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ABSTRACT. An increase in nutrient solution concentration to produce high-quality fruit vegetables, such as tomatoes, may
reduce growth and yield. One reason might be inhibition of photosynthesis, but results of photosynthesis studies in the
literature are inconsistent. In this study, we investigated growth and photosynthesis of whole ‘Celebrity’ and ‘Counter’
tomato [Lycopersicon esculentum (L.) Mill.] plants in response to nutrient solution concentration, measured as electrical
conductivity (EC). The effects of two levels of photosynthetic photon flux density (PPF = 400 or 625 µmol·m–2·s–1) on plant
response to nutrient solution EC in a range between 1.25 to 8.75 dS·m–1 in a series of four experiments in gas exchange
chambers placed in larger growth chambers were examined. Increasing PPF enhanced tomato growth and photosynthesis
but increasing EC diminished them. Reduction of dry weight was 1.9% to 7.3%, while plant photosynthesis was reduced
between 1.7% and 4.5% for each 1 dS·m–1. Increasing EC did not decrease dry matter content and leaf photosynthesis. Mean
plant dry matter content ranged between 70 and 95 g·kg–1, and net leaf photosynthesis on the last measurement day was
between 7.5 and 11.3 µmol·m–2·s–1, depending on experiment. The decrease in whole plant photosynthesis with an increase
in EC was caused by decreased leaf area but not by a decrease in leaf photosynthesis.

Commercial greenhouses typically automate the supply of nutrient solution to hydroponically grown plants. Fertilizer-mixing units
produce nutrient solution with a constant concentration. The amount
of fertilizer solution supplied to plants commonly depends on the
time of day or light intensity. Composition and concentration of the
nutrient solution are based on published recommendations, which
are based on experience, plant species and cultivar, growth stage,
and growing system (De Kreij et al., 1997; Göhler, 1960; Hoagland,
1923). Differences are small among the various recommendations
for nutrient solution composition for tomato [Lycopersicon
esculentum (L.) Mill.] plants of the same age. However, the recommended concentration of the nutrient solution, expressed as electrical conductivity (EC), has increased in recent years, especially in the
production of high-quality fruit vegetables, such as tomato (De Kreij
et al., 1997; Göhler and Drews, 1989). Moreover, nutrient solution
concentration in the root zone may vary in an uncontrolled system
if plants take up nutrients and water in different ratios under different
environmental conditions.
Increased nutrient solution EC may reduce the growth rate of
whole plants and individual plant parts (Al-Harbi, 1995; Caro et al.,
1991; Schwarz and Kuchenbuch, 1997; Smith et al., 1992), and
enhances ion accumulation (Adams, 1991; Gomez et al., 1992;
Knight et al., 1992). Some authors have suggested that increased EC
may inhibit photosynthesis, thereby reducing growth, but the results
of photosynthesis measurements reported in the literature are inconsistent. Pepino (Solanum muricatum Aiton), eggplant (Solanum
melongena L.), and cucumber (Cucumis sativus L.) showed a strong
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decrease of leaf photosynthetic rate in response to NaCl stress when
EC increased up to 20 dS·m–1 (Chartzoulakis, 1994; Chen et al.,
1999). Awang and Atherton (1994) found only a slight reduction in
leaf photosynthesis of strawberry (Fragaria ananassa Duch.).
In contrast, van den Sanden and Veen (1992) found a slight, but
significant increase in net photosynthesis of cucumber leaves when
increasing the salinity level up to 8 dS·m–1, a range similar to those
used by other investigators. Esmailiyeh (1986) and Taleisnik (1987)
reported a higher leaf net photosynthesis for tomato in response to
elevated nutrient solution EC up to 18 dS·m–1, particularly with CO2
enrichment. Results from different studies are difficult to compare
because of interactions with other experimental factors, such as
irradiance, CO2 concentration, nutrient solution composition, and
cultivar (Esmailiyeh, 1986; Longuenesse and Leonardi, 1994;
Taleisnik, 1987; Xu et al., 1995).
Xu et al. (1995) calculated light-response curves for single tomato
leaves and determined a maximum leaf photosynthetic rate of
22.5 µmol·m–2·s–1 for a nutrient solution EC of 4.0 and 19.5
µmol·m–2·s–1 for an EC of 2.5 dS·m–1. These tomato plants were grown
in a greenhouse with a nutrient film technique supplying different
nutrient solution concentrations of the same nutrient composition. They
found similar results for tomato grown in rockwool, although an even
greater EC of 5.5 dS·m–1 resulted in a 10% lower maximum photosynthetic rate compared with an EC of 4 dS·m–1.
Beside interactions between environmental and cultural factors,
the measurement technique (whole plants, single leaves, or leaf
discs) can have a large influence on the interpretation of photosynthesis measurements (van Iersel and Bugbee, 2000). For example,
a decrease in leaf photosynthesis does not necessarily result in
decreased growth or whole plant photosynthesis if the plants produce a larger leaf area.
The goal of the investigations presented here was to test the
hypothesis that growth reduction of tomato plants by increases in
nutrient solution concentration is caused by a reduction in photosynthesis. Additionally, whether the effect of EC on photosynthesis
depends on the light intensity was studied.
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Materials and Methods
GENERAL CONDITIONS. A series of experiments was conducted in
two controlled environment chambers [(1.80 × 0.78 × 1.18 m
(1.66 m3) at the Griffin Campus of The University of Georgia, from
October 1997 to March 1998 (Table 1). In all experiments, temperature was maintained at ≈25 °C. A first set of two experiments was
conducted using the tomato cultivar Celebrity. Nutrient solution EC
ranged from 1.25 to 5 dS·m–1 in increments of 1.25 dS·m–1. Using an
EC >5 dS·m–1 in a subsequent experiment injured ‘Celebrity’.
Hence, following experiments the more salinity-tolerant cultivar
Counter (Schwarz and Kuchenbuch, 1997) was used, and the range
of nutrient solution EC was increased to 8.8 dS·m–1.
Twelve-day-old seedlings grown in a climate chamber were
planted in 80-mm (0.2-L) pots filled with coarse sand. When they
had four leaves, six plants were transplanted into a hydroponic
system, consisting of 0.15-m-tall plastic trays with a total volume of
12.3 L, filled with ≈11.6 L of nutrient solution. The trays with plants
were placed inside acrylic gas exchange chambers (0.5 × 0.3 ×
0.6 m) (van Iersel and Bugbee, 2000), which were then placed inside
growth chambers with four gas exchange chambers within each
growth chamber. The nutrient solution cycled from a storage tank of
44 L, 80% full, with a flow rate of 2 L·min–1 (Fig. 1). The
composition of the nutrient solution was according to De Kreij et al.
(1997). A stock solution was prepared and the desired nutrient
solution EC was achieved by diluting the stock solution with
demineralized water until the treatment set point was reached. The
nutrient solution EC and the pH in the storage tank were measured
daily and adjusted as needed by diluting or supplying stock solution
and pH was adjusted to 5.6 by adding H3PO4 or Ca(OH)2.
Two PPF levels (400 and 625 µmol·m–2·s–1) were maintained in
the two growth chambers using fluorescent lights (F72T12/CW/
VH, Sylvania, Mississauga, Ont.), with a 20-h daylength (Table 1).
Light levels were measured at the end of each experiment above the
top of each plant and averaged for each gas exchange chamber.
Although long photoperiods may cause chlorosis and leaf distortion
in tomato (Bradley and Janes, 1985), no such effects were observed
during our studies, which lasted up to 11 d.

EXPERIMENTAL METHODS. Before the start of gas exchange measurements, the correlation of leaf area with leaf length and width was
determined, using leaf area and length/width measurements of 60
leaves (Schwarz and Kläring, 2001). Leaf length (Ll) and width (Lw)
of the plants used for the CO2 exchange measurements were
measured before the start of the CO2 exchange measurements to
estimate initial leaf area (Alp t initial).
An open, multichamber system was used to measure CO2
exchange rates (Pnet, Rdark; Fig. 1). Gas exchange in each chamber
was measured for 2 min during a 20-min cycle during the entire
study period (van Iersel and Bugbee, 2000). Ambient air was blown
into the acrylic chambers and airflow was measured with mass flow
meters (GFM37-32, Aalborg Instruments and Controls, Monsey,
N.Y.). Environmental conditions within the chamber, such as
temperature (copper-constantan thermocouples), and relative humidity (HTO-45R, Rotronic, Huntington, N.Y.) were monitored
(Table 1). The difference in CO2 concentration between air entering
and exiting a chamber was measured with an infrared gas analyzer
(LI-6251, LI-COR, Lincoln, Nebr.). Whole chamber CO2 exchange
rate (µmol·s–1) was calculated as the product of mass flow (mol·s–1)
and the difference in CO2 concentration (µmol·mol–1). This resulted
in measurements of net photosynthesis (Pnet) during the light period
and dark respiration (Rdark) during the dark period. Both Pnet and Rdark
are expressed as positive quantities.
After 8 to 11 d, when the plants had at most 9 leaves, plants were
harvested and leaf area (Alp t end) was measured with a leaf area meter
(LI-3100, LI-COR) to relate photosynthetic characteristics to leaf
area. Shoot and root fresh weight of the plants were determined.
Plant parts were dried at 60 °C, and shoots and roots were weighed
after 48 h, when the samples had dried to a constant weight.
Experiments were carried out while plants were in their exponential
growth phase. Hence, an exponential growth curve based on initial
and final leaf areas was used to estimate leaf area increase during the
experiments (Helgren and Ingestad, 1996):
Area per leaf (All, m2/leaf):
Au = Lw × Ll × 0.003579

[1]

Table 1. Summary of 4 experiments: duration, cultivars used, environmental conditions such as atmospheric CO2 concentrations, relative humidity (RH),
temperature (T), photosynthetic photon flux density (PPF) and the electrical conductivity (EC) levels of the nutrient solution. The experiments were
carried out in growth chambers of 1.84 × 0.78 × 1.18 m3 at the Georgia Experiment Station, Griffin, Ga., with a 20-h photoperiod.

Cultivar
Celebrity

CO2
concn
(µmol·mol–1)
353 ± 39

RH
day/night
(%)
58/60 ± 12

T
(°C)
25.3 ±0.8

PPF
(µmol·m–2·s–1)
365
630

10

Celebrity

328 ± 55

64/64 ± 10

24.5 ±0.7

365
630

3

11

Counter

656 ±66

53/58 ± 10

25.0 ±0.9

400
625

4

10

Counter

710 ±52

48/52 ±19

24.6 ±0.7

400
625

Duration
(d)
8

2

Expt.
1
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EC
(dS·m–1)
1.25
2.50
3.75
5.00
1.25
2.50
3.75
5.00
1.25
3.75
6.25
8.75
1.25
3.75
6.25
8.75
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CCG = ∑ni = l [(Pnet avg + Plight) – (Rdark avg × Tdark)]i

Initial leaf area per plant (Alp t initial, m2/plant):
Alp t initial = ∑bi = l All

[6]

[2]

where tlight and tdark are the duration of the light (20 h) and dark periods
(4 h), respectively.

Leaf area per plant during the experiment (Alp t, m2/plant):
Alp t = Alp t initial e [ln Alp t end – ln Alp t initial/(tend – tinitial)
[3]
× (t – tinitial)]

Carbon use efficiency (CUE, dimensionless), ratio between carbon
incorporated into plant dry mass and the total amount of carbon fixed
in photosynthesis:

where b is the number of leaves per plant.

CUE = CCG/CCF

where t (d) is time after placing the plants in the trays.
The following photosynthetic characteristics were calculated either
per six-plant tray or per unit leaf area:
Daily average gross photosynthesis during the light period (Pgross,
µmol·s–1):
Pgross = Pnet avg + Rdark avg

[4]

where Pnet avg and Rdark avg are the average CO2 exchange rates
measured during the light and dark period, respectively. This
calculation assumes that respiration is similar in the light and dark.
Cumulative carbon fixed in photosynthesis [CCF, (mol)]:
CCF = ∑ni = l (Pgross × 72000)

[5]

where n is the number of days included in the measurements and
72000 the factor needed to calculate CCF per day, the number of
seconds during the light period.
Cumulative carbon gain (CCG, mol), the total net amount of carbon
taken up by the plants:

[7]

To compare Pgross, Pnet, and Rdark of the different treatments, data were
corrected for differences in plant size. This allowed for comparisons
on the basis of equal leaf areas of Alp t = 0.05 m2/plant. To do this, the
relationship between these characteristics (P) and leaf area was
modeled with second order polynomials:
P = do + dlAlp t + d2A2lp t

[8]

where do, d1, and d2 are the regression coefficients for the relevant
characteristic and the value of P at a leaf area of 0.05 m2/plant was
estimated. Parameters of Eq. [8] were estimated by quasi linear
regression analysis (Quasi Newton estimation procedure,
STATISTICA for Windows, StatSoft, Tulsa, Okla.).
Conditions not under investigation such as cultivar and plant
properties at the start of the experiment varied among experiments.
They were estimated as the levels of a factor α, the experimentspecific block effect, and tested for significance by F tests. The
investigated variables PPF and EC were introduced as concomitant
variables. Their effects were estimated by regression and tested for
significance by t tests. Thus, we considered the linear model for the
analysis of covariance for the observations Pij:

Fig. 1. Schematic view of the setup used for supply and control of nutrient solution electrical conductivity and photosynthesis measurements. Eight acrylic gas exchange
chambers were placed inside two larger plant growth chambers. Tomato plants were grown inside these gas exchange chambers using a recirculating, hydroponic
irrigation system.
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Fig. 2. Influence of nutrient solution electrical conductivity (EC) and two PPF levels of 400 and 625 µmol·m–2·s–1 on growth characteristics of ‘Counter’ tomato. Each
data point is an average for six tomato plants after 11 d in experiment 3 and vertical bars represent standard deviation. (A) Dry weight of the total plant, (B) leaf area,
(C) shoot to root ratio (based on dry weight), (D) dry matter content (DMC) of the total plant.

Pij = µ + αi + β (PPFij – PPF) + γ (ECij – EC) + εij, i = 1,...,n, j = 1,...,m
PPF = 1/nm ∑i,j PPFij
EC = 1/nm ∑i,j ECij
[9]
where Pij denotes the dependent variable of growth or photosynthesis measured, PPFij and ECij denote the concomitant variables
measured, n and m stand for the number of the experiments and the
number of the gas exchange chambers, respectively, while εij is a
random error term. The model contains the constants µ, αi, β, and γ.
The constant m may be interpreted as overall mean of all experiments, ai as the block effect of the particular experiment, while b and
g are regression coefficients, describing the effects of PPF and EC,
respectively.
Model constants µ, αi, β, and γ were estimated by analysis of
covariance using the STATISTICA for Windows (StatSoft). Significance of the regression was tested at level P = 0.05. Effect of CO2

concentration could not be separated from the cultivar effect, since
both experiments with low CO2 concentration were conducted with
‘Celebrity’, while both experiments at elevated CO2 were done with
‘Counter’.
Results
GROWTH ANALYSIS. Eight to 11 d after planting, more plant fresh
weight, dry weight, and leaf area were produced by the treatments
with higher PPF. Treatment influence is depicted in Fig. 2 for
experiment 3 as representative of all experiments. In general,
ANOVA showed a significant influence of PPF on all measured
growth characteristics (Table 2). The relative increase in dry weight
at high PPF was bigger than that in fresh weight due to higher dry
matter content at higher PPF (Fig. 2D).

Table 2. Effects of photosynthetic photon flux density (PPF) and nutrient solution electrical conductivity (EC) on growth characteristics at the end of
climate chamber experiments. Pij = µ + αi + β (PPFij – PPF) + γ (ECij – EC) + εij, i = 1,...,4, j = 1,...,8. Model constants µ, αi, β, and γ were estimated
using analysis of covariance; µ is the overall mean, αi is the experiment-specific block effect, β and γ are the regression coefficients describing PPF
and EC influence, respectively, εij is a random error term. Regression parameters were statistically significant unless followed by NS (P = 0.05). Units
in the table are those for µ.

Model
constant
µ
β
γ

Fresh
wt
(g/plant)
Root
Shoot
15.41
57.74
0.0171
0.0339
–0.576
–2.867

Dry
wt
(g/plant)
Total
Root
73.15
0.83
0.0510 0.0012
–3.446 –0.0314
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Shoot
4.92
0.0043
–0.142

Dry matter
content
(mg·g–1)
Total
5.75
0.0055
–0.173

Root
Shoot
55.54
86.91
0.0219
0.0407
0.065NS 2.226

Shoot–root
ratio
(g·g–1)

Leaf
area

Total
Fresh
Dry
(m2/plant)
80.25
4.12
6.63
0.0796
0.0338 –0.0040 –0.0050 0.000025
1.788 –0.176 –0.108NS –0.00373

987

Table 3. Effects of photosynthetic photon flux density (PPF) and nutrient solution electrical conductivity (EC) on gross photosynthesis (Pgross), net
photosynthesis (Pnet), dark respiration (Rdark), cumulative carbon gain (CCG), and carbon use efficiency (CUE). P and R were calculated from
the last measurement day, CCG and CUE were calculated as cumulative amounts over the growth period. Results are expressed per tray with
six plants, per final (Alp t end), or per equal leaf area (Alp t, Eq. [3]). Pij = µ + αi + β (PPFij – PPF) + γ (ECij – EC) + εij, i = 1,...,4, j = 1,...,8. Model
constants µ, αi, β, and γ were estimated using analysis of covariance; µ is the overall mean, αi is the experiment-specific block effect, β and γ are the
regression coefficients describing PPF and EC influence, respectively, εij is a random error term. Regression parameters were statistically significant
unless followed by NS (P = 0.05).
Pgross
Daily mean
Model
constant
m
b
g

per tray
µmol·s–1
4.19
0.00298
–0.0599

Pnet
Alp t =

Daily mean
2

0.05 m
per tray
per Alp t end
µmol·m–2·s–1 µmol·m–2·s–1 µmol·s–1
11.52
12.57
3.37
0.0109
0.0141
0.00240
0.311
–0.0811NS –0.0542

Daily mean

Alp t =

2

CCG
2

per Alp t end
0.05 m
per tray
per Alp t end
0.05 m
µmol·m–2·s–1 µmol·m–2·s–1 µmol·s–1 µmol·m–2·s–1 µmol·m–2·s–1
9.24
11.05
0.82
2.28
2.56
0.00859
0.0103
0.000581
0.00230
0.00303
0.224
–0.0346NS –0.00573NS 0.0865
0.0108NS

Increasing nutrient solution EC significantly decreased total
fresh weight, dry weight, and leaf area, but increased dry matter
content (Table 2, Fig. 2). In experiment 4, a slight enhancement in
fresh and dry weight was measured for ‘Counter’ with an increase
in EC from 1.25 to 3.75 dS·m–1. In contrast to PPF effects, EC
treatments generally influenced fresh weight more than dry weight,
as total dry matter content was positively correlated with nutrient
solution EC (Fig. 2D; Table 2). Root dry matter content increased
with EC only in experiment 2. Shoot to root ratio on a fresh weight
basis decreased significantly with increasing EC (Fig. 2C), while
shoot to root ratio on a dry weight basis was not affected by EC
(Table 2). Apparently, increased EC reduced shoot and root dry
weight to the same extent, so that shoot to root ratio response was not
significant. No interactive effects between PPF and EC on growth
characteristics were found.
GROSS AND NET PHOTOSYNTHESIS. Increasing PPF significantly
increased Pnet, Pgross, and the total amount of carbon fixed by plants
during the entire growing period (Table 3). The effects of photosynthesis were similar for both whole plants and on a leaf area basis, and
in all experiments. Treatment influence is depicted in Figs. 3 and 4
for Expt. 3 as representative of all experiments. No significant
influence of PPF was found on CUE.
Nutrient solution EC significantly affected photosynthetic characteristics (Table 3). Increasing nutrient solution EC decreased
whole plant Pgross, Pnet (Fig. 3A), and CCG. Influences were similar
on all these characteristics. Gross photosynthesis and Pnet increased
significantly with increasing EC when they were expressed on a leaf
area basis (Table 3, Fig. 3B).
Because EC also affected leaf area (Fig. 2B), it was not clear
whether EC directly affected photosynthesis or if this was an
indirect effect caused by differences in leaf area. Therefore, we also
compared photosynthetic characteristics on basis of equal leaf area.
Leaf area development of the plants was estimated using Eq. [3] and
Pgross and Pnet were estimated according to Eq. [8] using Alp t = 0.05
m2, because leaf area at the end of all experiments was above 0.05
m2/plant. Models (Eq. [9]) were calculated for PPF and EC treatments in all experiments (Table 3) and depicted for Pnet only from
Expt. 3 for better illustration (Fig. 3B). From this analysis based on
equal leaf area, nutrient solution EC significantly influenced CUE,
which decreased with increasing nutrient solution EC (Table 3). No
significant interactive effects of PPF and EC were found on photosynthetic characteristics.
DARK RESPIRATION. Both whole plant respiration and respiration per
unit leaf area were positively correlated with PPF (Table 3, Fig. 4A and
B).
Increase of nutrient solution EC did not significantly affect
988

Rdark
Alp t =

CUE

per tray
mol
1.28
0.736
0.00156 0.00003NS
–0.0343 –0.00216

whole plant respiration, but increased respiration per unit leaf area
(Table 3, Fig. 4A and B). The effect of increasing nutrient solution
EC was not significant when respiration was estimated for plants
with equal leaf area of 0.05 m2.
Discussion
Maas and Hoffman (1977) stated that, for many crops, biomass
production declines linearly with increasing nutrient solution concentration after passing a threshold value. According to Adams
(1991) and Sonneveld (1988), a growth reduction is expected for

Fig. 3. ‘Counter’ tomato plant net photosynthetic rate (Pnet) after 11 d in experiment
3. Data were calculated as average CO2 exchange rates during the light period
(20 h) from 60 measurements of six plants for two PPF levels at 400 and
625 µmol·m–2·s–1 and four EC levels. Vertical bars represent standard deviation
of the repeated measurements. Error bars not shown are within the limit of the
symbol. (A) Plant Pnet, (B) leaf Pnet, the dotted lines depict estimated leaf Pnet for
plants with an equal leaf area (Alp t, Eq. [3]) of 0.05 m2.
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tomato in a range of 6% to 10% for each 1 dS·m–1 increase in nutrient
solution EC, depending on cultivar and nutrient composition. Our
results confirm these findings, although the growth reduction in
Expts. 3 and 4 was <4%. Reasons for the smaller growth reduction
and the higher shoot to root ratio in Expts. 3 and 4 could be the use
of a different cultivar or an increase in CO2 concentration. Dalton

Fig. 4. ‘Counter’ tomato plant dark respiration rate (Rdark) after 11 d in experiment
3. Data were calculated as average CO2 exchange rates during the dark period
(4 h) from 12 measurements of six plants for two PPF levels at 400 and
625 µmol·m–2·s–1 and at four EC levels. Vertical bars represent standard deviation
of the repeated measurements. Error bars not shown are within the limit of the
symbol. (A) Plant Rdark, (B) leaf Rdark, the dotted lines depict estimated leaf Rdark
for plants with a equal leaf area (Alp t, Eq. [3]) of 0.05 m2.

Fig. 5. Recalculated results of 21 net photosynthesis (Pnet) measurements with
tomato grown under different nutrient solution EC treatments. The regression
line represents the best fit through the data excluding those data collected at high
light intensity or high atmospheric CO2 concentration (Pnet = 10.5 – 0.25 × EC,
r = 0.82). Symbols present different treatments in experiments of Heuer and
Feigin (1993) ▲ and ∆; Xu et al. (1995) ■ and ❑; Esmailiyeh (1986) ● and ❍;
and Gao et al. (1994) ❖.

J. AMER. SOC. HORT. SCI. 127(6):984–990. 2002.

and Poss (1990) and Dalton et al. (1997) showed that EC effects
depend on temperature. They found that an increase in temperature
from 18 to 25 °C shifted the EC threshold for decrease of growth
from 1.8 to 3.0 dS·m–1. This might explain why in our experiments,
with a mean temperature of 25 °C, reductions in dry weight and leaf
area were observed for EC values higher than 3.75 dS·m–1.
Light intensity also may have an effect on the EC threshold for
growth reduction. Esmailiyeh (1986) and Xu et al. (1995) found no
EC effect under low light conditions (<200 µmol·m–2·s–1) when EC
was below 8 dS·m–1, but they did find an effect of EC on growth at
a higher light intensity (1000 µmol·m–2·s–1).
Our finding that whole plant photosynthesis decreases with
increasing nutrient solution EC (Table 3; Fig. 3A) is consistent with
other results for tomato and other crops (Chartzoulakis, 1994; Chen
et al., 1999; Esmailiyeh, 1986), but the effect of salinity (NaCl) or
EC on photosynthesis per unit leaf area is less clear. EC effects on
leaf photosynthesis of tomato already published are summarized in
Fig. 5 (Esmailiyeh, 1986; Gao et al., 1994; Heuer and Feigin, 1993;
Xu et al., 1995). Except for experiments conducted under high PPF
levels (1000 µmol·m–2·s–1; Xu et al., 1995) and elevated CO2
concentration (700 µmol·mol–1; Esmailyieh, 1986), a linear regression fits the data (r = 0.82, Fig. 5). The differences in response
among the experiments may be due to differences in plant developmental stage. Chartzoulakis (1994) has shown that plants become
less sensitive to salt stress later in development. Based on these
results, the decrease in Pnet was 0.25 µmol·m–2·s–1 for each 1 dS·m–1
increase in EC, or ≈2.6% of the maximum Pnet (10.8 µmol·m–2s–1).
With the exception of Esmailiyeh (1986), studies of EC effects
on leaf photosynthesis mentioned above were performed with
single-leaf gas exchange systems. Although single-leaf photosynthesis measurements yield important physiological information,
they are poor indicators of plant growth, because they do not take
into account the total leaf area of plants. In addition, the measured
leaf may not be representative of all the leaves in the canopy (van
Iersel and Bugbee, 2000). Whole-plant photosynthesis measurements bypass these limitations of leaf photosynthesis measurements
and give a direct indication of the plant growth rate. The good
agreement between the reduction of total dry weight by 3% and the
reduction in CCG by 2.7% indicates that our gas exchange measurements were an accurate indicator of plant growth (Tables 2 and 3).
Esmailiyeh (1986) measured photosynthesis of whole plants in
a cuvette and found an increased leaf photosynthesis rate with
increasing EC. We found a similar increase in leaf photosynthesis
(Fig. 3B, Table 3). However, these measurements do not take into
account that the leaf area per plant differed among treatments.
Larger plants have more intraplant competition for light, reducing
the amount of light intercepted per unit leaf area, which would be
expected to lower photosynthetic rates per unit leaf area. At a
common leaf area per plant, EC did not significantly affect photosynthetic rates (Table 3). Our results also indicate that leaf area
decrease is a response to increasing EC (Fig. 2B). This resulted in
a decrease in whole-plant photosynthesis with increasing EC (Fig.
3A). The decrease in leaf area explains the apparently contradictory
finding that leaf photosynthesis remained constant or increased,
while whole-plant photosynthesis decreased with increasing EC.
Another reason for the decrease in leaf photosynthesis with
increasing nutrient solution EC mentioned by some authors (Heuer
and Feigin, 1993; Xu et al., 1995) is that the response may depend
on the length of the treatment period. Chartzoulakis (1994) showed
that the decrease in photosynthesis becomes more severe as cucumber plants are exposed to salt stress for longer periods. While plants
in our experiments were exposed to salt stress for ≈10 d, those of Xu
989

et al. (1995) and Heuer and Feigin (1993) were exposed for 21 and
38 d, respectively, and exhibited a stronger response to salt stress.
Heuer and Feigin (1993) stated that the influence of nutrient
solution EC on photosynthesis depends both on total nutrient
solution concentration and ionic composition. They showed that
adding 5 mM Ca(NO3)2 to a nutrient solution enriched with NaCl in
a range between 35 to 120 mM increased leaf photosynthesis. In most
published experiments, NaCl was added to increase EC
(Chartzoulakis, 1994; Dalton et al., 1997; Esmailiyeh, 1986; Gao et
al., 1994). However, to improve tomato fruit quality, greenhouse
growers often use more stock solution, thereby adding more macronutrients. This may affect plants differently from adding NaCl.
Research on effects of nutrient solution composition on photosynthesis is only available for increasing sulfate and nitrate amounts
(Heuer and Feigin, 1993; Xu et al., 1996).
Our experiments and previous reports show that an increase in
EC decrease whole plant photosynthesis of tomato. This reduction
in total plant growth apparently was caused by decreased leaf area
and not by changes in leaf photosynthesis per se, since an increase
in nutrient solution EC up to 8.75 dS·m–1 did not significantly affect
leaf photosynthesis in the experiments (Table 3, Fig. 3).
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