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Many environmental and cultural factors
can improve the quality of greenhouse toma-
toes. Optimal control of greenhouse climate,
combined with appropriate fertigation man-
agement, may help to maximize tomato fruit
quality. Many studies have been conducted on
fertigation management of greenhouse toma-
toes (de Kreij, 1995; Pearce et al., 1993; Tüzel
et al., 1994; Voogt and Sonneveld, 1997).
However, more information is needed on these
new fertigation techniques for the climatic
conditions in northeastern America.

Water management influences the
rhizosphere environment (e.g., media water
potential and salt accumulation), which in turn
affects plant growth and photosynthesis
(Atherton and Rudich, 1986). Yield, the bal-

ance between reproductive and vegetative
parts, and tomato fruit size may also be con-
trolled by water supply. Water deficit and
changes in light intensity may reduce growth
rate and impair metabolic processes. Tüzel et
al. (1994) demonstrated that more frequent
irrigation improved the growth rate and re-
duced the dry matter content of fruits, whereas
water stress that occurred in the middle of the
diurnal period reduced fruit expansion (Pearce
et al., 1993). The daily rate of water uptake by
a fruiting tomato plant is 1.4 L (Adams, 1989).
In practice, Ho and Adams (1995) have reported
that the volume and frequency of irrigation is
120–130 mL per MJ·m–2 of solar radiation
received per plant for a fruiting tomato crop.
Therefore, the water and nutrient supply are
matched with the carbon assimilation or growth
rate of the crop, resulting in balanced growth
(Ho and Adams, 1995).

Conductivity adjustment is also useful for
growers to modify the water availability to the
crop and hence the vegetative and reproduc-
tive vigor of the plants, which in turn influ-
ences fruit quality (Holder and Christensen,
1989; Massey et al., 1984; Rudich et al., 1977).
Salinity directly influences plant water rela-
tions because osmotic stress reduces water
uptake (Ho and Adams, 1995; Voogt and
Sonneveld, 1997). When light intensity is low,
tomato flower and fruit development can be

improved by raising the electrical conductiv-
ity (EC) (Ho and Adams, 1995). Moreover,
increasing the EC of the nutrient solution
could be a very powerful tool for controlling
fruit cracking and deformity (Sonneveld and
Van Der Burg, 1991). Fruits grown under
these conditions tend to have a thicker and
more resistant cuticle. They also have a low
turgor pressure because of reduced water
absorption by roots under a low osmotic po-
tential (Ψs) of the nutrient solution and a more
resistant xylem transport system in the fruit
(Ho and Adams, 1995).

An increase in the EC of the nutrient solu-
tion can easily be achieved by adding NaCl,
which is less expensive than major nutrients
such as N, P, K, Ca, and Mg. Furthermore,
increasing EC with NaCl has no effect on
yield, when the rhizosphere concentration is
maintained within plant limit threshold
(Adams, 1987; Sonneveld and Van Der Burg,
1991). Sonneveld and Van Der Burg (1991)
reported that adjusting the EC to 1.5 mS·cm–1

with major nutrients allowed maximum yield,
and that all subsequent increases in EC could
be achieved by adding NaCl without causing
physiological disorders, as long as the total
NaCl concentration in the rhizosphere did not
exceed 12 mmol·L–1. Although Adams (1987)
established this threshold at 37 mmol NaCl,
we did not observe any negative effects at 25
mmol·L–1 (Dorais et al., unpublished data).
Differences in climatic and cultural conditions
probably explain these differences in the
threshold limit.

The purpose of this investigation was to
improve fruit quality of greenhouse tomatoes
grown under spring climatic conditions
prevailing in northeastern North America,
specifically the Quebec area. To achieve this
objective, two salinity and three irrigation
regime treatments were compared, and their
effects on plant water potential, mineral tissue
content, growth, yield, and fruit quality were
measured.

Materials and Methods

The experiment was conducted in Venlo
glasshouses located at the Horticultural
Research Center at Laval Univ. (lat. 47°N,
long. 71°W), Quebec, Canada, from Dec. 1996
to Sept. 1997. ‘Blitz’ tomato plants were cul-
tivated in rockwool slabs (Talent, series
Grodania A/S, Hedehusene, Denmark) and
fertigated with a standard nutrient solution
(11–15 mM NO3

–, 0.4 mM NH4
+, 7.5–11 mM K,

7–12 mM Ca, 3–5 mM Mg, 1.5–2.0 mM H2PO4,
2–3.2 mM SO4, 1.5 mg·L–1 Fe, 0.75 mg·L–1 Mn,
0.10 mg·L–1 Cu, 0.33 mg·L–1 Zn, 0.35 mg·L–1 B,
0.05 mg·L–1 Mo). Plant density was 2.5–2.8
plants/m2. Relative humidity (RH) varied be-
tween 60% and 80% and air temperature be-
tween 21 °C day/17 °C night ± 1 °C. The pH of
the nutrient solution was maintained between
5.5 and 6.0 with phosphoric or nitric acid.
Daily samples of nutrient solution were taken
from the rockwool slabs so that EC and pH
levels could be adjusted if necessary. CO2 was
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injected into the air, except during the summer
period (June to August), to maintain a concen-
tration of 600 mg·L–1 in the greenhouse. The
climate (air temperature, mechanical ventila-
tion, vapor pressure deficit, light, CO2) and the
irrigation regime treatments were controlled
by computer using the Insight software, version
2.2 (Landis & Gyr Powers, Siemens, Ill.).

Yield and fruit quality were evaluated
biweekly during 26 weeks. Class 1 fruits
weighed >90 g with no physiological disorder,
Class 2 fruits 70–90 g with no physiological
disorder, and Class 3 fruits <70 g, or had
physiological disorders such as blossom-end
rot (BER), gold specks, uneven ripening, puffi-
ness, radial or circular cracking and russeting,
or a deformity. The marketable yield consisted
of all classes except for fruits with BER,
deformity, or radial and circular cracking.
Leaf area and shoot dry weight were measured
every 2 months on three samples per experi-
mental unit (E.U.). Relative growth rate (RGR,
g·g–1·d–1), specific leaf area (SLA, cm2·g–1),
average specific leaf area (SLA, cm2·g–1) cal-
culated for both dates of sampling, and net
assimilation rate (NAR, g·cm–2·d–1) were cal-
culated following Brown (1984) and the har-
vest index was calculated as [(fruit fresh weight/
total plant fresh weight above-ground) × 100].
Mineral analyses were done on shoot, fruits,
and nutrient solutions extracted from the
rockwool slabs to determine the concentra-

tions of N, P, K, Ca, Mg, and Na on three
samples per E.U. Prior to extraction, plant
tissues were digested as described by Isaac
and Johnson (1960). A spectrophotometer (U-
1100; Hitachi, Tokyo) was used to determine
the total N and P concentration of the plant
tissues using colorimetric methods described
by Bremner and Mulvaney (1982) and
Chapman and Pratt (1961), respectively. The
same spectrophotometer was used to deter-
mine the phosphate and nitrate concentrations
of the nutrient solutions according to Murphy
and Riley (1962) and Norman et al. (1985),
respectively. Concentrations of K, Ca, Mg,
and Na in the tissue and in the nutrient solu-
tions were determined with an atomic absorp-
tion spectrometer (3300; Perkin-Elmer,
Ueberlingen, Germany). Plant water status in
summer (21 June) and autumn (24 Sept.) was
determined using a pressure chamber (600;
PMS Instruments, Corvallis, Ore.) following
the method of Xu et al. (1997). The water
potential of the nutrient solution from the
rockwool slabs was measured with an osmom-
eter (5500 Wescor vapor pressure osmometer;
Wescor, Logan, Utah). For each analysis we
used three samples per replicate for a total of
nine measurements per treatment.

The experiment was arranged as a 2 × 3
factorial with two EC levels and three irrigation
regime in a split-plot design with three repli-
cates (54 plants per E.U.). The two EC treat-

ments were: control (2.0 to 3.5 mS·cm–1), and
30% higher than the control (2.6 to 4.6
mS·cm–1), which was raised by adding NaCl
≤12 mmol·L–1. The irrigation regime was a
function of the global solar radiation with three
thresholds applied to each EC treatment. The
thresholds were established at 468 (F1), 540
(F2), and 612 KJ·m–2 of solar radiation received
(F3) using a model described by de Halleux and
Gauthier (1998). A drip irrigation system sup-
plied 100 mL of nutrient solution per plant per
irrigation period. Thus, F1 had the highest and
F3 the lowest irrigation frequency and daily
irrigation volume (Fig. 1). The irrigation period
was adjusted during the growing season to
obtain 55% to 60% of water content in the
rockwool slabs at dawn. Irrigation regime and
EC treatments began on 17 Feb. and the first
harvest was 20 Mar. 1997. Main effects and
interactions were analyzed for significance
using the analysis of variance (ANOVA)
(GLM) procedure (ver. 6.12; SAS Inst., Cary,
N.C.). Means were compared using a prior
contrast analysis (Steel and Torrie, 1980).

Results

From March to September, salinity and
irrigation regime treatments had no effect on
shoot dry weight (317 g), leaf area (10,244
cm2), fruit dry matter (5.4%) or plant growth
rate (RGR of 10.9 × 10–3 g·g–1·d–1, NAR of 3.6

Fig. 1. Mean daily global solar radiation and irrigation.
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× 10–4 g·cm–2·d–1). However, a significant
interaction between salinity and irrigation
treatments was observed for specific leaf
area (SLA) in May (P = 0.03) and in July
(P = 0.02) for SLA (_______) (data not shown).
From week 15 of harvest until the end of the
experiment, total yield in the control EC
treatment, receiving the most water (F1),
was greater than that of the high EC treat-
ment receiving the least water (F3) (Fig. 2).
Differences among the other EC and irriga-
tion regime treatments were nonsignificant.
After 26 weeks of harvesting (16 Sept.), the
weight of Class 1 fruit (Table 1), harvest
index and marketable yield (data not shown)
were not significantly affected by either EC
(P = 0.81, P = 0.89, and P = 0.09, respec-
tively) or irrigation (P = 0.60, P = 0.82, and
P = 0.08, respectively) treatments.

Regardless of the irrigation regime, rais-
ing EC with NaCl increased (P ≤ 0.01) the
weight of Class 2 fruit by 30% and reduced
(P = 0.04) fruit susceptibility to cracking and

russeting by 68% (Table 1). Irrigation treat-
ments had no significant effect on fruit size (P =
0.14) or fruit cracking (P = 0.22). Increasing EC
with NaCl and heavy watering (F1) decreased
the incidence of fruit with gold speck from 6.4
to 5.1 kg·m–2 (P = 0.02) (Table 1). Irrigation
regime had no effect on fruit deformity at high
EC, but the highest irrigation regime (F1) in-
creased fruit deformity at the control EC, while
the lowest irrigation regime (F3) reduced it,
resulting in significant interaction (P = 0.04).
Salinity and irrigation regime had no significant
effects on fruit susceptibility to BER (P = 0.43)
or puffiness (P = 0.45) (Table 1).

Increasing EC with NaCl significantly
(P = 0.03) reduced the N concentration in the
shoot, regardless of irrigation regime (1.9% vs.
2.0%). The Na concentrations in shoots
(P = 0.0001) and fruits (P = 0.0002) were
increased (0.61% vs. 0.16% and 0.15% vs.
0.04% in shoots and fruits, respectively).
Phosphate levels in the slab nutrient solutions
were reduced (P = 0.04) (0.43 vs. 0.60 mM in

high EC vs. control), whereas Na concentra-
tion was increased (P = 0.0004) (27.42 vs. 3.66
mM). The effects of EC and irrigation regime
treatments on K, Ca, and Mg of shoot, fruit,
and slab nutrient solution concentrations were
nonsignificant when averaged over the duration
of the experiment.

Plant water potential was not significantly
affected by salinity (P = 0.37) or irrigation
regime (P = 0.47) (data not shown). However,
it was lower in June (–936 kPa during the day,
–380 kPa during the night) than in September
(–644 kPa during the day, –459 kPa during the
night). In June, the water potential of the nutri-
ent solutions extracted from the rockwool slabs
of the plants fertilized with the high EC was
significantly lower (P = 0.02) than that from
the control slabs (–237 kPa vs. –182 kPa).

Discussion

For spring production (March to Novem-
ber), increasing salinity of the nutrient solution

Table 1. Effects of electrical conductivity (EC) and irrigation (F) treatments on the total yield (kg·m–2) of Class 1 (>90 ng), Class 2 (70–90 g) tomato fruits, and
of fruits with physiological disorders during 26 weeks of harvesting.

Treatments Yield of Class 1 fruit Yield of Class 2 fruit Gold speck Blossom-end rot Deformity Puffiness Crackingz

EC1 (2.0 to 3.5 mS·cm–1)
F1y 6.9 0.175 6.4 1.5 2.2 8.7 1.3
F2 6.4 0.369 5.2 2.9 1.2 6.3 0.6
F3 7.7 0.469 5.7 1.8 0.9 6.6 0.5

EC2 (2.6 to 4.6 mS·cm–1)x

F1 8.0 0.328 5.1 2.2 1.0 6.6 0.3
F2 7.2 0.496 5.0 1.7 1.2 6.2 0.3
F3 6.5 0.496 6.4 2.1 0.9 4.8 0.1

Significance
F 0.603 0.145 0.290 0.847 0.844 0.164 0.218
EC 0.807 0.013 0.209 0.919 0.087 0.104 0.038
F × EC 0.303 0.256 0.025 0.435 0.042 0.453 0.376

Contrasts
F linear × (EC1 vs. EC2) 0.155 0.129 0.009 0.831 0.035 0.849 0.261
F quadratic × (EC1 vs. EC2) 0.587 0.574 0.806 0.220 0.096 0.231 0.412
zRusseting, radial and concentric cracking.
yIrrigation: F1 = 468, F2 = 540, F3 = 612 KJ·m–2.
xEC2 adjusted using 12 mmol·L–1 NaCl.

Fig. 2. Effects of electrical conductivity (EC) and irrigation treatments (F) on total yield of tomato (kg·m–2) after 26 weeks of harvesting.
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(1.8–3.5 to 2.3–4.6 mS·cm–1) did not reduce
growth. However, from May to July, increas-
ing EC under the control irrigation regime
treatment (F2) increased SLA. Al-Rawahy et
al. (1990) reported that dry matter production
and N uptake of tomato plants were signifi-
cantly lower when the salinity was raised from
30 to 400 kPa with 24 mM NaCl. They sug-
gested that these responses might result from
a combination of osmotic and specific ion
effects of Cl– and/or Na+. In agreement with
this study, we observed that increasing salinity
up to 4.6 mS·cm–1 during spring production
reduced N uptake, expressed as shoot N con-
centration. This may be explained by an
antagonistic effect of Cl– on NO3

– uptake.
Nitrate reductase (NR) activity of tomato leaves
was reduced by high NaCl concentration (60
mM) in the nutrient solution (Martinez and
Cerda, 1989); this in turn reduced N uptake
and foliar N content.

The balance between vegetative and
reproductive growth, expressed by the harvest
index, was not affected by increasing the EC.
However, increasing the salinity increased the
weight of Class 2 (smaller) fruits. Adams and
Ho (1989) reported that salinity affects fruit
size by reducing water content rather than dry
matter accumulation. However, total yield and
Class 1 (larger) fruits in our experiment were
not affected by the treatments, whereas the
total weight of fruits with cracking, especially
with russeting, was reduced by increasing the
EC. Fruit cracking is generally associated with
the rapid net influx of water and solutes into
the fruit when cuticle elasticity and strength
are reduced (Peet, 1992). Salinity has a
profound effect on the water relations of plants
because osmotic stress reduces uptake of water
(Ho and Adams, 1995). Even though raising
EC did not significantly affect fruit dry matter
in our study, the resulting reduction in water
uptake may explain the reduction of fruit size
and cracking.

High EC can reduce Ca uptake, even though
the Ca concentration is high in the nutrient
solution, and induce a local Ca deficiency in
tomato fruit called blossom-end rot (BER)
(Ho and Adams, 1995). In our experiment,
increasing EC with NaCl did not increase the
incidence of fruits with BER or decrease fruit
Ca concentration. This might be explained by
a higher Ca uptake resulting from a higher
chloride concentration in the nutrient solution.
According to Nukaya (1992), a chloride con-
centration of 8–13 mmol·L–1 increases Ca
uptake, reduces the incidence of BER, and
may increase the number of fruits with gold
specks. In our study, increasing EC with NaCl
[up to 12 mmol·L–1 under the highest irrigation
regime treatment (F1)] reduced the incidence
of fruit with gold specks by 20%, but had no
effect on fruit Ca concentration.

High K in the nutrient solution is essential
for good tomato quality (color, firmness, shelf-
life, and taste), and influences the content of
titratable acids. Moreover, Davies and Winsor
(1967) noted a positive effect of K on fruit
sugar content, dry matter accumulation and
gustatory quality. As K concentrations in the
nutrient solution increased from 180 to 280 to

380 mg·L–1, Gormley and Maher (1990) noted
a reduction in the number of fruits with uneven
coloration from 40% to 21% to 12%, respec-
tively. Potassium is also essential for many
plant processes, including protein synthesis,
enzyme activation, membrane transport, charge
balancing, and the generation of turgor. For
this reason, the application of NaCl to partially
replace major nutrients and/or increase nutri-
ent solution salinity should be done with care,
as the uptake of K may be reduced by Na in the
solution, thus reducing K content of the fruit
(Adams, 1991; Adams and Ho, 1989). In our
study, 12 mmol·L–1 of NaCl in the nutrient
solution did not significantly reduce shoot and
fruit K concentration. No significant differ-
ence in fruit coloration during ripening was
observed between high EC (12 mmol·L–1 NaCl)
and control EC (without NaCl) treatments
(data not shown). Partial replacement of major
nutrients such as nitrate by NaCl, KCl, or
CaCl2 is an excellent tool to improve fruit
quality and reduce environmental pollution.

A desirable balance between vegetative
and reproductive growth can be achieved by
water management (Cooper, 1978). In addi-
tion, well-controlled irrigation may improve
fruit quality in terms of cracking, size, and
flavor (Abbott et al., 1986; Ho and Adams,
1995; Peet, 1992). In our study, regardless of
EC levels, irrigation treatments did not affect
growth, water potential, tissue mineral con-
tent, or fruit quality. Moreover, vegetative and
reproductive vigor of the plants, as expressed
by the harvest index, was not modified. In
contrast with the results obtained by Peet and
Willits (1995), the percentage of cracked fruit
did not increase when a higher daily volume of
nutrient solution was applied per plant, possi-
bly because of differences in media (peat bags
vs. rockwool) and experimental conditions.
Under Northern European growing conditions,
Ho and Adams (1995) reported that the vol-
ume and frequency of irrigation for a fruiting
tomato crop is 120–130 mL·MJ·m–2 of solar
radiation received per plant. Under climatic
conditions prevailing in Quebec for spring
production, 214 mL·MJ·m–2 per plant was re-
quired for good marketable yield. Therefore,
volume and frequency of fertigation may vary
significantly according to the irradiance, i.e.,
in climates with higher irradiance, a higher
irrigation rate per MJ may be required.

Control of EC and water management
allows the grower to modify the water avail-
ability to the crop and influences fruit quality
(Holder and Christensen, 1989; Pearce et al.,
1993; Rudich et al., 1977). Water stress or
high EC, however, may affect uptake of nu-
trients such as Ca (Ehret and Ho, 1986), as
well as fruit growth rate (Pearce et al., 1993)
and quality (BER, small fruit size). Our re-
sults demonstrate that lower EC, combined
with higher irrigation in the period of high
solar radiation (July, August), increase water
and mineral assimilation, resulting in a better
yield (Fig. 2). These results agree with earlier
observations (Tüzel et al., 1994) and suggest
that increasing irrigation during the summer
increases yield. However, under the high
irrigation regime, the incidence of misshapen

and gold speck fruit was greater at low EC.
The presence of gold speckle deposits near
the calyx affects the external appearance and
reduces shelf-life of fruit. This phenomenon
was related to high uptake of Ca (de Kreij et
al., 1992). High levels of P or Cl also favor
gold specks due to their positive effect on Ca
uptake.

Our results suggest that increasing EC
(2.6 to 4.6 mS·cm–1) with NaCl (up to 12
mmol·L–1) improves tomato fruit quality
without affecting total yield and plant devel-
opment. The use of NaCl both reduced the
cost of fertilizer and environmental pollution
from nitrate and other plant nutrients. How-
ever, increasing the water supply as global
solar radiation increased improved tomato
yield in the last few months of production but
reduced fruit quality (more gold specks, mis-
shapen fruits). Research is needed on the
interaction between EC and water manage-
ment at different crop stages and light levels
on nutrient uptake, water stress, and fruit size
and quality.
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