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Sustainable use of water and nutrients is fundamental in modern Mediterranean
greenhouses and the use of modern decision support systems (DSS) can
contribute to this direction. This work focuses on implementing new
elements in water and nutrient recycling in cropping systems under saline
conditions. Thus, two nutrient solution (NS) control strategies were applied to
tomato crops grown in a recirculated NS under low- and high-salinity (NaCl)
conditions. According to the first strategy, (i.e., Standard-STD) NS was
replenished with water and nutrients based on predetermined “uptake
concentrations” (UCs), i.e., nutrient to water uptake ratios, following standard
commercial practices. According to the second strategy, NS was replenished by
applying recalculated UCs of all nutrients after chemical analysis of a drainage
solution sample using the software NUTRISENSE (NTS). Compared with the STD
strategy, tomato plants treated with NTS retained drainage nutrient
concentrations closer to the optimal values irrespectively of the salinity
treatment. This eventually accounted for a smaller deviation from the mean
threshold salinity value in the root zone at higher salinity levels, thus plants
retained water consumption and crop yield potential at higher stomatal
conductance minimizing physiological impacts of salinity on plants.
Nutritional control strategies did not impose substantial difference in the
UCs for most of the nutrients; however, this was not the case under salinity.
Nutrient UCs determined and NTS strategy can be successfully used in DSS to
optimize nutrient supply and prolong recirculation, thereby saving precious
water and nutrients, in Mediterranean hydroponic crops with particular
emphasis on saline environments.
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Introduction

Water is a scarce and valuable commodity. Since agriculture
is the largest water user, any saving in the water used for
irrigation, even the smallest, accounts for a lot. On the other
hand, the need to increase the circularity of crop production
systems necessitates to keep nutrients in use as long as possible.
In this context, recycling water and nutrients in closed soilless
cultivation systems (CSCS) offers great opportunities to save
precious water and reduce the consumption of fertilizers, thereby
minimizing environmental impacts in greenhouse horticulture
(Savvas and Neocleous, 2019; Thompson et al., 2020). However,
the necessity to control the variability of nutrient concentrations
in the fertigation effluents in such systems discourages
Mediterranean growers to adopt recycling processes in their
greenhouses in most cases (Neocleous et al., 2021). Standard
injection of nutrients via stock solutions into the recycling
irrigation solution generally forms an efficient fertigation
strategy in closed soilless systems with continuous supply of
water and nutrients (Savvas and Gruda, 2018). The automated
injection of nutrients into the replenishment nutrient solution
(NS) is based on the concept of previously determined nutrient
“uptake concentrations” (i.e., mass of nutrient per water volume
absorbed; Sonneveld and Voogt, 2009) for each specific crop
species, with periodic modifications during the cropping period
tailored to the developmental stage (Savvas et al, 2013).
Nevertheless,
nutritional needs of the crop (Gianquinto et al., 2013; Signore

matching nutrient supply with  special
etal., 2016) involves some difficulties with this technique because
nutrient addition dosage is not directly related to the nutrient
composition of the drainage. An ideal approach should be to
continuously monitor individual nutrients in the recycled
solution (e.g., ion-selective sensors), however, such techniques
are not available in commercial practice up to now (Ahn et al,
2021). The integration of simulation and sensing tools with
actual measurements and different management strategies has
been documented to be effective in theory and practice in soilless
crops (Massa et al, 2020). Yet, the full implementation of
(DSS)

nanoparticles) in

decision  support and

(e.g.
greenhouses remains an open issue (Sambo et al, 2019). In

systems new emerging

technologies commercial soilless

addition, when the primary water contains substantial
amounts of NaCl, frequent adjustment of the nutrient
injection ratios and concentrations is required to avoid
nutrient imbalances and frequent discharge of the solution
(Adams, 2002; Katsoulas et al, 2015). This phenomenon
the of
unabsorbed or poorly absorbed ions such as Na* and CI™ at

depends mainly on concentration  difference
the inlet (i.e., irrigation water) and the outlet (i.e., consumption
by plants) and high levels of unused nutrients. Thus, salt
accumulation may impose flushing of circulating water, a
diluted nutrient solution supply or an elevated solution
This is

osmotic potential. a common problem facing
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Mediterranean regions and a serious drawback for the growers
to adopt continuous recirculation systems (Signore et al., 2016).
Salinity usually harms crops through osmotic stress, nutrient
imbalances, and ion toxicity and to overcome current limits, a
research challenge is to develop management tools that reduce
salinity in recycled solutions and/or minimize its physiological
impacts on plants. Therefore, this study can help to optimize
plant nutrition in CSCS establishing mean nutrient UCs
(nutrient/water uptake ratios) for the selected crop species
making plants less susceptible in salty environments.
Additionally, these values can be used as input data in
operating DSS as a mean to diminish or even avoid solution
runoff under such conditions. NUTRISENSE (https://nutrisense.
online/), which was developed by Savvas et al. (2020) operates as
a DSS using specific algorithms based on mass balance models
(see Savvas and Adamidis, 1999; Savvas, 2000; Savvas, 2002) for
the target dosage of each nutrient. Recently an extended version
of these algorithms has been proposed (Savvas et al., 2020) which
provides an alternative approach capable to automatically make
the necessary adaptations whenever needed. Specifically, our
in the

continuous recycling of water and nutrients, 2) establish

objectives were to 1) develop novel elements

nutrient UCs for crops facing the issue of salinity in soilless
systems, and 3) relate recycling effects to measured plant
physiological responses. Tomato (Solanum lycopersicum L.)
was selected as a model crop because has the lowest
sensitivity to salinity of all fruiting greenhouse vegetables
(Maggio et al, 2007), dominates worldwide in greenhouses
(FAO, 2018), relies on high addition of fertilizers (Chapagain
and Wiesman, 2004) and has different cultivation requirements
in soil and soilless systems (Leonardi and Maggio, 2013).

Thus, the potential application of a smart NS
replenishment strategy provided by NUTRISENSE in
hydroponic tomato crops could lead to a better

management of the parameters (i.e., water and nutrients) of
hydroponic solution, especially when primary water is of low
quality. This is particularly important considering the
increasing scarcity of fresh good quality water resources in
southern Europe where European greenhouse crops are
concentrated (Thompson et al., 2020).

Materials and methods
Plant material—growing conditions

The experiment took place at the Agricultural Research
Institute of Cyprus (lat. 34°44'N/long. 33°19'E/altitude 35 m
absl) under natural light conditions (daily global solar
radiation averaged 10.9 MJ-m ) in a multi-span greenhouse
equipped  with
climate-control system. Tomato plants (S. lycopersicum L.)

with  plastic  coverings automated

of the beefsteak fruit type (Dafnis, Syngenta, Netherlands)
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were transplanted in twenty NFT (Nutrient Film Technique)
hydroponic channels, 6 m long, 0.25 m wide, and 0.1 m deep,
achieving a final planting density of 2.5 plants m™. In each
hydroponic channel, nutrient solution (NS) was recirculated
day and night enabling a constant solution volume in the
system with continuous NS flow from the replenishment tank
into the drainage catchment tank. Thus, each hydroponic
channel  constituted an independent experimental
hydroponic unit. The experiment was conducted from
November 2020 to February 2021 (Autumn-Winter crop),
keeping greenhouse air temperature between 13°C and 28°C
and relative humidity between 60%-80%. Plants were trained
vertically using a string trellis system attached to a horizontal
wire above plant row. For pollination, a bumblebee colony
(Bombus terrestris) was introduced into the greenhouse at the
flowering stage and pest and diseases were controlled
following the practices suggested for sustainability in
greenhouse horticulture (FAO, 2013). Plants were topped to
facilitate a short production cycle (up to the 6™ fruiting truss).
A detailed description of the experimental layout has been

given by Neocleous and Savvas (2015).

Experimental treatments

Experimental treatments consisted of two nutritional
treatments applied in closed hydroponic tomato crops grown
under two salinity levels. The plants treated with: 1) a typical
replenishment strategy in which replenishing water and nutrients
was based on predetermined “uptake concentrations-UCs”
values, henceforth named “Standard-STD” and 2) an
alternative  replenishment nutrient strategy in which,
replenishing water and nutrients was based on recalculated
UCs of nutrients (henceforth named as “NUTRISENSE-
NTS”). Two salinity (NaCl) levels were established by adding
NaCl at appropriate amounts in the primary water containing
1.6 mM of NaCl to increase the NaCl concentration to 5.0 mM.
The two nutritional treatments and the two salinity levels
(i.e, low- and high-salinity) were combined in a 2 x
2 factorial arrangement replicated four times in a randomized
complete block design. Each hydroponic channel corresponded
to one experimental unit (n = 16) and external plant rows on both
sides (n = 4) served as guard plants. Experimental treatments
commenced immediately after transplanting and lasted up to
crop termination.

Recycling nutrient solution and
replenishment strategies
NUTRISENSE utilizes 1) a large database with target

concentrations for all nutrients originating from several
sources (e.g., Sonneveld and Straver, 1994; Adams, 2002;
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Sonneveld and Voogt, 2009) amended with relevant data
under Mediterranean climatic conditions (e.g., Neocleous and
Savvas, 2013, 2015, 2016; Savvas et al., 2013; Neocleous et al.,
2017, 2018, 2019; Savvas and Gruda 2018; Savvas and Neocleous,
2019) and 2) current concentrations of the selected nutrients in
the supplied and drainage solution to recalculate UCs and
readjust the injection rates of nutrients stock solutions in the
recovery solution.

According to the first strategy (i.e., Standard-STD) NS was
replenished with nutrients and water at predetermined nutrient
to water uptake ratios, termed ‘uptake concentrations (UCs)
during cropping following standard commercial practices.
This technique is based on a programmed addition of
nutrients as suggested by Sonneveld and Voogt (2009).
Eventually, the input of each ion (Cj) is calculated using its
uptake concentration denoted by C;, and the ionic concentration
in the raw water (C;,,) using the equation:

Cif = Ciu - Ciw (1)

Therefore, blending a NS with nutrient concentrations equal to
the expected uptake concentrations with the drain solution resulted
in the preparation of the drip irrigation solution aiming at electrical
conductivity (EC) values equal to those suggested for this particular
crop species and stage of development. According to the second
strategy (i.e., NUTRISENSE-NTS), replenishing water and nutrients
was based on recalculated UCs of nutrients every 3 weeks which
were obtained after introducing compositional characteristics of the
drainage NS to NUTRISENSE, as determined through a chemical
analysis in the laboratory. As mentioned elsewhere, NTS includes a
large database with target NS compositions for different crop species
and developmental stages and uses a series of algorithms based on
mass balance models (see Savvas and Adamidis, 1999; Savvas, 2000;
Savvas, 2002) to calculate the injection rates of stock solutions into
the irrigation water. However, a new element (i.e., an additional
algorithm) was incorporated in NTS to facilitate the automated
modifications of the replenishing NS composition in closed soilless
systems. Thus, the actual drainage fraction («) and current supplied
(Cy) and drainage (Cj;) nutrient solution concentrations are
substituted in the following equation, to recalculate nutrient UCs
values (C;,, Sonneveld, 2000

Ciu = (Cy —aCy)/ (1 - a) (2)

The recalculation of the actual uptake concentration (C;,) of
the i nutrient (i = K, Ca, Mg, N, P) was based on a mass balance
equation taking into consideration the concentration of the i
nutrient in the current and previous drainage solution sample,
the concentration of this nutrient in the replenishment solution
and the water consumption between the two sampling dates.

After the recalculation of C;, for each nutrient, NTS uses the
following

Cit = Ciu + a(Cig — Cy) (3)
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To provide new target nutrient concentrations C;, in the drip
solution where now « denotes the target fraction of the recycled
solution to the total supplied NS and C;; denotes the target
nutrient concentration in the root zone. Accordingly, target EC
(EC, dS m™) in the drip solution is readjusted by NTS as follows
(Savvas et al., 2020):

EC, = (Z Cy + 1.462) / 9.819 (4)

where 2C;, denotes the sum of the readjusted macrocations (K,
Ca’*, Mg*") concentrations plus ammonium (NH,*) and sodium
(Na*) concentrations.

In both strategies, during the cropping period the drip
solution EC was readjusted to higher levels as a function of
the measured Na* concentration in the root-zone solution to
facilitate a fully reuse of the NS with zero discharge of fertigation
effluents.

Determination of nutrient uptake
concentrations

The mean nutrient uptake concentrations (UC; mmol
or pmol-L™" of nutrient uptake per liter of water absorbed)
were estimated based on the removal of water and nutrients
from the recirculated nutrient solution at regular time intervals
following a mass balance equation previously described
(Neocleous and Savvas, 2016):

UCi = [Vrns X (Cis - th) + Vudns X Ci]/Vudns (5)

where, UC; is the mean uptake concentration of the i nutrient
(i.e. N_NO3;+NH,, H,PO,-P; K, Ca, Mg, mmol-L7!, Fe, Mn,
Zn, Cu, pmol-L™"), V,,; is the volume of the recycled nutrient
solution; V4, is the volume of the added nutrient solution (L)
on a certain time interval; C; and C; (mmol-L™") are
respectively starting and final concentrations of the i
nutrient in the recycled solution for the specified interval;
and C; is the concentration of the i nutrient in the added
nutrient solution (mmol-L™"). Solution samples were collected
from each hydroponic unit (from the replenishment and
drainage catchment tank) at regular time intervals (0, 20,
40, 60, 80, 100, and 116 days after transplanting) for
(EC)/
Crison

elemental and electrical conductivity
pH (Multimeter MM40+,

Instruments, Spain). Water added to the system from

analysis
measurements

calibrated replenishment tank was assumed to be equal to
the water consumption by the plants since leakage from the
system and evaporation were negligible. UCs for the selected
nutrients were calculated and presented based on the stage of
development (i.e., Vegetative and Reproductive) to be
comparable with published recommendations. The UC of
NO;™ and NH," were added together to calculate the UC of
total nitrogen (N).
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Measurements

The concentration of nutrients in solution samples was
determined as previously reported by Neocleous et al. (2020).
Briefly, an atomic absorption spectrophotometer (Solaar M
Series, Thermo Elemental, Cambridge, United Kingdom) for
Ca, Mg, Fe, Mn, Zn, and Cu, a flame photometer (Model 420,
Sherwood Scientific, Cambridge, United Kingdom) for K and
Na and a UV/VIS spectrophotometer (Lambda 35, Perkin
Elmer; Waltham, MA, United States) for NO5;-N, NH,-N,
and P determinations were employed. The determination of
CI” was done by silver nitrate titration method in the presence
of chromate. The concentration of SO4-S was estimated based
on the anion to cation balance. Leaf gas exchange indices
(i.e., photosynthesis, stomatal conductance, substomatal CO,
concentration, and transpiration) were recorded in
newly developed tomato leaves 60 and 90 days after
treatment initiation using a portable photosynthesis system
(Li-6400, Li-Cor, NE, United States). Yield

parameters (i.e., fresh fruit yield, fruit number per plant,

Lincoln,

and mean fruit weight) determined in each

were

experimental unit.

Statistical analysis

A two-way analysis of variance (ANOVA) was performed
on selected data using SAS (ver. 9.2, SAS Institute Inc. Cary,
NC, United States) using figures made by GraphPad Prism
(ver. 5.0; GraphPad Software;
United States).

San Diego California,

Results

Mineral nutrients, yield and leaf stomatal
responses

Nutritional control strategies (i.e., STD and NTS) did not
impose substantial differences in the UCs of most of the
stage. Thus,
recombining the data over treatments UCs averaged for the

nutrients irrespectively of the growing
two stages as follow (Vegetative-Reproductive, Table 1):
15.2-14.1  (Nitrogen- NO;~ + NH,"), 1.36-1.29
(Phosphorus-P),  8.54-8.32  (Potassium-K), 3.60-3.42
(Calcium-Ca), 1.76-1.70 (Magnesium-Mg, L™,
14.23-14.33 (Iron-Fe),  8.57-7.61 (Manganese-Mn),
7.24-6.88 (Zinc-Zn), and 0.92-1.12 (Copper-Cu, pmol L™).
However, this was not the case with salinity, which imposed

mmol

limitations at high NaCl levels in the UCs of some
macronutrients (i.e., N, K, and Ca). Micronutrients (Fe, Zn,
and Cu) UCs did not show clear and consistent differences
with regard to salinity except the UC of Mn, which slightly but
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TABLE 1 Nutrient uptake concentrations (NOz+NHj,, P, K, Ca, Mg, mmol L™ and Fe, Mn, Zn, Cu pmol L™) in the vegetative and reproductive stage of
hydroponic tomato crops supplied with nutrient solution compositions provided by two nutritional strategies (i.e., standard-STD and

NUTRISENSE-NTS) under low- and high-salinity (NaCl) levels.

Vegetative Nutritional strategy NO;+NH,4 P
STD 15.3 1.37
NTS 15.0 1.34
Salinity level
Low 15.7 135
High 146 1.36
Significance
N ns ns
S b ns
NxS$S ns ns
Reproductive Nutritional strategy NO;+NH, P
STD 14.2 1.32
NTS 14.0 1.26
Salinity level
Low 14.2 1.32
High 139 1.25
Significance
N ns ns
S * ns
NxS ns ns

8.63
8.44

8.72
8.35

ns

ns

8.45
8.19

8.48
8.17

ns

ok

ok

Ca Mg Fe Mn Zn Cu
3.67 1.79 14.20 8.63 7.18 0.98
3.53 1.73 14.26 851 7.29 0.85
3.69 1.78 13.85 8.36 7.22 0.95
3.51 1.74 14.61 8.78 7.25 0.88
ns ns ns ns ns ns

* ns b b ns ns

ns ns ns ns ns ns

Ca Mg Fe Mn Zn Cu
3.47 1.67 14.41 7.66 7.01 1.09
3.36 1.72 14.26 7.55 6.75 1.14
3.69 1.68 14.51 7.51 7.11 1.13
3.14 1.70 14.16 7.69 6.64 1.10

* *

ns ns ns ns

ok ok

ns ns ns

ns ns ns ns ns ns

“STD” corresponds to a typical replenishment strategy in which water and nutrients were added in the system based on predetermined nutrient to water uptake ratios termed nutrient

uptake concentrations-UCs and “NTS” corresponds to an alternative replenishment strategy in which, water and nutrients were added in the system based on readjustments of target

nutrient UCs. Salinity (NaCl) levels were established by adding NaCl at appropriate amounts in the primary water containing 1.6 mM of NaCl (Low salinity) to increase the NaCl

concentration to 5.0 mM (High salinity). Values are means of four replicates. Significance of F: ns, not significant and *p < 0.05, **p < 0.01, ***p < 0.001.

significantly increased under high salinity (Table 1). Elemental
analysis of the drainage (Figure 1) provides that NTS
maintained some macronutrients (N-NO; and K, Figures
1A,C) and micronutrients (Fe, Mn, and Cu Figures 1F,G,I)
levels in the recycled solution closer to the recommended
values compared to the STD strategy. On the other hand,
salinity ~ boosted  drainage chloride  (NaCl)
concentration regardless the STD or NTS, (Figures 1], 2F),
with only minor effects on the concentration levels of
nutrients such as NO3;-N and P (Figures 1A,B). Over
salinity treatments, NaCl concentration in the drainage
9-24 mmol.L™* 1], 2F).
Concentrations at high range were observed at later stages

sodium

ranged  between (Figures
of growth when crop is considered less sensitive (Sonneveld,
2002; Bar-Yosef, 2008). Concentration of the other selected
nutrients in the drainage (Figures 1A-I) ranged as follows:
22-26 (NO5-N), 1.0-1.3 (P), 11-13 (K), 9.5-10.5 (Ca), 4.0-4.7
(Mg, mmol-L™"), 20-24 (Fe), 5.5-7.0 (Mn), 6.4-7.4 (Zn) and
2.0-2.5 (Cu, umol-L™"). Furthermore, salinity imposed
significant differences to the electrical conductivity (EC) in
the drainage, plant water uptake, fresh fruit yield, mean fruit
weight (Figures 2A-D) and stomatal conductance (Figure 2G)
with minor or insignificant effects on transpiration and
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photosynthetic rates, respectively (Figures 2H,I). In most
cases nutritional treatments effect, accounted for a small
percentage in the total data variance. However, for some
parameters such as the drainage EC, plant water uptake and
mean fruit weight (Figures 2A,B,D), the effect was considered
significant while for others such as fresh fruit yield (Figure 2C)
not significant (p < 0.05). In some other cases, NTS did not
have the same effect at all values of NaCl. Thus, a significant
interaction effect (p < 0.05) between nutritional treatments
and salinity was found, changing the order of the response
variable, in the case of the stomatal conductance (Figure 2G).
Finally, nutrient concentrations in the refill and drainage
solution according to the nutritional strategies tested and
the developmental stage are given in Table 2. These recipes
for the STD strategy correspond to standard injection rates of
nutrients in the recycled solution during the vegetative and
reproductive stage following the commercial practice, whereas
recipes for the NTS strategy correspond to injection rates of
nutrients in the solution only for short periods within each
stage (vegetative and reproductive) after chemical analysis of
solutions. In absolute values, similar nutrient addition is
provided initially at the vegetative stage from both
nutritional strategies, whereas nutrient supplementations

frontiersin.org
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FIGURE 1

Nutrient drainage concentrations of macronutrients (A—E) (NOs, P, K, Ca, and Mg) and micronutrients (F-J) (Fe, Mn, Zn, Cu, and Cl) in
hydroponic tomato crops supplied with nutrient solution compositions provided by two nutritional strategies (i.e., standard-STD and NUTRISENSE-
NTS) under low- and high-salinity (NaCl) levels. “STD" corresponds to a typical replenishment strategy in which water and nutrients were added in the
system based on predetermined nutrient to water uptake ratios termed nutrient uptake concentrations-UCs and "NTS" corresponds to an
alternative replenishment strategy in which, water and nutrients were added in the system based on readjustments of target nutrient UCs. Salinity
(NaCl) treatments were established by adding NaCl at appropriate amounts in the primary water containing 1.6 mM of NaCl (Low) to increase the
NaCl concentration to 5.0 mM (High). Vertical columns in figure parts are means of four replicates + standard errors. Dotted lines embedded in figure
parts represent standard recommendations (based on Savvas and Gruda, 2018).
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FIGURE 2

Agronomical (A—F) (root zone electrical conductivity-EC, water uptake, fresh fruit yield, mean fruit weight, fruit number per plant, and drainage
sodium-Na concentration) and physiological (G—=J) (Stomatal conductance, Photosynthetic rate, Transpiration rate, and Intercellular CO,
concentrations) responses in hydroponic tomato crops supplied with nutrient solution compositions provided by two nutritional strategies

(i.e., standard-STD and nutrisense-NTS) under low- and high-salinity (NaCl) levels. "STD" corresponds to a typical replenishment strategy in
which water and nutrients were added in the system based on predetermined nutrient to water uptake ratios termed nutrient uptake concentrations-
UCs and "NTS" corresponds to an alternative replenishment strategy in which, water and nutrients were added in the system based on readjustments
of target nutrient UCs. Salinity (NaCl) treatments were established by adding NaCl at appropriate amounts in the primary water containing 1.6 mM of
NaCl (Low) to increase the NaCl concentration to 5.0 mM (High). Vertical columns in figure parts are means of four replicates + standard errors.
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TABLE 2 Nutrient solution compositions provided by two nutritional strategies (i.e., standard-STD and NUTRISENSE-NTS) in hydroponic tomato

crops during the vegetative and reproductive stage.

Vegetative stage Drip solution

Parameter Unit STD
K* mmol/L 8.88
Ca™ mmol/L 3.86
Mg™ mmol/L 1.51
NH4* mmol/L 1.61
SO4* mmol/L 297
NOs~ mmol/L 14.05
H2POa™ mmol/L 1.39
Fe pmol/L 18.52
Mn*™* pmol/L 12.34
Zn** pmol/L 6.17
Cu* pmol/L 0.82
B pmol/L 30.86
Mo pmol/L 0.51
K/(K + Ca + Mg) mol/mol 0.62
Ca/(K + Ca + Mg) mol/mol 0.27
Mg/(K + Ca + Mg) mol/mol 0.11
N/K mol/mol 1.76
Reproductive stage Drip solution
Parameter Unit STD
K* mmol/L 9.33
Ca™ mmol/L 3.18
Mg™ mmol/L 1.48
NH4* mmol/L 1.59
SO4* mmol/L 2.86
NOs~ mmol/L 13.46
H2PO4" mmol/L 1.38
Fe pmol/L 159
Mn*™* pmol/L 10.6
Zn** pmol/L 53
Cu* pmol/L 0.74
B pmol/L 31.8
Mo pmol/L 0.53
K/(K + Ca + Mg) mol/mol 0.62
Ca/(K + Ca + Mg) mol/mol 0.26
Mg/(K + Ca + Mg) mol/mol 0.12
N/K mol/mol 1.89

NTS

8.65
4.00
1.80
1.61
427
12.08
1.40
15.00
11.20
7.00
0.67
36.98
0.70
0.60
0.28
0.12
1.58

NTS
6.77
521
1.94
1.59
523
10.91
1.61
20.3
12.59
5.61
0
39.96
0.73
0.49
0.37
0.14
1.84

Drainage

STD NTS
6.52 6.59
7.34 7.78
3.55 4.13
0.00 0.00
5.80 5.50
17.19 18.78
0.69 1.00
29.68 25.56
3.31 4.05
4.47 6.38
0.64 0.73
30.00 35.00
0.1 0.1
0.37 0.36
0.42 0.42
0.20 0.22
2.64 2.85
Drainage

STD NTS
14.26 14.83
5.03 5.01
3.37 2
0.05 0.05
5.00 5.00
22.98 2245
0.73 1.27
12.22 11.44
2.13 248
6.23 7.49
3.32 3.53
30 32.00
0.1 0.1
0.63 0.68
0.22 0.23
0.15 0.09
1.61 1.51

Target levels
Root zone

7.30-8.10
8.50-9.50
3.70-4.40
0.05-0.20
5.70-7.60
14.10-15.50
1.00-1.20
21.00-29.00
5.00-9.00
6.00-8.00
0.70-0.90
45.0-55.0
0.4-0.6
0.42

0.42

0.18

2.40
Target levels
Root zone
7.60-8.40
9.5-10.5
4.00-4.90
0.05-0.20
6.30-8.50
15.6-17.2
1.20-1.40
21.0-29.0
5.00-9.00
6.00-8.00
0.60-0.80
45.0-55.0
0.4-0.6
0.42

0.41

0.17

2.10

“STD” corresponds to a typical replenishment strategy in which water and nutrients were added in the system based on predetermined nutrient to water uptake ratios termed nutrient

uptake concentrations-UCs and “NTS” corresponds to an alternative replenishment strategy in which, water and nutrients were added in the system based on readjustments of target

nutrient UCs. Drip solution corresponds to the outgoing irrigation solution and drainage corresponds to the solution recirculated in the system. Recipes for the NTS correspond to injection
rates of nutrients in the solution only for short periods within each stage following drainage chemical analysis, whereas recipes for the STD correspond to fixed injection rates of nutrients for

each stage of growth.

differ between the two when nutrients levels are accumulated

in the recycled solution at later stages

(i.e., reproductive stage). The latter entails readjustments in

of growth

the supply concentrations of nutrients and relevant variations
in their ratio (Table 2).
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water and nutrients in proportions equal to their “uptake
concentrations” (masses of nutrients uptake per volume of
water uptake, Sonneveld and Voogt, 2009). The nutrient to
water uptake ratios relies on two independent physiological
processes i.e., photosynthesis and transpiration. Thus, better
understanding of plant mineral nutrition-physiology in
relation with environmental factors, such as salinity, is very
important for establishing optimal plant nutrition and
irrigation schemes in Mediterranean greenhouses. This
study reveals that, as the crop ages, a stronger increase in
water than nutrient demand (Ropokis et al., 2018) can impose
reductions in the mean nutrient UCs (Table 1), which entails
adjustments in the nutrient solution composition. The
exception formed in the UCs of Fe and Cu may indicate
increased nutrient concentrations in the fruit biomass,
depending upon genotype sensitivity. Furthermore, due to
the antagonistic effect of NaCl on the UCs of N, K, and Ca
(Table 1), the standard UCs found in the literature (Sonneveld
and Straver, 1994; Sonneveld and Voogt, 2009; Savvas et al,,
2013) cannot be used straightforward. This study provides
UCs of nutrients under salinity conditions and decision
support systems such as NUTRISENSE, may include these
data in the program libraries, (as an alternative option)
enabling optimization of nutrient and water supply in
Mediterranean hydroponic tomato crops. An improvement
is expected by introducing sensors in conjunction with the
software of the program to determine in real-time the
variability of nutrient concentration in the fertigation
effluents (Kim et al, 2013). This equipment will allow to
calculate on-line the exact input doses of individual
nutrients. However, it is still challenging to
conventional  nutrient  management  with  sensing
technologies (Sambo et al., 2019). On the other hand,
modelling approaches on nutrient dynamics and salinity

replace

built-up can be extremely helpful to make decisions in
soilless cropping systems for controlling the whole process
of plant nutrition (Massa et al., 2020). Furthermore, the
established UCs in the present study, combined with NTS
strategy, may contribute to minimizing discharge of
fertigation effluents in short production-cycle hydroponic
tomato crops, particularly in semi-arid areas facing saline
conditions saving precious water. Fully recycling of the
nutrient solution through the entire growing period raised
salinity in the drainage to marginal levels (salinity threshold
value, Bar-Yosef, 2008) for the low-salinity treatment (avg.
4dS'm™") but for the high-salinity, this value rose to
substantially higher levels (avg. 6 dS-m™', Figure 2A). The
EC value of 4dS'‘m™ in hydroponic tomato crops is not
associated with nutrient restrictions or osmotic stress
conditions, allowing plants to render high yield and good
quality (Sonneveld and Voogt, 2009). On the other hand, the
higher EC derived from rather a gradual and not an abrupt
increase of salts in the root zone solution, allowed tomato
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plants to adapt and maintain crucial metabolic processes when
the salinity tolerance threshold is exceeded, such as availability
of CO, and photosynthesis (Figures 2H,J, Parida and Das,
2005), avoiding severe fruit yield losses (avg. 10% decrease,
Figure 2C). However, it appears that salinized plants in NTS
treatment succeeded even a smaller fruit yield decrease (<10%
yield decrease) than plants in STD (Figure 2C) owned to a
lower decrease of the salinity-induced mean fruit size
(Figure 2D). This allows for a profitable crop production
1998) making the
recycling conditions (when EC >
ECihreshold). This was attributed to the fact that salinized
plants preserved leaf stomatal conductance at higher levels

(Cuartero and Ferniandez-Munoz,

safe under such

when treated with NTS than STD strategy with values almost

the same as at low-salinity (400 mmol-m*s™'

, Figure 2G),
which improved their water status (Figure 2B). It seems
that at high-salinity, readjustments in the supply levels and
mutual ratios of nutrients with NTS compared to the STD
strategy succeeded a smaller deviation from the mean EC
threshold (EC 10%,

Figure 2A). In earlier reports, the increase of the EC in the

increase to a lesser extent by
nutrient solution due to high Na concentration in the
irrigation water, was directly associated to a decline of
stomatal conductance in tomato plants (Maggio et al,
2007). However, under the conditions and the Na levels
tested in the current study, the stomatal conductance was
not reduced, as mentioned elsewhere. Apparently, the gradual
increase of salinity and the moderate level of increase
preserved leaf stomatal conductance in salinized tomato
plants, while this may also be associated with genotype
sensitivity and growing conditions. For example, re-
establishing a modified supply cationic ratio through NTS
probably minimized competitive interactions occurring
among K*, Ca**, and Mg**, since the excessive availability
of K* in root zone solution could reasonably inhibit the uptake
of the other cations (Sambo et al., 2019; Table 2). Indeed, no
nutrient uptake inhibition was observed (Table 1). Since
transpiration and photosynthesis remained unaffected
(Figures 2H,I), analogous desirable ionic partitioning in
epigeous organs may be expected causing the plants
eventually to be less susceptible to nutritional disorders (De
Pascale et al., 2012). It appears that the above-mentioned
nutritional alterations in the root environment (Figure 1),
affected positively stomatal functions maintaining a threshold
stomatal conductance (Figure 2G) as mentioned elsewhere,
which is a key component in metabolic processes such as
xylem loading of water and nutrients (Medrano et al., 2002;
Taiz and Zeiger, 2002). In fact, stomatal conductance is a
reference of many signals (e.g., hormonal factors) associated
with plant responding to water stress (Flexas et al., 2004) and
most probably a key determinant in the present, retaining the
transpiration stream and the availability of water to salinized

tomato cells. In this content, stomatal conductance can be
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considered as a reference parameter reflecting the salinity
induced water stress experienced by the plants (Medrano
et al, 2002) and a functional response to salinity (Orsini
et al, 2013). Indeed, manipulating nutrient to water
injection ratios via NTS in salinized plants (Table 2),
enabled higher water uptake (85L/plant) compared with
the standard (STD) strategy (78 L/plant, Figure 2B), which
finally entails higher mean fruit weight (Figure 2D).
Additionally, taking into consideration that a very low
number of fruits were considered unmarketable, current
data could be used to facilitate a multi-crop production
strategy yielding on average 45kg/m*> per year with
minimal need to discharge fertigation effluents to the
environment in case of water resources of suboptimal
This final NaCl
concentrations of about 22-24 mM (Figures 1], 2F) which is

quality. strategy  results solution
at marginal level for damaging tomatoes (Sonneveld, 2002)
and permits some deviation over the mean threshold EC in a
closed-loop irrigation system (Bar-Yosef, 2008). This can be
explained to some extent by the root Na® detoxification
capacity (Maggio et al., 2007; Orsini et al.,, 2013), whereas
recent findings on biological functions of Cl™ in higher plants
such as tomato (Franco-Navarro et al, 2016; Colmenero-
Flores et al., 2019) suggest its beneficial role in maintaining
transpirational fluxes through the regulation of aquaporin
(Nieves-Cordones, et al.,, 2019). In addition, the occurrence
of salt stress through a process of gradual accumulation at later
stages of growth may allow tomato plants to adjust their
physiological mechanisms as a response to salinity
(Neocleous et al., 2017). It appears evident from this study
that maximizing Na* and CI” in nutrient solutions is
compatible with the application of fully closed hydroponic
systems in short-cycle tomato crops through frequent
of the

considering all the above, a very interesting scenario

adjustment nutrient injection rates. Finally,
follows. Assuming a yearly average water consumption of
3L/m*/day by tomato plants under similar cultivation
conditions (Neocleous et al., 2021), these data result a fruit
yield of 45 kg per ton of water with relatively high NaCl. This
value is comparable with high-ranked water uses efficiency
values (product yield per unit water volume consumed)
succeeded elsewhere (Nikolaou et al., 2020; Nikolaou et al,,
2021) and consistent with the objective of achieving high
that

necessitates the use of saline water. In another case, NTS

yields in some plant species under conditions
can facilitate a lower nitrate-N supply, thus causing less
leaching losses, which entails higher N use efficiency, and
less pollution of aquifers in systems that are not completely
closed (see Supplementary Table S1). Thus, developing a smart
decision support system to optimize nutrition in soilless
culture will eventually contribute to reduction of water and

nutrient emissions in Mediterranean greenhouses with a high-
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water stress index (Gruda, 2019), in line with the EU Green
Deal to reduce nutrient losses by 50% in agriculture sector.

Conclusion

In conclusion, this study showed that potential application
of a smart fertilizer control tool such as NUTRISENSE (NTS)
can help to develop novel elements in the safe recycling of
Mediterranean and to
the plant physiological responses
behind this, together with establishing nutrient UCs for

Plants treated with NTS
conductance and their

status after salinity tolerance threshold, which enables an

nutrients  in greenhouses

understand  better
tomato

salinized crops.

regulated leaf stomatal water
adequate fruit yield in short-cycle tomato crops. Nutrient
UC determined in the present study constitute a sound
basis to be used in the libraries of NTS promoting a
balanced plant nutrition at high Na® and CI™ levels in
the thus
discharge fertigation effluents. Research is in progress to

recycled solution,

minimizing the need to

examine root-derived responses and to give insights

related to the nutritional status of the crop, which may
provide physiological

tomato crops in regions suffering from scarcity of good-

and productive advantages in

quality water.
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