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Review article
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Abstract – The osmotic and ionic effects of the electrical conductivity (EC) of the nutrient solution and its interactions with climatic
factors and cultural practices on tomato yield and fruit quality are reviewed. Adjusting the salinity of the nutrient solution allows
growers to modify water availability to the crop and hence improve fruit quality. At some point, however, increases in salinity limit
marketable yield. Under high ECs, fruit size is inversely related to EC while the dry matter content of the fruit is linearly increased
by the EC. The exact rate of yield decline varies with interactions between cultivars, environmental factors, composition of the nutri-
ent solution, and crop management. According to different studies and growth conditions, salinities higher than 2.3–5.1 mS⋅cm–1

result in an undesirable yield reduction, while ECs of 3.5–9.0 mS⋅cm–1 improve tomato fruit quality. Manipulating the indoor climate
such as humidity, temperature and ambient CO2 level may offset the negative effect of high salinity on yield and fruit quality such as
blossom-end rot. The light intensity received by the plant directly affects the quantity of photoassimilates available to the fruit, it also
increases their sugar: acid ratio, and influences the transpiration rate and the water uptake by the plant, which in turn, affect the EC
around the root. Increasing the EC with NaCl reduces titratable acids, potassium and nitrogen in the fruit but also increases their sodi-
um content. NaCl enhances the sweetness of tomato fruit and improves the overall flavour intensity. Depending upon the composi-
tion of the saline solution, ion toxicities or nutritional deficiencies may arise because of a predominance of specific ion or competi-
tion effects among cations and anions. Keeping the proper nutrient levels and ratios between all the nutrients in the root environment
for each growth stage of a crop should be targeted in order to achieve high yields and high quality products throughout the cropping
season. Several EC and fertigation management regimes could improve fruit quality and are presented in this review. 

Lycopersicon esculentum / tomato / electrical conductivity / salinity / fruit quality / greenhouse

Résumé – Influence de la régie de la conductivité électrique de la solution nutritive sur le rendement et la qualité de la tomate
de serre.Cette revue de littérature porte sur les effets osmotiques et ioniques de la conductivité électrique (CE) de la solution nutriti-
ve et de ses liens avec les facteurs climatiques et culturaux sur le rendement et la qualité de la tomate de serre. L'ajustement de la sali-
nité de la solution nutritive permet aux producteurs de modifier la disponibilité en eau pour la plante de façon à contrôler la qualité
des fruits. Cependant, des salinités élevées affectent le rendement vendable. Sous une haute CE, le calibre des fruits est inversement
relié à la CE alors que le contenu en matière sèche des fruits augmente linéairement avec la CE. Le taux de réduction du rendement
varie selon les interactions entre la CE et les cultivars, les facteurs environnementaux, la composition de la solution nutritive, et la
gestion de la culture. Selon différentes études et conditions de croissance des plants, une CE plus élevée que 2.3–5.1 mS⋅cm–1 entraî-
ne une baisse de rendement alors qu'une salinité de 3.5–9.0 mS⋅cm–1 améliore la qualité des fruits. La manipulation du climat de la
serre (humidité relative, température, niveau de CO2 ambiant) peuvent compenser les effets négatifs engendrés par de hautes salinités
sur le rendement et la qualité des fruits. L'intensité lumineuse reçue par la plante affecte directement la quantité de photoassimilats
disponibles pour les fruits, accroît leur rapport sucre : acide, influence les taux de transpiration et d'absorption de l'eau par les plants,
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1. INTRODUCTION

Tomato (Lycopersicon esculentumMill.) is one of the
most important horticultural crops in the world. In terms
of human health, tomato fruit is a major component of
daily meals in many countries and constitutes an impor-
tant source of minerals, vitamins, and antioxidant com-
pounds. In recent years, the interest has been focused on
the organoleptic and health aspects of tomato fruit.
Recent studies on consumer habits for fresh vegetables
in North America have shown that taste and aroma are
the most important factors in the selection of a product.
Tomato fruit quality for fresh consumption is determined
by appearance (colour, size, shape, freedom from physi-
ological disorders and decay), firmness, texture, dry mat-
ter, and organoleptic (flavour) and nutraceutic (health
benefit) properties. The organoleptic quality of tomato is
mainly attributed to its aroma volatiles, sugar and acid
content, while its mineral, vitamin, carotenoid and
flavonoid content define the nutraceutical quality.
Fruitiness, which best describes overall tomato flavour,
depends on growing conditions and cultivar, and was
linked to increased levels of reducing sugars and
decreased glutamic acid content [26, 27]. Sweetness 
and sourness are each influenced by the amount of acids
and sugars present [125]. Carotenoids, in addition to
their role in fruit colouring are an excellent source of vit-
amin A and antioxidizing agents, and thus play an
important role in preventing cancer and heart diseases
[111, 112]. Flavonoids (diphenylpropanes; C6-C3-C6) are
antimutagenic and anticarcinogenic [63, 182]. In addi-
tion, tomato fruit is relatively rich in other potentially
beneficial compounds such as ferulic, chlorogenic and
cafeic acids, and have small quantities of vitamin E and
glycoalkaloids [30, 77]. Postharvest durability and fruit
safety are also very important quality criteria for product
distribution and marketing [76, 106]. Improvement of
fruit quality is an urgent issue for greenhouse growers
who want to meet the ever-increasing demand of con-
sumers in a highly competitive fresh market [86], and
EC management constitutes an important strategic tool
[19, 31, 35, 51, 94, 101, 119, 120, 132–135, 147, 168,
169, 173, 179, 184].

Under northern European and American growing con-
ditions, nearly all greenhouse vegetable crops are pro-
duced on soilless media. With the upcoming phase out of
methyl bromide under the Montreal Protocol, soilless
culture will become almost mandatory. For environmen-
tal reasons, re-use of drained irrigation water is desirable
and will become a common practice in the near future.
The recirculation of the nutrient solution, however, leads
to accumulation of nutrients and high salinity, which
requires a flushing rate of 30% or more of the nutrient
solution [171]. Usually, nutrient solutions used for grow-
ing tomato plants in soilless systems have a salinity level
in the range of 25 mM (closed irrigation system) to
40–75 mM (open irrigation system) total ion concentra-
tion (equivalent to an EC of 1.6–5.0 mS⋅cm–1, [179,
188]. Adjusting the EC generally allows greenhouse
growers to modify plant water availability and to main-
tain a balance between vegetative and generative parts of
a crop plant [96, 128]. High EC during the early phase of
establishment can be used to build strong cell walls in
plants. However, the requirements for different ECs of
the nutrient solution in relation to optimum yield and
quality sometimes differ and depend on the interactions
between cultivar [101, 171], environmental factors and
cultural practices [50, 99, 109, 168, 171]. Interactions
between these parameters may explain the contradictory
results found in the scientific literature and increase the
challenge in attempting to synthesize all different stud-
ies, with different objectives and temporal levels. It is
largely accepted, however, that high ECs improve the
organoleptic fruit quality but may reduce fruit size and
marketable yield [19, 31, 35, 52, 53, 94, 101, 119, 120,
132–135, 146, 159, 164, 167–169, 173, 184]. Unlike
growth and yield studies, few experiments have been
conducted on the influence of salinity on nutraceutic
properties of tomato.

Decline in both quantity and quality of irrigation
water in many countries is also responsible for the use of
higher ECs. The relations between salinity and mineral
nutrition of horticultural crops are extremely complex
[75]. Under high ECs, crop performance may be
adversely affected by a water deficit arising from the low
water potential of the nutrient solution (osmotic effect),

lesquels influencent la CE de la zone radiculaire. L'accroissement de la salinité par l'ajout de NaCl réduit le contenu en acides
titrables, en potassium et en azote des fruits et augmente leur contenu en sodium. Le NaCl accroît la qualité gustative des fruits et la
perception d'une saveur plus sucrée. Selon la composition de la solution nutritive, des déficiences ou toxicités nutritionnelles peuvent
survenir suite à une prédominance d'ions spécifiques ou à une compétition parmi les cations et les anions. De façon à obtenir des ren-
dements élevés de très grande qualité tout au long de la saison de production, un équilibre entre les éléments nutritifs de la rhizosphè-
re doit être préservé pour chacun des stades de croissance. Cet article présente plusieurs stratégies de gestion de la CE afin d'amélio-
rer la qualité de la tomate de serre.

Lycopersicon esculentum / tomate / conductivité électrique / salinité / qualité des fruits / serre
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and by salinity-induced nutritional disorders associated
with the excessive ion uptake (e.g. Na+, Cl–) or nutrient
imbalance by nutrient availability, competitive uptake,
transport or partitioning within the plant (ionic effect). In
the first case, salinity decreases water availability and
water uptake and thus reduces root pressure-driven
xylem transport of water and solutes [126]. Both the rate
of supply of water and mineral nutrients to the shoot
becomes restricted under these conditions. 

Previous reviews have discussed the effects of salinity
on plant growth and fruit production in relation to salt
tolerance [44, 163], mineral nutrient interactions [75] or
described fruit components and quality for field and pro-
cessing tomato [34, 46, 68, 69, 138, 155, 172, 174, 175].
In this paper, we focus on the osmotic and ionic influ-
ence of the EC of the nutrient solution on greenhouse
tomato yield and fruit quality at the whole-plant level,
with emphasis on the current state of knowledge of the
interactions between salinity and climatic factors and
cultural practices. We conclude this review by identify-
ing several fertigation management practices that could
improve greenhouse fruit quality without yield reduc-
tion. 

2. EFFECT OF ELECTRICAL CONDUCTIVITY 
OF THE NUTRIENT SOLUTION ON FRUIT 
DEVELOPMENT AND YIELD

2.1. Flower set and fruit growth rate

For the North American markets, consumers prefer
large tomato fruit size (200 g). Increasing the EC of the
nutrient solution can substantially reduce the rate of fruit
growth and the final fruit size by an osmotic effect. High
salinity lowers water potential in the plant, which will
reduce the water flow into the fruit and therefore the rate
of fruit expansion [103]. This osmotic effect varies
according to the light intensity received by the plant. For
example, at the beginning of a new crop (grown under
low light intensity), an EC of 17 mS⋅cm–1 reduced the
fruit growth rate by only 25% compared to a standard
EC (3 mS⋅cm–1) [148]. During the summer season
(grown under high light intensity), however, the fruit
growth rate was greatly reduced by an elevated EC.
Cuartero and Fernandez-Munoz [44] suggested that fruit
from salt-treated plants (150 mM NaCl) grow normally
during the cell division phase while during the cell
expansion phase deleterious effects of salts are observed
as a consequence of a low water content in the fruit.
Ehret and Ho [55] observed that tomato grown at high
salinity (17 mS⋅cm–1 compared to 2 mS⋅cm–1) showed
reduced day-time growth rate of fruit, while the growth
rate at night was similar for fruit grown at both low and

high ECs. The rate of blossom production and the length
of the fruit-growing period was not influenced by high
ECs prevailing under greenhouse growth conditions.
Under excessive salinity (15 mS⋅cm–1), Adams and Ho
[12] observed that fruit set on the upper trusses is
reduced. The long term effect of high salinity on fruit set
might be explained by a lower number of pollen grains
per flower rather than pollen fertility [78]. Depending on
the temperature, the tomato cultivar, the severity of
salinity and the duration of salinisation, the number of
trusses per plant as well as the number of flowers per
truss might be influenced by extreme salinity conditions
[42, 70, 78, 156, 179] which are normally not found
under greenhouse soilless growing system.

2.2. Photosynthesis, dry matter accumulation 
and partitioning

Under high ECs, high light intensity and vapor pres-
sure deficit (VPD) levels have a negative synergistic
effect on photosynthesis [195], which might affect the
photoassimilate availability to the fruit, and then the fruit
yield and quality. Abnormal photosynthetic responses to
irradiance, such as hysteresis, photosynthetic depression
under high radiation and oscillation, are induced or pro-
moted by high ECs [192]. On the other hand, neither the
fruit strength (sink activity), nor the quantity of photoas-
similates imported by the fruit were affected by a high
EC and by a reduction in water absorption [57, 84, 85].
Under an EC of 6 mS⋅cm–1, biomass and dry matter par-
titioning among fruit (52%), vegetative parts (44%) and
roots (4%) were not affected [57, 84]. Nevertheless, an
EC of 10 mS⋅cm–1 reduced plant dry weight by 19% as
compared to an EC of 2 mS⋅cm–1, but did not necessarily
influence dry matter partitioning [57]. An EC of 
17 mS⋅cm–1, however, slightly reduced dry matter distri-
bution to the fruits. Consequently, yield reductions under
high EC conditions were rather proportional to plant
growth reductions [57]. 

De Koning [47] reported a 0.17% increase in fruit dry
matter content following an increase of EC by one unit.
Starch accumulation in the fruit [132] and the activity of
the sucrose synthase enzyme were intensified when
plants were cultivated under high salinity [84, 85]. Ehret
and Ho [57] reported that carbohydrate partitioning
between starch and soluble sugars can be influenced by
the osmotic potential of young fruit. Under saline condi-
tions, the starch concentration in the fruit can account for
as much as 40% of dry matter. Recently, Gao et al. [67]
have shown that NaCl salinity (0, 50 or 100 mM NaCl)
enhanced the transport of 14C-assimilates from the pulse
leaf to adjacent fruits and the diversion of 14C label to
the starch fraction of the fruit; it also extended the period
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of starch accumulation in developing fruit. These authors
suggested that sucrose unloading to the developing fruit
is enhanced under high salinity by increased starch,
which will be later hydrolysed back to soluble hexoses
during fruit maturation, with the resulting improvement
of fruit quality. Thus, under saline conditions, both a
higher concentration of sucrose in the leaves (higher
activity of sucrose phosphate synthase, lower acid inver-
tase activity) and a faster rate of starch synthesis in the
immature fruit (higher activity of ADP-Glc-Ppase) may
partially constitute a mechanism responsible for a higher
sugar content in the mature fruit. For salt-stressed fruit,
in spite of a higher sucrolytic activity (higher neutral
invertase and sucrose synthase activities) than non-salt-
stressed fruit, Balibrea et al. [21] measured a higher
sucrose content.

2.3. Yield

At ECs of 4.6–8 mS⋅cm–1 fruit yield was reduced
because of a reduction in fruit size, whereas an EC of 12
mS⋅cm–1 reduced both the number and size of fruit [7,
71, 80]. At high ECs, decline of fruit number explains
the main proportion of yield reduction [43, 179].
According to different studies and growth conditions,
salinities higher than 2.3–5.1 mS⋅cm–1 result in an unde-
sirable yield reduction [52, 128, 169, 180], while ECs of
3.5–9.0 mS⋅cm–1 improve tomato fruit quality. Table I
summarises the recommended EC thresholds by various
authors in relation to tomato fruit quality, yield and yield
reduction. For field cultivation, models of yield response
of tomato plants as a function of root-zone salinity have

been made [123, 178] but they are not applicable to soil-
less cultivation (inert substrate) because there is a buffer
soil effect in the field and thus a delay in the build up of
salinity in the soil.

The effects of high salinity on fruit yield vary accord-
ing to the cultivar and not all tomato cultivars reduce
their fruit size to the same extent [44] or are affected at
the same level by blossom-end rot (BER) [12, 13, 23, 44,
86] or fruit cracking [1, 2, 36]. In general, the yield [28]
and individual fruit weight [42] of cultivars with smaller
fruit size would be less affected by high salinity than cul-
tivars with larger fruit. Thus, growing smaller-size culti-
vars could be advantageous when available water is
highly or moderately saline [44].

3. EFFECT OF ELECTRICAL CONDUCTIVITY 
OF THE NUTRIENT SOLUTION 
ON FRUIT QUALITY

3.1. Physiological disorders

Fruit cuticle is thicker and more resistant at high
salinity while fruit turgor pressure [180] and firmness
[181] are reduced resulting in a lower susceptibility to
fruit cracking [169]. Increasing the EC by 1.3 times of
the control EC (2.6–4.6 compared to 2.0–3.5 mS⋅cm–1)
in a greenhouse tomato spring crop reduced the inci-
dence of fruit with cracking by 68% [32]. Despite the
fact that CO2 enrichment reduces stomatal conductance
and transpiration, improves water-use and light-use effi-
ciency [54] and increases photosynthesis rate, a high
supply of photoassimilate to the fruit under CO2

Table I. Recommended EC thresholds by various authors in relation to tomato fruit quality, yield and yield reduction. 

Authors Quality threshold* Yield threshold Yield reduction
(mS⋅cm–1) (mS⋅cm–1) % per unit of EC EC interval

Massey et al. [128] 4.0 
Mizrahi et al. [134] 6.0 
Gormley and Maher [71] 3.5 3.5 6 2.0–5.0 
Gough and Hobson [73] 5.0 5.0 
Adams [7] 3.0 
Sonneveld and Van Der Burg [191] 5.2 2.5–2.9 2.3–7.6 2.5–5.2 
Verkerke and Schols [180] 1 3.0–6.0

6 6.0–9.0 
Ho [85] 10 5.0–10.0 
Dorais et al. [52] 2.9–5.6 2.6–5.1 
Hao et al. [82] 3.0–4.6 2.1–3.3 

* Threshold: EC level at which or within a range under which tomato fruit quality or yield is optimum.
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enrichment [65, 136, 196, 197] associated with a high
uptake of water under low EC [55, 103] increase the fruit
susceptibility to cracking. The use of high EC may also
lead to an increase in fruit colour indices [169], in the
proportion of class 1 fruit (from 76 to 93%; [7]), as well
as in a reduction of uneven ripened fruit [169].

Generally, the number of fruit affected by BER
increases with salinity [12, 48, 86, 91, 92, 190]. BER is a
physiological disorder which occurs at the youngest
stage of the fruit development (7–21 days after anthesis)
and visible symptoms begin with slight browning tissue
at the distal part of the placenta which progressively
invades the adjacent locular content as well as the peri-
carp [91, 190]. Internal BER (also called “black seeds”)
may be present and black necrotic tissue is restricted to
the adjacent parenchyma tissue around the young seeds
and the distal part of the placenta [12]. These fruits gen-
erally stop growing and start ripening earlier. Lack of co-
ordination between accelerated cell enlargement, due to
high import of assimilates, and inadequate supply of cal-
cium, caused by poor development of xylem within the
fruit, is generally linked to fruit susceptibility to BER
[12, 23, 24, 56, 84, 92, 93]. Cultivars with small fruit
size, good development and distribution of the xylem
towards the distal end of the fruit [23], high Ca2+ uptake
efficiency and distribution within the fruit will be less
susceptible to BER [13]. For instance, BER-sensitive
cultivar “Rambo” had 12% of fruits with BER at 
2.4 mS⋅cm–1 and 53% at 13.6 mS⋅cm–1 while for
“Daniela”, these figures were 3% and 11%, respectively
[44]. Recently, Willumsen et al. [190] reported that the
incidence of both external and internal BER strongly
depends on the ion activity (a, in mol⋅L–1) ratios between
K and Ca+Mg (aK/ ) and between Mg and
Ca (aMg/aCa) in the root zone at both moderate (3 to 
6 mS⋅cm–1) and high (6 to 12 mS⋅cm–1) salinity levels.
The higher the activity ratios, the higher the risk of BER
due to a lower uptake of Ca2+ and a reduced availability
of Ca2+ in the fruit tissue caused by increased concentra-
tion of organic acids in the fruit juice. By maintaining
the ion activity ratios at optimum levels (about 0.1 for
the first ratio and 0.2 to 0.4 for the second) these authors
reported that it is possible to avoid or reduce the occur-
rence of BER when salinity of the root zone is increased
to improve the fruit organoleptic quality. The ideal EC of
the nutrient solution, relative to preventing BER in the
greenhouse tomato, is currently 2.0 to 2.5 mS⋅cm–1, with
a calcium concentration of 7 mM [48]. However, these
levels are not optimal for other tomato quality attributes
such as fruit flavour, fruit firmness and fruit cracking.
BER was also related to the expression of some genes
under conditions of stress [141]. Additional research of

the ion activity ratios in relation to gene expression is
needed for a clear understanding of this disorder. 

3.2. Organoleptic and nutraceutic properties

Concentrations of dry matter, soluble solids, fructose,
glucose, titratable acids, volatile compounds, minerals,
carotene and vitamin C in fresh fruit increase with
increasing salinity [5, 51, 52, 71, 94, 96, 134, 154, 165,
168, 169, 173]. Gough and Hobson [73] found that for
cluster tomato grown in NFT at EC’s of 3.0, 5.0 and 
8.0 mS⋅cm–1, the most flavourful fruit was produced
under an EC of 5 mS⋅cm–1. For Daniela and Rambo cul-
tivars, Cuartero and Fernandez-Munoz [44] reported a
10.5% increase in total soluble solids per additional
mS⋅cm–1 above 2 mS⋅cm–1 while titratable acidity
increased from around 75 to 290 meq⋅L–1 when salinity
increased from 2 to 14 mS⋅cm–1. Increasing EC from
2.3–4.5 to 2.6–5.1 mS⋅cm–1 increased fruit EC by
10–21%, which is related to better flavour intensity of
tomato fruit and higher consumer satisfaction [53].
Nevertheless, very high ECs (12 mS⋅cm–1) reduced the
fruit content in sugars and acids [6] and thus, fruit
flavour. Cultivars do not have the same response to
salinity, consequently no general recommendation could
be made for all types of tomato. For example, Auerswald
et al. [19] recently observed that the sensory changes
caused by increasing nutrient solution EC from 1.0 to 6.0
mS⋅cm–1 with macronutrients, improved the quality of
the conventional round cultivar “Counter” but not that of
the longlife type “Vanessa”. For “Vanessa”, higher EC
led to a much stronger intensity of negative flavour
attributes such as “mouldy”, “spoiled sweetish”, “bitter”,
and of the aftertaste attributes such as “mouldy” and
“burning”, which contribute to the off-flavour. In con-
trast, for “Counter”, the more intense fruity flavour,
juiciness and firmness under high EC were judged by
consumers to improve fruit quality. It is obvious that
CO2 enrichment improves both the production and fruit
quality [183]. Plants grown under conditions of salt
stress have been reported to show a higher growth
response to elevated CO2 than non-stressed plants [118,
161]. Recently, Li et al. [119] observed that high CO2
(1200 ppm) slightly increased fruit quality (total sugars,
soluble solids) of tomato plants grown under high salini-
ty (5.2 and 7.0 mS⋅cm–1). These authors suggested for a
salt tolerant tomato cultivar that a combined utilisation
of high salinity and CO2 supplementation may enable the
production of high-quality fruits without incurring all the
inevitable yield losses associated with salt treatment. 

[aCa + aMg]
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3.3. Shelf-life

Fruit shelf life is one component of the postharvest
fruit quality and it is dependent on pre-harvest factors
such as the fertigation management. Several studies have
shown that increasing the EC of the nutrient solution: (1)
may increase fruit shelf-life [117, 169] because such fruit
has thicker and more resistant cuticle [180]; (2) make
fruit less susceptible to cracking [32] and gold specks
which reduce shelf life [22, 83, 100, 189]; and (3) limit
the massive influx of water into the fruit which might
damage the cell (watery tomato) and reduce their shelf
life. Nevertheless, these effects depend of the interac-
tions between EC and growth parameters and are not
conclusive under moderate ECs. For example, we did not
find throughout two growing seasons of greenhouse
tomato any salinity effect on fruit shelf life expressed by
their color and firmness when ECs were increased from
1.8–3.5 to 2.9–5.6 mS⋅cm–1 (data not published). ECs of
8 mS⋅cm–1, however, were shown to yield fruit more
resistant to mechanical manipulation, while a much
faster fruit ripening and a reduction in fruit shelf life
have been reported when plants were grown under
extreme salinity levels (103 mM NaCl, 11.4 mS⋅cm–1)
[133]. For long shelf life field tomato cultivars (rin|+),
salinity causes no alteration in shelf life [44], while high
salinity provided by NaCl or 3:1 NaCl:CaCl2 (7.5 g⋅L–1)
may induce ripening in the non-ripening mutants [18].
Special care should be taken during the handling of fruit
grown under high salinity as damages due to picking,
packing and transport cause higher CO2 and ethylene
production compared to fruit grown under low ECs [94]. 

4. EFFECT OF ELECTRICAL CONDUCTIVITY 
OF THE NUTRIENT SOLUTION 
ON TRANSPIRATION AND WATER UPTAKE

The flavour increase under high salinity may be asso-
ciated with an osmotic effect: reduction in water absorp-
tion by roots because of a decrease in the osmotic poten-
tial (Ψs) of the nutrient solution combined with an
increase in the resistance of the xylem transport system
inside the fruit. Consequently, excessive salinity can
reduce Ca2+ absorption [9, 87, 88, 131], the number of
xylem vessels and the ionic exchange capacity [23], and
the tomato leaf water potential [160]. For instance, Ehret
and Ho [55] reported reduced water absorption capacity
per plant (from 415 to 98 ml) in young tomato plants
when the EC was increased from 2 to 17 mS⋅cm–1 and
that the absorption rate of Ca was reduced by 87%. A
strong linear relationship (r = 0.97) between EC of the
nutrient solution and tomato plant water absorption has
been demonstrated [170]. For other species, it has been

suggested that root permeability decreased under salt
stress and might explain the reduction of water uptake
[64, 152], but this explanation is not conclusive for
tomato grown under 0–200 mM NaCl [158, 162].
Tomato fruit has a very low transpiration rate and only
around 15% of the water input comes via the xylem [90].
Therefore, reduction in xylem development would
explain a small part of the reduction in fruit weight of
salt-treated plants [44]. 

Recently, Kläring and Schwarz [107] showed that
diurnal adjustment of the concentration of the nutrient
solution, as a function of the greenhouse VPD, reduced
the percentage of fruit with BER. High humidity (low
VPD) during the day reduces canopy transpiration and
movement of Ca2+ into the leaves [74]. Hence, more of
the absorbed Ca2+ remains available for the fruit [14].
Similarly, Stanghellini et al. [171] showed that manipu-
lating indoor climate such as humidity (potential evapo-
ration), may offset the effect of high salinity on yield and
fruit quality. Under high salinity (10 mS⋅cm–1), they
observed that depressing plant transpiration by 35%
under the same solar radiation reduced the incidence of
BER from 20% to 2% of the total yield, and might
enlarge fruit size, thereby improving fruit quality and
yield value. Under moderate salinity, however, we
observed that higher humidity (VPD of 0.2 kPa com-
pared to 0.4 kPa) did not offset the fruit size reduction
when EC increased from 1.8–3.5 to 2.9–5.6 mS⋅cm–1

[52]. Low VPD did not affect the enhanced organoleptic
quality of fruit grown under these high EC levels. 

5. EFFECT OF ELECTRICAL CONDUCTIVITY 
OF THE NUTRIENT SOLUTION 
ON NUTRIENT UPTAKE, TRANSLOCATION 
AND PARTITIONING

For tomato, it was found that the highest water
absorption was obtained at low EC values while the
nutrient uptake was found to be the highest at high EC
values. Variations between water and specific ion uptake
may cause nutrient deficiency or salt stress at the root
level, thereby potentially reducing yield and product
quality [109, 185]. Using models for photosynthesis and
transpiration, Kläring et al. [108] reported that the influ-
ence of global radiation on K+:water uptake ratio is
small. In the early stage of plant development, high Na+

and Cl– concentrations (up to 3 mS⋅cm–1 of NaCl) in the
nutrient solution did not affect adversely cation uptake
such as K+, Ca2+, and Mg2+ even if we observed Na+

accumulation [52]. Under different growing conditions,
increasing the salinity (NaCl) from 3 to 5.5 and 
8 mS⋅cm–1 reduced K+ uptake by 27% and 36%, respec-
tively, while it caused a less important reduction in the
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uptake of water (7 and 15%) and Ca2+ (5 and 15%) [14].
At the root level, previous studies showed that an
increase in root temperature up to 24 °C increased P, K,
Mg, Ca, Fe, and Mn content of leaves in tomato with
opposite effects on Na [72, 105]. Nevertheless, higher
root temperature could not offset the yield reduction
under low air temperature during the night. Further stud-
ies on EC related to ambient temperature would be
essential to provide crucial information for any crop
management strategies designed to enhance the flavor
and health properties of tomato fruit.

Numerous studies have shown that K+ concentration
in plant tissue, expressed on a dry weight basis, declines
as the Na-salinity or as the Na+:Ca2+ ratio in the root
media increases, as a consequence of a competitive
uptake process, and results in growth and yield reduc-
tions [122, 151, 166]. Potassium is the most prominent
inorganic plant solute, and is involved in several meta-
bolic processes such as synthesis of proteins, enzymatic
activation (glycolysis, sucrose and starch synthesis,
nitrate reduction), membrane transport processes, charge
balance and the generation of turgor pressure [33, 60, 61,
97, 98, 116] and the water balance of the plant [126].
The presence of other nutrients also influences the effect
of salinity on K+ uptake and accumulation. It has been
shown that the presence of adequate Ca2+ in the substrate
influences the K+:Na+ selectivity by shifting the uptake
ratio in favour of K+ at the expense of Na+ [75].

Nitrogen uptake might also be affected by high NaCl-
salinity. For 21 day-old tomato plants, nitrogen (15N)
uptake was reduced at –0.6 and –0.9 MPa osmotic poten-
tials with NaCl (140–200 mM NaCl) compared to –0.3
and –0.03 MPa [153]. Reduction of NO3

– uptake might
be explained by an interaction between NO3

– and Cl– at
the site for ion transport [37], and by a severe membrane
depolarisation caused by Na+ [176] while others attrib-
uted the response to salinity on reduced water uptake
[114]. High Na+ concentration might displace Ca2+ in
plant cell membranes, and several physiological disor-
ders might occur under such conditions. For examples,
Cramer et al. [40] observed that salinity shifted the NO3

–

reduction from the shoot to the root of tomato plant.
Martinez and Cerdà [127] reported a reduction in the
nitrate reductase activity of tomato leaves with an
increase of salinity (NaCl), while Al-Rawahy et al. [16]
observed a lower dry matter production and nitrogen
uptake under saline stress by NaCl. This can be
explained by the interference of NaCl on the absorption
of nitrate by roots or by the inhibition of nitrate trans-
portation from the vacuole to the cytoplasm. High con-
centrations of NaCl (100 mM) inhibit the loading of
xylem in NO3

– and its subsequent transportation to
above ground tomato plant tissues [66]. A greater por-

tion of NO3
– is therefore reduced and assimilated by the

roots. The xylem is enriched in amids, asparagine and
glutamine. Thus, the PEPcase and glutamine synthetase
activity of roots and leaves is higher under an increased
salinity. 

The interaction between salinity and phosphorus
nutrition is highly dependent upon cultivar, plant devel-
opmental age, the composition and level of salinity and
the concentration of P in the substrate [75]. Some
researchers indicate that salinity stress may increase the
P requirement of a tomato crop. Awad et al. [20] found
that at 0.1, 1.0, and 10 mM P, the NaCl concentrations
that reduced yields of fruit by 50% were 58, 72, and 
130 mM, respectively. Nevertheless, excess P in a grow-
ing medium results in an imbalance that affects the avail-
ability, uptake, and utilisation of other essential ele-
ments. P enhances the availability and uptake of Mn, but
significantly reduces the uptake and utilisation of Zn,
and to a limited degree, Fe [104].

The relationship between salinity and micronutrients
is complex and salinity may increase, decrease, or have
no effect on the micronutrient concentration in the plant
depending on the salinity level and composition, and
growing conditions [75]. Some studies with tomato indi-
cated that salinity reduced [17], had no effect [15] or
increased [124, 139] Mn in leaf or shoot tissue. Zinc
applications have been found to improve growth in salt-
stressed tomato plants [58], and some studies have
shown salinity to increase Zn, Fe and Cu concentration
in tomato shoot [75, 110, 124, 139]. Very little attention
has been directed towards salinity’s effect on Mo uptake
and accumulation in horticultural crops [75].

Despite the common occurrence of high boron and
high salinity in many parts of the world, very little atten-
tion has been given to the study of the interaction
between the two [62]. For different species, a negative
relationship between B and SO4

2– and Cl– concentrations
in tissues has been found [75], suggesting that SO4

2– and
Cl– could be responsible for the salinity-induced reduc-
tion in tissue B. In addition, high Ca2+ concentration in
the substrate decreased B absorption and can induce a B
deficiency [79]. Sulphate accumulation generally occurs
in closed growing systems. High sulphate levels in the
nutrient solution does not directly influence fruit quality,
but may affect it indirectly through an increase in salini-
ty and a change in ionic activities [3, 121]. High sulphate
concentrations (> 40.9 mM) may also affect the absorp-
tion of P, Ca and Mg ions and increase the number of
fruit affected by BER [121].

The concentration of the phloem mobile elements (K,
P and N) does not vary significantly as fruit develops
[55]. Nevertheless, increasing the EC of the nutrient
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solution from 2 to 17 mS⋅cm–1 reduced the fruit phos-
phorus concentration, increased potassium concentration
and had no effect on nitrogen concentration [55].
Difference between cation (K+ and Na+) and anion (Cl–

and SO4
2–) accumulation under high ECs may explain

the higher concentration of organic acids. Organic acids
play an important role in the maintenance of electro-neu-
trality of potassium in the fruit [45, 132], and a positive
correlation between citric and malic acid content in the
fruit and potassium content in the substrate was mea-
sured [191].

6. FERTIGATION MANAGEMENT AND ITS
RELATIONSHIP TO FRUIT YIELD 
AND QUALITY

6.1. Growing media and irrigation management

In soilless culture, different growing media are used
such as rockwool, coir, peat, tuff, perlite, and sawdust,
and each of them show different responses to nutrient
solution EC level [193], and will respond more or less
rapidly to changes in growing conditions due to daily cli-
matic variations. Using an EC of 2.5 mS⋅cm–1 in the feed
solution and a substrate matric potential setpoint of 
–5.0 kPa with daily leaching, may give an average sub-
strate EC of 4.79 mS⋅cm–1 for the peat and 3.79 mS⋅cm–1

for the rockwool [143]. After 30 days of EC treatment,
the EC of peat substrate irrigated with low salinity treat-
ment (2.3 mS⋅cm–1) without leaching was enhanced
twofold while the high EC treatment (4.5 mS⋅cm–1)
increased peat salinity by more than 4 times which
decreased photosynthetic rate and leaf water potential
[194]. Thus, the EC of the feed solution, the frequency
of irrigation, and the quantity of nutrient solution provid-
ed to the plants, needed for a soilless system to keep an
appropriate EC level in the root zone, would vary
according to the growing media, and would affect yield
and fruit quality [132, 150, 177]. Chrétien et al. [32]
showed that increasing EC with NaCl (2.6 to 
4.6 mS⋅cm–1), under a 1.15 times higher irrigation
regime based on solar radiation, decreased by 25% the
incidence of fruit with gold speck when compared to the
control EC (2.0 to 3.5 mS⋅cm–1). When using the control
EC, a higher irrigation regime caused the highest level of
fruit deformity, while the lowest irrigation regime (0.85
time) reduced it. They concluded that lower EC com-
bined with higher irrigation in the period of high solar
radiation (July, August) lead to higher water and mineral
absorption, resulting in a better yield but fruit quality
was negatively affected. Similarly, Norrie et al. [143]
observed that increased water absorption due to a high
matric potential setpoint enhanced the percentage of fruit

deformity during the fall. High irrigation regime also
reduced fruit quality due to a high water content (reduc-
tion in soluble sugars, organic acids, vitamins, minerals
and volatile compounds) and due to the tendency of fruit
to crack [1, 2, 129, 130, 149, 150]. Irrigation based on the
potential evapotranspiration (PET) with an EC of 1 and 
4 mS⋅cm–1 according to the PET, increased photosynthetic
capacity, plant growth and fruit yield [193]. Although in
peat substrate, increasing nutrient solution EC from 1.5 to
3.0 mS⋅cm–1 could negatively affect the production and
nutritional status of tomato plants more than changing
irrigation setpoint from –4.5 to –6.5 kPa [143].

The open irrigation system, in soilless culture, is still
the most popular system and at least 10–15% of the
water and nutrients are lost from the root environment
during low light period and 30–50% during the high
light period to avoid salt accumulation. Consumers see
closed irrigation systems as the solution to the pollution
of ground and surface water by free nutrient drainage.
However, the successful practice of closed irrigation sys-
tem requires good knowledge of plant needs for water
and nutrients and the application of water and nutrients
must follow exactly those needs to avoid nutrient imbal-
ances and excessive EC levels around the roots. For
example, Na+ and Cl– are absorbed in low concentration
by the plant and their accumulation in the root environ-
ment may result in an unbalanced nutrient solution and
depletion of other nutrients such as K+ in a recirculating
irrigation system based on an EC controller [188], while
a constant nutrient supply will increase the total salt con-
centration, which may reduce growth and yield or induce
physiological disorders [169]. At the same time, a very
high input of microelements in a closed irrigation system
does not affect the EC but may induce phytotoxicities
(Mn, B, Cu, Zn) or deficiencies (Fe) [188]. 

6.2. Composition of the nutrient solution

Keeping the right nutrient levels, ratios between all
the nutrients in the solution, and electrical conductivity
around the roots for each growth stage of a crop should
be achieved for a high yield and quality product. For
instance, the K+ uptake is strongly related to fruit load
[187]. High Ca2+:Mg2+ ratios might reduce fruit firm-
ness, soluble solids and dry matter content [81], while
NaCl stress decreased leaf water potential, osmotic
potential and stomatal conductance, and then marketable
yield [29]. The standard nutrient solution for an open
irrigation system is 1.2 mM NH4, 9.5 mM K, 5.4 mM
Ca, 2.4 mM Mg, 16 mM NO3, 4.4 mM SO4, 1.5 mM
H2PO4, 15 µM Fe, 10 µM Mn, 5 µM Zn, 30 µM B, 
0.75 µM Cu, 0.5 µM Mo, while the nutrient solution for
closed irrigation systems contains lower bivalent ion
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concentrations resulting from a higher accumulation rate
of bivalent ions in the root environment: 1.0 mM NH4,
6.5 mM K, 2.75 mM Ca, 1.0 mM Mg, 10.75 mM NO3,
1.5 mM SO4, 1.25 mM H2PO4, 10 µM Fe, 10 µM Mn, 
4 µM Zn, 20 µM B, 0.75 µM Cu, 0.5 µM Mo [188]. The
EC of the drip solution is usually lower (0.5 to 
2.0 mS⋅cm–1) than that of the drain water, and the con-
centration of nutrients in the growth medium varies
according to the water and nutrient uptake. During the
high solar radiation period, ECs of the nutrient solution
generally range from 1.6 to 2.5 mS⋅cm–1 while ECs may
reach 5 mS⋅cm–1 under low solar radiation.

For soilless culture, the salinity increase can be
achieved by augmenting the macronutrients (NO3, NH4,
K, Ca, Mg, H2PO4, SO4) or by adding NaCl, KCl or
CaCl2 in the nutrient solution. Increasing the EC with
NaCl reduces titratable acids, potassium and nitrogen in
fruit but increases their sodium and calcium content [7,
10]. The interference of sodium in the absorption and
transportation of potassium [113] can explain the reduc-
tion in fruit titratable acids. Petersen et al. [154] further
explained the effect of salinity source on titratable acid
content by an increase of ion activity ratio
ak/ in the root zone when major nutrients
rather than NaCl were applied to increase the salinity.
This ratio may also explain the considerably reduced
fruit yield under a salinity of 12 mS⋅cm–1 when
macronutrients were used to increase the EC as com-
pared to the addition of NaCl [6]. Under these conditions
(high levels of macronutrients), the percentage of mar-
ketable fruit was only 30% (35% of fruit with BER vs.
2% with NaCl), and foliar deficiency, during the sum-
mer, in magnesium, boron and iron deficiency period
was reported [6]. In contrast to previous studies, Petersen
et al. [154] reported that increases in fruit components
(dry matter, soluble solids, fructose, glucose, titratable
acid, carotene and vitamin C) under increasing salinity
are independent of the source of salinity, if it results 
in only minor changes in the ion activity ratio
ak/ and aMg/aCa in the root zone. Little
effect of different combinations and concentrations of
supplementary salts on the total concentration of miner-
als in fruit dry matter were observed [190]. 

Results of sensorial testing experiments showed that
fruit from high EC-treated plants with NaCl enhanced
the sensory evaluation of sweetness of tomato fruit and
improved the overall flavour intensity of tomato fruit
[53, 154], while NaCl/KCl or NaCl increased the sensory
evaluation of firmness but had minimal effects on the
sensory evaluation of acidity of tomato fruit [53].
Nevertheless, excessive concentrations of NaCl in the
nutrient solution due to poor water quality, may depress

nutrient-ion activities and produce extreme ratios of
Na+:Ca2+, Na+:K+, Ca2+:Mg2+, and Cl–:NO3

– [75]. As a
result, the plant becomes susceptible to osmotic and spe-
cific-ion injury as well as to nutritional disorders that
may result in reduced yield and quality. The depressing
effects of NaCl salinity on the tissue N, P, K, Ca, Mg, S
and micronutrient concentrations were reviewed recently 
by Grattan and Grieve [75].

A substantial body of information in the literature
indicates that the acceptable ion threshold in the plant
rooting environment depends on the rate of absorption
by the plant which depends upon the environmental fac-
tors and cultural practices. Tomato salinity studies vary
drastically at both spatial and temporal levels, and differ-
ent thresholds have been reported by several scientists.
For instance, it has been reported that the maximum con-
centration acceptable in the rooting environment of
tomato plants is 12 mmol for sodium and 12 mmol for
chloride [169], while others established this threshold at
37 mM NaCl (6.2 mS⋅cm–1) [4]. We found no negative
effect on fruit quality and yield at 25 mM NaCl (unpub-
lished data). Addition of 22 mM Na (5.5 mS⋅cm–1) to the
nutrient solution did not reduce fruit yield but increased
the percentage of first class fruits [5]. A concentration of
67 mM Na (9.8 mS⋅cm–1) had little if any effect on fruit
BER incidence. When NaCl, KCl or CaCl2 was used to
increase the EC, the increase in the Cl– concentration
(8–13 mM as compared to 3 mM) in the nutrient solution
stimulated the absorption of Ca2+ and reduced BER inci-
dence [48, 49] but increased the number of fruit with
gold speck injury [144, 145]. Thus, a threshold of 
7.5 mM Cl in the rooting zone has been established to
prevent this disorder [186]. Furthermore, Ho and Adams
[89] suggested that substituting NO3-N with KCl, NaCl
or CaCl2 does not affect fruit quality if the minimal 
concentration of NO3-N in the nutrient solution is 
120 mg⋅L–1 and the K:N ratio is kept between 2 and 4.

The use of NH4 as a nitrogen source can increase
plant growth and fruit sugars content but decreases fruit
size and marketable yield due to a reduction of calcium
and magnesium absorption and an increase in the num-
ber of fruit affected by BER [84, 95, 157]. Generally,
nitrogen supply in the form of NH4 should be lower than
10% of total nitrogen in order to minimise the suscepti-
bility of fruit to BER [8] and fruit with gold specks [147,
184]. Recently, significant interaction has been reported
between NH4 concentration and the night-time salinity
[159]. The use of high salinity during the night when
25% of total nitrogen was as NH4, compared to 0% of
total nitrogen as NH4, reduced marketable yield and the
harvest ratio, and increased fruit firmness at the fully
ripe stage and BER incidence. This interaction may be
explained by the fact that plant accumulates more Na+

[aCa + aMg]

[aCa + aMg]
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and Cl– and less Ca2+ and K+ as the NH4
+:NO3

– ratio
increases [75].

The influence of irrigation with CO2-enriched water
on plant development and yield has been reviewed [59].
Recently, studies [38, 39] showed that elevated rhizos-
phere dissolved inorganic carbon (DIC) under salinity
stress stimulated tomato growth and was related to the
site of NO3

– reduction (root for salt-stressed plants) and
higher NO3

– uptake [41]. Under these conditions growth
may also be improved due to partial closure of the stom-
ata (reduction of water loss) without significant impact
on the photosynthate availability [39]. Addition of 
5.68 mM KHCO3 per dm3 of the standard nutrient solu-
tion increased glucose and fructose in tissue (pericarp +
locules) content of unripened green fruit from 34 to 46%
and of mature red fruit from 23 to 30%, and organic acid
content by 27–36% [25]. The effect of bicarbonate on
fruit quality is more profound under high salinity condi-
tions. An EC of 6–7 mS⋅cm–1 together with a bicarbonate
supply can increase the accumulation of total solids in
the fruit [66]. Thus, increasing DIC concentration under
saline condition of soilless growing systems where the
DIC level is really low (<1000µM) compared to soil rhi-
zosphere (2 000–5 000 µM), might offset the negative
effect of salt on plant growth and yield, and improve
fruit quality.

6.3. EC management 

Growing systems that recirculate the nutrient solution
are attractive because they couple savings in water and
fertilisers with decreased leaching [171]. However, the
longer irrigation water is collected and re-used, the high-
er the concentration of salts. Controlling the concentra-
tion of the nutrient solution according to the greenhouse
climate [108, 115] and the potential evapotranspiration
[142, 193] may reduce the flushing rate and improve
synchronisation of nutrient demand and nutrient supply,
thereby decreasing the incidence of osmotic and specific-
ion injury and increasing fruit quality. The nutrient solu-
tion concentration should be lowered at high tempera-
tures to reduce nutrient losses in open irrigation systems
and to prevent salt accumulation in closed irrigation sys-
tems [108]. However, sudden dramatic changes to root
zone EC can have a negative effect on root and plant
growth as well as on fruit quality. Thus, a diurnal-EC-
variation strategy supplying low EC feed solution during
the active plant growth period and a high EC solution in
the afternoon and night might be used to keep a constant
24-h EC at the root level resulting in an improved fruit
size and quality [82]. Nevertheless, inclusion of avail-
able knowledge on transpiration, ion uptake and parti-

tioning in relation to greenhouse climate and cultural
practices, into a fertigation model is necessary to control
the leaching fraction and the nutrient supply based on the
EC of the nutrient solution [109].

Studies conducted to improve tomato fruit quality
with intermittent salinity stress have not been conclusive
[10, 140]. Nevertheless, for a summer/autumn tomato
crop, normal day-time EC with high night-time EC (2/8)
can be useful to improve tomato fruit quality (soluble
sugar and acid content), without significant production
losses [137]. Interesting results were also reported by
Van Ieperen [179]. In spring and summer, he observed
that a day/night salinity level of 1/9 increased yield by
20%, and reduced BER (from 2.2–3.0% to 0.4–0.6%)
compared to a similar 24 h average EC (5/5 control treat-
ment). In addition, dry-matter distribution towards the
fruit was increased at 1/9 compared with 5/5, while dry-
matter percentage of the harvested fruit was slightly
lower at 1/9 compared with 5/5. Contrary to some
authors [10, 57] but in agreement with others [7, 73], dif-
ferences in yield were not only due to differences in fruit
water content but also due to a change in the dry weight
per fruit. In general, the effect of day-time EC proved to
be more important than of the night-time EC [11, 137,
179], because a larger proportion of water and nutrients
is taken up at day, and both are hampered by high salini-
ty [55].

Under low or moderate EC, calcium application might
be a key factor in the reduction of fruit with BER. For
example, weekly foliar CaCl2 (6.5 g⋅L–1) spraying
reduced the proportion of fruit with BER by 33–40%,
while bi-weekly cluster (0–21 day-old) calcium spraying
reduced the proportion of fruit with BER by 68–98%
[52]. In addition, weekly applications of boron and
boron*calcium (Borax 1.5–3 g⋅L–1, CaCl2 6.5 g⋅L–1)
done on 40 to 60 day-old fruits, reduced the fruit weight
with cuticle cracking (CC) by 15% and 18%, respective-
ly, compared to the water control. Moreover, these two
treatments reduced by 50% the CC severity and
increased the marketable fruit yield [102]. 

7. CONCLUSION

In the face of a global market economy, obtaining
high yields of tomato fruit of very high quality and fla-
vor is essential for ensuring consumer satisfaction and
for the success of the greenhouse industry. Relationships
between greenhouse environment, salinity and mineral
nutrition of the tomato plant are extremely complex.
Under excessive substrate salinity conditions, plant per-
formance, expressed as crop yield and product quality,
may be adversely affected by salinity-induced nutritional
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disorders. These disorders may result from an osmotic
effect as well as the influence of salinity on nutrient
availability, competitive uptake, and transport or parti-
tioning within the plant. Appropriate salinity and ion-
thresholds should not be generalised because they vary
according to the quality parameters and interactions
between cultivars, climatic factors (light, temperature,
VPD, CO2), composition and concentration of the nutri-
ent solution, crop management, as well as the type of
growing media and irrigation system (open or closed).
During the summer season, salinity-induced nutritional
disorders are aggravated in a greenhouse environment
with high transpirational demands prevailing under high
light and temperature, and low ambient humidity. In fact,
the ratio of nutrient uptake to water uptake is strongly
affected by temperature resulting mainly by increased
transpiration as a result of increased VPD [108]. 

A way to improve organoleptic and nutraceutic quali-
ties of greenhouse tomato fruit without yield reduction is
to maintain proper environmental parameters in the
greenhouse (light, temperature, humidity, CO2 enrich-
ment) and to implement new growing methods (higher
EC, optimum irrigation and nutrient solution, calcium
and boron fruit application). However, synergistic and
antagonistic effects of climate and cultural factors occur,
and more knowledge is required to optimise tomato fruit
quality. Very little attention has been given to the influ-
ence of salinity and environmental factor interactions on
fruit flavour and health benefit. Better knowledge of the
spatial and temporal changes of the status of water and
nutrients both in the plant and in the root environment is
essential to guarantee an optimal growth, yield and fruit
quality under different greenhouse growing conditions.
Thus, simulation models of water and nutrient uptake of
greenhouse tomato proposed by different authors [107,
108, 115] provide keytools to improve both the tactical
and operational fertigation management. For example, at
the short time-scale level, N supply to tomato should be
managed separately from water supply since water and N
uptakes were uncoupled under conditions where VPD
was manipulated [115]. Increasing tomato fruit quality
and yield can also be achieved by developing an appro-
priate and reliable irrigation management for different
substrates based on the monitoring of moisture (TDR)
and EC directly in the media. 

From a cultural and physiological point of view,
research should be conducted with the aim of: (1) opti-
mising the greenhouse climate; (2) optimising the
absorption of nutrients and their partitioning; (3) co-ordi-
nating the supply of water, nutrients, and photoassimi-
lates with the stage of development of plant organs in
order to get products of very high quality [89]; (4)
improving fruit unloading capacity and sink strength by

a better understanding of the regulation of sucrose
unloading and sugar storage to the fruit; and (5) provid-
ing physiological and biochemical knowledge on the
metabolism of organoleptic and nutraceutic compounds
in relation to their regulation and growth environment.
These kinds of knowledge are esssential to develop pre-
dictive models for tomato quality management. 
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