation of the nutrient solution and data flow in the
two different treatments. Solid lines indicate nutrient solution or water flow.
Dotted lines indicate information flow.

Figure 5. Schematic illustration of the three experimental treatments (T1, T2 and
T3) (upper part) and the nutrient/Na+-accumulation management in each
treatment (lower part). In the upper part of the figure, solid lines represent mass
flow while dotted lines represent information flow.

Figure 6. Evolution of EC, pH, and concentrations of macronutrients, Na* and CI

in drainage solution (DS) samples collected regularly from the three different
treatments during the experiment. The horizontal dotted lines show the standard
target concentrations of K, Ca, Mg, NOs’, P, and SO4% in the DS for T1 and T3, while
the red dotted lines show the corresponding target concentrations for T2 that
were simulated by NUTRISENSE at each readjustment of the added solution
composition. Vertical bars denote * standard errors of means and different letters
at each sampling date denote significant differences according to the Duncan’s
post hoc test (p < 0.05).

101

102

17

25

27

32

49

65

74



Figure 7. Evolution of EC and macronutrient concentrations in the added solution
(AS), as calculated in each treatment during the readjustment of its composition.

Figure 8. Evolution of EC and macronutrient concentrations in the supplied
solution (SS), as calculated in each treatment during readjustment the
composition of the AS.

Figure 9. Concentration of macronutrients and sodium in the fourth leaf of tomato
plants on five sampling dates during the experimental period. The concentrations
are presented as percentages in the dry biomass (% w/w). The horizontal dotted
lines show the optimal range for each nutrient in the plant tissue. Vertical bars
denote * standard errors of means and different letters at each sampling date
denote significant differences according to the Duncan’s post hoc test (p < 0.05).

Figure 10. Evolution of the cumulative total and marketable yield (kg m2) during
the harvesting period. Vertical bars denote + standard errors of means and
different letters at each sampling date denote significant differences according to
the Duncan’s post hoc test (p < 0.05).

Figure 11. Evolution of EC, [NOs7], [K*], [Ca%*], [Mg?*] and [Na*] in drainage solution
(DS) samples collected approx. every fortnight from the two treatments during
the experiment. The horizontal dotted lines show the standard target value of EC,
[NOs7], [K*], [Ca?*] and [Mg?*]in the DS. Vertical bars denote + standard errors of
means (n = 8), while *, **, and *** indicate significant differences according to
ANOVA test (p < 0.05) at p < 0.05, p < 0.01, and p < 0.001, respectively.

Figure 12. Evolution of the ratios between [K*] and the [NOs7], [Ca?*] and [Mg?*] in
drainage solution (DS) samples collected approx. every fortnight from the two
treatments during the experiment. The horizontal dotted lines show the standard
target value of each ratio. Vertical bars denote + standard errors of means (n = 8),
while *, ** and *** indicate significant differences according to ANOVA test (p <
0.05) at p < 0.05, p < 0.01, and p < 0.001, respectively.

Figure 13. Daily course of [NOs3], [K*], [Ca?*], and [Na*] in DS samples collected
from the ISE treatment and measured with both ISE and standard laboratory
procedures. The horizontal dotted lines delimit the £10% range from the target
level.

Figure 14. Linear regression between the [NO3-], [K+], [Ca2+], and [Na+] in the DS
measured daily in the greenhouse with ISE and those determined in the
laboratory applying standard methodologies. The dotted line denotes the 1:1 line,
while the solid line represents the fitted equation

Figure 15. Daily course of [Mg?*] in DS samples collected from the ISE treatment
as estimated: i) automatically by NUTRISENSE using the [NOs7], [K*], [Ca%*], and
[Na*] measurements with ISE, and the EC measured with a portable EC-meter, and
ii) by applying standard laboratory procedures. The horizontal dotted lines delimit
the +10% range from the target level.

Figure 16. Evolution of total-N, [K*], [Ca?*], and [Mg?*] in the fourth leaf of tomato
plants on five sampling dates during the experimental period. The concentrations
are presented as mg gl in dry biomass. Vertical bars denote + standard errors of
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means (n = 8), while *, ** and *** indicate significant differences according to
ANOVA test (p < 0.05) at p < 0.05, p < 0.01, and p < 0.001, respectively.

Figure 17. Evolution of EC, [NOs7], [K*], [Ca?*], [Mg?*], [SO4*], [Na*], and [CI] in
drainage solution (DS) samples collected approx. every fortnight from the three
treatments during the experiment. For each of the four nutrients in T3, the
horizontal black dotted line shows the standard target concentration in the DS,
while the red dotted line denotes the adjusted target concentration in the DS.
Vertical bars denote + standard errors of means and different letters at each
sampling date denote significant differences according to the Duncan’s multiple
range test (p < 0.05).

Figure 18. Daily course of [NO3-], [K+], [Ca2+], and [Na+] in DS samples collected
from T3 and measured with both ISE and standard laboratory procedures. The
dotted lines denote the daily readjusted target concentration in T3.

Figure 19. Daily course of [Mg2+] in DS samples collected from T3: i) as estimated
by NUTRISENSE using the [NO3-], [K+], [Ca2+], [Na+] (measured with the ISE), and
the EC (measured with an EC-meter), and ii) as measured at the laboratory using
an atom-absorption spectrophotometer. The dotted line denotes the daily
readjusted target concentration of Mg in T3.

Figure 20. Linear regression between the [NO3-], [K+], [Ca2+], and [Na+] in the DS
measured daily in the greenhouse with ISE and those determined in the
laboratory applying standard methodologies. The dotted line denotes the 1:1 line,
while the solid line represents the fitted equation.

Figure 21. Evolution of total-N, [K+], [Ca2+], [Mg2+], [Na+] and [CI-] in the dry mass
of the fourth cucumber leaf at four sampling dates during the experimental
period. Vertical bars denote + standard errors of means (n = 4), while different
letters indicate significant differences according to the Duncan’s multiple range
test (p <£0.05).

Figure 22. Evolution of the cumulative total yield (kg m) during the harvesting
period. Vertical bars denote * standard errors of means and statistically significant
differences according to the Duncan’s multiple range test at p < 0.05, p < 0.01,
and p £0.001, are denoted by *, **, and ***, respectively.

Figure 23. Summary of the operating modes and key functions of the NUTRISENSE
Decision Support System (DSS) for nutrient management in soilless cultivation.
Salinity management: compensation of sodium accumulation through reduction
of nutrient concentrations in the root-zone solution. NUTRISENSE-ISE concept:
dynamic adjustment of nutrient supply based on daily monitoring of drainage
solution composition using ion-selective electrodes. NUTRISENSE-ISE salinity
management: integration of sodium accumulation strategy with the daily
monitoring of drainage solution composition using ion-selective electrodes and
adjustment of nutrient supply.
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Picture Index

Picture 1. Picture of the tomato crop after transplanting.
Picture 2. Picture of the young tomato plants during the cropping cycle.
Picture 3. Picture of foully grown tomato plants during the cropping cycle.

Picture 4. Picture of the young tomato plants grown on coconut slabs on 14
DAT

Picture 5. Picture of the fully developed tomato plants on 64 DAT.
Picture 6. Picture of the tomato plants with fruit load on 136 DAT.

Picture 7. LAQUAtwin ion selective electrodes models K-11, Ca-11, Na-11 and
NOs-11 (Horiba, Kyoto, Japan) for measuring K*, Ca?*, Na* and NOs".

Picture 8. The multi-tank fertigation system (ALAGRO, Athens, Greece)
equipped with nine tanks of fertiliser stock solutions.

Picture 9. Pictures of the young cucumber plants grown on coconut slabs on 14
DARI.

Picture 10. Pictures of the cucumber plants after harvesting initiation on 34
DARI.

Picture 11. Picture of the fully developed cucumber plants with fruit load on 96
DARI
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1. INTRODUCTION - LITERATURE REVIEW

An appreciable part of the yearly nitrogen (N) supply in agriculture is lost
through leaching, run-off, and gaseous emissions, causing serious environmental
problems (Qasim et al., 2021). The pollution of the groundwater through leaching with
nitrates (NO3’) endangers the availability of drinking water for human consumption,
while the pollution of surface water with NOs and phosphorus (P) causes
eutrophication in aquatic ecosystems, with dramatic consequences for the ecological
balance (Withers et al., 2014). These losses not only negatively affect the environment
but also reduce the nitrogen use efficiency (NUE) and increase fertiliser consumption,
thus reducing the sustainability of agriculture. In view of this situation, the European
Green Deal has set as a strategic target to reduce fertiliser consumption by 20% and
nutrient losses by 50% by 2030 (European Green Deal, 2019), mainly by optimising
crop fertilisation practices. The transition to sustainable agricultural production is
based on improving resources use efficiency and strengthening water security. As
reported by FAO (2021), the agricultural sector accounts for 70% of the water
consumption, primarily used for irrigation. The EU following the “Farm to Fork”
strategy of the European Green Deal is focusing on mitigating water pollution and
reducing the nutrient losses in agriculture (European Green Deal, 2019). Smart farming
techniques are key strategies for achieving the goals of water security (Leghari et al.,
2024; Parra-Lopez et al., 2024) and sustainable nutrient use (Singh et al., 2024).
Modern greenhouse production, mainly in soilless culture systems (SCS), is one of the
most intensive agriculture sectors. A major advantage of SCS is their inherent ability to
allow for capture and recycling of the fertigation effluents, thus contributing to
establishment of circular cropping systems and elimination of environmental impacts
due to contamination of water resources with nitrates and phosphates. However, to
optimise crop productivity and resource use efficiency in SCS, the decision-making
process should be supported by specialised software which is well-known as decision
support systems (DSS), coupled with internet of things (loT) applications (Savvas et al.,

2024).
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1.1 Closed-loop soilless culture systems

Soilless culture has become the primary method for cultivation in modern high
technology greenhouses due to several advantages, which generally result in higher
yields per unit area and superior quality compared to crops grown in the soil (Fussy
and Papenbrock, 2022; Wu et al., 2023). SCS also provide substantial benefits for the
environment, as they can appreciably reduce or even eliminate contamination of
surface and ground water by N and P emissions. The application of innovative
technologies and new crop management practices aimed at reducing inputs and
extending circularity of nutrients in agricultural production is an effective strategy to
address the problem. Specifically in greenhouse vegetable and ornamental
production, cultivation in closed-loop soilless systems (CLS), where the fertigation
effluents, i.e., drainage solution (DS), is recycled, can minimise emissions of nutrients
to the environment. This is achieved by collecting and reusing the DS when preparing
new nutrient solution (NS) to supply the plants. In this way, the use of CLSs can reduce
water and fertiliser consumption by 20-35% and by 40-50%, respectively (Grewal et
al., 2010; Massa et al., 2011; Savvas and Gruda, 2018). In addition, the reduced use of
fertilisers in CLSs leads to substantial energy savings and reduced greenhouse gas
emissions from the fertiliser industry (Menegat et al., 2022). Consequently, CLSs can
play an important role in achieving European Green Deal targets while ensuring high
crop productivity and quality. In this context, EU countries, such as the Netherlands
and Belgium, will mandate the recycling of DS in SCS after 2027 or set strict limitations
in DS rejection, respectively, to prevent water resource contamination (Van der Salm
et al., 2020).

The savings in water use that can be achieved by incorporating CLS into
greenhouse production is an international priority. Particularly in the Mediterranean
Basin, but also in many drier regions around the world, limited water for irrigation due
to low and infrequent precipitation and high evaporative demands, is a common
problem with increasing severity (Masia et al., 2018; Taft, 2015). Greenhouse
production using CLS is an effective method for saving water in areas where the local
climatic conditions favour greenhouse production but the shortage in irrigation water

constitutes a serious constraint. Currently, CLS are not widely used in Mediterranean
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greenhouses, and in many other greenhouse cropping centres around the world for
several reasons, including the additional cost and the issue of salt accumulation
(Incrocci et al., 2017; Giannothanasis et al., 2024a). However, the two main obstacles
to the adoption of CLS are the complexity in managing plant nutrition due to
fluctuating nutrient concentrations in the recycled DS and the salinity problems caused
by sodium (Na*) accumulation in the recirculated solution, when the water sources
contain Na* at suboptimal concentrations (Blok et al., 2023b; Massa et al., 2020, 2010;
Voogt and Bar-Yosef, 2019). Temporal fluctuation of the nutrient concentrations in the
DS is mainly attributable to temporal variations in nutrient and water uptake by the
plants caused by a diversity of factors, such as commensurate fluctuations in climatic
conditions, fruit load, cultural practices, changes of mineral concentrations in the root
environment, etc. (Ahn and Son, 2019; Blok et al., 2023a; Cedefio et al., 2023; Neto et
al., 2014). Within each time interval in each crop, different combinations of these
factors induce temporal fluctuations in uptake rates of individual nutrients which
subsequently affect mutual uptake ratios. Because of these inevitable fluctuations in
nutrient uptake rates, the use of standard nutrient concentrations in the nutrient
solution supplied to the crop, henceforth termed supply solution (SS) cannot maintain
constant the target nutrient concentrations in the root environment (Kim et al.,
2017a). Furthermore, if the Na* concentration ([Na*]) in the raw water is higher than
the corresponding plant uptake, accumulation will occur, leading to an increase in

electrical conductivity (EC) and salinity stress.

1.2 Nutrient management in closed-loop soilless culture systems

Following the terminology proposed by Blok et al. (2023a) and Savvas et al.
(2024), the supply solution (SS) is the NS that is supplied to the plants (Fig. 1), often
referred to also as drip solution in substrate grown crops. The DS is the NS that drains
out from the root environment, i.e. from the substrate in substrate-grown crops (Fig.
1). As reported by Savvas and Gruda (2018), there are two alternative ways of
preparing SS for substrate-grown crops in CLSs, which lead to the same result and are
illustrated in Fig. 1A and 1B, respectively. In the first option, the DS is mixed with the
added solution (AS), which is the NS prepared using fertiliser stock solutions and raw

water, aiming at a target EC (E,;) and nutrient concentrations equal to the nutrient to
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water uptake ratios. Subsequently, the AS is mixed with DS with the aim of achieving
an EC target value (E:) for the SS (Fig. 1A). In the second alternative, the DS is first mixed
with raw water aiming at the EC target value for the mixture (En) and then enriched
with concentrated fertiliser solutions (stock solutions) aiming to the EC: for the SS (Fig.
1B). In the second option, the AS does not really exist but represents the net nutrient
supply, i.e. the net nutrient to net water supply ratios (excluding those originating from
the DS). The ratios at which nutrients and water are absorbed by the plants are termed
uptake concentrations (UC), and for each nutrient there is a different UC. Ideally, the
concentration of each nutrient in the AS would be the same as the current UC of this
nutrient. If this happens, the supply of nutrients and water is fully tailored to the
nutrient and water uptake, and thus no accumulation or depletion of nutrients occurs
in the root zone of the plants, and concomitantly in the DS.

The NS that is in contact with the root system of the plants is called root solution
(RS). In substrate systems it is the solution retained in the pores of the substrate. The
DS is the part of the RS that drains out of the root zone and, consequently, the
composition of the RS and the DS is considered identical (Voogt and Bar-Yosef, 2019).
Therefore, in most cases, the management of nutrition in SCS is based on DS
composition, as the collection of a RS sample from the substrates is a difficult process
and needs representative sampling from the whole rooting volume. Optimal values of
nutrient concentrations in the DS have been established for most of the main
vegetable and ornamental crops (Sonneveld and Voogt, 2009).

Currently, the management of nutrient composition in CLS uses regular (weekly,
or bi-weekly) laboratory analysis of the DS with subsequent readjustment of the AS
based on these analyses (Blok et al., 2023a). Nearly 30% of the SS in CLS originates
from the DS (Savvas and Gruda, 2018). The calculations needed to regularly readjust
the composition of the AS taking into consideration the mineral composition of the
RS/DS are complex as they are based on specialised simulation models and algorithms
to tailor these with the current UCs (Blok et al., 2023b; Savvas et al.,, 2023)
Consequently, the composition of the SS is amended regularly as it depends on the
current composition of the DS which, as already mentioned, undergoes unpredictable
fluctuations over time. Frequent laboratory analyses of the DS have the objective of

alleviating these fluctuations. However, the time required to receive the analytical
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results is commonly 4-7 days. Therefore, once the results are available, the
composition of the DS may have changed appreciably compared to that on the
sampling date. The uncertainty in the composition of the DS creates inevitable
inaccuracies in the calculation of an AS composition fully harmonised with the current
UCs. Therefore, with the current status of the technology used in commercial soilless
greenhouses, optimal and balanced plant nutrition in CLS cannot be assured.
Consequently, many greenhouse growers prefer to cultivate either in the soil or in
open soilless systems if they are not forced by legislation to adopt CLS in soilless

systems (Pefia-Fleitas et al., 2021a; van der Salm et al., 2020).
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Figure 1. The two different concepts of recycling the DS in substrate-grown crops. A: The
fertigation system prepares automatically AS (E,) which is subsequently mixed with DS at a
controlled ratio to prepare SS with a target EC (E:). B: The DS is mixed with raw water at a
controlled ratio to achieve a mixture with a target E, and the mixture is pumped to a
fertigation system to inject stock solutions of fertilisers, thus obtaining SS with a target EC (E;).

1.3 Sodium accumulation in closed-loop soilless culture systems

One of the main limiting factors for the adoption of CLS is the high Na*
concentration in the water used prepare NS, which is almost always accompanied by
high chloride (Cl") concentrations. The bottleneck factor is Na* as the UC of this ion by

glycophytic plants, i.e., the ratio between the mass of Na* and the volume of water
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that are absorbed at the same time interval, is always lower than the Na*
concentrations in the water used to prepare NS (Magan et al., 2005; D Savvas et al.,
2005b; Varlagas et al.,, 2010; Voogt and Bar-Yosef, 2019). Consequently, Na*
accumulates in the recycled DS and gradually raises the EC in the root zone of the
plants to levels that are harmful for the plants and restrict yield due to salinity stress
(Rodriguez-Ortega et al., 2019; Sonneveld and Van Der Burg, 1991). In Mediterranean
countries, high sodium concentrations in water sources are a frequent issue (Odemis
et al., 2005), while the low rainfall does not provide substantial amounts of rainwater
for irrigation, leading to salinity problems in the CLS. The accumulation of Na* in the
DS increases exponentially the UC of Na* in the root zone and the DS up to a maximum
limit (Savvas et al., 2005a, 2007, Varlagas et al., 2010). The maximum level is achieved
when the UC of Na* equals the Na* concentration in the water used to prepare NS,
because at that point the rate of Na* output equals that of the input and thus an
equilibrium is established (Savvas et al., 2005a, 2007)

To prevent an increase in EC in the RS and thereby in the DS due to Na*
accumulation in the CLS, in commercial practice growers frequently discharge a part
of the DS, thus converting the SCS to a semi-closed-loop soilless system (semi-CLS)
(Katsoulas et al., 2015; Katsoulas and Voogt, 2015; Massa et al., 2011). However, this
practice constrains the advantage of the environmental sustainability of CLS and
increases water and fertiliser inputs while decreasing the water and nutrient use
efficiency. Furthermore, in northern-European countries with an extended
greenhouse industry, such as the Netherlands, legislation demands full elimination and
not partial discharge of DS (van der Salm et al., 2020). On the other hand, in the
southern-European countries (Spain, Italy, Greece, Portugal), soilless production still
takes place mostly in open systems with uncontrolled discharge of the DS to the
environment, and one of the reasons is the inability to effectively control salinity in CLS
(Cedefio et al., 2023).

Na* and ClI- originate from the irrigation water used to prepare NS, so their
input to the CLS cannot be controlled. However, the bottleneck for DS recycling is Na*
because its UC is lower than that of the CI~ and thus the Na* accumulation is faster

than that of CI~ (Voogt and Van Os, 2012). The accumulation of these ions imposes
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salinity stress it increases the EC and concomitantly decreases the osmotic potential in

the root zone (Voogt et al., 2012).

Root solution
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Figure 2. Schematic representation of the evolution of sodium accumulation in the root
solution of closed-loop soilless systems and its influence on electrical conductivity (EC): A:
when nutrient concentrations are maintained constant, and B: when nutrient concentrations
are reduced to compensate for the sodium concentration increase.

To avoid an increase of the EC despite the accumulation of Na* and CI-, one
strategy would be to reduce the nutrient levels in the DS equivalent levels with the
[Na*] increase, thus maintaining the EC at optimal levels and avoiding salinity stress
(Massa et al., 2010) (Fig. 2). Nevertheless, if the nutrient concentrations in the RS are
not frequently and effectively controlled, this strategy may cause nutrient imbalances
or even depletion of nutrients in the root environment (Kempkes and Stanghellini,

2003; Voogt et al.,, 2023, 2021). If the accumulation of Na* cannot be further
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compensated because the nutrient concentrations have been already reduced to the
minimum acceptable levels for optimal plant nutrition, a partial discharge of the DS is
implemented, transforming the system into a semi-CLS (Massa et al., 2020; Rouphael
et al., 2016). Another option might be the establishment of a cascade system, where
the DS is reused in a different crop with higher salinity resilience (Karatsivou et al.,
2023), which also results in a semi-CLS, as in the recipient crop the discharge of some

DS is inevitable.

Several studies have shown that the fruit quality of many vegetables can be
substantially improved by exposing the plants to a controlled salinity stress (Rouphael
and Kyriacou, 2018). Therefore, in soilless culture, the standard recommended
nutrient concentrations and EC in the RS of fruit vegetables, and especially of tomato
which is characterised by relatively high salt tolerance, are higher than the minimum
required for optimal nutrition to increase fruit quality (Ntanasi et al., 2023; Sonneveld
and Van Der Burg, 1991; Zhang et al., 2022b; Zushi and Matsuzoe, 2015). This means
that the currently suggested macronutrient concentrations in the RS can be reduced
in CLS in proportion to the accumulation of Na* originating from irrigation water. In this
case, Na*, can replace the nutrient macronutrients in their role to maintain the EC in
the RS to levels optimising fruit quality. The strategy of loweringthe the nutrient
concentrations in the RS when the Na* concentration in water is relatively high to
compensate for Na* accumulation has been already suggested by many scientists
(Grewal et al., 2010; Kempkes and Stanghellini, 2003; Massa et al., 2011; Savvas and
Gruda, 2018; Voogt et al., 2021).

1.4 Use of ion selective electrodes for nutrient sensing

A breakthrough in the current situation which is characterised by uncertainty in
the composition of the DS would be the in-situ determination of the DS composition
every day using ion selective electrodes (ISEs). ISEs are sensors capable of selectively
estimating the concentration of a single ion in a multi-ion solution, such as a nutrient
solution (Mikhelson, 2013). ISEs provide several advantages including very rapid and
direct measurement, simplicity in use, wide measurement range, and no need to add
reagents and wait until a measurement can be taken, as is the case with colorimetric

and spectrophotometric methods (Cho et al., 2019; Padilla et al 2020). In this
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framework, ISEs represent a promising tool for the daily monitoring of DS composition
in combination with EC and pH meters. Involving sensors to frequently measure the
nutrient concentrations in the DS will also improve nutrient and salinity management
(Massa et al., 2020).

In recent years, numerous publications have presented ISE systems for soilless
culture, including portable, manual, and automated options, which claim acceptable
accuracy (W. J. Cho et al., 2019; Chowdhury et al., 2020a; Han et al., 2020a; Kim et al.,
2017a; Pefia-Fleitas et al., 2021a). Nevertheless, to date the use of ISEs remains at an
experimental level and has hardly been adopted in commercial soilless CLS, as the
long-term performance of ISEs under greenhouse conditions needs further
improvements (Han et al., 2020a; Wu et al., 2023). Currently, the standard technology
used in greenhouses for the preparation and supply of nutrient solution to soilless
crops is based on automated fertigation systems comprising two stock solutions of
fertilisers and one stock solution of acid for pH adjustment (Van Os et al., 2019; Wu et
al., 2023). With this technology, the mutual ratios of nutrients are fixed as long as the
two stock solutions are used. Regular readjustments of the nutrient supply in response
to ISE measurements are not feasible when a system with two stock solution tanks is
used. Consequently, the introduction of ISE into commercial practice for precise
nutrient management in CLS requires a new generation of fertigation systems with
multiple stock solution tanks for concentrated solutions with a single fertiliser per tank.
Furthermore, the software and the electronics controlling the operation of multi-tank
fertigation systems require targeted adaptation to the use of ISEs. In this framework,
an integrated system comprising ISEs, suitable software to readjust the net nutrient
supply rates after receiving input from the ISEs, and suitable fertigation equipment to
rapidly apply the modified nutrient supply is currently missing in the commercial
greenhouse production sector. There has been considerable recent progress in the

development of practical ISEs for on-farm measurement.

1.5 Decision support systems (DSS) in nutrition management

The fertigation of vegetable crops might be effectively supported by specialised
DSSs based on modelling allowing for prediction of nutrient uptake and sodium

accumulation (Gallardo et al., 2021; Katsoulas et al., 2015; Savvas et al.,, 2023). A
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reliable DSS should deploy validated models and algorithms, utilising accurate data on
the nutrient requirements of each cultivated species to effectively manage crop
mineral nutrition. Specifically designed DSS facilitate precise management of fertiliser
application rates, ensuring that crop nutrient demands are met while taking into
consideration the multiple factors that influence plant nutrition and crop growth.

Several DSSs have been developed to improve nutrient management in
vegetable crops, primarily through modelling to predict nutrient uptake. Some DSS
focus on forecasting nutrient requirements by simulating crop growth and biomass
production, utilising data from periodic tissue nutrient analyses (Elia and Conversa,
2015; Gallardo et al., 2020; Ramirez-Pérez et al., 2018). Others are designed to
estimate nutrient status within the root zone by analysing the composition of the DS
(Massa et al., 2011; Moreira Barradas et al., 2018; Savvas et al., 2021). Most of these
systems are not specialised in soilless cultivation, while they utilize models originally
created for nutrient uptake estimations in soil-based cultivation (Conversa et al., 2015;
Elia and Conversa, 2015) and are applicable to both soil-grown and soilless crops
(Gallardo et al., 2021, 2016). There are also DSS developed to support specifically
certain crops such as tomatoes and leafy greens (Battilani, 2006; Cahn Michael et al.,
2013). However, only a limited number of DSS have been specifically developed for
soilless cultivation (Blok et al., 2023b; Incrocci et al., 2008; Savvas et al., 2023, 2021).

One of the primary challenges in developing DSS for soilless cultivation is to
ensure that they are compatible with a wild range of SCSs and plant species, which is
crucial for broad adoption. However, there is a lack of peer-reviewed research papers
reporting on DSSs specifically designed for fertigation management in CLSs. Another
significant drawback is that many existing DSS are either confined to local applications
or operated by private companies to support exclusively their clients. Consequently,
there is a need for publicly accessible and reliable DSS that allow growers to optimise
fertilization in response to real-time plant demands in CLSs. Such DSS will contribute
to the further adoption of CLSs, thereby minimizing the water and nutrient waste and
reducing the environmental impact of greenhouse production.

Considering these requirements, a novel DSS was developed to support plant
nutrition management of soilless cultivations, especially those operating as CLS, which

is named NUTRISENSE (Savvas et al., 2021). NUTRISENSE comprises a series of
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algorithms and models (Savvas et al., 2023;) to optimise the nutrient management in
CLS. The core of this DSS is the algorithm proposed by Savvas and Adamidis (1999,
2000) in conjunction with the mass-balance model suggested by Savvas et al. (2023)
for readjustment of the nutrient supply, i.e. the AS, in CLS (Fig. 3). The application of
this algorithm could efficiently maintain the target nutrient concentrations in the
RS/DS when the DS composition is monitored at fortnightly intervals through
laboratory analysis, and thus it could effectively manage the nutrition in CLSs (Savvas
et al., 2023). In substrate-based soilless cropping systems, the nutrient concentrations
in the RS are usually monitored by measurements in the DS and the composition of
the DS and RS are considered as almost identical (Blok et al., 2023b; Voogt and Bar-
Yosef, 2019). Consequently, DSS are a necessary tool to effectively manage plant
nutrition which employs strategies, models, and algorithms, and can be part of

Internet of Things (loT) networks, including ISEs.
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Figure 3. Schematic outline of the calculation and the adjustment of AS in a closed-loop soilless systems via DSS NUTRISENSE. The input data to DSS are the
plant developmental stage, the mineral composition of the irrigation water, the chemical analysis of the DS and the climatic conditions. The output of DSS is
the actual UC which are used to calculate also the proper AS and SS compositions that are applied to the crop via the fertigation system.
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2. OBJECTIVES OF THE RESEARCH

The two main issues that growers are faced with in CLS concerning nutrient
management are (i) the Na* accumulation when the irrigation water has relatively high
[Na*] and (ii) the uncertainty about the composition of the DS that is recycled. This
Ph.D. dissertation aims to develop and validate algorithms and strategies as parts of
the DSS NUTRISENSE to address these two issues.

In a first experimental study, an additional algorithm was developed as part of
NUTRISENSE to implement the strategy of compensating for Na* accumulation by
gradually decreasing the target macronutrient levels in the RS/DS, while maintaining
their target mutual ratios. This algorithm was tested and validated in a trial with
tomato grown in CLSs, while the Na* concentration in the irrigation water used to
prepare NS was 4mM. More specifically, one objective was to test the hypothesis that
this new algorithm can effectively readjust: i) the target nutrient concentrations in the
RS/DS to levels that successfully compensate for Na* accumulation, and ii) the
composition of the AS to levels that successfully maintain the target nutrient ratios in
the RS/DS. A second objective was to test the hypothesis that the gradual reduction of
the macronutrient concentrations in the RS/DS to compensate for Na* and CI
accumulation in CLS does not reduce yield or fruit quality. Finally, a third objective was
to evaluate the environmental sustainability of the algorithm with respect to water
productivity (WP), and nitrogen use by estimating the agronomic efficiency of N (AEn).

In the second study, a novel strategy was developed utilising ISEs for the daily in-
situ measurement of macronutrients concentrations in the DS, and a special algorithm
in the DSS NUTRISENSE to adjust the SS composition based on the ISE measurements.
This strategy was tested in a greenhouse tomato crop grown in a CLS, using a non-
saline irrigation water ([Na*] = 0.6 mM). The aim of the experiment was to maintain
optimal nutrient concentrations in the RS by daily readjusting the composition of the
SS taking into consideration the ISE measurements of the day. More specifically, the
readjustment of the SS was based on daily in situ monitoring the concentrations of
nitrates (NOs"), potassium (K*), calcium (Ca?*) and Na* in the DS using a set of ISEs. The

concentrations measured by the ISEs were entered as input data to the special
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algorithm of the NUTRISENSE DSS. These were used by the DSS to automatically
calculate the injection rates of single-fertiliser stock solutions to the mixture of water
and DS, which were needed to prepare SS with the desired composition. The output
of NUTRISENSE was transmitted on-line to a fertigation system equipped with nine
single-fertiliser stock solutions and implemented automatically in real time.

In the third study, the combination of the Na* accumulation management
strategy, and the strategy of using ISE measurements to adjust the nutrient supply on
a daily basis was examined. The algorithms supporting the application of the two
strategies were integrated into a new algorithm applied through the NUTRISENSE DSS,
and tested in a cucumber crop grown on coconut substrate in a CLSs. In this study,
cucumber was selected as experimental plant species, because it is more sensitive to
salinity than tomato, while the responses of tomato to the Na* accumulation
management strategy had been tested in the first experiment. The readjustment of
the SS was based on daily in situ monitoring of macronutrient and Na* concentrations
in the DS using the same set of ISEs as in the second study. The target concentrations
of macronutrients in the RS/DS were daily readjusted by NUTRISENSE based on the
ISE-measured Na* concentration of the day. The concentrations measured by the ISEs
were inserted as input data to the DSS NUTRISENSE which was capable of
automatically calculating the injection rates of single fertiliser stock solutions aiming
to maintain/restore the readjusted target macronutrient concentrations in the RS/DS.
The output of NUTRISENSE was transmitted on-line to a fertigation system equipped

with nine single-fertiliser stock solutions and applied automatically in real time.
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3. MATERIALS AND METHODS

3.1 Development and validation of an innovative algorithm for sodium accumulation

management in closed-loop soilless culture systems

3.1.1. Algorithm outline

As already mentioned, the composition of the RS is considered roughly similar
to that of the DS, while the ratios between the net nutrient and water supply to the
plants (mM), i.e., the plant UC, in CLS are considered concentrations of the AS as
suggested by Blok et al. (2023b) and Savvas et al. (2023).

The core algorithm of DSS NUTRISENSE, as described by Savvas et al. (2023),
deploys a mass balance model to readjust the concentration all nutrients (except for
NHz*) included in the AS (Cur) to an actual level after a chemical analysis of the DS/RS.
This mass balance model, which is used in CLS grown on substrates, is described by the

following mathematical equation (Savvas et al., 2023):

(Cap = Cac)Va + (Cat — Cac)Va (1)

Cor =C
ar ac + ‘/an TfVa

In Eq. (1), which is applied separately for each nutrient, Coc denotes the current
concentration of each nutrient in the AS, while Cagp and Cuc are the concentrations of
each nutrient in the RS/DS, as estimated on the previous (n-1) and the most recent (n)
sampling date), respectively. Furthermore, Vy is the volume of the RS/DS per plant, V,
is the volume of the AS supplied to each plant per day, T, denotes the time (d) applying
AS with the current composition, and T is the time (d) until reestablishing the target
nutrient concentration in the RS/DS after starting to use the readjusted AS composition
(opted by the user). Finally, Cs: denotes the target concentration of each nutrient in
the DS/RS.

If the concentrations of Na and Cl are low in the raw water used to prepare NS,
these ions do not accumulate in the RS/DS and thus the target nutrient concentrations
in the DS/RS (Cat) are constant in Eq. (1), at levels suggested by Sonneveld and Voogt
(2009). However, if the Na and Cl concentrations in the raw water are suboptimal for
use in CLS (higher than 1 mM), the target nutrient levels in the RS/DS may be
progressively lowered to compensate for Na and Cl accumulation (Massa et al., 2010;

Voogt et al., 2021), which means that C4: should be considered a variable in Eq. (1). In
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that case, an additional algorithm is needed in DSS NUTRISENSE to estimate the
current Cq: values whenever Eq. (1) is used to readjust the nutrient concentrations in
the AS (Cqr). This algorithm is described below.

The first step is to consider maximum allowed Na concentrations in the RS/DS
(Cna(@ymax) that can be compensated for by reducing the target macronutrient
concentrations (except P) in the DS based on various literature sources (indicatively:
(D Savvas et al., 2005b; Savvas et al., 2007; Sonneveld and Voogt, 2009; Sonneveld and
Van Der Burg, 1991; Varlagas et al., 2010) The Cna(a)max for a wide variety of crop species
grown in greenhouses are available in the database of DSS NUTRISENSE. For tomato
crop, the maximum allowed concentration of Na in the DS was set to 21 mM.

According to (Sonneveld, 2002), the EC increase (Enq) caused by a particular Na

concentration in a NS (Cne) can be calculated using the following equation:
Ena = 0.115Cna (2)

When a chemical analysis of the DS is performed and the data are introduced
to DSS NUTRISENSE to readjust the composition of the AS (Savvas et al., 2023), the
current Na concentration in the DS (Cna(d)c) and the Cna(g)max are used to calculate the

difference between them (ACna(q)):

ACNa(d) = CNa(d)c - CNa(d)max (3)

If the obtained difference is higher than zero, it substitutes for Cnac in Eq. (2)
and the obtained value is added to the standard EC suggested for the particular crop
species in the DS (Egs) to obtain the actual target EC in the RS/DS (Edq). Thus, the actual
target EC in the RS/DS (Eq0) is equal to the standard recommended value (Edo = Egs) as
long as ACnq(d), as estimated using (3), is < 0 but is increased by NUTRISENSE to a higher
value using (2) as long as the value of ACnq(q) estimated by Eq. (3) is >0. In mathematical
terms:

IfACygqa) <0, Eqq = Egs,

(4)
IfACNa(d) > O, Eda = Eds + 0115ACNa(d)
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The sum of the equivalent concentrations (meq L) of all macrocations in the

readjusted target composition of the DS/RS is denoted by Z'C;i Thus, by definition:
IC4 = [K*]1+[Ca®* ]+ [Mg**] + [Na*] + [NH,"] (5)

As suggested by Sonneveld et al. (1999), the sum of the equivalent
concentrations of all cations in an aqueous mix salt solution, such as the DS in soilless
cultivations, can be converted into EC values (dS m™) using the following equation:

E; =0.12C}; (6)
In Eqg. (6), Z'C;i (meqg L?) is as defined by Eq. (5). Solving Eq. (6) for ZC;L- after
substituting Eqq for Eq renders the following equation:
2C3 = 10E4, (7)
where Eqq is the value estimated using Eq. (4).

When NUTRISENSE is used to readjust the AS composition for a particular crop
species grown in a CLS, the standard recommended concentrations of K*, CaZ*, Mg?*,
NOs and SO4% in the DS/RS are used to calculate standard mutual ratios between them
on equivalent basis (K*:Ca*:Mg?* in eq/eq/eq for the metallic macronutrients, denoted
by X:Y:Z, SO4>:NOs" in eq/eq for the anions, denoted by Rsn, K*:[NO3+NH4*] denoted
by R, and NH4":[NO3+NH4*], denoted by N;). Subsequently, NUTRISENSE uses the
algorithm developed by Savvas and Adamidis (2000, 1999) to readjust the target
equivalent K, Ca, and Mg concentrations in the DS/RS (meq L' denoted by [K*]r,
[Ca?*]r4, and [Mg?*]rq, respectively), thus compensating for Na* and Cl- accumulation.

More specifically, the following suggested equations are used for this readjustment:

[K+] _ X(ZCC—{ - CNa(d)a) (8)
T X4+Y+Z+NRX

[Ca**ae = [K]aeY X1 (9)

[Mg**1ar = [K*]arZX ™ (10)
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To readjust the target NOs  concentration in the DS whenever needed to
compensate for CI accumulation (meq L denoted by [NOs3]4), the following equation
is used:

ZC; — [Plar — [Cl7)ar — [HCOF ] a¢ (11)
NO5 =
[ 3]dt ZRsn + 1

In Eq. (11), ZC} is substituted by the value estimated using (7), [Pl is the

target phosphorus concentration in the DS/RS originating from standard
recommendations for the particular crop species, and [Cl]¢t and [HCOs]q4: are the
actual chloride and bicarbonate concentrations that have been determined in a
chemical laboratory in samples of DS/RS collected on the last (n) sampling date.

Finally, the target sulphate concentration in the DS/RS ([SOs*]a) is also
readjusted taking into consideration the charge balance between anions and cations.
Thus, the target SO4% concentration in the DS/RS is readjusted using the following
equation:

[S057ar = 2C4; — [INO3]ae — [Plac — [CU7]ar — [HCOZ ]a (12)

The concentrations of the micronutrient cations are neglected in (5), (8), (11)
and (12) because they are much lower than those of the microcations, and thus they
do not have a substantial contribution to the total EC in the DS/RS.

The Cg4: for P is not reduced because of the relatively low P concentration in the
DS/RS compared to those of other macronutrients, and concomitantly to the small
contribution of P to the EC in the RS/DS. Moreover, the target ammonium
concentration in the RS/DS is also not readjusted as the NH4* levels in the root zone
are usually very low due to both preferential uptake of this N form over nitrate N
(Sonneveld and Voogt, 2009) and nitrification (Karlowsky et al., 2023; Lin et al., 2023;
Llorach-Massana et al., 2017; Pitton et al., 2021). Consequently, the NHa4*-N supply is
not reduced to compensate for Na* accumulation in the RS/DS.

Cl, being a micronutrient, is not added as fertiliser to nutrient solutions for
most crop species because the tiny essential requirements of the plants for Cl- are
covered by CI originating from the raw water and even from fertiliser impurities.
However, chloride at higher concentrations can be beneficial for some crops such as
tomato (Colmenero-Flores et al.,, 2019; Neocleous et al., 2021). Therefore, if the CI-

concentration in the raw water is low, some chloride may be included in the standard
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NS formula for tomato grown in both open and closed soilless systems. Thus, a target
Cl- concentration in the RS/DS may be set as a standard. Indeed, based on the findings
of Neocleous et al. (2021), DSS NUTRISENSE aims at a target Cl concentration (Cy: for
ClI) of 7 mM in the DS/RS of soilless tomato crops to reduce unnecessary mineral
nitrogen input and NO3™ emissions. When the raw water contains Cl- at relatively high
concentrations, ClI inevitably accumulates to higher levels. However, up to a
concentration of 21 mM this increase is compensated for by decreasing the target NOs-
and SO4% concentrations to levels estimated using Eq. (11) and (12), respectively.
When Eq. (8), (9), (10), (11) and (12) are used after a chemical analysis of the
DS/RS, they render actual Cy: values that are progressively reduced at each date of AS
readjustment, to compensate for Na* and ClI- accumulation. Thus, when the actual Ca:
values are substituted in Eq. (1), the obtained C,r values have been readjusted to levels
that can achieve the actual Cy: values in the root zone. Hence, the accumulation of Na
and Cl does not increase the EC as long as the Na concentration in the DS/RS is lower
than Cnamax-. If this level is exceeded, the available options for the grower are either
to start discharging part of the DS, or to accept a gradual increase of the target EC in
the RS/DS if discharge of DS is prohibited by legislation, which inevitably reduces yield.
In the current study, the first option was tested, and its environmental impact was

quantified.

3.1.2 Experimental design

To evaluate the credibility of the current algorithm, an experiment with tomato
grown in a CLS was conducted in a greenhouse of the Laboratory of Vegetable
Production at the Agricultural University of Athens (AUA: 37°58'54.2"N 23°42'22.0"E,
altitude 35 m). Nine experimental plots were used, corresponding to nine gutters with
6 rockwool slabs (100 x 20 x 7.5 cm) in each gutter. In each of the nine 6-meter-long
gutters, 18 tomato plants were transplanted thus obtaining a density of 3.1 plants m-
2. The nine experimental plots were randomly allocated into three different treatments
with three replications per treatment. In all treatments, the total volume of DS was

recycled after addition of water and nutrients.

In the first treatment (T1: control), raw water with a Na* concentration of 0.6

mM was used to prepare NS. In the second and third treatment (T2 and T3,
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respectively) the Na* concentration in the raw water used to prepare NS was increased
to 4.0 mM, by adding 3.4 mM of NaCl. The mineral composition of the water used in
the three treatments is presented in Table 1. The maximum acceptable level for Na*
concentration in RS/DS was set at 21 mM for T2 and T3 which corresponds to 2.4 dS
m™ of EC due to Na* (Sonneveld, 2002). The maximum acceptable EC threshold in T1
and T2 was set at 4.1 dS m™, and thus the minimum safety threshold of EC due to the
nutrients in T2 was 1.7 dS m™%, as suggested by Sonneveld and Van Der Burg (1991),
and Sonneveld and Voogt (2009). At fortnight intervals, the AS composition was
readjusted in all treatments using the algorithm developed by Savvas et al. (2023). In
T1 and T3, the readjustment of the AS composition was aiming to maintain the target
nutrient concentrations in the RS/DS close to the constant levels shown in Table 1.
However, in T2, the target nutrient concentrations in the RS/DS, that were substituted
in the algorithm developed by Savvas et al. (2023), were regularly readjusted up to the
minimum thresholds shown in Table 1, in response to the actual (measured) Na*
concentration in the DS/RS. The readjustment of the nutrient concentrations in the
RS/DS of T2 was applied using the new algorithm as described in 3.1.1 section to

compensate for Na* accumulation up to a Na* threshold of 21 mM. The algorithms

were applied via the DSS NUTRISENSE in all treatments.

At 101 DARI, when the Na* concentration in the DS of T2 and T3 exceeded the
maximum acceptable level of 21 mM, one third of DS was discharged in both
treatments to prevent further accumulation of Na* concentration. Samples from the
discharged DS were collected and analysed. Water productivity (WP) is calculated as
the yield produced by a crop (kg ha?) divided by the water consumed by the crop
during the same period (m3 ha!) as suggested by Pereira et al. (2012) and Fernandez
et al. (2020). The agronomic efficiency of N (AEn) was calculated by dividing the total
yield (kg) by the nitrogen (kg) used to produce that yield (Ladha et al., 2005).
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Table 1. Mineral composition of the raw water used to prepare nutrient solutions, standard
target nutrient concentrations in the root solution and drainage solution (RS/DS) of T1 and T3,
minimum target nutrient concentrations in the RS/DS of T2, and maximum acceptable EC, Na*
and CI concentrations in all treatments. The EC values are in dS m™, the concentrations of
macronutrients Na* and Cl" are in mM, and the concentrations of micronutrients are in uM.

Concentrations in the

raw water Concentrations in the RS/DS

Parameter T1 T2and T3 T1 T2 T3
EC 0.30 0.65 4.10 4.10 6.00
pH 7.30 7.30

K* 0.00 0.00 8.00 3.80 8.00
Ca? 0.90 0.90 10.00 4.70 10.00
Mg?* 0.30 0.30 4.50 2.10 4.50
NHz* 0.00 0.00

SO4* 0.20 0.20 8.25 3.70 8.25
NOs 0.00 0.00 19.00 8.50 19.00
P 0.00 0.00 1.20 1.20 1.20
Fe 0.00 0.00 20.00 20.00 20.00
Mn 0.00 0.00 10.00 10.00 10.00
Zn 0.00 0.00 7.00 7.00 7.00
Cu 0.00 0.00 0.75 0.75 0.75
B 0.00 0.00 40.00 40.00 40.00
Mo 0.00 0.00 0.70 0.70 0.70
cr 0.40 3.80 3.65 21.00 21.00
Na* 0.60 4.00 3.65 21.00 21.00
HCO3 2.20 2.20

3.1.3 Plant material and growth conditions

Tomato seedlings (Solanum lycopersicum L. ‘Ekstasis’ F1) obtained by sowing in
stone wool plugs on 25/10/2022 were transferred to stone wool cubes (7.5 x 6 x 7.5
cm) on the 12/11/2022. The seedlings were transplanted to the stone wool slabs on
28/11/2022. The supply of NS as well as the recycling of the DS were initiated on
08/12/2022 which is considered as day O after recycling initiation (DARI) and the
experiment was terminated on the 29/05/2023 (171 DARI).

The plants were pruned into a single stem which was gradually descending when the
top of the stem reached the level of the supporting wires, and all trusses were pruned

to four fruits. Through weekly defoliation of approximately three leaves from the
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bottom, 16 to 18 leaves were maintained on each plant, aiming at a leaf area index of
about 3 (Jun et al., 2020). Harvesting of fruit commenced on 27/02/2023 (81 DARI).

Fruits were collected twice per week and weighed separately for each replication.

The air temperature (°C) and relative humidity (RH) were automatically monitored and
controlled aiming at maintaining the minimum day and night temperature to 23 and
16 °C, respectively, and the RH between 75-85%. In all three treatments, the DS
fraction was maintained close to 0.30 by adjusting the frequency of irrigation according

to the solar radiation using a pyranometer.

To prepare the NS for each treatment, first, the DS was mixed with raw water
up to a target EC (Em). Subsequently, stock solution of fertilisers was added aiming to
increase the EC to the target level for the SS (Es) and nitric acid was used to adjust the
pH (Savvas et al., 2024). Before transplanting, a starter solution with an EC of 3.8 dS
m was used in T1 and T2 to moisten the substrates until saturation. To achieve the
same EC in the starter solution of T2 as in that of T1 despite the higher Na*
concentration in the raw water, the nutrient concentrations in T2 were lower than in
T1.In T3, the EC of the starter solution was increased to 4.2 dS m™ because the nutrient
concentrations were the same as in T1, but the NaCl concentration was the same as in
T2. The nutrient concentrations in the starter solution were according to Sonneveld
and Voogt (2009) for the root zone of tomato (Table 1), with the exception of NH**,
which was inevitably 1.8 mM, as the commercial grade calcium nitrate used contains

NH4NO3 at a molar Ca:NH4* ratio of 5:1.

Picture 1. Picture of the tomato crop after transplanting.
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Picture 3. Picture of foully grown tomato plants during the cropping cycle.

3.1.4 Sampling and mineral analyses

Throughout the experiment, the AS of each treatment was readjusted 11 times
at approximately 14-day intervals. One day before the readjustment, samples of DS
were collected from all experimental units early in the morning and subjected to
laboratory analysis to determine the EC, pH and the concentrations of K*, Ca%*, Mg?*,

Na*, NOs™-N, SO4%, P, CI, HCOs,, Fe, Mn, Zn, Cu and B. The analysis of the DS samples
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was completed within one day and on the next day the data were used to readjust the
nutrient composition of the AS. Furthermore, at 59, 87, 116, 146 and 171 DARI, the
fourth leaf (Campbell, 2000; Sonneveld and Voogt, 2009) of 6 randomly selected plants

in each replication was sampled and dried to constant weight.

3.2 Developing and validating a modelling approach linked with ion selective

electrodes to control pollution of water resources from greenhouse crops

3.2.1. System background

The system developed and tested in the current study aims to maintain optimal
macronutrient concentrations in the RS. The RS was monitored by measuring the
nutrient concentrations in the DS. The overall concept includes the following steps: i)
daily measurement of macro-nutrient concentrations in the root zone of the plants
using ISE; ii) on-line transmission or off-line introduction of measurements to the
NUTRISENSE DSS which automatically calculates output of optimal EC, pH, and
injection rates of nine single-fertiliser stock solutions to be applied on that day; iii)
automated online transmission of the output of NUTRISENSE to a fertigation system
equipped with nine single-fertiliser stock solutions, and iv) automated injection of the
single-fertiliser stock solutions to a mix of irrigation water and DS, thereby obtaining
the SS. Irrigation water and DS are mixed using a mixing devise with an automatically
adjustable mixing ratio of water to DS (Blok et al., 2023a). The water to DS mixing ratio
is determined by the drainage fraction a (a = 0-1) in the mix, which can either be
automatically measured as drainage to total supply fraction or introduced to the
controlling system as preset value. The micronutrient concentrations were not
considered in the current study, because to date there are no reliable ISEs for their

determination (Sambo et al., 2019).

3.2.2 Daily determination of the macro-ion concentrations in the DS

Sets of ISE for in situ determination of K*, Ca?*, Mg?*, NH4*, Na*, NOs’, P, and CI-
in the greenhouse are available, and several studies reported their use for the
estimation of nutrient solution compositions (W. J. Cho et al., 2019; Chowdhury et al.,
2020a; Han et al., 2020a; Kim et al., 2017a; Pefia-Fleitas et al., 2021a)(W.-J. Cho et al.,
2019; Chowdhury et al., 2020b; Han et al., 2020b; Kim et al., 2017b; Pefia-Fleitas et

44



al., 2021b). However, to date their robustness for long-term use under greenhouse
conditions has not been proved, and their use in commercial applications is scarce.

In the current study, a set of four LAQUAtwin ISE (Horiba, Kyoto, Japan) were
used to measure [K*], [Ca?*], [Na*] and [NOs] in the DS. LAQUAtwin electrodes are
available only for these four macro ions. They cannot be connected online to the
system to automatically measure nutrient concentrations. Measurements were made
manually, and results were introduced to the NUTRISENSE software at a standard time
every day. These ISE sensors were selected because in preliminary tests they proved
to be very accurate and reliable, unlike some of the other ISE examined
(Giannothanasis et al., 2025a).

Additionally, EC and pH were also measured directly in the DS using suitable
portable instruments. The measured EC (E, dS m™) was substituted to Eqg. (13) as
suggested by Sonneveld et al. (1999):

E=0.12C}; (13)
to determine the total cation concentration (}; CJL-, meq L) in the DS after solving for
Y Chi

The NHs* concentration [NH4*] in the DS is generally very low, being
approximately 0-0.2 mM if the pH in the DS is inside the target range (5.5-6.5), because
of nitrification and preferential uptake over NOs-N (Sonneveld and Voogt, 2009; Savvas
and Gruda, 2018). Therefore, the [NH4*] in the DS can be considered negligible.
Therefore, of the macronutrient cations, only [Mg?*] has to be indirectly estimated.

In a DS, the sums of the equivalent cation and anion concentrations (2Cq* and
3Cq in meq LY, respectively) are estimated as functions of the molar concentrations
of each macroion ([.], mM).

ICh =[K*1+2-[Ca’*]+ 2:[Mg?*"] + [Na*] + [NH,"] (14)

2C3; = [NO3"1+ [H,PO, "]+ 2+ [SO,*7| + [CI7] + [HCO5™] (15)
Furthermore, due to the cation-anion balance:

ICH=2Cy (16)
Micronutrient cations and anions are neglected in (15) and (16), as their
concentrations are much lower than those of macronutrients and, therefore, they do

not have any impact on the anion to cation balance.
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Eq. (14) can be used to estimate the [Mg?*] in the DS after solving for [Mg?*].
With respect to the anions, only [NOs] was measured with the LAQUAtwin electrodes.
The concentration of [Cl'] was considered equal to that of [Na*], which is generally true
if no Cl fertilisers are used for the preparation of nutrient solutions (Giannothanasis et
al., 2024; D Savvas et al., 2005b; Varlagas et al., 2010). The HCOs™ concentration is very
low (0.1 to 1.0 mM) in the DS if the pH is inside the target range of 5.5 to 6.5 (Savvas
and Adamidis, 1999, 2000), and thus an average value for HCO3™ within that range was
used. The P concentration in the DS, which is mostly much lower than that of [NO3]
by a factor of about 1:10 (Sonneveld and Voogt, 2009), was considered constant and
equal to the target concentration for the particular crop species. Finally, the sulphate

concentration in the DS was calculated using Eq. (15) after solving for [SO4%].

3.2.3 Readjusting the composition of the supplied solution (SS)

NUTRISENSE includes a database with target nutrient concentrations for each of
the i macronutrients (i = [K*,] [Ca?*], [Mg?*], [NH4*], [NOs7], [H2PO47], and [SO4%]) in the
SS (Cst) and the DS (Cq:) for a wide range of greenhouse-grown crops based on several
literature sources (De Kreij et al., 1999; Savvas et al., 2013; Sonneveld and Voogt,
2009). When a cultivated plant species is selected by the user of NUTRISENSE, the Cs:
and the Cy: are available as starting values. However, the actual concentration of the i
macronutrient in the DS (Cq), as directly measured with the ISE or indirectly estimated
using Eq. (13) — (17), may be lower or higher than the Cg4 values in the NUTRISENSE
database. In that case, the C: for the i nutrient is increased or decreased, respectively,
based on a mass balance model that aims to reestablish the target concentration in
the DS, i.e., the Car This model is presented subsequently.

Based on a mass balance approach, the total mass (mmol per plant) of the i
nutrient (M) that has to be added to or deducted from the sum of RS and DS to re-
establish the target concentration in it (C4) can be estimated using the following
equation (Savvas et al., 2023):

M; = (Cat — Caa)Va (17)
where Vjy is the total volume (L) of the sum of RS and DS per plant and Cy, are the

actual values measured by the ISE or estimated using the measured data. Depending
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on whether M; has to be added to or deducted from the standard supply, it can be a
positive or a negative value.

Since M has to be added to or deducted from the standard supplied mass to the
crop via the SS, it will alter the concentration (mM) of the i nutrient in the SS from the
target value (Cst) to an optimal new value termed readjusted concentration (Csr). The
readjusted concentration is applied until the next readjustment. In the current study,
readjustment of the macronutrient concentrations in the SS was taking place once per
day (every morning) following introduction of the ISE measurements to NUTRISENSE.

Based on a mass balance approach, M; can be estimated also through the
following equation:

M; = V,AC; (18)
where Vs is the volume (L) of SS per plant per day and AC; = Csr - Cst. Consequently, by
combining Eq. (17) and (18):

VsACs = (Cae — Caa)Va (19)
Rearranging Eq. (19) and solving for ACs renders:
Car — Cqa)V, 2
ACS=(dt aa)Va (20)
Vs

Finally, a readjusted nutrient concentration in the SS (Cs/) is calculated for each of the
i macronutrients by adding AC; to the target concentration in the SS (Cs).
Csr = Cgt + AC, (21)
In CLS, the SS is prepared by injecting nutrients to the mix of DS and water.
Therefore, the Csr values estimated using Eq. (21) are subject to the following physical
constraint:
Csr = alyy, + (1 —a)C, (22)
In Eq. (22), a is the target drainage fraction (0 - 1), and Cy is the concentration of this
nutrient in the raw water used to prepare NS. A further constraint for the readjusted
composition of the SS is the anion to cation balance which is taken into consideration
by using mostly [SO4%] as counterbalancing ion.
According to the standard practice currently applied in commercial CLS, the DS
is initially mixed with raw water at a ratio adjusted automatically to obtain a preset EC
(Em) in the mix (Blok et al., 2023b). Thus, NUTRISENSE calculates the concentration of

each macro ion in the mix of DS and water (Cim) using the following equation:
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Cim = aCyq + (1 —a)Cy, (23)
where a is the target drainage fraction (0 - 1), and Cy is the concentration of this
nutrient in the raw water used to prepare NS. Subsequently, NUTRISENSE calculates
the sum of the equivalent macro cation concentrations in the mix of water and DS
(XC;t.) using Eq. (14) after replacement of [K*,] [Ca?*], [Mg?*], [NH4*], [Na*] with the
respective C, values obtained from Eq. (23). The next step is the calculation of a target
EC for the mix of DS and water (Em) using Eq. (13) after replacement of E with E, and
Csi with XC7 . The estimated En is transmitted by NUTRISENSE to the system
controlling the mixing ratio between DS and water. Thus, the nutrient concentrations
in the mix will be those estimated using Eq. (23) when its EC is automatically adjusted
to Em.

The daily readjusted injection rate (mmol/L) of each nutrient (Cs/) to the mix of
DS and water that is needed to achieve the readjusted concentration of this nutrient
in the SS (Cs) is calculated using the following equation:

Cor = Csp — Cpy (24)
Consequently, by substituting Eq. (23) for Cn in Eqg. (24), the following equation is
obtained:
Cor = Cor —alygq — (1 —a)Cy (25)

After these adaptations, the final C,r values obtained from Eq. (25) are transmitted to
a series of algorithms described by Savvas and Adamidis (2000, 1999) which are part
of NUTRISENSE, to estimate the injection rate of each individual fertiliser. The
estimated injection rates are automatically transmitted by NUTRISENSE to an on-line
connected fertigation system comprising nine single-fertiliser stock solutions
(including one for acid injection), rather than the conventional two-tank system (A and
B) with fixed nutrient ratio. The single-fertiliser stock solutions are subsequently
automatically applied to the mixture of DS and raw water in the calculated injection
rates.
In the above algorithm, only Eq. (13) is empirical, but its accuracy is sufficient for
application in nutrient solutions applied in commercial soilless greenhouses
(Sonneveld, 2002). All other Eq. (14-25) are based on mass balance, while including
either known or measured parameters and, thus, the accuracy of the estimated

nutrient injection rates is expected to be high.
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Figure 4. Schematic representation of the nutrient solution and data flow in the two different
treatments. Solid lines indicate nutrient solution or water flow. Dotted lines indicate
information flow.

3.2.4 Experimental design, plant material and growth conditions

To evaluate the efficiency of the models and algorithms described in Section 2
to maintain the target nutrient concentrations in the root zone of the plants, an

experiment with tomato grown in two CLSs was carried out in a greenhouse of the
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Agricultural University of Athens (AUA: 37°58'54.2"N 23°42'22.0"E, altitude 35 m).
Sixteen experimental plots were used, each of them corresponding to a 6-m long
gutter. In each gutter, six bags (100 x 20 x 15 cm) were placed containing composted
coconut fruit husks. Each bag accommodated 2 tomato plants at a density of 2.9 plants
m=2. The sixteen experimental plots were randomly allocated into two different
treatments, with eight replications per treatment. In both treatments, the total
volume of DS was collected in separate catchment tanks and recycled after addition
of water and nutrients; therefore, both treatments were CLS.

Before planting, the coconut compost was moistened to the point of container
capacity using a nutrient solution with a composition suggested by Sonneveld and
Voogt (2009) as optimal for the root zone of soilless-grown tomato plants. Irrigation
started 11 days after transplanting (DAT) with a SS with a composition suggested by
Sonneveld and Voogt (2009) as SS for open soilless cropping systems. After a further
5 days, when sufficient DS was collected in the catchment tanks, recycling of the DS
was initiated in both treatments.

In the first treatment, which served as a control, the current standard practice
of nutrient management in CLS was followed, with adjustment of the AS composition
made every fortnight after a laboratory analysis of the DS as described by
Giannothanasis et al. (2024). The adjustment was performed using the DSS
NUTRISENSE as described by Savvas et al. (2023). In the second treatment (ISE-
NUTRISENSE treatment), the addition of K, Ca, Mg, NOs", and SO4? was readjusted daily
by using the new algorithm described in Subsection 2.3. In Fig. 4, the nutrient solution
and data flow in the two different treatments are schematically represented. Every day
at 9.00 a.m., a composite representative sample of DS was collected and the [K],
[Ca?*], [Na*] and [NO3’] were measured using LAQUAtwin ISE sensors, models K-11, Ca-
11, Na-11 and NOs-11, respectively (Horiba, Kyoto, Japan). In the same DS samples, EC
and pH were determined using suitable portable sensors (HI98312 and HI8424,
respectively, Hanna Instr. Inc., Woonsocket RI, USA). The calibration points used for the
LAQUAtwin ISE sensors are presented in Table 2. The concentrations of Mg?*, NH4*, P,
Cl, HCOz and SO4* in the DS were estimated as described in Subsection 2.2.
Subsequently, the above data were manually entered into the NUTRISENSE DSS, and

the new composition of the SS was recalculated as described in Subsection 2.3. The
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micronutrient concentrations were monitored, and their supply rates were adjusted
fortnightly based on standard laboratory analysis, as used for the DS in the control

treatment.

Table 2. Concentrations used as calibration points for the ISE of K*, Ca?*, NOs and Na*
(LAQUAtwin, Horiba, Kyoto, Japan).

Nutrient Low calibration point High calibration point
mM mg L mM mg L1
K* 3.84 150 15.35 600
Ca%* 3.74 150 14.97 600
Na* 0.65 15 6.52 150
NOs” 2.42 150 32.26 2000

The SS was prepared by a fertigation system (ALAGRO, Athens, Greece) equipped
with nine tanks of fertiliser stock solutions. The fertilisers placed in each of the nine
concentrated solution tanks were calcium nitrate, potassium nitrate, ammonium
nitrate, monopotassium phosphate, potassium sulphate, magnesium nitrate,
magnesium sulphate, iron chelate fertiliser (Fe-EDDHA, 6% Fe), and nitric acid (8+1
tanks). The concentrations of the fertilisers in the nine concentrated solution tanks
were: calcium nitrate: 80 kg m3, potassium nitrate: 100 kg m3, ammonium nitrate: 20
kg m3, magnesium nitrate: 40 kg m3, magnesium sulphate: 40 kg m3, potassium
sulphate: 40 kg m3, monopotassium phosphate: 50 kg m-3, and iron chelate: 3 kg m™3.
The micronutrients Mn, Zn, Cu, B and Mo were added together to the stock solution
of monopotassium phosphate. To prepare the SS, the fertigation system mixed the DS
with raw water up to a target EC (Em). The mineral composition of the raw water was
as described in a previous study (Giannothanasis et al., 2024). Subsequently, stock
solutions of fertilisers were added up to the target EC for the SS (Es) at injection rates
daily readjusted by NUTRISENSE after manual input of the ISE measurements. The Es
was also readjusted every day by NUTRISENSE, together with the injection rates of
fertiliser stock solutions. Following the daily recalculation of the SS composition, the
NUTRISENSE DSS transmitted online the Enm, Es, and the injection rate of each of the
nine fertiliser stock solutions to the fertigation system, which used this input to
prepare the SS with the readjusted composition. The system comprising the four

LAQUAtwin sensors, the NUTRISENSE DSS, and the multi-tank fertigation machinery,
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that was connected online with NUTRISENSE, will be henceforth, referenced as ISE-
NUTRISENSE system.

Tomato seedlings (Solanum lycopersicum L. ‘Ekstasis F1’) were transplanted to
the coconut slabs on 26 October 2023 which is considered as 0 DAT. The supply of
nutrient solution as well as the recycling of the DS were initiated at 9 DAT and the
experiment was terminated on 22 March 2024 (at 148 DAT). Harvesting of fruits
commenced on 22 January 2024 (88 DAT). The plants were pruned into a single stem
which descended when the top of the stem reached the level of the supporting wires.
Through weekly defoliation of old leaves from the bottom, 16 to 18 leaves were
maintained on each plant, aiming at a leaf area index of approximately 3 (Jun et al.,
2020). In both treatments, the DS fraction was maintained close to 0.35 by adjusting

the frequency of irrigation with SS according to the climatic conditions.

Picture 4. Picture of the young tomato plants grown on coconut slabs on 14 DAT
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Picture 6. Picture of the tomato plants with fruit load on 136 DAT.
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LAQUA1win

Picture 7. LAQUAtwin ion selective electrodes models K-11, Ca-11, Na-11 and NOs-11 (Horiba,
Kyoto, Japan) for measuring K*, Ca%*, Na* and NOs".
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Picture 8. The multi-tank fertigation system (ALAGRO, Athens, Greece) equipped with nine
tanks of fertiliser stock solutions.
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3.2.5 Sampling and laboratory analysis

In the control treatment, the concentrations of all nutrients in the DS were
determined eight times during the experiment, at 21, 39, 56, 72, 87,102, 117, and 132
DAT by employing standard laboratory instruments. The data obtained were used to
readjust the composition of the AS using NUTRISENSE (Savvas et al., 2023a). On these
dates, samples of DS were also collected from the ISE treatment and were used to
determine the concentrations of all nutrients. However, in the ISE treatment, only the
P and micronutrient concentrations were readjusted in the AS on those dates using
the data obtained from the laboratory measurements. In the ISE treatment, K*, Ca?*,
Mg?*, NOs™ and SO4% concentrations were readjusted daily in the SS using the ISE
measurements. The measurements of [K*], [Ca?*], [Mg?*], [NOs], and [SO4?] in the DS
by standard laboratory instruments at 21, 39, 56, 72, 87,102, 117, and 132 DAT, were
used only for comparison with the respective measurements of ISE in the same
samples. The nutrients and non-nutrient ions measured in the laboratory at 21, 39,
56, 72, 87, 102, 117, and 132 DAT using standard analytical methods described in
section 3.4 were K*, Ca%*, Mg?*, Na*, NOs~, SO4%, P, CI-, HCOs3", Fe, Mn, Zn, Cu, and B.

Moreover, to calculate the harvest index, the total vegetative and fruit biomass
of three randomly selected plants from each replicate plot were collected during the
whole experimental period, including the leaves and stems removed by pruning. Since
the harvest index is calculated as the fraction of dry fruit biomass to total dried
biological biomass (Shu et al., 2020), representative samples of both the vegetative
and fruit biomass were dried at 65°C to constant weight, whenever vegetative or fruit
biomass was collected. To determine the fruit dry matter content, fruit samples were
randomly selected from each experimental unit on each harvest date. Part of the fruit
samples was used for fruit quality analysis, while the rest was weighed, then dried at
65°C to constant weight, and weighed again. At 35, 65, 95, 115 and 148 DAT, the fourth
leaf from the top (Campbell, 2000; Sonneveld and Voogt, 2009) of six randomly
selected plants was sampled at each replication to determine the leaf nutrient

concentrations.
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3.3 Sodium accumulation management in a closed-loop soilless cucumber crop using

ion selective electrodes and Decision Support System

3.3.1 Nutrient management strategy

The algorithm tested in the current study is based on the assumption that in a
CLS the composition of the RS is similar with to that of the DS, which is true provided
that the flow rate is not too low [14,33]. Therefore, henceforth the abbreviation RS/DS
will be used when referring to the RS and DS as a combined solution. Furthermore,
hereafter, the concentration of the i ion will be denoted by [i].

The current algorithm was obtained by combining two previously developed
algorithms and refining to allow for optimal use of ISEs in CLS when [Na*] in the raw
water used to prepare NS is suboptimal. The first algorithm (Giannothanasis et al.,
2024) was developed to address Na* accumulation in CLS by reducing the target
macronutrient concentrations in the DS/RS proportionally to the [Na*] increase, thus
avoiding salinity stress due to EC elevation. However, the algorithm reported by
Giannothanasis et al. (2024) was fed with data obtained by fortnightly measuring the
composition of the DS/RS in a standard laboratory and could not utilise ISE
measurements. The second algorithm (Giannothanasis et al., 2025a) was developed to
allow for daily readjustment of the target nutrient concentrations in the supplied
nutrient solution (SS) after in situ measuring the actual [K*], [Ca?*], [NOs™] and [Na*] in
the DS/RS using ISEs. However, the algorithm reported by Giannothanasis et al. (2024)
was developed and tested in a CLS in which the [Na*] in the raw water used to prepare
NS was very low (0.5 mM) therefore there were no issues with Na* accumulation in
the DS/RS were encountered. The current algorithm was developed enable to daily
adjustment of the composition of the SS following ISE measurements in the RS/DS
when Na* accumulates in the CLS due to suboptimal [Na*] in the raw water.

The current algorithm operates through the NUTRISENSE DSS. To apply the
algorithm, the [K*], [Ca?*], [Na*] and [NOs7] in the DS/RS are measured every day at a
standard time using LAQUAtwin ISEs and the measured values are entered into
NUTRISENSE. In addition, the EC and pH values are also measured using standard
portable instruments and the obtained values are introduced to NUTRISENSE DSS. The

data entered to NUTRISENSE are initially used to estimate the actual [Mg?*] and [SO4%7]
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in the DS using the equations reported by Giannothanasis et al. (2025). Subsequently,
the measured and estimated actual concentrations of macronutrients and Na* are
processed by NUTRISENSE through a new algorithm to obtain relative injection rates
of concentrated fertiliser solutions as output. The main steps included in this new

algorithm are described in a tabular form in Table

3. Steps 1-6 include equations developed to estimate the current sum of the
target macronutrient concentrations in the DS as a relationship of the daily measured
Na* concentrations using the ISEs. Subsequently, a series of equations partly
originating from previous algorithms (Giannothanasis et al., 2025a; Savvas et al., 2023;
Savvas and Adamidis, 2000, 1999) and partly developed to serve the needs of the
current algorithm, described in step 7, are used to determine the actual target
concentrations of each individual macronutrient in the DS ([.]4t.). These are readjusted
daily in relation to the current ISE measurements, while maintaining constant their
target mutual ratios. Steps 8 includes an equation developed to estimate for all
macronutrients except P the differences between the actual measured or estimated
(Cam) and the actual target macronutrient concentrations (Cgte) estimated in Step 7.
Subsequently, Steps 9 to 14 are similar to those used by Giannothanasis et al.
(Giannothanasis et al., 2025a) for use of ISE measurements in CLS when the Na*
concentrations in the raw water are very low and Na* does not accumulate in the

DR/DS.

Table 3. The algorithm used in the current study through the DSS NUTRISENSE to control
salinity due to sodium accumulation in a closed-loop soilless cultivation.

Step Description Documentation - Equations

Setting maximum allowed Na
concentrations in the RS/DS that can be

1 compensated for by reducing the target
macronutrient concentrations in the DS
(CNa(d)max) .

Based on various literature sources

(Savvas et al.,, 2005, 2007; Sonneveld and
Voogt, 2009; Sonneveld and Van Der Burg,
1991; Varlagas et al., 2010)

. . -1 .
2 Calculating the EC mcrease (dS m™) in Enaf) = 0.115Cnaa)
the RS/DS corresponding to the actual
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Na* concentration (Cna@), mmol L?) in
the DS (Ena(d))- Cna(a) is measured daily in
situ using a Na* ISE.

(Sonneveld, 2002)

Calculating the difference (ACwa())
between the current Na* concentration
in the DS (Cna(a)c), measured with an ISE,
and the Cwo(d)max (Step 1).

ACNa(d) = CNa(d)c - CNa(d)max

Calculating the actual target EC in the
DS (Eda, dS m1)

43

If ACNa(d) S O

E4q is equal to the standard target EC in
the DS (Egs); Eas is according to standard
literature sources

Eqq = Eqgs

4b

If ACnq) > 0

Eqq is equal to the sum of the standard
target EC in the DS (Egs) and Ewngq) as
estimated in Step 2.

Eqq = Egs + ENa(d)

Calculating the sum of the actual target
equivalent concentrations of all
macrocations in the DS (2C4*, meq L?)
using the E4q value estimated in Step 4.

2Ch =[K*]+ 2[Ca?*] + 2[Mg**] + [Na*]
+ [NH,*] = 10E,,

The sum of the actual target equivalent
concentrations of all nutrient cations
(meq L?) in the DS (ZCj,) is calculated
by subtracting the current Na*
concentration in the DS (Cna(a)c) from the
equivalent concentration sum (2C4*) of
all cations in the DS (meq L%) as
estimated in Step 5.

EC;n = ZCc-lI-i - CNa(d)c

Calculating actual target concentrations
(Cats) of macronutrients (C=K*, Ca?,
Mg?*, NOs", SO4%, P) in the RS/DS based
on the ISE-measured Na* concentration

(Savvas and Adamidis, 1999, 2000)
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in the DS (Cna(d)c). This step comprises six
sub-steps (7.1 to 7.6).

7.1.

The actual target concentration of K*
(mM) in the RS/DS ([K*]ata) is readjusted
considering the standard target molar
ratios of K, Ca, and Mg (Xa: Ya: Z4) in the
RS/DS, the sum of the target nutrient
cation concentrations in the DS (2Can*)
obtained in Step 6. The concentration of
NHz* in the RS/DS is neglected as it
usually tends to zero.

Xd(ECc-ii-n)
Xy +2Y, + 27,

[K+]dta =

(Savvas and Adamidis, 1999, 2000)

7.2

The actual target concentration of Ca%*
in the RS/DS ([Ca*]ata) is calculated using
the actual target concentration of K*
from Step 7.1, and the molar ratios of K*
and Ca?* (X4, Ya).

[Ca2+]dta = [K+]dtaYdX(;1

(Savvas and Adamidis, 1999, 2000)

7.3

The actual target concentration of Mg?*
in the RS/DS ([Mg*lats) is calculated
using the actual target concentration of
K* from Step 7.1, and the molar ratios of
K* and Mg?* (Xq, ZJ).

Mg**ata = (K ataZaXq*

(Savvas and Adamidis, 1999, 2000)

7.4

The actual target concentration of
phosphorus ([P]lata) in the RS/DS is not
readjusted daily (because there is no ISE
to measure P) but taken equal to the
standard target concentration of
phosphorus ([Plat).

[Plata = [Plats

7.5

The actual target concentration of NO3
in the RS/DS ([NOs]dt) is calculated
using the sum of the equivalent
concentrations of all cations in the DS
(2C4*) estimated in Step 5, the standard
target concentration of P in the DS
([Plats, the current concentrations of CI°
and HCOsin the RS/DS ([Cl]¢e, and
[HCOz37]4e, respectively) and the molar
ratio between [NOs7] and [SO4%] (Rsn).

The current concentrations of CI- and HCOs in
according to

the

[NO'a’_]dta=

— ZC;i - [P]dts - [Cl_]de - [HCO??]de
2R, +1

RS/DS are estimated

Giannothanasis et al., (2025a).
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7.6

The actual target concentration of SO4%
in the RS/DS ([SOs*]ata) is calculated by
subtracting the concentrations of all
other macroanions (except SO4%) from
the sum of  the equivalent
concentrations of all cations in the DS
(2C4i*) calculated in step 5.

[SOZ_]dta = ZCc-il- - [N03’_]dta - [P]dts -

—[Cl7Jae — [HCO5 ] qe

Calculating the differences (ACys, mM)
between the actual measured or
estimated (Cam) and the actual target
macronutrient concentrations (Cats) in
the DS/RS (C=[K*], [Ca%*], [Mg?*], [NOs7],
[SO4>]).

ACy = Cam — Cata

The Cam values are either measured using the
ISE or estimated according to Giannothanasis et
al. (2025a).

Calculating the difference (ACs, mM)
between the actual target (Csts) and the
standard target concentration (Css) of
macronutrients (C=[K*], [Ca%*], [Mg*],
[NOs7], [SO4?], [P]) in the supply solution
(SS) as relationships of ACy estimated in
Step 8, the volume (L) of SS per plant per
day (Vs), the total volume (L) of the sum
of RS and DS per plant (V4), and the time
(d) until the next ISE measurements,
which in the current study was one (1) d,
i.e., daily ISE measurements. AC;s can be
a positive or a negative value.

Based on Savwas et al. (2023)and
Giannothanasis et al. (2025a).

10.

Calculating actual target concentrations
(Csta) of macronutrients in the SS by
adding AC;s, estimated in Step 9, to the
standard target concentrations (Csts) in
the SS as suggested in standard
literature sources. The Cstq values for K,
Ca?*, Mg?*, SO4% and NOs™ calculated at
this Step are not always final but may be
modified at Step 12 (all), Step 13.2 (K%,
Ca%*, Mg?*), and/or Step 13.3 (S04%, NO3"
). If they are modified at the next steps,
the current values are renamed to K,
Casp, Mgsp, Ssp and Nsp for K¥, Ca?*, Mg?*,
S04%, and NOs’, respectively, and used
as such in the next steps.

Cstq = Csts + ACs
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111

Calculating the mutual molar ratios
between the Cs, estimated in Step 10
for the metallic microcations (Xs : Vs : Zs,
for [K*], [Ca?*], and [Mg?*], respectively).

[K+]sta

X. =

s [K*]sta + [Ca?t]seq + M ]sta
Y. = [Ca2+]sta

* [K*]sta + [Ca?t]seq + M ]sta
7 = [Mg**1sta

=

[K+]Sta + [Ca2+]sta + [Mgz+]sta

11.2

Calculating the mutual molar ratio
between the Csio estimated in Step 10
for [NOs] and [SO4%] (Rsn).

R =[N03_]sta
T[S0 1sta

12.

Adjusting Csto from Step 10 to take into
consideration their lower limits which
are equal to the nutrient input to the SS
via the recycled DS and the raw water.
This step requires the input of the
following quantities to the DSS: i) the
target drainage fraction (a), which by
default is set to 0.30 but in the
NUTRISENSE DSS it can be selected by
the user, and ii) the macronutrient
concentrations (mM) in the raw water
(Cw).

Cstq = aCym + (1 —a)C,,

13.

Adjusting Cs to take into consideration
the electrochemical equilibrium
between anions and cations. As a first
step, the sum of equivalent
concentrations of cations and anions
(2C5hq, 2Csq, respectively) is calculated.
For ammonium and phosphates, the
standard target concentrations for the
SS, as suggested in credible literature
sources, are used (Csts). For Na* and CI,
their concentrations in the raw water are
used, while for HCOs", a standard target
concentration estimated according to
Savvas and Adamidis (Savvas and
Adamidis, 2000, 1999) is used.

2Csta = [K™Ista + 2[Ca®"Jsta + 2[Mg* 1sta
+ [NH]ses + [Na™]w

2Cgq = [NOB’_]sta + 2[504%_]sta
+ [HZPOAL_]sts + [Cl_]w
+ [HCO3 J5ts
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Depending on whether Cf, is equal,

higher or lower than Cg,, Step 13
includes 3 further sub-steps.

13.1

If 2Csha = 2Csia

No further adjustment

13.2.

IfXCHy > 2Csq

The Csy calculated in Step 10 for K*, Ca?*,
Mg?* are renamed to Ksp, Casp, Mgsp,
respectively, and used to calculate new
Csto for these nutrients. The new Csiq are
obtained by reducing those calculated in
Step 10 to lower levels satisfying the
Equation 2CHa =2C5a while
maintaining their mutual molar ratios
(Xs, Ys, and Zs) as estimated in Step 11.1

Xs(zcsta - ZCs_ta)
X, + 2Y, + 2Z,

[K+]sta = Ksp -

_ Ys(zcsta - z'Cs_ta)
X + 2Y, + 27

= Cagy,

ZS(ZC;ta - ZCs_ta)
2

[M92+]sta = Mgsp -

13.3.

If£Chy < ZCira

The Csta calculated in Step 10 for SO4*
and NOsz™ are renamed to Ssp, and Nsp,
and used in the current Step to calculate
new Cso values satisfying the Equation
2Ca = 2Cs4, While maintaining their
mutual molar ratio (Rsn) calculated at
Step 11.2.

['5‘04%_]&&1=

_ chta - [H2P04-_]SCS + [Cl_]w + [HCO's_]sts

Rgp, +2

[NOS_]Sta = R [5042-_]sta

14.

The final Cstq values obtained from Step
10, after the possible adaptations at
Step 11, Step 13.2 and Step 13.3, are
transmitted to a series of algorithms
which are part of the NUTRISENSE DSS,
to estimate the injection rate of each
individual fertiliser ([CA] in mmol L7,
where C and A are the cation and anion,
respectively, comprising the fertiliser).

Calculation of [CA] according to

(Savvas and Adamidis, 1999, 2000)

3.3.2 Experimental design

To test the validity of this algorithm, an experiment with cucumber plants

grown in a soilless culture system was carried out in a greenhouse at the Agricultural
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University of Athens (AUA: 37°58'54.2"N 23°42'22.0"E, altitude 35 m). Twelve
experimental plots were used, each of them corresponding to a 6-m long gutter. In
each gutter, six slabs (100 x 20 x 15 cm) of coconut coir were placed, each with two
cucumber plants; this arrangement resulted in a final plant density of 2.9 plants per
m2. The twelve experimental plots were randomly allocated into three different

treatments, with four replications per treatment.

The [Na*] in the raw water used to prepare the NS was 2.5 mM in all
treatments. This was achieved by adding an appropriate amount of 1M NaCl to raw
water with a Na+ concentration of 0.5 mM. The first treatment (T1) was an open
soilless system, which means that the DS was discharged to the environment, while
the second and third treatment (T2 and T3) was a CLS, where the total volume of DS
was collected and recycled (Fig. 5). In T1, part of the Na* contained in the raw water
used to prepare NS was removed from the root environment through the discharged
DS. However, in both T2 and T3, the Na* was constantly accumulating in the RS/DS as
no effluents were discharged, and the uptake concentration of Na* is much lower than
2.5 mM, i.e., its concentration in the raw water. In all treatments, there was no other
input of Na* except for that originating from the raw water used to prepare NS. In T2,
standard practices of nutrient management in CLS (Blok et al., 2023b) were applied.
More specifically, the nutrient supply was adjusted every two weeks following
laboratory analysis of a DS sample as described in a previously by Savvas et al., (2023).
The third treatment (T3) was also a CLS similar to that of T2, but with one substantial
difference. In T3, the supply of K*, Ca%*, Mg?*, NOs~, and SO4>~ was readjusted daily
using the algorithm outlined in Section 2.1, after measuring the [K*], [Ca%*], [NOs7], and

[Na*] in the DS using ISEs and entering the data to NUTRISENSE.

Each morning, a representative DS sample was collected from T3 and the
concentrations of K*, CaZ*, Na* and NOs". The daily measurements of the [K*], [Ca?'],
[Na*], and [NOs~]) were measured using LAQUAtwin ISEs, models K-11, Ca-11, Na-11
and NO3-11, respectively (Horiba, Kyoto, Japan). In the same DS samples, EC and pH
were determined using portable sensors (HI98312 and HI8424, respectively, Hanna
Instr. Inc., Woonsocket RI, USA). The calibration points used for the LAQUAtwin ISEs

are presented in Table 4. Subsequently, the NUTRISENSE DSS calculated target
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injection rates of single fertilizer concentrated solutions for that day using the
algorithm described in Section 2.1. The values obtained were transmitted online to a
multi-tank fertigation system and applied automatically to prepare and supply new SS
to the crop for that day. On the next day, new ISE, EC and pH measurements were
obtained and introduced to the NUTRISENSE DSS to obtain new target injection rates
of concentrated fertilizer solutions, which were applied on that day. This process was
repeated every day. The micronutrient concentrations were monitored, and their
supply rates were adjusted fortnightly, based on standard laboratory analysis, as in the

other two treatments.
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Figure 5. Schematic illustration of the three experimental treatments (T1, T2 and T3) (upper part) and the nutrient/Na*-accumulation management in each
treatment (lower part). In the upper part of the figure, solid lines represent mass flow while dotted lines represent information flow.
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Table 4. Concentrations used as calibration points for the ISEs of K*, Ca%*, NOs” and Na*
(LAQUAtwin, Horiba, Kyoto, Japan).

Nutrient Low calibration point High calibration point
mM mg L mM mg L
K* 3.84 150 15.35 600
Ca% 3.74 150 14.97 600
Na* 6.52 150 86.96 2000
NOs 2.42 150 32.26 2000

3.3.3. Plant material, growth conditions and sampling

Grafted seedlings of cucumber (Cucumis sativus L. cv. Mainalos RZ F1 x Affyne
RZ F1) were transplanted onto the coconut slabs on 27 March 2024. The supply of NS
as well as the recycling of the DS was initiated on 3 April 2024, and this date was
considered 0 day after recycling initiation (DARI). The experiment was terminated on
13 July 2024 (at 101 DARI). The fruit harvest commenced on 1 of May 2024 (28 DARI).
The [Na*] in the raw water used to prepare NS, which was 2.5 mM in all treatments,
was achieved by adding 1M NaCl to raw water with a composition as described by
Giannothanasis et al. (2025). Furthermore, the mineral composition of the raw water,
the standard target composition of the DS (Sonneveld and Voogt, 2009) and the
minimum concentration considered safe for each nutrient in T3 are presented in Table
5. The minimum safe concentrations of nutrients shown in Table 5 correspond to an
EC of 1.5 dS m~! and their mutual ratios are as suggested by Sonneveld and Van Der
Burg (1991). Before planting, the coconut compost was moistened to the point of
container capacity using a starter NS with a composition as suggested for the root zone
of soilless-grown cucumber plants (Table 5). The plants were pruned to a single stem
which descended when the top of the stem reached the level of the supporting wires.
Through weekly defoliation of old leaves from the bottom, 14 to 16 leaves were
maintained on each plant, providing at a leaf area index between (LAl) 3 and 3.5
(Xiaolei and Zhifeng, 2004). In all three treatments, the drainage percentage was
maintained close to 0.30 by adjusting the frequency of irrigation with the SS according

to the climatic conditions (Table 5).
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Table 5. A. Mineral composition of the raw water used to prepare nutrient solutions (NS) for
the three treatments (MCRW); B. Mineral composition of the starter NS applied in all
treatments (MCSS); C. Standard target nutrient concentrations in the RS/DS for T1 and T2 and
maximum acceptable EC, Na+ and Cl- concentrations in the RS/DS of T2 (SCRDS + Max Na,
Cl);in the root solution and drainage solution (RS/DS) for T1 and T2, D. mMinimum target
nutrient concentrations and maximum acceptable EC, Na+ and Cl- concentrations in the RS/DS
in of T3 (MCRD + Max Na, Cl).

Parameter MCRW MESS l\/?aClel\)lz,JrCI M'\:f ;R\IZ,JrCI
EC (dS m1) 0.50 3.00 4.00 3.00
pH 7.50

K* (mM) 0.00 8.00 8.00 5.10
Ca?* (mM) 0.90 6.50 6.50 4.08
Mg2* (mM) 0.30 3.00 3.00 1.87
NHs* (mM) 0.00

S04 (mM) 0.20 3.50 3.50 2.25
NO3™ (mM) 0.00 18.00 18.00 11.60
P (mM) 0.00 0.90 0.90 0.90
Fe (uM) 0.00 25.00 25.00 25.00
Mn (uM) 0.00 7.00 7.00 7.00
Zn (UM) 0.00 7.00 7.00 7.00
Cu (uM) 0.00 1.50 1.50 1.50
B (uLM) 0.00 50.00 50.00 50.00
Mo (uM) 0.00 0.50 0.50 0.50
Cl"(mM) 2.30 13.00 13.00
Na* 2.50 13.00 13.00
HCOs 2.20

The SS was prepared by a fertigation system (ALAGRO, Athens, Greece)
equipped with nine tanks of concentrated fertiliser solutions with a single fertiliser in
each tank. The fertilisers contained in the nine tanks were calcium nitrate, potassium
nitrate, ammonium nitrate, monopotassium phosphate, potassium sulphate,
magnesium nitrate, magnesium sulphate, iron chelate, and nitric acid. The

micronutrients Mn, Zn, Cu, B and Mo were added to the stock solution of
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monopotassium phosphate. To prepare the SS, the fertigation system mixed the DS
with raw water up to a target EC (Em), which was estimated by the NUTRISENSE DSS
using the algorithms described by Giannothanasis et al. (2025). Subsequently, stock
solutions of fertilisers were added up to the target EC of the SS (E;) at injection rates
adjusted daily by the DSS based on the ISE measurements (Giannothanasis et al.,
2025a). Following the daily recalculation of the nutrient composition of SS, the
NUTRISENSE DSS transmitted online the Em, Es, and the injection rates of the nine
concentrated fertiliser solutions to the fertigation system, which used this information
to prepare the SS with the adjusted composition.

In the three treatments, the composition of DS samples from each replication
was determined seven times during the experiment, on 15, 30, 44, 58, 72, 86 and 101
DARI by employing standard laboratory methods. The measured parameters were EC,
pH, [K*], [Ca®*], [Mg**], [Na"], [NOs7], [SO4*7], [P], [CI], [HCOs7], [Fe], [Mn], [Zn], [Cul],
and [B]. The data obtained were used to readjust the composition of the SSin the three
different treatments using the NUTRISENSE DSS (Savvas et al., 2023). However, in the
T3, only the P and micronutrient concentrations were readjusted in the SS on these
dates using the data obtained from the laboratory analyses, while [K*], [Ca?*], [Mg?*]
[NOs™] and [SO427] in the SS were readjusted daily using the ISE measurements. The
measurements of [K*], [Ca?*], [Mg?*], [NOs~], and [SO4?7] in the DS by standard
laboratory methods at the same dates, were used for statistical comparison between
the treatments. At 25, 50, 75 and 101 DARI, the fourth leaf from the top of the plant
(Campbell, 2000; Sonneveld and Voogt, 2009) of five randomly selected plants was

sampled at each replication to determine the leaf nutrient concentrations.
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Picture 10. Pictures of the cucumber plants after harvesting initiation on 34 DARI.
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Picture 11. Picture of the fully developed cucumber plants with fruit load on 96 DARI

3.4 Analytical determinations

The EC (dS m™) and pH levels in the DS samples were measured using two
portable EC- and pH-meters (HI98312 and HI8424, Hanna Instr. Inc., Woonsocket Rl,
USA). The plant tissues were cleaned using distilled water, dried at 65°C to constant
weight, powdered using a blade mill, and sieved through a 40-mesh sieve. The
powdered samples were then subjected to the dry ashing procedure to extract K, Ca,
Mg, P, and Na (Campbell and Plank, 1997), while the Cl was extracted using hot water
at a temperature of 40°C for 60 minutes. The concentrations of Ca%*, Mg?*, Fe, Mn, Zn
and Cu in the samples of both DS and plant tissues were determined using an atomic
absorption spectrophotometer (AA-7000, Shimadzu Corp., Japan), while the K* and
Na* concentrations were measured by flame photometry (Sherwood Model 410,

Cambridge, UK).

The concentrations of NO3', P, SO4%, B and Cl- were determined photometrically
using a spectrophotometer in DS samples and plant tissue extracts (Anthos Zenyth
200; Biochrom, MA, USA). Nitrates were determined according to the vanadium

chloride method, at 540 nm (Schnetger and Lehners, 2014) and phosphorous
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according to the phosphomolybdate complex method at 880 nm (Murphy and Riley,
1962). Sulphates were measured in the DS samples using nephelometric method at
420 nm (Nair et al., 2020). Boron was determined by applying the azomethine H
method (Zenki et al., 1989) at 420 nm, while chloride was determined according to the
mercury thiocyanate-iron method (Iwasaki et al., 1952; Zall et al., 1956) at 480 nm.
Bicarbonates were measured by potentiometric titration with 0.01M HCIl to 4.1 pH.
Total nitrogen content in the plant tissue samples was determined according to the
Kjeldahl method (Labtec DT 220 and Tecator Kjeltec 8200, FOSS A/S, Hillerod,

Denmark).

Total soluble solid measured using a refractometer (Schmidt and Haensch
HR32B, Berlin, Germany). Titratable acidity was determined by potentiometric
titration with 0.02 M NaOH to pH 8.1. The taste index proposed by Navez et al., (1999)

and Nielsen (2003) was calculated using the following equation:

) Brix degree o
Taste index = —————— + acidity
20 X acidity

3.5 Calculation of water productivity and agronomic efficiency of nutrients

Water productivity (WP) was calculated as the weight of fruit produced per
volume of water used (kg m3) (Ferndndez et al., 2020; Pereira et al., 2012). The
agronomic efficiency (AE) of the N, P, K, Ca, Mg, and S (AEn, AEp, AEk, AEca, AEmg, and
AEs, respectively) were calculated as kg of fruit produced per kg of supplied nutrient

(kg kg?) in accordance with the suggestion of Ladha et al. (2005) for AEy.

3.6 Statistical analyses

The significance of the differences between treatments in all three studies was
assessed by applying one-way ANOVA and Duncan’s multiple range test. The statistical
analysis of the data, ANOVA and linear regression were performed using STATISTICA
12.5 for Windows (StatSoft Inc., Tulsa, USA). The graphical representation of data was

performed using the GraphPad Prism 8 software (GraphPad Sofware, USA).
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4. RESULTS

4.1 Development and validation of an innovative algorithm for sodium accumulation

management in closed-loop soilless culture systems

4.1.1 The evolution of root-drainage solution composition

Fig. 6 shows the course of all parameters analysed in the RS/DS of the three
treatments during the experiment. The EC did not differ significantly between T1
(control) and T2 (new strategy) (Fig 3A). In both treatments the EC initially increased
up to the 101 DARI but subsequently it was maintained close to the maximum
acceptable level of 4.1 dS m™. On all sampling days, the EC in T3 was significantly higher
thanin T1 and T2.

The pH values followed the same pattern without significant differences between
the three treatments at most sampling dates (Fig. 6B). Only at the start of the
experiment and at 118 DARI, the pH in the three treatments differed significantly, but
the trend was not consistent. On the second and third sampling day (31 DARI), the pH
values were higher than the target range (5.5-6.5) but subsequently they were
adjusted and stabilized within the target range for the remaining cropping period.

The concentration of potassium in the RS/DS gradually decreased in T2 as Na*
accumulated and was stabilized at a minimum level close to 4 mM (Fig 3C), which is
slightly higher than the concentration set as minimum acceptable for K* in the
algorithm (3.75 mM). Thus, after the first sampling day, the K concentration in T2 was
significantly lower than those measured in T1 and T3, which were maintained close to
the target of 8.00 mM. Significant differences between T1 and T3 were observed only
on 45, 59 and 118 DARI, when K in T3 was lower than in T1.

The NOs™-N concentration in the RS/DS was maintained close to the target level
of 19.00 mM for most of the cropping period in T1 and T3 (Fig 3D). In T2, the measured
nitrate concentration was gradually reduced to compensate for Cl- accumulation but
significant differences with T1 and T3 were observed only at 87, 132, 145, 157, and
171 DARI. Nevertheless, the measured NOs;-N concentration in T2 remained
consistently at substantially higher levels than the target NO3™-N levels, as calculated

at fortnight intervals using the current algorithm to compensate for CI- accumulation.
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In T1 and T3, the calcium levels in the RS/DS (Fig. 6E) were maintained close to
the target of 10.00 mM, without significant differences between them in most
sampling dates. Only on the 8t sampling day (118 DARI) the Ca?* concentration in T3
was significantly lower than the target range. The Ca?* concentration in T2 gradually
decreased reaching a bottom level of 4.5-5 mM, which is close to the concentration
set as minimum acceptable threshold (4.70 mM) and was thus significantly lower than
in Tl and T3.

The new algorithm did not have any consistent impact on the P status in the RS
of T2 (Fig 3F). Up to 73 DARI, the P levels in RS/DS exhibited similar fluctuations around
the target level in all three treatments. After that date, some deviations were
observed, with higher P values in T3 than in T1 and T2 in most sampling dates, and
especially at 145 DARI, when P in T3 substantially exceeded the target level.

The Mg?* concentration in the DS/RS was maintained close to the target level
of 450 mM in T1 and T3 without any significant difference between the two
treatments (Fig. 6G). However, in T2, the Mg?* concentration in the DS/RS gradually
decreased to levels close to the minimum acceptable threshold for this nutrient (2.05
mM). The differences in Mg?* concentration between T2 and T1/T3 were consistently
significant after the 3™ sampling date (45 DARI).

The sulphate concentration in the DS/RS fluctuated to distinctly different levels
in each of the three treatments and the differences were significant on most sampling
dates (Fig. 6H). The highest SO4%" levels in the RS/DS were measured in T3, followed by
T1, while the lowest levels were measured in T2.

The sodium and chloride concentrations in the DS/RS increased substantially
during the experiment in T2 and T3 following a similar pattern in both treatments,
without any significant differences between them on most sampling dates (Fig. 6l and
3J, respectively). In these two treatments, the concentrations of both Na* and CI- were
increasing up to the 101 DARI but subsequently, when part of the DS was discharged
in these treatments, they were reduced to lower levels. In contrast to T2 and T3, in T1
the concentrations of Na* and Cl followed a slightly increasing course during the first

three sampling dates, while thereafter they leveled up to low levels.
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Figure 6. Evolution of the drainage solution (DS) composition parameters in samples collected
regularly from the three different treatments during the experiment. The horizontal dotted
lines show the standard target concentrations™ in the DS for T1 and T3, while the red dotted
lines show the corresponding target concentrations for T2. Vertical bars denote + standard
errors of means and different letters at each sampling date denote significant differences
according to the Duncan’s post hoc test (p < 0.05).
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4.1.2 Composition of the added solution (AS) and the supplied solution (SS)

The EC in the AS calculated by DSS NUTRISENSE was maintained within the
range 2.1t0 2.3 dS m?in T1 and T2 (Fig. 7A). However, in T3, the EC was substantially
higher, ranging between 2.6-2.9 dS m™, due to the presence of 4 mM of NaCl in the
raw water, which, unlike in T2, was not compensated for by reducing the nutrient
concentrations. The concentrations of NOs™-N, K*, Ca?*, and Mg?* in the AS were lower
in T2 at the first two or three sampling dates compared to T1 and T3, while thereafter
they reached similar levels with the other two treatments, except for Mg?*, which
remained at consistently lower levels in T2 compared to the other two treatments
throughout the experiment (Fig. 7B, 7C, 7E and 7G, respectively). Furthermore, the
Mg?* and SO4% concentrations in the AS of T3 were higher than in those of T1 and T2
throughout the experiment (Fig. 7F and 4G). With respect to P, its concentration in the
AS of T2 was consistently lower than in T1 and T3 (Fig. 7D), while on the three last
sampling days, the phosphorus concentration in the AS of T3 decreased to the same
level with T2. Chloride was not added to T2 and T3 using fertilisers because its
concentration in the raw water was higher than the target for the AS in tomato crops,

whereas in the AS of T1, the ClI" concentration ranged between 3 and 3.6 mM.
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Figure 7. Evolution of EC and macronutrient concentrations in the added solution (AS), as
calculated in each treatment during the readjustment of its composition.

The concentrations of macronutrients, ClI, and Na* in the SS during the
experiment (Fig. 8) were estimated using the following equation (26):
Cs=1Q—-a)C,+aCy (26)
where Cs is the concentration of each macronutrient in the SS, a is the fraction of the

recycled DS, C, is the concentration of each nutrient in the AS, and Cy is the
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concentration of each nutrient in the DS. Thus, the concentrations of macronutrients

in the SS were related to their respective concentrations in the DS and the AS. The

sodium levels in the SS increased up to 7-8 mM during the period of DS discharge.
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Figure 8. Evolution of EC and macronutrient concentrations in the supplied solution (SS), as
calculated in each treatment during readjustment the composition of the AS.
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4.1.3 Leaf macronutrient concentrations

The concentrations of nutrients in the fourth leaf from the top of the plant in
samples collected on 5 sampling days during the experiment are presented in Fig. 9.
The total nitrogen concentrations were within the optimal levels in all three
treatments during the cropping period, despite the significant differences between
treatments at 116 and 146 DARI. Potassium and magnesium levels were also
maintained inside the optimal levels following the same pattern in all treatments.
Calcium on 59 DARI was lower than the desired levels and then increased following
the same pattern, without any significant differences between treatments. The leaf P
concentrations were slightly higher than the optimum range on 59 DARI while
subsequently they fluctuated within the optimal range without significant differences
between the treatments. The leaf sodium concentrations were similarly high in T2 and
T3, while in the control treatment (T1) they were significantly lower. Optimal leaf
nutrient levels in Fig. 9 are those suggested for tomato by (Campbell, 2000; Sonneveld

and Voogt, 2009).
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Figure 9. Concentration of macronutrients and sodium in the fourth leaf of tomato plants on
five sampling dates during the experimental period. The concentrations are presented as
percentages in the dry biomass (% w/w). The horizontal dotted lines show the optimal range
for each nutrient in the plant tissue. Vertical bars denote + standard errors of means and
different letters at each sampling date denote significant differences according to the
Duncan’s post hoc test (p < 0.05).

4.1.4 Yield and fruit quality

During the whole harvesting period, no significant differences in the total and
marketable yield were observed between T1 and T2 (Fig. 10). However, in T3, a
significantly lower yield compared to T1 and T2 was recorded at 151 DARI and during

the subsequent harvesting period. At the end of the experiment, after 90 days of
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harvesting, the total yield in T1 and T2 amounted to 15.06 kg m™ and 14.70 kg m™,
respectively, while in T3 it was 18.2% lower (12.32 kg m™!) compared to that obtained
from the control treatment. The marketable yield followed the same pattern as the
total yield, with no significant differences between T1 and T2 (13.94 and 13.90 kg m™,
respectively), and a substantial reduction of 19.8% in T3 (11.18 kg m™!). The differences
in total and marketable yield were mainly due to a significant decrease of the mean
fruit weight in T3 (Table

6), while the number of fruits per plant showed no significant differences between the

treatments.

Total yield Marketable yield
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Figure 10. Evolution of the cumulative total and marketable yield (kg m™) during the
harvesting period. Vertical bars denote * standard errors of means and different letters at
each sampling date denote significant differences according to the Duncan’s post hoc test (p
<0.05).

Total soluble solids (TSS) and titratable acidity were 6.13 2Brix and 0.47 % of
citric acid, respectively, in T3, while in T1 and T2, they were significantly lower (5.19
and 5.34 % 2Brix, and 0.386 % and 0.389 % of citric acid, respectively), without any
significant differences between them (Table 6). Furthermore, the taste index was
similar in T1 and T2 (1.08 and 1.06, respectively), but significantly lower than in T3
(1.14).
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Table 6. Mean fruit weight (MFW), number of fruits per plant (NF), total soluble solids (TSS)
expressed as 2Brix, titratable acidity (TA) expressed as citric acid %, and taste index in the
three different treatments.

Treatment T1 T2 T3
MFW of total yield (g) 172.15a 170.01a 156.22 b
MFW of marketable yield (g) 191.30 a 188.15a 168.14 b
Total NF 28.31 28.37 27.37
Marketable NF 23.75 24.15 21.51
TSS (2Brix) 5.19b 5.34b 6.13 a
Titratable acidity (Citric acid %) 0.386 b 0.389b 0.471a
Taste index 1.06 b 1.08 b 1.14 a

In each row, means followed by different letters are significantly different according to the Duncan’s
multiple range test (p < 0.05).

4.1.5 Water and nitrogen use

The water productivity (WP) differed significantly between the three
treatments. In T1, a WP of 25.58 kg m3 was estimated, while in T2 the WP was 23.15
kg m3 and in T3 it further decreased to 20.92 kg m3. The mean drainage percentages
for the three treatments were 30.5 %, 31.3 % and 30.8 % for T1, T2 and T3, respectively,
i.e., very close to the target of 30%. In T2 and T3, 7.9% and 8.1%, respectively, of the
total supplied water was discharged to prevent an increase of the Na* concentration
in the DS to levels above the target threshold of 21 mM. In T1, no DS was discharged
as the Na* concentration in the raw water was low and concomitantly Na* in the DS
was maintained far below the threshold of 21 mM. However, the DS collected after the
last irrigation event at crop termination (171 DARI) was discharged, which represents
only 0.33% of the total water supplied to the crop in that treatment. The AEn was
calculated to 148.0, 140.2, and 97.4 kg kg in T1, T2, and T3, respectively, and all

differences between treatments were significant (Table 7).
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Table 7. Water productivity (WP) as weight of fruit produced per volume of water (kg m™3),
agronomic efficiency of N (AEy) as kg of fruit produced per kg of supplied nitrogen (kg kg™),
mean drainage percentage referring to the total volume of supplied solution (SS), and
percentage of discharged to the total supplied water.

Percentage of
WP NUE Mean drainage . & :
Treatment ; . ercentage (% v/v) discharged to supplied

(kgm?3)  (kgkg?) P selr water (% v/v)

T1 25.58 ¢ 147.95a 30.5 0.33b
T2 23.15b 140.23 b 31.3 7.86 a
T3 20.92 a 97.37c 30.8 8.08 a

In each column, means followed by different letters are significantly different according to the Duncan’s
multiple range test (p < 0.05).

4.1.6 Nutrients losses

Nutrient losses in T1 were merely due to discharge of DS on the last day of the
experiment (171 DARI) and are, therefore, appreciably lower that in T2 and T3, where
part of the DS was discharged for a period of 70 days. The losses of most nutrients
differed significantly between the T2 and T3, with phosphorus being the only
exception. Nitrogen emissions in T2 were significantly lower by 25.5% compared to T3,
while the emission reduction for the other nutrients (K*, Ca%*, Mg?* and S) varies
between 31 and 56%, (49, 38, 31, 56%, respectively) (Table 8). The losses in T1

correspond to the discharge of the DS on the day that the crop was terminated.
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Table 8. Mass of discharged macronutrients (kg ha?) in the three different treatments and
percentage of nutrient savings by gradually reducing the target concentrations of
macronutrients except for P in the root zone in proportion to the accumulation of Na up to a
minimum safety threshold as compared to maintaining constant target nutrient
concentrations despite Na* accumulation (T2 vs. T3).

Nutrient T1 T2 T3 Nutrient savings in T2
(kg ha?) (kg ha?) (kg ha't) compared to T3 (%)
N 4.35¢c 86.61b 116.29 a 25.52
P 0.60b 15.69 a 17.28 a 9.20
K 6.81c 74.44 b 146.83 a 49.30
Ca 6.01c 89.40b 143.69 a 37.78
Mg 1.75¢ 28.56 b 41.69 a 31.49
S 3.11c 46.53 b 106.74 a 56.41

4.2 Developing and validating a modelling approach linked with ion selective

electrodes to control pollution of water resources from greenhouse crops

4.2.1 Evolution of macronutrient concentrations in the root-drainage solution

Fig. 11 illustrates the evolution of EC, Na*, and macronutrient concentrations
in the DS of both treatments during the whole experimental period. In both CLSs, the
EC in the DS was maintained very close to the target of 4 dS m™ throughout the
experimental period, with deviations within the range of +5% (Fig 11A). A significant
difference between the treatments was observed only at 56 DAT, when the EC was
closer to the target level in the ISE-NUTRISENSE treatment than in the control. The
[NOs3] in the DS was lower than the target level on the first sampling date (21 DAT) but
increased thereafter and closely approached the target level in both treatments on the
next sampling dates (Fig. 11B). Significant differences between the two treatments
were observed at 56, 72, 102 and 148 DAT, with [NO37] being closer to the target
concentration in the ISE-NUTRISENSE treatment than in the control on all these
sampling dates. Initially, in both treatments the [K*] in the DS (Fig. 11C) was
approximately 50% higher than the target value (21 DAT). Subsequently, for the rest of
the cropping period, the [K*] in the ISE treatment was maintained close to the target
value, while in the control it exhibited notable deviations, with significant differences

from the ISE at 39, 56, 72, 87, 102, 117 and 148 DAT. The [Ca?*] and [Mg?*] in DS also

83



exhibited larger deviations from the target value in the control than in the ISE-

NUTRISENSE treatment, with significant differences on five and four sampling dates,

respectively (Fig. 8D and 8E). The [Na*] in the DS (Fig. 8F) remained almost stable

ranging from 3.5 to 4.7 mM without any significant differences between the two

treatments.
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Figure 11. Evolution of EC, [NOs7], [K'], [Ca%], [Mg*] and [Na*] in drainage solution (DS)
samples collected approx. every fortnight from the two treatments during the experiment.
The horizontal dotted lines show the standard target value of EC, [NOs7, [K*], [Ca%*] and [Mg?*]
in the DS. Vertical bars denote * standard errors of means (n = 8), while *, **, and *** indicate
significant differences according to ANOVA test (p < 0.05) at p < 0.05, p < 0.01, and p < 0.001,

respectively.
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4.2.2 Evolution of mutual ratios between macronutrients in the root-drainage solution

Fig. 12 illustrates the evolution of some important molar ratios between pairs of
macronutrients in the DS (K:N, K:Ca, K:Mg), where the actual ratios are compared with
the target ratios derived from standard literature sources (Sonneveld and Voogt,
2009). In the ISE-NUTRISENSE treatment, the molar K:N ratio was maintained close to
the target (4.1), with less than 10% deviation from the target value except for the first
sampling day; the corresponding discrepancies from the target in the control were
higher than 30% on 72, 102, 117 and 148 DAT (Fig. 12A). In the ISE-NUTRISENSE
treatment, the molar K:Ca ratio in the DS was stable with a maximum deviation of +5%
from the target value (0.80) after the initial sampling day (21 DAT), while in the control
the discrepancies were much larger. Significant differences between the two
treatments in the K:Ca ratio were observed at 39, 72, 87, 102, 117 and 148 DAT (Fig.
12B). The molar K:Mg ratio in the ISE-NUTRISENSE treatment was substantially closer
to the target level (1.8) compared to the control on all sampling dates except for 132
DAT (Fig. 12C). Significant differences between the two treatments were observed on

72,102,117, 132 and 148 DAT.
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Figure 12. Evolution of the ratios between [K*] and the [NOs], [Ca**] and [Mg?*] in drainage
solution (DS) samples collected approx. every fortnight from the two treatments during the
experiment. The horizontal dotted lines show the standard target value of each ratio. Vertical
bars denote * standard errors of means (n = 8), while *, **, and *** indicate significant
differences according to ANOVA test (p < 0.05) at p<0.05, p <0.01, and p < 0.001, respectively.
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4.2.3 Daily measurements with ion selective electrodes

Fig. 13 presents the daily measurements of [NOs7], [K*], [Ca%*], and [Na*] in the DS using
both ISE instruments and standard laboratory procedures. After an initial phase of
gradual convergence, most measurements of [NOs’], [K*], and [CaZ*] were within the
range of £10% deviation from the target values in the DS. The values obtained from
the ISEs measurements were in close agreement with those obtained by laboratory
instruments for [NOs], [K*], [Ca?*], and [Na*]. Furthermore, as shown in Fig. 14, the
linear regressions between the ISE measurements and those obtained using standard
laboratory instruments for [NOs7], [K*], [Ca?*], and [Na*] were very close to the 1:1 line,
as indicated by slope values of 1.017, 1.022, 1.006, and 0.997, respectively. The
corresponding intercept values, signifying the zero relative error, were 0.4271, 0.1534,

0.2140, and 0.001 for [NO3], [K*], [Ca?*], and [Na*], respectively.
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Figure 13. Daily course of [NOs], [K*], [Ca?*], and [Na*] in DS samples collected from the ISE
treatment and measured with both ISE and standard laboratory procedures. The horizontal
dotted lines delimit the £10% range from the target level.
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Figure 14. Linear regression between the [NOs7], [K*], [Ca®*], and [Na*] in the DS measured daily
in the greenhouse with ISE and those determined in the laboratory applying standard
methodologies. The doted line denotes the 1:1 line, while the solid line represents the fitted
equation.

Fig.15 shows the [Mg?*] concentrations estimated: i) daily by NUTRISENSE using
the Eq. (13) and (14) after introducing the daily measurements of the EC-meter for EC
and of the ISE for K*, Ca?*, and Na*, as detailed in Section 3.3.1, and ii) in the laboratory
by employing standard instruments and procedures. Compared with the
measurements of the other four macronutrients using ISE, the estimated [Mg?*]
exhibited larger deviations from the values measured in the same samples using
standard laboratory instruments. Furthermore, compared to the [NOs], [K*], [Ca%*]
measured with ISE, the estimated [Mg?*] values in the DS exhibited larger deviations

from the target value, and exceeded more frequently the range of £10% deviation.
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Figure 15. Daily course of [Mg?*] in DS samples collected from the ISE treatment as estimated:
i) automatically by NUTRISENSE using the [NOs7], [K*], [Ca%], and [Na*] measurements with
ISE, and the EC measured with a portable EC-meter, and ii) by applying standard laboratory
procedures. The horizontal dotted lines delimit the £10% range from the target level.

4.2.4 Leaf nutrient concentrations

In Fig 16, the leaf concentrations of N, K, Ca and Mg measured at five sampling
dates in the fourth leaf of the tomato plants are presented. The total-N (Fig. 16A) was
similar in both treatments during the first three sampling dates, but at 120 and 148
DAT it was significantly higher in the ISE-NUTRISENSE treatment than in the control
(49.1 vs. 45.8, and 49.5 vs. 46.8 mg g}, respectively). Potassium exhibited a declining
trend in the control during the cultivation period, while in the ISE-NUTRISENSE
treatment it did not change significantly (Fig. 16B). At 95, 120 and 148 DAT, leaf K in
the ISE-NUTRISENSE treatment was 50.0, 49.5 and 38.4 mg g™}, respectively, while in
the control it decreased significantly to 45.3, 43.0 and 28.0 mg g, respectively. The
leaf Ca and Mg concentrations were similar in the two treatments during the initial
120 days, but at the last sampling day (148 DAT) both Ca and Mg decreased to
significantly lower levels in the control than in the ISE-NUTRISENSE treatment (Figs 16C
and 16D).
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Figure 16. Evolution of total-N, [K*], [Ca?*], and [Mg?*] in the fourth leaf of tomato plants on
five sampling dates during the experimental period. The concentrations are presented as mg
g1 (w/w) in dry biomass. Vertical bars denote + standard errors of means (n = 8), while *, **,
and *** indicate significant differences according to ANOVA test (p < 0.05) at p < 0.05, p <
0.01, and p < 0.001, respectively.

4.2.5 Yield, fruit quality, harvest index, water and nitrogen use

The control treatment produced 16.74 kg m™? of tomato fruit, while the
adjustment of macronutrient supply using ISE to daily measure [NOs7], [K*], [Ca?*], and
[Na*] in the DS increased the yield to 18.01 kg m™, which corresponds to a 7.6%
enhancement of production (Table 9). This difference is attributed to a 7.9% increase
in the number of fruits per plant, while the mean fruit weight was not affected by the
treatments (Table 9). Furthermore, a 6.8% rise in total soluble solids content was
observed in the fruits of the ISE-ENUTRISENSE treatment, compared to the control while
the titratable acidity, the fruit dry matter content and the taste index remained

unaffected (Table 9).
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Table 9. Yield per m2, Mean fruit weight (MFW), number of fruits per plant (NF), total soluble
solids content (TSSC) expressed as 2Brix, titratable acidity (TA) expressed as % citric acid (w/w),
fruit dry matter content (FDMC) (%) and taste index in the two treatments.

Parameter Control ISE . Relative .Sta-t'i.stical
treatment treatment difference (%) significance
Yield (Kg m2) 16.74 18.01 7.6 *x
MFW (g) 270.9 269.0 NS
NF 21.4 23.1 7.9 *
TSSC (2Brix) 4.56 4.87 6.8 *
TA (Citric acid) 0.41 0.42 NS
FDMC (%) 4.8 4.7 NS
Taste index 0.97 1.00 NS

In each row, means (n = 8) of the two treatments are presented. Statistical differences according to
ANOVA test are denoted by NS for not significant, while *, **, and *** indicate significance at p < 0.05,
p £0.01, and p £0.001, respectively.

It is noteworthy that the ISE strategy increased significantly the harvest index of
the plants by 12.8%, i.e., to 0.53 from 0.47 in the control (Table 10). Concomitantly the
water productivity was improved by 7.6%, when ISE were used to control the DS
recycling, i.e., from 26.5 in the control to 28.5 kg m™3 in the ISE-NUTRISENSE treatment.
Furthermore, a 23% higher agronomic efficiency of N was also achieved in the ISE

treatment compared to the control (Table 10).
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Table 10. Harvest index as the dry yield biomass divided by the total dried biological biomass,
water productivity (WP) as weight of fruit produced per volume of water consumed (kg m?3),
and agronomic efficiency of N (AEn) as kg of fruit produced per kg of supplied nitrogen (kg kg

Y,

Control Relative Statistical
Parameter ISE treatment
treatment difference (%)  significance
Harvest index 0.47 0.53 12.8 **
WP (kg m3) 26.5 28.5 7.6 %
AEn (kg kg?) 140.0 172.2 23.0 **

In each row, means (n = 8) of the two treatments are presented. Statistical differences according to
ANOVA test are denoted by NS for not significant, while *, **, and *** indicate significance at p < 0.05,
p £0.01, and p £0.001, respectively.

4.3 Sodium accumulation management in a closed-loop soilless cucumber crop using

ion selective electrodes and Decision Support System

4.3.1 Evolution of macronutrient concentrations in the root-drainage solution

In Fig. 17 the evolution of the measured EC, macronutrient, Na* and CI
concentrations in all three treatments along with the respective target values are
presented. The EC in T1 and T3 was successfully maintained close to the target of 3.0
dS m, with deviations less than +5% from the target and no significant differences
between them (Fig 18A). However, in T2 the EC gradually increased to significantly
higher levels at 44 DARI and stabilised at approximately 4.0 dS m™! after 72 DARI due
to Na* accumulation. The measured [NOs7], [K*], [Ca?*], as well as the estimated [Mg?*]
were similar in T1 and T2 with no significant differences between them and deviations
less than +10% from the standard target values. The only exception was [Ca?*] at 30
DARI in T1 and T2 and at 86 DARI in T1, which deviated up to +15% from the target
value. In T3, the [NOs7], [K*], and [Ca?*] were significantly lower than in T1 and T2 after
the second sampling date, while [Mg?*] was lower after the third sampling date (Fig.
17B-E). However, in T3 the respective target concentrations of these macronutrients
as readjusted by the DSS using the current algorithm, were also lower. Thus, the
deviations of the measured values from the readjusted target levels in T3 were
generally lower than +8%, except for [Mg?*] on 72 DARI, when it was 13% higher than

the target value. The [SO427] in T3 was significantly lower than in T2 at 72 DARI and on
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the subsequent sampling dates, while in T1 it ranged in between of T2 and T3 (Fig.
17F). The [Na*] and [CI7], gradually increased in both CLS treatments (T2 and T3) up to
72 DARI but thereafter they stabilized to levels ranging from 12.7 to 13.0 and from 11.5
to 12.0 mM, respectively, without any significant differences between the two
treatments (Fig. 17G, H). In T1, in which the DS was discharged, both [Na*] and [CI7]
were significantly lower than in T2 and T3 ranging between 6 to 6.2 and 5.8 to 6.0 mM,

respectively.
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Figure 17. Evolution of EC, [NO3], [K*], [Ca®*], [Mg?*], [SO4*], [Na*], and [CI] in drainage
solution (DS) samples collected approx. every fortnight from the three treatments during the
experiment. For each of the four nutrients in T3, the horizontal black dotted line shows the
standard target concentration in the DS, while the red dotted line denotes the adjusted target
concentration in the DS. Vertical bars denote * standard errors of means and different letters
at each sampling date denote significant differences according to the Duncan’s multiple range

test (p < 0.05).
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4.3.2 Daily measurements with ion selective electrodes

Fig. 18 illustrates the daily measurements of [NOs37], [K*], [Ca?*], and [Na'] in
the DS using both ISEs and standard laboratory procedures. More than 80% of the
measurements for [NOs], [K*], and [Ca?*] (Fig 18A-C) were within a +10% deviation
range from the target values in the DS, and in most cases the deviations were reduced
on the following day. Furthermore, in fewer than 5% of the measurements of [NO3],
[K*], [Ca?*], and [Na*], the deviation between the ISE measurement and the standard
laboratory analyses exceeded +10% (Fig. 18D). The [Mg?*] estimated as described in
Section 2.1, exhibited larger deviations which reached up to £20% in some cases when
compared to the respective values measured with standard laboratory analysis (Fig.

19).
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Figure 18. Daily course of [NO3], [K*], [Ca?*], and [Na*] in DS samples collected from T3 and
measured with both ISE and standard laboratory procedures. The dotted lines denote the daily
readjusted target concentration in T3.
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Figure 18. Daily course of [Mg?*] in DS samples collected from T3: i) as estimated by
NUTRISENSE using the [NOs7], [K*], [Ca®*], [Na*] (measured with the ISE), and the EC (measured
with an EC-meter), and ii) as measured at the laboratory using an atom-absorption
spectrophotometer. The dotted line denotes the daily readjusted target concentration of Mg
inT3.

The close alignment between the ISE-measured [NO37], [K*], [Ca?*], and [Na*],
and the respective values obtained with standard laboratory analyses, is further
confirmed by the linear regressions presented in Fig. 20. The linear regressions for
these four microions were very close to the 1:1 line, as indicated by the slope values,
which were 0.975, 0.979, 0.991, and 1.011, respectively, and the intercept values,
which were 0.543, 0.501, 0.036, and 0.063, respectively. Moreover, the corresponding
R? values were 0.956, 0.974, 0.974 and 0.977, respectively, suggesting a strong linear

correlation.
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Figure 20. Linear regression between the [NOs7], [K*], [Ca®*], and [Na*] in the DS measured daily
in the greenhouse with ISE and those determined in the laboratory applying standard
methodologies. The dotted line denotes the 1:1 line, while the solid line represents the fitted
equation.

4.3.3 Leaf nutrient concentrations

In Fig 21A-D the [total-N], [K*], [Ca%*] and [Mg?*] measured at four sampling
dates in the fourth leaf of the plants are presented. The only significant difference
observed was on 101 DARI in the [total-N], which was 46.9 mg g™* in T3 compared to
41.7 and 41.1 mg g™t in T1 and T2, respectively. With respect to the leaf Na* and CI-,
their concentrations in T1, in which the DS was not recycled, did not exceed the levels
of 0.95 and 5.4 mg g%, respectively (Fig 21E and 21F). However, in the two CLS (T2 and
T3) the leaf [Na*] and [CI~] gradually increased to significantly higher levels than in T1

(1.4-1.5 mg g™t and 17-18.8 mg g%, respectively).
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Figure 21. Evolution of total-N, [K*], [Ca%*], [Mg?*], [Na*] and [CI] in the dry mass of the fourth
cucumber leaf at four sampling dates during the experimental period. Vertical bars denote +
standard errors of means (n = 4), while different letters indicate significant differences
according to the Duncan’s multiple range test (p < 0.05).

4.3.4 Yield, water and nutrient use

The total fruit yield in the open system (T1) and in the CLS managed with the
ISE-NUTRISENSE system (T3) was 27.83 and 28.12 kg m™2, respectively, and the
difference was not significant. However, in the CLS with standard management (T2) the
fruit yield was significantly lower (24.16 kg m~2) than in T1 and T3, corresponding to a
14.1% decrease compared to T3 (Fig. 22). Furthermore, Fig. 22 shows that a significant

reduction of fruit yield in T2 was apparent at the fourth harvest on 59 DARI. As shown
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in Table 4, the lower total yield in T2 was due to both a significantly lower mean fruit
weight (294.9 g in T2 compared to 310.4 and 311.7 g in T1 and T3, respectively), and a
lower fruit number per plant (28.1 g in T2 compared to 31.1 and 30.9 gin T1 and T3,

respectively).
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Figure 22. Evolution of the cumulative total yield (kg m) during the harvesting period. Vertical
bars denote + standard errors of means and statistically significant differences according to
the Duncan’s multiple range test at p < 0.05, p £0.01, and p <0.001, are denoted by *, **, and
*** respectively.

The total water consumption (WC) in the open system (T1) was significantly
higher than in the treatments operated as CLS (T2, T3), although the drainage
percentage was similar in all three treatments (Table 11). There was no significant
difference in the WC between T2 and T3. However, the water productivity (WP),
defined as weight of fruit produced per volume of water consumed, was significantly
higher in T3 than in T2 (58.2 vs. 50.5 kg m3, respectively, which corresponded to a
15.2% difference. In T1, due to discharge of the DS, the WP was only 40.0 kg m~3, which
means that the use of the ISE-NUTRISENSE system to manage the Na* accumulation in

the CLS resulted in an increase of the WP by 45.5% compared to the open system.
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Table 11. Mean fruit weight (MFW), number of fruits per plant (NF), mean daily system water
consumption (WC) (L days™plant?), average drainage percentage (DP), and water productivity
(WP) as weight of fruit produced per volume of water consumed.

Statistical
Parameter T1 T2 T3
significance

MFW (g) 3104a 2949b 311.7a *

NF 30.9a 28.1b 31.1b ok x
WC (L days™ plant?) 2.4 1.7b 1.7b *oxok

DP (%) 30.7 31.2 30.5 NS

WP (kg m™3) 40.0 50.5 b 58.2 a *ok ok

In each row, means (n = 4) of the three treatments are presented. Statistical differences according to
Duncan’s multiple range tests are denoted by different letters, NS stands for non-significant differences,

while *, ** and *** indicate significance at p £0.05, p <0.01, and p < 0.001, respectively.

The agronomic efficiency (AE) of the macronutrients N, K, Ca, Mg and S were
considerably higher in T3 by 64%, 18%, 104%, 9% and 36%, respectively, compared to
T2 and by74%, 45%, 220%, 89% and 131%, respectively, compared to T1 (Table 12).
Compared to T2, the AE of K, Ca, Mg, and S was significantly lower in T1. However, no
significant differences were found between T1 and T2 in the AEn, and between T1 and

T3 in the AEp.
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Table 12. Agronomic efficiency of nitrogen (AEn), phosphorus (AEp), potassium (AEk), calcium
(AEca), magnesium (AEwmg), and sulfur (AEs) expressed as kg of fruit produced per kg of supplied

nutrient.

Parameter Unit T1 T2 T3

AEn (kg kg?) 2443b 259.5b 424.4 a
AEp (kg kg?) 12709 a 1157.2 b 13399a
AEx (kg kg?) 175.5¢ 215.8b 254.1a
AEca (kg kgt) 320.6 ¢ 504.2 b 1027.5a
AEwmg (kg kg?) 1682.6 c 2923.2b 3188.4a
AEs (kg kg?) 7245¢c 12345b 16759 a

In each row, means (n = 4) of the three treatments are presented. Statistical differences according to

Duncan’s multiple range test are denoted by different letters.
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5. DISCUSSION

5.1 Development and validation of an innovative algorithm for sodium accumulation

management in closed-loop soilless culture systems

In the present study, a new algorithm aiming to minimise the adverse effects
of Na* accumulation in CLS, while ensuring the plant nutrition, was tested in a tomato
crop during six months of cultivation. When the new algorithm was applied in
combination with the algorithm described by Savvas et al. (2023) in T2, the EC in the
RS/DS was successfully maintained close to the target value, without significant
differences with the control treatment, i.e., T1 (Fig. 6A). This was attained because the
target K*, Ca®*, Mg?*, NOs-N and SO4% concentrations in the RS/DS of T2 were gradually
reduced compared to the standard target concentrations maintained in T1 and T3.
Nevertheless, the pilot application of the algorithm in the current study revealed some
deviations between the measured concentrations of K*, Ca%*, Mg?*, NOs-N and SO4*
in the RS/DS and the target values simulated by the algorithm on each date of AS
readjustment, as shown in Fig. 6. The possible reasons for these deviations are

discussed below.

During the period from the second to the seventh sampling date, i.e., when the
fruit load was progressively increasing, the K* concentrations in T2 were lower than
the target levels for RS/DS as readjusted by the current algorithm (Fig. 6C). A strong
reduction of K in the RS/DS when the Na* accumulation is compensated for through
reduction of the nutrient supply, has been observed also by Voogt et al. (2023, 2021)
in CLS. Voogt et al. (2021), ascribed the drop of the K concentration in their
experiments to the gradual reduction of AS input to lower levels than those needed to
compensate for Na* accumulation, which was due to the EC increase resulting from
the accumulated Na* in the DS, thus leaving less room for input of AS. In that situation,
a constant EC was maintained in the DS/RS and the input of AS and SS were adapted
to keep these values (Voogt et al., 2021). However, the algorithm tested in the current
study was directly readjusting every fortnight the nutrient concentrations in the AS by
adapting also the K*%:Ca?* and K*:Mg?* ratios to levels maintaining the target
concentrations in the RS/DS. Thus, if K tended to decrease more than predicted during

a fortnight interval, the K input through the AS was increased accordingly in the next
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AS readjustment. Thus, the target K concentration in the RS/DS was restored during
the next fortnight interval. Nevertheless, during the early reproductive period of
tomato, when the fruit load is rapidly increasing, the K needs of tomato increase
substantially (Voogt, 1993). As a result, the UC of K also increases rapidly at that
cropping stage, as has been reported by many investigators (Adams, 2002; Sonneveld,
2002; Voogt and Sonneveld, 1997). If the UC of K is further increasing during the next
interval after application of the readjusted composition, the K concentration in the
RS/DS may be not fully restored during that interval. This is presumably the reason for
the stronger decreases in the K concentration than those simulated by the current
algorithm in T2 during the early reproductive stage. Nevertheless, the regular
readjustment of the AS at fortnight intervals in the current study prevented a decrease
of the K concentration in the RS/DS to levels reducing yield. Furthermore, when the
UC of K was stabilised to a maximum, the current algorithm managed to restore the

target K levels in the RS/DS.

Unlike those of K*, the measured Ca?* and Mg?* concentrations in the RS/DS of
T2 during the first cropping period were closely to, or even higher than the target
concentrations as readjusted by the current algorithm, especially that of Mg?* (Figs 6E
and 6G). This difference in the response Ca%* and Mg?* compared to K* requires an
explanation. With the onset of the reproductive growth stage, the K* UC by tomato
increase substantially, while this is not the case with Ca?* and Mg?* (Adams, 2002;
Sonneveld and Voogt, 2009). Consequently, the K*:Ca** and K*:Mg?* uptake rates
increase too. The algorithm of Savvas et al. (2023), by estimating the UC for a particular
time interval, uses these as a prediction for the next time interval. However, as at the
onset of fruit production the K*:Ca?* and K*:Mg?* uptake rates are higher than during
the previous period, it is reasonable to observe an increase of the Ca* and Mg**
concentrations in the RS/DS, to electrochemically balance for the decrease in the K*

levels, given that the target EC is maintained to the same level.

The reduction of the NOs™-N concentration in the DS/RS of T2 with reference to
the standard level was less than those of the cations, and also less than the target
values as readjusted by the new algorithm (Fig. 6D). This is partly ascribed to the

accumulation of Cl" in T2 (Fig. 6J) and the concomitant increase in the Cl- uptake rate,
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which™ partially substituted for NOs™ in its function as osmotic agent in the vacuoles
(Colmenero-Flores et al., 2019), thus reducing the NOs3 uptake. Nevertheless, the
higher measured NOs™ concentrations in the RS/DS of T2 than those suggested by the
new algorithm, are additionally ascribed to the input of NOs™ as nitric acid to adjust the
pH. This is an independent process governed by real-time measurements of the pH in
the outgoing SS, and thus not fully controlled by the algorithms of NUTRISENSE. The
maintenance of higher NO3™ concentrations in the RS/DS of T2, compared with those
suggested by the current algorithm, was compensated for by an equivalent decrease
in the SO4% supply. As a result, the SO4?" concentration in the RS/DS of T2 was mostly
lower than the target level as readjusted by the current algorithm (Fig. 6H). Finally, the
lack of any consistent differences in the P concentration between T1 and T2 at the
different sampling dates (Fig. 6F) is reasonable since the target P level in the RS/DS was

not reduced to compensate for CI- accumulation.

Up to 73 DARI, when no DS was discharged in any treatment, the measured Na*
concentrations in the DS were consistently higher in T3 than in T2, which points to
higher Na* UC in T2 than in T3, although the Na* input was identical in both crops.
Higher UC of Na* in T2 may indicate that the low K concentrations in the RS/DS of T2
stimulated Na* uptake due to partial replacement of K by Na* in some physiological
functions, especially those associated with osmotic balance into the cell (Mateus et
al., 2021; Munns and Tester, 2008). In contrast to Na*, the ClI" levels in the DS/RS did
not differ significantly between T2 and T3. This indicates that the decreased supply of
NOs in T2 compared to the standard target level in T3 did not further stimulate CI-
uptake in T2, although the high Cl- concentration in the RS/DS of this treatment

presumably restricted the NOs™ uptake.

The concentrations of macronutrients in the AS (Fig 7) were mostly not lower in
T2 than in T1 (apart from Mg?*), although in T2 the target concentrations in the RS/DS
were progressively reduced to compensate for Na* and ClI" accumulation. Only during
the first two (NO3™-N and Ca?*) or three (K*) sampling dates they were lower in T2 than
inT1, obviously because in T2 the respective concentrations in the RS/DS were reduced
to compensate for Na* and Cl- accumulation. The macronutrient concentrations in the

AS represent the net nutrient to water supply ratios (i.e., excluding the resupply of
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nutrients from the recycled DS), which in CLS should be equal with the UC (Blok et al.,
2023b; Voogt and Sonneveld, 1997). The UC are governed by the plant nutrient and
water requirements and NUTRISENSE only aims at estimating these when calculating
the concentrations in the AS. Thus, the similar concentrations of NO3™-N, K*, and CaZ*
in the AS of T1 and T2 after the first 2-3 sampling dates indicate that also their uptake
rates were roughly similar, despite their lower concentrations in the RS/DS of T2.
Sonneveld and Voogt, (2009) suggest that the uptake concentration of a nutrient is
related to its concentration in the RS. However, in the examined studies, only the
concentration of the nutrient under consideration was varied. In the current study, the
concentrations of all macronutrients except for P were proportionally reduced by
roughly maintaining their mutual ratios. This may indicate that, when the mutual ratios
between macronutrients are kept constant, small to moderate decreases of their
concentrations in the rooting medium do not substantially reduce their UC,
presumably due to the ability of the plants to selectively take up nutrients (Busch and
Chory, 2021). This consideration is supported by the lack of any difference in the leaf
macronutrient concentrations between T1 and T2, despite the different

concentrations in the RS.

The similar fruit yield in T1 and T2 despite the substantially lower concentrations
of K*, Ca%*, Mg?*, and NO3™-N in the RS/DS agrees with the similar concentrations of
these macronutrients in the leaves of tomato. Furthermore, the macronutrient
concentrations were in all treatments within the target range for tomato as reported
in standard literature sources (Sonneveld and Voogt, 2009). These results show that
the strategy of gradually reducing the target concentrations of the most of
macronutrients in the RS/DS up to minimum safety concentrations to compensate for
Na* and Cl- accumulation has no negative impact on plant nutrition and, consequently,
it does not impair the yield performance. The leaf Na* concentration was similar in T2
and T3 and substantially higher than in T1. However, the yield was reduced only in T3,
which was exposed to higher EC levels in the RS, while in T1 and T2 it was similar
responding to the similar EC in the RS and not to the different Na* concentrations in
the RS and the leaves. These results clearly show that tomato, at the range of the

external Na* concentrations imposed in the current study, is not damaged by Na* ion
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toxicity but by the impact of the excessive Na* on the EC, and consequently on the
increased osmotic potential in the root zone. This conclusion agrees with many
previous studies on the responses of tomato to moderate salinity levels, which also
point to osmotic and not to ion specific effects at salinity levels similar with those
tested in the current study (Rodriguez-Ortega et al., 2019; Sonneveld and Voogt,
2009; Zhang et al., 2022). At moderate salinity levels, the yield restriction in tomato
occurs due to reduction of the mean fruit weight, while the number of fruits per plant
is affected only at high salinity levels (Cuartero and Fernandez-Munoz, 1998; Magan
et al., 2008; Qaryouti et al., 2007) in agreement with the current study. In the current
study, the increase of the EC in the RS/DS from 4.1 dSm™*inTland T2to 5.8 dSm™in
T3 reduced the fruit yield by 18.2% in T3, which is similar with the rates of yield
reduction reported by other investigators. Indeed, according to Qaryouti et al. (2007),
the yield decrease caused by salinity to tomato crops in soilless cropping systems was
roughly 7.2% per unit (dS m™) of EC increase above 3.0 dS m™ in the root zone. Magan
et al. (2008) found reductions of 18.9% and 17.9% in tomato fruit yield when the EC
increased from 4.1 to 5.8 dSm™ and from 4.0 to 5.5 dSm™., respectively. Furthermore,
Rodriguez-Ortega et al. (2019) found a yield reduction of 35% when the EC in the root

zone increased from 2.2 t0 6.0 dS m™2.

The fruit quality was significantly improved in T3 compared to both T1 and T2,
as indicated by the increases in total soluble solids content (TSSC), titratable acidity
(TA), and the taste index. Similar improvements of TSSC and TA in tomato fruit
produced under mild to moderate salinity stress have been reported by many other
investigators (Magan et al., 2008; Zushi and Matsuzoe, 2015; Moya et al., 2017;
Rodriguez-Ortega et al., 2019; Ntanasi et al., 2023). Hernandez Suarez et al., (2008)
suggest that tomato fruit with taste index values above 0.85 have acceptable quality.
Zhang et al. (2022), found increased TSS and TA under salinity stress and taste index
values between 1.10 and 2.32. In another study, taste indexes between 1.00 to 1.20
for different tomato varieties were calculated (Ayuso-Yuste et al., 2022), which are in
accordance with the results of the current study. Consequently, based on the TSS, the
TA and the taste index, the fruit quality in T1 and T2, although lower than in T3, was

satisfactory.
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The WP and AEy are major parameters for the assessment of both the ecological
and economical sustainability of a cultivation system. The WP in T1 was significantly
higher than in T2 due to the partial discharge of DSin T2 from 101 DARI onwards, when
the Na* concentration in the DS/RS exceeded 21 mM. In T2 the WP was higher than in
T3. However, this was not due to reduced water consumption, as the amounts of
discharged water were similar in T2 and T3, but due to the significantly higher yield
obtained from T2 despite the similar water consumption. Working in tomato cultivated
in CLS, Santamaria et al., (2003) found a WP of 27.03 kg m3, while Valenzano et al.,
(2008) and Ullah et al., (2021) reported 22.7-40.0 kg m3 and 24.4-24.8 L kg?,
respectively, which aling with the WP attained in the control treatmen of the current
study. Massa et al. (2010) in a semi-CLS reported WP values ranging from 16.69 to
23.53 L kg!, depending of the different strategies applied to manage the DS. The WP
reported by Massa et al. (2010) are in agreement with those found in T2 and T3 in the

current study,which were also semi-CLS for a certain croping period.

The nutrient losses recorded in the current study were significantly lower in T2
than in T3 because of the substantially lower concentrations of macronutrients in the
DS of T2. Thus, in T2 the nitrogen emmisions were lower by 25.5% than in T3, while
those of S and K were also lower by by 56.4% and 49.3%, respectively. The P
emmissions were similar in T2 and T3, because the P consentrations maintained in the
DS were similar in all treatmentsd. Consequently, the current algorithm as part of
NUTRISENSE can substantially reduce the emissions of polluting nutrients, even when
the water quality dictates a partial or a total discharge (e.g., in open soilless systems)
of the DS. Massa et al. (2010) and Medrano et al. (2019) also suggest that the reduction
of nutrient concentrations in the DS before discharging minimize the nutrients

emission to the environment.

The difference in AEy between T2 and T3 was even more profound than in WP
because the higher yield in T2 was combined with lower N supply, as it was maintained
lower N levels in the discharged DS of T2. The significantly higher AEx in T1 than in T2
is reasonable as no DS was discharged. The higher WP and AEy in T1 than in T2 and T3
underline the environmental benefits of using good quality water with low Na*

concentration allowing for full DS recycling, as already pointed out in previous reports
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(e.g. Massa et al., 2010; Savvas and Gruda, 2018; Voogt et al., 2021; Voogt and
Sonneveld, 1997).

In the current study, Na* accumulated in the DS/RS to the maximum acceptable
threshold of 21 mM within 101 DARI when the Na* concentration in the water used to
prepare NS was 4 mM. This result indicates for tomato that to fully recycle the DS with
zero discharge, water with a Na* concentration lower than 4 mM should be used to
prepare NS. However, the maximum Na* concentrationin in the water used to prepare
NS that allows for zero discharge could not be determined in the current study. In a
previous study (Varlagas et al., 2010) the UC of Na* in a tomato crop (Cnq)) Was related
with the Na* concentration in the RS/DS (Cna)) through equation Cnaw) = 0.0071
Cnay™#°7. Substituting in this equation a maximum acceptable Cnog) of 21 mM renders
a Cna() of 0.62 mM, which is the maximum concentration in the water used to prepare
NS that would allow for full recycling of the DS without any need for discharge in long-
term tomato crops. More recent research (Katsoulas et al., 2015) has indicated that
the equation suggested by Varlagas et al. (2010) applies for tomato cultivars with a
high Na* exclusion efficiency. This means that for full recycling of the DS, the maximum
acceptable Na* in the water may be higher than 0.62 mM when tomato cultivars with
a Na* inclusion character are grown (Savvas et al., 2020). According to Carmassi et al.
(2005), (Cna(a)) and (Cna(w)) are related through the linear relationship Cna) = 0.18Cna(a),
which renders a Cngu) of 3.78 mM for a Cng() of 21 mM, indicating that with 3.78 mM
Na* in the water used in tomato grown in CLS, the maximum Na* accumulation would
not exceed the thresold of 21 mM. Likewise, Voogt and Van Os (2012) reported that
Cnaw) = 0.1720Cngq)”%°* which renders Cnonw) =1.26 MM as maximum input
concentration, though recent trials by Voogt et al. (2023) resulted in the equation of
Cna(u) = 0.136Cna(a) OF Chau) = 0.0416Cna(q). The first equation, which was obtained using
data of the water flows (NS input/output), renders a Cnaw) of 2.86 mM, while the
second equation, which was based on determinations of the Na* content in the total
biomass, renderd a Cyq) of 0.9 mM. These values seem more realistic as maximum
Na* concentrations in the water that allow for full recycling of the DS compared to that
estimated using the Equation of Carmassi et al. (2005). Nevertheless, further research

is needed using cultivars with different responses to Na-induced salinity to determine
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the maximum Na* concentration in the water used to fertigate tomato in CLS that does

not result in Na* accumulation above the threshold of 21 mM in the recycled DS.

5.2 Developing and validating a modelling approach linked with ion selective

electrodes to control pollution of water resources from greenhouse crops

The effectiveness of nutrient management strategies in soilless cropping systems
depends mainly on their ability to maintain the target nutrient concentrations in the
root zone (Blok et al., 2023b; Sonneveld and Voogt, 2009; Voogt and Bar-Yosef, 2019).
However, due to the low rooting volume and the low buffering capacity in soilless
culture, the nutrient concentrations in the RS/DS can rapidly change resulting in
nutrient imbalances. The risk of nutrient imbalances is more serious in CLS because
the DS contributes by about 30% to the total volume of the SS, and thus it can modify
its composition in an unpredictable manner (Savvas and Gruda, 2018). To address this
problem, many investigators have pointed to ISEs as means to monitor the nutrient
concentrations in the root zone of the plants (e.g., Bamsey et al., 2012; Savvas et al.,
2021, 2023; Cho et al.,, 2019, 2023; Wu et al., 2023). However, there are three
prerequisites to successfully apply ISEs for the control of nutrient supply in CLS. The
first prerequisite is the availability of robust and accurate ISEs of as many as possible
nutrients for long-term in-situ use in greenhouses. The second prerequisite is the use
of a suitable software to automatically process the ISE measurements and provide a
modified SS formula, capable of re-establishing the target nutrient concentrations in
the RS/DS. The third prerequisite is the use of suitable machinery, i.e., a specialty
fertigation system, to automatically implement a modified SS formula whenever

transmitted on-line from the software.

Several investigators developed and/or tested ISEs focusing of the accuracy of
their measurements under different conditions (W. J. Cho et al., 2019; Kim et al.,
2017a, 2013; Rius-Ruiz et al., 2014; Wu et al., 2023), and the factors influencing their
performance (Han et al.,, 2020a; Silva-Pumarada and Di Gioia, 2023). Furthermore,
several software approaches based on two-point calibration (Chowdhury et al., 2020)
and neural networks (Cho et al.,, 2019) have been developed to overcome

measurement errors, optimise calibration of ISEs, and maximise the accuracy of the
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data provided by ISEs (Tuan et al., 2020; Wu et al., 2023). However, there are few, if
any, reports addressing the second and third prerequisites for successful use of ISEs in
CLS. The current study is the first report on successful implementation of ISEs in a long-
term soilless tomato crop under semi-commercial greenhouse conditions using a
special DSS to control the nutrient input based on the ISE measurements. A decision-
tree based dosing algorithm to calculate optimal volumes of individual nutrient stock
solutions based on feedback by ISE has been developed also by Cho et al. (2023) who
used dosing pumps to implement the output of the algorithm. However, their
approach was based on successive calculation of masses (mg L) of the required
nutrients and fertilisers, ignoring the anion to cation balance and the electrochemical
constraints governing the composition of multi-salt solutions. As a result, over-
injection of NOs” was observed (Cho et al., 2023). Taking into consideration the
electrochemical complexity of the nutrient solutions is essential to avoid over- or
under-injection of nutrients, especially when some nutrient concentrations in the DS
differ substantially from target levels, a situation that is more likely to occur in long-
term crops. The algorithm used in the current study is fully based on anion to cation
balance respecting the electrochemical equilibria, while considering all nutrient ions
and fertilisers simultaneously based on a holistic approach. Similar approaches based
on ion balance and electrochemical equilibria have been applied also by Savvas and
Adamidis (1999, 2000) and De Kreij et al (1999) to establish nutrient recommendation

systems for soilless culture systems as defined by Blok et al. (2023b).

Although the current study was commissioned to develop and validate a DSS and
a specialty fertigation system for optimal utilisation of ISE measurements and not to
validate the ISE performance, the accuracy of the ISEs used in the current study was
assessed. These results clearly demonstrated the succession of the strategy for daily
measurements with the ISE sensors in the DS samples collected throughout the
tomato crop in nutrient management by maintaining the DS composition close to the
targets (Fig. 11). The accuracy of the ISEs used in the current study have been shown
in previous studies (Fig. 13, 14). Pefia-Fleitas et al. (2021), used the NOs™ sensor for
measurements in NS, soil solution and petiole sap samples and reported very good

agreement between ISE measurements and those obtained with standard laboratory
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equipment. The LAQUAtwin NOs sensor delivered similar results when measuring
NOs™ in hydroponic NSs (Silva-Pumarada and Di Gioia, 2023) or soil solution samples
(Cabrera Corral et al., 2016). Cabrera Corral et al. (2016) compared the K*
concentrations measured with a LAQUAtwin sensor in soil samples with those
obtained with standards analytical methods in the laboratory and found a well-fitting
to the 1:1 line with a slope value of 0.99 and an R? of 0.88. Furthermore, Cabrera Corral
et al. (2016) tested the LAQUAtwin Na* sensor in soil solution samples and found a
high accuracy with a slope value of 1.06. However, in the same study, the LAQUAtwin
sensor for Ca?* showed an overestimation, as indicating by an intercept value of +1.75
mM. When using the ISE systems, care must be taken to ensure their correct operation.
Appropriate procedures are described in Mikhelson (2013) and Pefia-Fleitas et al.
(2021). Particular care should be taken with sample temperature. For the LAQUAtwin
NOs system, measurements are sensitive to sample temperature (Pena-Fleitas et al.,
2022). Temperature effects were minimal at 17-22° C; below there is an
overestimation, and above an underestimation (Pefia-Fleitas et al., 2022). Cooled
samples are particularly sensitive, the errors being +50% at 5°C and +31% at 10°C.
These temperature limitations were considered in the measurements performed with

the LAQUAtwin electrodes in the current study.

In the current study, the deviation between the estimated [Mg?*] in the RS/DS
and those measured with standard laboratory procedures in the same samples were
larger than the corresponding deviations of [K*], [Ca?*], and [Na*]. However, the [K*],
[Ca?*] and [Na*] concentrations were measured with both ISEs and standard laboratory
procedures, while [Mg?*] was not measured with ISEs but estimated as a function of
the [K*], [Ca%*], [Na*] and EC measurements using Eq. (14). Consequently, the small
measurement errors of [K*], [Ca?*], [Na*] and EC using ISEs were additive in the
estimated [Mg?*]. Nevertheless, the accuracy of the estimated [Mg?*] in the DS based
on the ISE measurements of [K*], [Ca%*], [Na*], as well as on that of EC, was sufficient

for long-term maintenance of its concentration in the RS/DS close to the target values.

As shown in Figs 11 and 12, the concentrations of all macronutrients measured
in the DS (K*, Ca?*, NOs3,, Mg?*) deviated substantially from the target levels during the

first three weeks in both treatments but thereafter gradually shifted towards to the
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target values. These initial discrepancies from the target values were due to the use of
coconut compost as growing media, which is known to include substantial amounts of
exchangeable K*, but gradually this is replaced by Ca?* when a nutrient solution is
supplied, until an equilibrium is established (Handreck, 1993; Shinohara et al., 1999;
Xiong et al., 2017). Coconut compost is a chemically active substrate (Raviv et al., 2002)
and, therefore, typically the composition of the RS of plants grown on this substrate is
subjected to appreciable changes due to ion exchange processes during the initial
phase of crop growth. The ISE-NUTRISENSE system needed some days to restore the
target concentrations in the RS because, after transplanting, the plants were very small
and thus their daily needs for SS were very low. Consequently, the small volume of RS
supplied daily to the plants at that stage was unable to cause appreciable rapid

changes in the composition of the RS.

The use of the ISE-NUTRISENSE system to automatically readjust every day the
supply rates of macronutrients according to the ISE measurements successfully
maintained the nutrient concentrations in the RS/DS close to the target values. Overall,
the daily measured macronutrient concentrations in the DS exhibited smaller
deviations from the target values in the ISE-NUTRISENSE system than in the control.
Hence, the ISE-NUTRISENSE system improved the nutrient status in the root zone of
the plants compared to the current practice which is based on fertigation systems with
2+1 stock solutions and bi-weekly modification of their composition after laboratory
analysis of the DS. Apart from the target concentration of each individual nutrient,
their mutual ratios in the DS play an important role and are widely used for nutrient
management in soilless culture (Fanasca et al., 2006; Voogt and Bar-Yosef, 2019; Ahn
et al,, 2021). In the current study, the K:NO3, K:Ca and K:Mg ratios in the DS/RS were
maintained close to the target values in the ISE-NUTRISENSE treatment. However, in
the control the larger fluctuations in [K*], [Ca%*], and [Mg?*'] from the target
concentrations resulted in substantial deviations in the mutual macrocation ratios,
even though EC remained relatively stable. In a previous study, Giannothanasis et al.
(2024a) found that keeping the mutual ratios of nutrients in the RS close to target
values ensured optimal plant nutrition even if the absolute concentrations were lower

than the corresponding target values.
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Given that nutrient shortages result in irrevocable damage after 1.5—7 days (Blok
et al., 2023b; Marcelis et al., 2003), it is reasonable to anticipate benefits for plant
growth and fruit production due to the use of the ISE-NUTRISENSE system to control
plant nutrition in CLS. Indeed, tomato fruit yield was 7.6% higher in the ISE-
NUTRISENSE treatment compared to the control. The larger deviations of [K*], [Ca?*],
[Mg?*] and [NOs7] from the target levels in the DS/RS of the control compared to the
ISE-NUTRISENSE treatment did not cause nutrient deficiencies or toxicities. However,
as pointed out by Blok et al. (2023b), plants are capable of tailoring nutrient uptake
rates to their nutrient requirements by spending metabolic energy. The larger the
deviations of the actual concentrations and mutual nutrient ratios in the RS from the
corresponding target values, the higher is the energy consumption by the plants
(Poorter et al., 1991; Albornoz and Lieth, 2017), so long as the higher energy cost can
meet the plant demand for nutrients (Blok et al., 2017). However, the higher energy
consumption required to maintain optimal uptake ratios between nutrients despite
their deviations in the RS has a cost in plant growth and fruit production (Rewald et

al., 2016).

The K:N ratio in the RS also has an impact on yield parameters in tomato, mainly
by influencing the balance between vegetative and reproductive growth (Heuvelink,
2018). In the current study, the more efficient maintenance of the K:N ratio in the RS
close to the target value with the ISE-NUTRISENSE system may have also contributed
to the higher number of fruits per plant and the significant increase of the harvest
index in this treatment compared to the control. The higher fruit yield may partly be
due to increased allocation of plant assimilates to fruit in the ISE-NUTRISENSE
treatment compared to the control. The increase in water productivity is due to the
higher total yield in the ISE-NUTRISENSE treatment, as the water supply was similar in
both treatments. The water productivity achieved in the ISE-NUTRISENSE treatment is
higher than those reported from other studies with CLS, highlighting the
environmental aspect of improving yield performance in CLS, as also suggested by
Santamaria et al. (2003), Valenzano et al. (2008) and Ullah et al. (2021). However, the
agronomic efficiency of N increased appreciably more than the vyield in the ISE-

NUTRISENSE treatment compared with the control, indicating that the overall
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improvement of the nutrient status in the root zone of the plants in the former
resulted in an overall lower N input to the system. The agronomic efficiency of N in the
control treatment of the current study agrees with those found by Giannothanasis et
al. (2024) in a tomato crop grown in a CLS without the use of ISEs. This similarity
supports the notion that the ISE-NUTRISENSE system further improves N nutrition in
CLS compared to the current practices based on fertigation systems with 2+1 stock

solution tanks.

The improved nutrient status in the root zone of the plants achieved by use of
the ISE-NUTRISENSE system is clearly reflected in the leaf nutrient concentrations. In
the control treatment, the leaf total-N decreased significantly at the last two sampling
dates, although it remained within the sufficient range of 45-55 mg g'* (Mills and Jones,
1996). In contrast, in the ISE-NUTRISENSE treatment, it remained constant at the
higher initial values. The leaf [K*] in the ISE-NUTRISENSE treatment remained constant
within the optimal range of 30-60 mg g** (Campbell, 2000; Sonneveld and Voogt, 2009),
while in the control it followed a decreasing trend after the middle of the growing
season, presumably because of lower concentrations in the root environment.
Nitrogen and potassium play an important role in the physiology of plant nutrition and
their metabolic functions are closely related to plant productivity (Hawkesford et al.,
2012). Hence, the lower yield in the control might be partly ascribed to the lower
concentrations of N and/or K in plant tissues. Total soluble solids content (TSSC) is also
positively related to K supply in tomato (Almeselmani et al., 2009; Kaur et al., 2018).
The increased TSSC in tomato fruits collected from the ISE-NUTRISENSE treatment can
be mainly attributed to the higher [K*] in the RS/DS compared to the control, and
consequently to the higher K* uptake rates, as indicated by the higher leaf K levels.
Furthermore, the decrease in leaf Ca and Mg concentrations on the last sampling date
may also have influenced yield performance. Tomato is a demanding plant for Ca,
which is involved in cell wall and membrane stabilization, while Mg plays a crucial role
in photosynthesis, as part of chlorophyll, ATP synthesis and enzyme activation

(Hawkesford et al., 2012).

In the current study, the [Na*] in the raw water used to prepare SS was low (0.6

mM) and thus, the accumulation of [Na*] in the DS/RS did not exceed a level of about
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4.5-5 mM in both treatments, which is fully safe for tomato (Sonneveld and Voogt,
2009; Giannothanasis et al., 2024). This indicates that the nutrient to water uptake
ratio (mM), commonly termed uptake concentration (Gallardo et al., 2021), increased
to 0.6 mM when the [Na*] in the RS/DS reached a level of roughly 4.5-5 mM. However,
the [Na*] in the raw water used for SS preparation is frequently higher than 0.6 mM,
resulting in accumulation of sodium to higher levels than in the current study (Varlagas
et al., 2010; Barbagli et al., 2021). Under such conditions, it has been suggested to
gradually reduce the target nutrient concentrations in the RS to compensate for the
[Na*] accumulation (Voogt et al., 2021; Giannothanasis et al, 2024). In these cases, the
importance of the Na* ISE to daily monitor its concentration in the RS/DS is increased.
However, further research is needed to test the performance of the ISE-NUTRISENSE
system when the [Na*] in the raw water used to prepare SS for CLS is higher than in

the current study, resulting in substantial Na* accumulation in the RS.

5.3 Sodium accumulation management in a closed-loop soilless cucumber crop using

ion selective electrodes and Decision Support System

The first objective of this study was to examine also in cucumber crops the
potential for reducing macronutrient concentrations in the DS to compensate for Na*
accumulation in CLS, as has been shown for tomato (Giannothanasis et al., 2024). The
second objective was to improve the application of the salinity management strategy
previously developed in tomato (Giannothanasis et al., 2024) by daily adjustments of
nutrient supply based on daily in-situ determination of macronutrient concentrations
in the DS using ISE. This study mainly focused on Na* accumulation in the DS, because
(i) the Na*/water uptake ratio is always lower than the Cl~/water uptake ratio, and (ii)
the [Na*] in the raw water is generally regarded as the main bottleneck for recycling of

the DS (Voogt and Van Os, 2012; Voogt et al., 2021).

The strategy of reducing nutrient concentrations to compensate for Na*
accumulation has been suggested by several researchers (Kempkes and Stanghellini,
2003; Massa et al., 2010; Voogt and Van Os, 2012). However, the main risk in
implementing this strategy is the depletion of nutrients in the root environment when
their concentrations there are relatively low, because the small volume of root solution

per plant diminishes the nutrient buffering capacity (Voogt and Bar-Yosef, 2019; Voogt
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and Van Os, 2012). Considering the studies of Voogt et al. (2021, 2023) and
Giannothanasis et al., (2024), with tomato and pepper crops, K* tends to be depleted
in the root zone when its supply is reduced to compensate for Na* accumulation.
Furthermore, Kempkes and Stanghellini (2003) observed a depletion of NOs3™ in the
root zone of tomato grown in a CLS when the EC in the root zone was kept stable while
Na* and Cl~ accumulated. Depletion of K* and NOs™ in CLS, when the EC of the DS was
maintained at a target threshold, while Na* and Cl" accumulated, was observed by
Voogt (1993). The depletion of K* and NO3™ may be related to their selective uptake by
plants (White, 2012), in combination with temporal increases of plant needs for these
nutrients. These results highlight the importance of maintaining minimum safety
thresholds for nutrient concentrations in the DS (Giannothanasis et al., 2024; Massa
et al., 2010) through frequent monitoring of the DS composition. Voogt et al. (2021,
2023) monitored the nutrient status in the root zone and adjusted the nutrient supply
weekly, while Giannothanasis et al. (2024) adjusted the nutrient addition every 15
days. However, even monitoring and readjusting the nutrient supply weekly or bi-
weekly was not sufficient to prevent excessive depletion of some nutrients even when

their concentrations in the DS were maintained at the minimum levels of sufficiency.

The use of ISE for daily monitoring of the DS and subsequent adjustment of the
nutrient supply (Cho et al.,, 2023; Giannothanasis et al., 2025) can address this
problem. Cho et al. (2023) used ISE for DS monitoring, but despite accurate ISE
measurements, their algorithm resulted in an oversupply of NOs~. This was because
the calculations in that study were based on nutrient masses (mg L™!) and overlooked
the need to continually consider the overall anion to cation balance involving all
nutrients. Giannothanasis et al. (2025) used algorithms based on mass balance while
respecting the electrochemical equilibrium between anions and cations in the NS to
successfully maintain the concentrations of all macronutrients in the RS/DS close to
the respective target levels in a five-month tomato crop. However, in the study of
Giannothanasis et al. (2025), the raw water used to prepare NS was of good quality
with very low Na* and CI" concentrations, and thus no issues with Na* and CI
accumulation in the RS/DS were encountered. As a result, the target macronutrient

concentrations in the RS/DS were constant, with no need to gradually readjust them
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to lower levels to compensate for Na* accumulation. In the present study, [Na*] in the
raw water was suboptimal, and its accumulation in the RS/DS was compensated for by
progressively decreasing the target macronutrient concentrations in the RS/DS
following the strategy suggested by Giannothanasis et al (2024). The algorithm used in
the present study in T3 to apply this strategy was further refined to allow for daily
readjustment of the nutrient supply taking into consideration the current
macronutrient concentrations in the DS which were monitored daily using ISE. The
current algorithm applied in T3 proved to be efficient in maintaining the
concentrations of all macronutrients above the respective minimum thresholds,
avoiding depletion of K*, NOs™ or any other macronutrient. However, in the case of
[SO4%7], there were some fluctuations in the target values estimated by the current
algorithm for this nutrient in the RS/DS of T3. These fluctuations occurred because
S04~ was used to maintain the electrochemical equilibrium between anions and
cations. This is a standard practice in soilless crops (Sonneveld, 2002; Savvas et al.,
2023), because of the wide sufficiency range of SO4%~ in the root zone of the plants
(Kowalska, 2004). Nevertheless, a minimum safety threshold in the RS/DS was applied

also for [SO4?7] in the current algorithm.

The [Na*] and [CI7] in both CLS treatments (T2 and T3) followed an increasing
trend up to 72 DARI, when they reached their maximum values, and then they
remained stable. A stabilization of the [Na*] and [CI"] in the RS/DS occurs when the
uptake concentrations of both ions reach equal levels with their net input into the
system through the raw water (Savvas et al., 2005, 2007; Voogt and Van Os, 2012). In
the current study, when the [Na*] in the RS/DS was stabilized at a maximum level, the
Na* uptake concentration was 2.5 mM. In a previous study, Savvas et al. (2005), found
that a Na* uptake concentration of 2.5 mM by cucumber is established when the [Na*]
in the RS/DS is 17.5 mM. However, in the present study, the [Na*] in the RS/DS was
stabilized to roughly 13 mM. This indicates that in the current study, a Na* uptake
concentration of 2.5 mM was established when the [Na*] in the root zone of cucumber
reached a level of 13 mM. This difference between the current study and the study of

Savvas et al. (2005) concerning the [Na*] that is needed in the RS to impose a Na

uptake concentration of 2.5 mM is mainly ascribed to genotypic differences between
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the roots of the cucumber varieties in the two studies. In the current study, the
cucumber seedlings used to establish experimental crops were grafted onto the
rootstock Affyne RZ F1, while in the study of Savvas et al. (2005) the plants were non-
grafted. Previous research has indicated that grafted cucumber plants exhibit higher
Na* uptake rates compared to self-rooted plants exposed to the same Na* levels in the
RS (Huang et al., 2009, 2013; Colla et al., 2012). As a result, grafted cucumber plants
leave less Na* to accumulate in the RS. In the open system (T1), the [Na*] and [CI]
remained significantly lower because large amounts of these ions escaped from the

root zone via the rejected DS.

The results of the performance of the LAQUAtwin ISE agree with those reported
by Giannothanasis et al. (2025). In the present study, the [Na*] in the DS samples
ranged from 4 to 13.5 mM, whereas in the previous study the range was from 3to 5
mM. However, after suitable adjustment of the calibration points, the Na* sensor
performed very well in this appreciably larger concentration range. This is indicated by
the slope of the linear regression line between the values measured with the Na*-ISE
and those determined using an atom absorption spectrophotometer, which was close
to 1 (1.011), as well as by the coefficient of determination (R?) for this relationship,
which was 0.977. Cabrera Corral et al. (2016) evaluated the LAQUAtwin Na* sensor in
soil solution and reported that the slope of the linear regression between the ISE
measurement and the laboratory analysis was also very close to 1 (1.06), indicating a

good fit to the 1:1 line.

A good indicator for the success of nutrient management in each of the three
treatments is the leaf macronutrient concentration when compared with reference
values suggested in credible literature sources (e.g. Campbell, 2000). As shown in Fig.
21, the nutrient status of the plants was within the sufficiency range in all treatments
without any significant differences, except for the last sampling day, when the total-N
content was significantly higher in T3 than in T1 and T2. These results indicate that the
strategy of reducing the macronutrient concentrations in the RS/DS to compensate for
Na* accumulation thus maintaining a target EC in the RS/DS did not negatively affect
the nutrient status of the plants. This finding agrees with the suggestion of Sonneveld

and Van Der Burg (1991) that macronutrient concentrations corresponding to an EC of
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1.5 dS m~tin the root zone of soilless cultivated cucumber are sufficient, provided that
the mutual ratios between them are optimal. This is because the nutrient
concentrations in the standard NS formulae for soilless cultivation of fruit vegetables
(e.g. De Kreij et al., 1999; Sonneveld et al., 2009; Savvas et al., 2013) are substantially
higher than the minimum plant requirements to improve fruit quality (Sonneveld and
Van Der Burg, 1991; Sonneveld and Voogt, 2009; Cela et al., 2024). When the [Na*] in
the raw water is suboptimal, leading to its gradual accumulation in the RS/DS of CLS,
Na* can substitute for additional macro nutrients required to improve the fruit quality,
thereby enabling a decrease of their concentrations without negatively impacting

plant nutrition.

The [Na*] and [CI7] in the leaves increased in T2 and T3 as the corresponding
concentrations in the root environment increased, while the [CI"] was several times
higher than that of [Na*]. Colla et al. (2012, 2013) also found higher [CI"] than [Na*] in
leaves of cucumber exposed to similarly high concentrations of these ions in the root

zone of the plants.

The fruit yield in T1 (control, no salinity issues) was similar to that of T3, while in
T2 it was significantly lower, although Na* accumulated to similar levels in both T2 and
T3, and the plant nutrient status was similar in the three treatments. The lack of any
yield reduction in T3 compared to T1 is ascribed to the maintenance of the ECin T3 to
similar levels as in T1 through an on-going reduction of macronutrient concentrations
in the RS/DS to compensate for the on-going accumulation of Na*. In contrast, in T2,
where the nutrient levels in the RS/DS were maintained constant in accordance with
standard recommendations, the Na* accumulation increased the EC in the root zone
and the yield was significantly reduced compared to both T1 and T3. These results
indicate that under conditions of sufficient nutrient supply, the EC in the RS/DS of
cucumber is the dominant factor for yield. Furthermore, these results suggest that the
yield potential of cucumber in soilless cropping systems is not lowered when the
macronutrient concentrations in the RS/DS are reduced to a level corresponding to an
EC of 1.5 dS m™! provided that optimal mutual ratios are maintained between the
macronutrients. According to estimations of Savvas et al. (2005), an increase of the EC

by 1 dS m~tin the RS/DS reduces the yield of cucumber by 12.3% in a soilless cropping
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system. In the study by Trajkova et al. (2006), the fruit yield reduction was 14.8% per
dS m™ of EC increase, while Usanmaz and Abak (2019) found a 15.8% vyield reduction
per unit of EC increase. These differences in the yield decrease rate per unit increase
of the EC between the different studies are ascribed mainly to differences in climatic
conditions, although genotypic differences may also have impacted the vyield
responses. In the current study, the EC in T2 increased by approximately 1 dS m
compared to T1 and T3, while the percentage of yield decrease was 14.1%, which is
very similar to that found by Trajkova et al. (2006). Although the yield reduction
imposed by salinity stress in T2 was due mainly to a reduced number of fruits per plant,
the mean fruit weight was also reduced, which is consistent with previous reports

(tazny et al., 2022; Usanmaz and Abak, 2019).

Soilless cultivation in CLS can substantially improve the WP of vegetable crops
compared to cultivation on the soil, through the recycling of the DS (Thompson et al.,
2020). Since a DF of 30% is generally suggested for soilless crops (Sonneveld and Voogt,
2009; Voogt and Bar-Yosef, 2019), recycling of the DS could increase the WP by 30%
compared to free drainage soilless systems, if yield is not affected. If the drainage
percentage is higher than 30%, the WP also increases accordingly, if the DS is collected
and recycled properly so as to avoid yield losses due to salinity. Al-Masaied and Abu-
Awwad (2024) reported a 48.5% increase in WP when comparing cucumber crops in
an open system and a CLS, presumably because in the open system the drainage
percentage was similarly high. Furthermore, in another study with cucumber grown in
an open system, a WP of 47.5 kg m~3 was reported for a spring crop (Singh et al., 2019),
which is higher than in the current study, presumably because the drainage percentage
was lower than in the current study. Meric et al. (2011) found a 10 and 26% increase
in WP due to cultivation of tomato in a CLS during spring and autumn, compared with
an open system, but the yield in the CLS was restricted due to salinity, similarly to T2

in the current study.

The AE of nutrients was improved significantly in T3 and this is ascribed to i)
recycling of the nutrients contained in the DS ii) avoiding yield losses thanks to the
salinity management strategy applied, which was based on the use of ISE and the

current algorithm through the NUTRISENSE DSS and iii) daily monitoring and
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adjustment of the nutrient supply to the crop using the ISE and the NUTRISENSE DSS,
which allowed for tailoring the nutrient input to the plant nutrient requirements. In
T2, the reduced vyield restricted the AE of the nutrients compared to T3, although it
was significantly higher than in T1 due to the recycling of the DS, underlying the
importance of cultivation on CLS in terms of resource use efficiency. Furthermore,
Giannothanasis et al., (2024) found similar results regarding WP and AEn when they
applied the current salinity management strategy in a tomato crop but without ISE and

NUTRISENSE.

5.4 General overview and outlook

As pointed out by several investigations (Savvas et al., 2005a, b; Varlagas et al.,
2010; Voogt and van Os, 2012; Katsoulas et al., 2015; Qasim et al., 2021; van der Salm
et al.,, 2021; Voogt et al., 2021, 2023; Savvas et al., 2023, 2024), recycling of the
fertigation effluents minimises pollution of aquifers with N and P arising from
greenhouse production, thus protecting aquatic ecosystems while saving fertilisers
and valuable water resourcesKdvte KAk | TaTNOTE €0 Y10 VO EIGAYAYETE KEIUEVO..
The results of this dissertation are in line with estimations from previous studies
suggesting that the adoption of CLSs in greenhouses can reduce irrigation water use
by about 30% and fertilizer consumption by approximately 40-50% (Grewal et al.,
2010; Massa et al.,, 2011; Medrano et al., 2019). The application of precision
agriculture techniques to recycle the fertigation effluents allows for maintaining an
optimal nutrient status in root-zone solution by harmonizing the nutrient supply with
the plant nutrient requirements, thus encouraging greenhouse growers to switch to
CLS (Ntanasi et al., 2025; Silvaet al., 2024). As a result, a better resource utilization by
the plants is achieved, thereby increasing yields and improving product quality. Soilless
culture systems facilitate application of automation and digital monitoring, enabling
the integration of sensors and DSS tools that optimize crop management strategies. It
is assumed that innovative technologies not only reduce human error and labour
demand but also support sustainable greenhouse production by aligning productivity
with environmental protection(Ariesen-Verschuur et al.,, 2022; Chaux et al., 2021;

Parra-Lépez et al., 2024). The current investigation confirms this assumption, as the
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ISE-NUTRISENSE system allowed for more precise satisfaction of the crop nutrient
needs while increasing the yield and eliminating the need to discharge fertigation

effluents that could pollute the water resources.

The findings of this dissertation collectively pave the way for a broader
adoption of CLSs, demonstrating the feasibility and practical value of introducing novel
sensors and specialised DSS to nutrient management in CLS. In the framework of this
research, two of the most critical challenges hindering the broader adoption of DS
recycling in greenhouses were addressed by developing smart and sustainable
solutions. The first challenge addressed is the Na* accumulation in the recycled DS
arising from the lower Na* plant uptake rates compared to those of the Na* input
through the raw water, which causes EC increase and salinity stress. To address this
challenge, a dynamic nutrient management strategy was applied, which was based on
daily adjusting the target concentrations of macronutrients in the RS to compensate
for Na* accumulation. Rather than applying constant nutrient targets throughout the
cropping cycle, the proposed strategy allows for a gradual reduction of the target
macronutrient levels, except for P, according to the current Na* and ClI~ concentration
in the RS/DS, while maintaining the recommended mutual ratios between K:Ca:Mg
and NO37:S04%". This adaptive strategy enables the maintenance of the EC in the root
environment within safe thresholds depending on the crop species, despite the
accumulation of Na*. The second challenge addressed in the current investigation is
the variable mineral composition of the recycled DS which originates from
commensurate variations in the actual plant uptake rates. The daily measurement of
key macronutrient concentrations in the recycled drainage solution using ISEs and
their use by the NUTRISENSE DSS to readjust accordingly the nutrient supply facilitated
precise maintenance of the DS composition close to the target levels. To maintain an
optimal nutrient status in the root zone of the plants, several novel algorithms and
monitoring strategies applied through the NUTRISENSE DSS were developed and
validated within the framework of the current dissertation. The results of the current
research confirmed the feasibility of using ISEs in combination with an appropriate DSS
in CLS to process the obtained ISE measurements and highlighted their benefits for

both crop nutrition and environmental sustainability.
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The combination of the two strategies developed in this study, i.e., the
algorithm for Na* accumulation management and the daily in-situ measurement of the
DS composition using ISEs, creates a holistic approach that overcomes both key
limitations of CLS. It simultaneously mitigates salinity problems and the uncertainty of
DS composition. From a practical point of view, the integration of these modules within
NUTRISENSE allows greenhouse operators to maintain optimal nutrient conditions and
eliminate the DS discharge if the Na* concentration in the water does not exceed the
suboptimal range for CLS (<3 mM). Fig. 23 summarises schematically the three
strategies deployed by the DSS NUTRISENSE to optimise nutrient and salinity
management in CLS which were developed and validated within the framework of the

current dissertation (Giannothanasis et al., 2025a, 2025b, 2024).
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Figure 23. Summary of the operating modes and key functions of the NUTRISENSE Decision
Support System (DSS) for nutrient management in soilless cultivation. Salinity management:
compensation of sodium accumulation through reduction of nutrient concentrations in the
root-zone solution. NUTRISENSE-ISE concept: dynamic adjustment of nutrient supply based
on daily monitoring of drainage solution composition using ion-selective electrodes.
NUTRISENSE-ISE salinity management: integration of sodium accumulation strategy with the
daily monitoring of drainage solution composition using ion-selective electrodes and
adjustment of nutrient supply.
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In the current dissertation, special algorithms operating through the NUTRISENSE
DSS were developed and validated which utilise in-situ measurements of
macronutrient concentrations in the DS using ISEs to readjust daily the supply of
nutrients in CLS. Furthermore, the ISE-NUTRISENSE technology tested and validated in
the current study, when combined with the use of a suitable multi-tank fertigation
system, partially automates the daily readjustment of the nutrient supply in CLS. This
technology overcomes the drawback of readjusting the nutrient supply in CLS on
weekly or bi-weekly basis using outdated data concerning the mineral composition of
the DS, obtained from standard commercial laboratories several days after sample
collection. Nevertheless, in the current study, the macronutrient concentrations in the
DS were measured manually, because the LAQUAtwin ISEs could not be connected
online to the system and operate automatically, although the developed algorithms
could fully support an online operation of the ISEs. The LAQUAtwin ISEs showed high
accuracy and reliability when used to measure DS samples. However, the need for
manual data entry into the NUTRISENSE DSS compromises the automation level of the
proposed system. The daily readjustment of the nutrient supply using ISEs to monitor
the mineral composition of the DS provides benefits to the crop only under the
condition that the ISE measurements are credible over the entire cropping period. As
part of this research and the ECONUTRI research project, the CG200 ISEs (AptiSense,
Birmingham, UK) were evaluated for daily monitoring of the DS composition. The
CG200 system can operate online and is capable of auto-sampling and auto-
calibration, thus enabling full automation of the nutrient supply in a CLS. However,
when evaluated at laboratory level, the CG200 ISEs did not provide reliable
measurements in most cases (Savvas et al., 2026) and this was confirmed also when
they were used in an experimental tomato crop in a greenhouse. The use of ISEs online
to fully automate the process of nutrient management in CLSs can further improve the
performance of the ISE-NUTRISENSE system tested in the current investigation; the
NUTSISENSE DSS can fully support an online application of the ISEs. Further
improvements to the hardware part of the system, such as pumps, valves and tubes,
are needed to prevent measurement process failures due to mechanical issues.
Another important issue with the ISE use, whether manual or automatic operation, is

the temperature compensation, as temperature strongly influence the measurements
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(Mikhelson, 2013; Peia-Fleitas et al., 2022). Consequently, the online use of an ISE
system that is capable of auto-sampling, auto-calibration and temperature
compensation while providing accurate measurements, would considerably facilitate
nutrient management in CLS. Furthermore, a credible online operating ISE system
would allow for frequent monitoring of the DS composition and readjustment of the

nutrient supply, even multiple times per day.

Another limitation of the system developed in the current dissertation is that
only four macronutrients could be measured. LAQUAtwin ion selective electrodes are
available to measure only the concentrations of NOs~, K*, Ca?* and Na* in the DS.
Phosphorus is a critical nutrient for plant development and can also exhibit variations
in the root environment of soilless-grown crops(Kempkes and Stanghellini, 2003;
Savvas et al., 2023). Therefore, the daily monitoring and readjustment of the P supply
could improve the nutrient management. Furthermore, the Mg?* concentration was
calculated based on the EC value and the concentrations of K*, Ca?* and Na* using the
equation proposed by Savvas and Adamidis (1999, 2000). Therefore, errors in
measuring these ions have an additive impact on the calculation of Mg?
concentration, resulting in larger errors than in the measured values of K*, NOs’, Na¥,
and Ca?*. Similarly, the lack of measured values for the SO4%~ and Cl~ concentrations in
the DS reduces the accuracy of readjusting the nutrient supply, although not to levels
causing concerns. Consequently, using an ISE system that can measure all the main
macronutrients plus Na* and CI, or at least more than the four that they can be
currently determined with the LAQUAtwin ISEs, would substantially increase the
adoption of ISE applications in CLS and the dissemination of the ISE-NUTRISENSE

technology or similar technologies.

The volumes of the AS (V,) and of the available RS/DS per plant (Vy) are
components in the formula used to calculate a readjusted composition for the SS
(Giannothanasis et al., 2025a,b). In the current study, V, was set based on the data of
the previous day, i.e. the V, supplied on the day before. Furthermore, V; was set as a
standard value based on the water capacity of the substrates and the volume of the
DS tanks. This approach was adopted because variations of up to 50% in these two

parameters result in a £2-5% over- or underestimation of the C,r, as came out from a
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scenario analysis reported by Savvas et al. (2023). Although these errors are relatively
small, accurate Vyand V, values increase the accuracy of the methodology and are
important for fine-tuning nutrient management. The actual data for V4 should be
introduced to the DSS by measuring the water content of the substrates and the
volume of the DS in the DS tank. Regarding the V, value, this can be estimated based
on the weather forecast using evapotranspiration models (Gallardo et al., 2016;
Nikolaou et al., 2020). In this way, the accuracy in AS readjustment will be increased
resulting in more stable nutrient concentrations close to the target in the root

environment.

At the plant level, the results of this study suggest that maintaining optimal
nutrient concentration in root environment has a positive impact on crop yield. The
positive effect of optimal nutrient levels in the root zone on yield is ascribed to
consumption of less metabolic energy for selective uptake of nutrients, allowing the
plant for allocating more resources in fruit development (Giannothanasis et al.,
2025a). Furthermore, the current results also suggest that plants can grow optimally
even at substantially lower nutrient concentrations in the root zone when their mutual
ratios are maintained to the target levels and not altered (Giannothanasis et al., 2025b,
2024). These findings support the concept that optimal nutrition in soilless crops does
not necessarily depend on constant concentrations in the root zone but rather on
balanced ionic ratios that minimise competition in nutrient uptake and sustain osmotic

equilibria (Massa et al., 2010).

The broader perspective of this work is to contribute to the digital
transformation of greenhouse operations. The integration of nutrient sensing, decision
support systems, and automation in implementation of the output produced by the
DSS forms the basis for future digital twins in soilless cropping systems, where real-
time models can simulate and optimise systems under varying scenarios (Chaux et al.,
2021). By processing continuous sensor inputs and dynamically adjusting nutrition,
NUTRISENSE provides the basis for digital replication of crop status and responses. In
future implementations, coupling this system with additional sensors for transpiration,
photosynthetic activity, or substrate moisture, combined with DSS based on machine

learning and Al to maximise their utilisation, could lead to comprehensive models
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capable of predicting crop responses and guiding adaptive management across
multiple environmental conditions. Specifically for further optimisation of the plant
nutrition in CLS, the machine-learning methods could be incorporated to refine the
prediction of nutrient uptake rates based on cumulative sensor data. Moreover,
machine learning approaches can improve the exploitation of ISE systems by detecting
and correcting significant errors in measurements and refining the results. Similarly,
combining the DSS with remote imaging of crop canopies or spectral indices could
allow the system to link nutrient supply with physiological indicators of plant status,
achieving a higher level of autonomous control (Fevgas et al., 2025). Moreover, as
energy and product prices fluctuate, such systems can dynamically adjust plant growth
conditions (Xydis et al., 2021), water and nutrient supply to balance cost and

productivity while ensuring environmental compliance.

Overall, this research suggests that smart fertigation based on adaptive
algorithms, mass-balance models and real-time monitoring provides a robust
framework for the next-generation nutrient management in closed-loop soilless
culture systems. The adoption of CLS has been hindered by concerns over salinity
accumulation and the complexity of nutrient management. The methodology
developed in this thesis provides a feasible pathway for widespread implementation
of CLS in such contexts, contributing to circular nutrient management and sustainable
production. The modular design of the proposed tool allows for their expansion and
customization, supporting broader implementation across diverse crops and

production environments.
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6. Conclusions

In the first experiment, a novel nutrient management strategy and a special
DSS for its application were evaluated for their capacity to mitigate or even avoid
salinity stress caused by Na* and CI- accumulation in a closed-loop soilless tomato
cultivation. By progressively reducing the concentrations of macronutrients in the root
and drainage solution up to the minimum safety thresholds, the electrical conductivity
(EC) was maintained within the optimal range for 101 days, despite the use of irrigation
water with 4 mM Na*. This adjustment, facilitated through a new algorithm
incorporated into the NUTRISENSE DSS, ensured balanced crop nutrition and mitigated
yield losses due to salinity. Nevertheless, this approach could not completely prevent
sodium accumulation beyond acceptable thresholds in the DS because the tested Na*
concentration in the water used to prepare NS (4 mM) was higher than the suboptimal
range (0.6 to 3 mM). Consequently, a partial discharge of drainage solution was
required to prevent EC from exceeding critical limits. Despite this limitation, the
application of this strategy significantly enhanced water productivity and agronomic
nitrogen efficiency while reducing nutrient losses due to discharge of DS. These results
highlight the potential for improving the sustainability of closed-loop soilless cropping

systems under salinity conditions by using suitable DSS.

In the second experiment, ion selective electrodes (ISE) were used in a
cucumber crop to daily monitor the concentrations of key macronutrients and Na+ in
the recycled DS. The obtained measurements were utilised by the NUTRISENSE DSS to
daily readjust the nutrient supply thus maintaining the macronutrient concentrations
in the root solution more closely to the targets. The integrated ISE-NUTRISENSE system
was developed and validated as an advanced fertigation control approach, enabling
daily, accurate nutrient management based on real-time measurements of K*, Ca%*,
NOs~, and Na* concentrations in the root and drainage solution (RS/DS). The ion
selective electrodes LAQUAtwin (Horiba, Kyoto, Japan) were used in combination with
special algorithms incorporated to the DSS NUTRISENSE and the output of the DSS was
implemented via a special fertigation system with nine single-fertiliser stock solutions.
Using this system, the nutrient concentrations were consistently maintained close to

the target values with deviations not exceeding +10% from these. Compared to

129



conventional fertigation management which is based on laboratory analysis at
biweekly intervals, the ISE-NUTRISENSE system led to improved nutrient stability in the
root environment, and increased by 7.6% the fruit yield and by 23% the agronomic
nitrogen efficiency. This experiment demonstrated the substantial advantages of
integrating real-time monitoring and modelling strategies for nutrient management in

closed-loop soilless cropping systems.

The third experiment was commissioned to apply the ISE-NUTRISENSE strategy
under conditions of sub-optimal Na* levels (0.6 —3 mM) in the water used to prepare
NS. To achieve this, the sodium accumulation management strategy was combined
with daily ISE-based monitoring and automatic adjustment of the nutrient supply via
the NUTRISENSE DSS. The cucumber plants were grown in a CLS using water with a
Na+ concentration of 2.5 mM to prepare NS. The implementation of this combination
of the two strategies successfully maintained the EC within the optimal range in the
RS/DS and prevented salinity-induced yield losses scoring similarly with an open
system under the same cropping conditions. The system achieved full recycling of the
DS without any discharge, while significantly increasing water productivity and
nutrient use efficiency compared to a free-drainage system and a closed-loop system
with conventional management. This integrated approach provides a scalable solution
for managing nutrient supply and Na* accumulation in CLS while preventing nutrient

depletions in the root environment.

The results of the current dissertation demonstrate that nutrient and salinity
management in closed-loop soilless culture systems can be substantially improved
through dynamic nutrient management via the NUTRISENSE decision support system.
Using ion-selective electrodes for real-time monitoring of the ionic concentrations in
the RS/DS and entering these to a suitable DSS for precise daily adjustment of the
nutrient supply proved to be an effective strategy to effectively address the two main
obstacles for application of CLS, i.e., the imbalances in nutrient supply due to
fluctuating drainage solution composition and the salinity stress caused by sodium
accumulation. The experimental validation of this approach in both a moderately salt-
tolerant (tomato) and salt-sensitive (cucumber) crops confirmed that these strategies

can maintain optimal crop nutrition, improve yield and fruit quality, and significantly
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enhance water and nutrient use efficiency, even when the quality of the irrigation
water is suboptimal. Consequently, the innovative technologies developed in the
current investigation pave the way for more sustainable, precise, and scalable
fertigation practices in modern greenhouse production, aligning with the broader

goals of resource efficiency and environmental protection in agriculture.
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7. Originality of the Ph.D. Dissertation

e For the first time, a mass-balance model was developed as part of a DSS and
validated under greenhouse cropping conditions to adjust the standard target
concentrations of macronutrients in the root zone in response to sodium
accumulation in closed-loop soilless cropping systems. This enables the
management of nutrient addition to effectively avoid or delay an increase of
the EC in the DS above the target threshold, thus mitigating salinity stress,
while ensuring maintenance of nutrient balance in the root zone.

e For the first time, a novel algorithm was developed and integrated into the
decision support system NUTRISENSE for daily readjustment of nutrient supply
in closed-loop systems in greenhouses based on rapid in-situ measurements
using ion selective electrodes (ISE). This strategy was experimentally validated
in a long-term tomato cultivation, and its impact on yield performance, water
and nitrogen use efficiency was assessed.

e For the first time, ISE were used to support the application of the salinity
management strategy based on progressive reduction of the macronutrient
concentrations in the RS/DS to compensate for Na* accumulation in CLS. This
was attained by integrating the algorithms for both the utilisation of ISE
measurements to daily readjust the nutrient supply and the Na* accumulation
management into a new comprehensive algorithm operating through the
NUTRISENSE DSS. The integrated new algorithm was successfully applied in
cucumber, a salinity-sensitive crop, grown in a CLS and fertigated using water
with a suboptimal Na* concentration (2.5 mM).

e For the first time, the NUTRISENSE decision support system was operationally
connected to an automated fertigation system using nine single-fertiliser stock
solutions, allowing precise, real-time nutrient adjustments and enhancing the
precision in nutrient management

e For the first time, the environmental and agronomic benefits of applying
NUTRISENSE management strategies in closed-loop systems were quantified,
showing significant improvements in water productivity and nutrient use

efficiency, reducing nutrient losses.
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8. Abbreviations and nomenclature

8.1 Abbreviations

AE: Agronomic efficiency

AS: added solution

CLS: closed-loop soilless systems

DARI: days after recycling initiation

DAT: days after transplanting

DS: drainage solution

DSS: decision support system

EC: Electrical conductivity

ISE: ion selective electrode

MFW: mean fruit weight

NF: number of fruits

NS: Nutrient solution

RS: root solution

SS: supply solution

TA: titratable acidity

TSSC: total soluble solid content

WP: Water productivity

8.2 Nomenclature

Cdm

Cdta
Cdts

denotes a macronutrient (i = K*, Ca?*, Mg?*, NH4*, NOs™-N, SO4%, P), whereas
i* denotes only macronutrient cations,

denotes the concentration of a macronutrient (K*, Ca?*, Mg?*, NH4*, NOs™-N,
S04%, P),

is the actual measured (or estimated for Mg) concentration (mM) of the i
macronutrient in the root solution and the drainage solution (RS/DS),

is the actual target concentration of the i macronutrient in the RS/DS (mM)

is the standard target concentration (mM) of the i macronutrient in RS/DS
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Cdc

Cda

Cat
Cdp

CGC
Can

Cor

Cua

Cat
Cha(d)
Cha(d)c
Cha(d)max

CI'I r

Cha(u)
CSf'

Cst

Csta

Csts

Cw
C/'m

is the current concentration (mM) of the i nutrient in the RS/DS, measured
on the n (latest) sampling date,

is the actual concentration (mM) of the i nutrient in the RS/DS, directly
measured with the ISE or indirectly estimated (for Mg),

is the standard target concentration (mM) of the i nutrient in the RS/DS,

is the concentration (mM) of the i nutrient in the RS and the DS measured
on the n-1 (previous) sampling of DS,

is the current concentration (mM) of the i nutrient in the AS,

is the concentration (mM) of the /i nutrient in the AS after partial
readjustment aiming solely to re-establish the target concentration of i in
the RS and the DS,

is the readjusted concentration (mM) of the i nutrient in the AS,

is the actual UC (mM) of the i nutrient,

is the target concentration (mM) of the i nutrient in the RS/DS,

is the Na* concentration (mM) in the RS/DS

is the current Na* concentration (mM) in the RS/DS

is the maximal allowed Na* concentration (mM) in the RS/DS

is the daily readjusted injection rate (mM) of the i nutrient to the water-DS
mixture, needed to achieve Cs

is the uptake concentration of Na*

is the readjusted (i.e., the actual target) concentration (mM) of the i nutrient
in the SS (calculated every day,

is the standard target concentration (mM) of the i nutrient for the SS
(according to credible literature sources included in the database of the
DSS),

is the actual target concentration (mM) of macronutrients in the supply
solution (SS)

is the standard target concentration (mM) of macronutrients in the supply
solution (SS)

is the concentration (mM) of the i nutrient in the raw water,

is the concentration (mM) of the i nutrient in the water-DS mixture,
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ACna(d)
ACqy
AGs
ZCin
2CH
2Cy
ZCim
2Cha
2Csta
Ena
Em
Eda
Eas

Eq

Ena(a)

Va

is the difference between the current and the maximal allowed Na*
concentration (mM) in the RS/DS (Cna(d)c - Cha(d)max)

is the difference between the actual measured or estimated (Cym) and the
actual target macronutrient concentrations (Cate) (mM) in the DS

Csr - Cst : is the change in the concentration (mM) of the i nutrient in the SS
needed to readjust its concentration in the RS/DS from Cyq to Cat,

is the sum of the Cg4 values for the nutrient cations (excluding Na*) in the
RS/DS, expressed as meq L2,

is the sum of the concentrations of K*, Ca?*, Mg?*, NH4*, and Na* (mM) in the
RS/DS, expressed as meq L2,

is the sum of the concentrations of NOs", SO4%, P, HCOs", and CI- (mM) in the
DS, expressed as meq L%,

is the sum of the concentrations of K*, Ca%*, Mg?*, NH4*, and Na* (mM) in the
water-DS mixture expressed as meq L7,

is the sum of the actual target concentrations of macronutrients cations in
the supply solution (SS) (meq L?)

is the sum of the actual target concentration of anion macronutrients in the
supply solution (SS) (megq L?)

denotes the EC (dS m™)

is the EC (dS m™) increase caused by a particular Na* concentration (Cna)

is the EC (dS m) of the blend of DS and raw water.

is the actual target EC in the RS/DS

is the standard suggested target EC (dS m™) in the RS/DS

is the EC (dS m™) in the DS

is the EC (dS m™) increase caused by a particular Na* concentration (Cna)

is the EC (dS m™) in the SS

is the readjusted EC value (dS m™) in the final SS,

is the fraction of DS (referring to the total volume of SS) that is recycled.

is the desired time (d) from commencing the application of the readjusted
SS until the target nutrient concentrations in the RS/DS are re-established.

is the volume sum (L) of RS and DS per plant,
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7

M;

Ny

RSI’I

is the volume (L) of supplied AS per plant per day (net supply of NS excluding
the resupply of DS),

s the total mass (mmol per plant) of the i nutrient

is the potassium fraction (mol/mol) in the total concentration of
macronutrient cations ([K*]/([K*]+[Ca?*]+[Mg?*])

is the calciumfraction (mol/mol) in the total concentration of macronutrient
cations ([Ca%*]/([K*]+[Ca%*]+[Mg?*])

is the magnesium fraction (mol/mol) in the total concentration of
macronutrient cations [Mg?*]/([K*]+[Ca?*]+[Mg?*])

is the molar ratio (mol/mol) of ammonium nitrogen to the total nitrogen
([NH4"]/(INOs]+[NH4"])

is the molar ratio (mol/mol) between potassium and total nitrogen
concentrations ([K*]/([NOs] + [NH4*])

is the molar ratio (mol/mol) between nitrates and sulphates

(INO37/[SO4*1)
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