
 

 

 

INTRODUCTION 

 

Optimal growth of plants is usually affected by multiple 

resources and requires an equilibrium between the resources 

(i.e., water, nutrients and light) to sustain optimal growth 

(Bakhsh et al., 2015; Guo et al., 2007; Poorter & Nagel, 

2000). The availability of water and nutrients may be limited 

under many circumstances, and hence these should be utilized 

efficiently for achieving optimum plant growth (Davis et al., 

2011; Shangguan et al., 2000). Dry matter production and 

organ formation is based on photosynthesis which is 

considered as the main driving force influencing plant growth 

(Zlatev & Lidon, 2012). Still water and nutrients are the major 

determinants of potential productivity by regulating the 

capacity of plants to exploit photosynthesis (SHEN & LI, 

2011; Zhai & Li, 2006). High electrical conductivity (EC) in 

root zone due to limited irrigation or excessive nutrients 

application affects the important physiological parameters 

like photosynthesis, transpiration, and stomatal conductance 

(Romero-Aranda et al., 2001) which in turn affects the plant 

growth, yield and fruit quality. 

For this reason, study of photosynthesis under water stress has 

been the subject of debate for decades (Flexas & Medrano, 

2002; Lawlor & Cornic, 2002). Water stress cause decrease 

in photosynthetic rate in such a way that maximum 

photosynthesis rate cannot be recovered even after rewatering 

(Kirschbaum, 1987). 

Environmental conditions and nutrient supply have close 

impact on plant physiology and growth regulation (Rasool et 

al., 2019a; Savvas et al., 2008; Signore et al., 2016). Toxicity 

or nutrient-induced deficiency results from excess or deficit 

application of nutrients, and retards the plant growth (Grattan 

& Grieve, 1998). Higher electrical conductivity causes 

nutrient uptake reduction because of increased osmotic 

potential of the nutrient solution which results in high 

discharge of nutrients into environment (Javed et al., 2018; 

Rasool et al., 2019b). Plant health and yield is effected by 

decreasing EC (Samarakoon et al., 2006). Plants having high 

photosynthesis capacity perform well under water stress along 
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This study assessed the response of various water levels and concentration of nutrients on physiological characteristics of 

tomatoes under the greenhouse. The effects of various water levels as well as concentration of nutrients on the physiological 

characteristics of greenhouse tomatoes were discussed. Treatments consisted on five different levels of water based on crop 

evapotranspiration (ETC) as W50%, W75%, W100%, W125% and W150%, and also five different levels of nutrient concentrations 

based on strength of Hoagland solution (X) as N0.5X, N0.75X, N1.0X, N1.5X and N2.0X. The experiment was conducted during the 

Summer-Spring (SS) of 2015 and Fall-Winter (FW) of 2015-16. Deficit irrigation not only decreased photosynthetic rate (Pn), 

stomatal conductance (Gs), and transpiration rate (Tr) of tomato but also down regulated the light-saturated net photosynthetic 

rate (Pn,max) from 6.18% to 11.38% and ε indicating light use efficiency by 5.08% to 6.0% during SS and FW respectively. 

Increase in nutrients, enhanced the daily mean Pn values up to 21.80 and 14.94 µmol (CO2) m2 s-1 at N1.5X during SS and FW, 

respectively. Addition of nutrients more than 1.5X did not significantly improve the photosynthetic performance. No 

significant difference was observed in Pn on 42nd DAT for T6(W125%-N1.0X) and CR(W100%-N1.0X) but reduced significantly at 

subsequent measured days for CR. Considering only leaf gas exchange parameters, CR was found to be the optimal 

combination of water amount and nutrients concentration. Finally, interactive quadratic regression models were developed for 

Pn,max and ε to measure the water and nutrients needs from instantaneous values of Pn,max and ε. Our developed regression 

equations could be solved for momentarily estimation of water and nutrients. 

Keywords: Irrigation, Light Response curve, Light use efficiency, Nutrient concentration, Photosynthetic rate, Tomato. 
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with limiting factors of fertilizer (Flexas et al., 1999; 

Valladares & Pearcy, 1997). There are several studies of 

water and nutrients on plant physiological traits (Makoto & 

Koike, 2007; Tezara et al., 1999). Particularly, the interactive 

effect of water stress and concentrations of nutrient solutions 

on photosynthetic behavior of tomato needs to be 

investigated. 

Therefore, this research was conducted to investigate leaf gas 

exchange behavior and characteristics of photosynthetic light-

response curve in tomato when subjected to different water 

amounts and nutrient solution concentrations (Rasool et al., 

2020). The main aims of this research were to evaluate how 

the excessive and deficit application of water and nutrient 

solution strengths affects leaf photosynthetic response of 

tomato in greenhouse, and to develop regression equations for 

determination of instantaneous water and nutrients 

deficiency. 

 

MATERIALS AND METHODS 

 

Study site: All the experiments were conducted in Spring-

Summer (SS) from March to July, 2015 and Fall-Winter (FW) 

from August to January, 2015-16. The experiment was done 

in a Venlo type greenhouse located at Jiangsu University, 

China. The average greenhouse air temperature was 22.8°C 

and 20.2°C in SS and FW, respectively. The relative humidity 

of the greenhouse was respectively 70.8% and 77.9% in SS 

and FW. The tomato plants were transplanted into plastic pots 

with having dimensions of 25cm in height and 19cm in 

diameter. The pots were filled with perlite substrate used as a 

growing media for the plants. The plant density was fixed at 

3 plants m-2. 

 

Table 1. Experimental design for different treatments in 

SS and FW seasons. 
Treat-

ments 

Treatments 

details 

Water level 

(% of ETC) 

Nutrient 

concentration 

(times of X) 

EC 

(dS m-1) 

T1 W150%-N2.0X 150 2.00 3.87 

T2 W100%-N2.0X 100 2.00 3.87 

T3 W125%-N1.5X 125 1.50 2.90 

T4 W100%-N1.5X 100 1.50 2.90 

T5 W150%-N1.0X 150 1.00 1.94 

T6 W125%-N1.0X 125 1.00 1.94 

CR W100%-N1.0X 100 1.00 1.94 

T7 W75%-N1.0X 75 1.00 1.94 

T8 W50%-N1.0X 50 1.00 1.94 

T9 W100%-N0.75X 100 0.75 1.45 

T10 W75%-N0.75X 75 0.75 1.45 

T11 W100%-N0.5X 100 0.50 0.97 

T12 W50%-N0.5X 50 0.50 0.97 
Notes: N1.0X is taken as control (CR), X=Hoagland solution, ETC= 

Evapotranspiration, W = water, N = nutrient Concentration. 

Treatment Details: Treatments were imposed having five 

different levels of water based on ETC (W50%, W75%, W100%, 

W125% and W150%) and five concentration levels of nutrients 

based on times of Hoagland’s solution strength (N0.5X, N0.75X, 

N1.0X, N1.5X and N2.0X), where X is standard Hoagland strength 

(Table 1). Treatment with 100% replenishment of 

evapotranspiration in root zone by keeping its concentration 

fixed at standard Hoagland solution strength on the base of no 

shortage in inputs (Water and nutrients) was considered as 

control in this experiment (CR). The concentration of nutrient 

solution varied by proportionally increasing all ion 

concentrations relative to its full strength. The full-strength 

nutrient solution had electrical conductivity of 1.94 dSm–1. 

The treatments of water levels and nutrient concentration 

were started on 21th day after transplanting. 

Water balance equation was used to determine crop 

evapotranspiration (Allen et al., 2011). (Equation (1)): 

𝐸𝑇𝑐 = 𝐼 − ∆𝑆 − 𝐷             (1) 

where ETC is crop evapotranspiration, I (L) is amount of 

irrigation, ΔS (L) is the change in water stored in soil or 

substrate and D (L) is drainage. 

Leaf gas-exchange: Leaf gas exchange consisting of leaf 

photosynthesis (Pn), transpiration rate (Tr) and stomatal 

conductance (Gs) were measured using a portable 

photosynthesis system (LI-6400, LI-COR Inc., Lincoln, NE, 

USA). The measurements were done on 42nd, 55th and 71th 

days after transplanting (DAT) during SS and 45th, 57th and 

76th DAT during FW. Each selected date for measurement of 

leaf gas exchange was parallel corresponds to growth stages 

of vegetative, flowering and fruit production. The 

measurements were done in sunny days during the 9:00-11:00 

of local time. Fully matured and healthy leaves were chosen 

for leaf gas exchange measurement. The position of selected 

leaf was kept similar in each plant. Diurnal mean values of Pn, 

Tr and Gs were taken between 07:30 and 19:30 during the 

selected dates for measurement. 

Pn-PAR response curves: Pn-PAR response curves of tomato 

plants were obtained on the same time as of previous 

measurements. A red-blue LED light source (6400-02B) was 

used in LI-6400 portable photosynthesis system. Response 

curves were drawn at PAR values of 2200; 1800; 1500; 1000; 

800, 500, 200, 100, 50, 25, and 0 μmol (photon) m-2 s-1 

between 09:00 and 11:00 morning. The obtained curves of Pn-

PAR were fitted by a modified rectangular hyperbolic model. 

Pn = Pn,max × f(
ϵH

Pn,max
)         (2) 

Where Pn,max  stands for the light-saturated maximum leaf 

photosynthesis rate; the term εH/Pn,max is dimensionless and ϵ 

for the initial light use efficiency and H for light absorbed 

radiation per leaf area. The function value ranges from 0 in 

darkness to 1 at saturating light intensities, when the 

maximum rate of photosynthesis Pn,max is reached. 

Leaf water potential measurement: Midday leaf water 

potential was measured from the second fully expanded upper 
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canopy leaves using a dew point micro voltmeter in a C-52-

SF universal sample room (Psypro, Wescor, USA). The 

measurement was done during 11:00 to 13:00. at the 42nd and 

71st DAT. 

Statistical Analysis: Data was subjected to analysis of 

variance (ANOVA) procedures using SPSS 16 (SPSS Inc., 

Chicago, IL, USA) to study the combined irrigation levels 

effects and nutrient levels of every treatment. Least 

significant difference test (LSD) was used to compare growth 

parameters and plant physiological characteristics at an 

important level of p < 0.05 among treatments. 

 

RESULTS AND DISCUSSION 

 

Leaf photosynthetic rate (Pn): The ANOVA conducted 

within all treatments in both seasons clearly highlighted the 

effect of deficit water and nutrient concentrations on Pn, Gs, 

and Tr (Table 2 and Table 3). Among five irrigation 

Table 2. Photosynthetic rate (Pn), stomatal conductance (Gs), and transpiration rate (Tr) in the different treatments 

during SS taken at 42nd and 71st DAT. 

Treatments Pn (µmol (CO2 ) m2 s-1) Gs (mol (H2O) m-2 s-1) Tr (mmol (H2O) m−2 s−1) 

42nd DAT 71st DAT 42nd DAT 71st DAT 42nd DAT 71st DAT 

T1 13.09fg 16.34d 0.230f 0.333e 5.21c 6.64c 
T2 12.64h 09.78h 0.221f 0.101j 4.98c 3.40g 
T3 16.33a 21.80a 0.321a 0.620a 6.63a 8.19a 
T4 14.53bc 13.27g 0.244e 0.126i 5.84b 4.04f 
T5 15.87a 22.47a 0.305b 0.570b 6.45ab 8.45a 
T6 15.23ab 21.14ab 0.270c 0.380d 6.00b 7.88ab 
CR 14.72bc 18.43c 0.260d 0.455c 5.99b 7.44b 
T7 13.44ef 12.09f 0.50de 0.190h 5.98b 05.14e 
T8   9.66i 05.30i 0.140h 0.060k 2.60e 01.67h 
T9 14.18cd 16.58d 0.250de 0.270f 6.00b 6.09cd 
T10 12.04gh 9.23g 0.170g 0.126i 5.06c 04.06f 
T11 13.90de 14.22e 0.242e 0.240g 5.17c 05.93d 
T12 006.83j 04.45i 0.125i 0.057k 3.95d 01.13h 
W * ** ** *** NS ** 
N * *** ** *** * ** 
W*N ** *** *** *** ** *** 
Note: Values within the same columns followed with different letters are significantly different at p < 0.05 according to LSD test. NS; 
not significant, *; significant at p ≤ 0.05, **; significant at p ≤ 0.01 and ***; significant at p ≤ 0.001 between the treatments. 
 

Table 3. Photosynthetic rate (Pn), stomatal conductance (Gs), and transpiration rate (Tr) in the different treatments 

during FW taken at 45th and 76th DAT. 

Treatments Pn (µmol (CO2 ) m2 s-1) Gs (mol (H2O) m-2 s-1) Tr (mmol (H2O) m−2 s−1) 

45th DAT 76th DAT 45th DAT 76th DAT 45th DAT 76th DAT 

T1 10.82ab 12.64c 0.232e 0.447e 5.44abc 4.96c 
T2 9.28cd 6.19f 0.218f 0.216i 5.13abc 3.17def 
T3 11.78a 13.29bc 0.369b 0.514c 6.08a 5.18bc 
T4 9.42cd 9.10d 0.219f 0.328f 5.14abc 4.24cd 
T5 10.56ab 14.94a 0.287c 0.577a 5.84abc 6.23a 
T6 11.93a 14.06ab 0.378a 0.559b 5.96ab 6.05ab 
CR 10.81ab 12.46c 0.293c 0.474d 5.83abc 5.09bc 
T7 8.89cd 7.39e 0.234de 0.283g 4.81bc 3.54de 
T8 5.99f 4.57g 0.168h 0.152j 2.66d 2.78ef 
T9 9.78bcd 9.07d 0.242d 0.324f 5.27abc 4.12cd 
T10 7.56e 6.93ef 0.198g 0.212i 4.67c 3.27def 
T11 8.64de 7.34e 0.221f 0.227h 5.02abc 3.34de 
T12 4.67g 3.41h 0.094i 0.680k 2.11d 2.21f 
W * ** ** *** * ** 
N ** *** * ** NS * 
W*N * *** *** *** * ** 
Note: Values within the same columns followed with different letters are significantly different at p < 0.05 according to LSD test. NS; 
not significant, *; significant at p ≤ 0.05, **; significant at p ≤ 0.01 and ***; significant at p ≤ 0.001 between the treatments. 
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treatments, there was no significant difference found in 

photosynthesis rate between controlled water treatment (CR) 

and treatments under excessive irrigation when measured on 

42nd and 71st DAT during SS and, 45th and 76th during FW. 

Compared to CR, Pn was decreased in water deficit treatments 

by 8.69% and 34.37% in T7 and T8, respectively. In general, 

photosynthesis rate increased along with growth stage of 

tomato except T7 and T8. 

By taking the effect of nutrient concentrations on 

photosynthesis rate, the treatments provided with the higher 

nutrient solution concentrations resulted in a reduction in 

photosynthesis rate during both the seasons at first 

measurement. This decrease in photosynthesis with increase 

in nutrients concentrations was 1.29% in T4(W100%-N1.5x) and 

14.15 in T2(W100%-N2.0x) in SS. Similarly, when 

photosynthesis was measured at 71st DAT, the photosynthesis 

rate was decreased by 27.99% in T4 and 46.93% in T2 as 

compared to CR. Upon reduction in nutrient concentrations 

(up to 75% decrease in Hoagland’s strength), there was 

insignificant decrease in photosynthesis but further decrease 

in nutrient concentration caused significant reduction in 

photosynthesis rate. 

When water and nutrient concentrations were applied in 

excess or deficit concurrently, the highest values of Pn with 

water application of 125% of ETC and nutrient concentration 

level of 1.5X but further increase in both inputs could not 

increase photosynthetic parameters when compared to 

control. 

Photosynthesis is influenced by many environmental factors, 

such as atmospheric CO2 concentration, light incidence, 

nitrogen and water availability (De Souza et al., 2008; 

Koonjah et al., 2006; Sun et al., 2016). In the present study, 

no difference was observed in photosynthesis (Pn), 

transpiration rate and stomatal conductivity in treatment with 

excess water application compared to control which showed 

that there is nothing benefit of excessive water. On the other 

hand, it can cause excessive leach down from root zone 

contributing nutrients loss. 

Crop development depends on the photosynthetic activities of 

crop which are negatively affected by water stress and 

nutrient deficiency (Chen et al., 2017). Under standard 

Hoagland’s strength and a decrease in irrigation amount, the 

photosynthetic rates fell in tomato. At standard Hoagland’s 

strength and with 75% and 50% irrigation water, the 

photosynthetic rate of tomato was reduced by 8.69%, to 

34.37% on 42nd DAT and 34.41% to 71.24% on 71st DAT 

compared to that of 100% water application treatment in SS. 

However, the photosynthetic rate of tomato fell by 17.176% 

to 44.58% on 45th DAT and 40.69% to 63.32% on 76th DAT 

under the same conditions in FW, showing a greater the 

decrease in irrigation amount, more the fall in photosynthesis 

rate. The deficiency of water limited net photosynthetic rate 

occurred due to stomatal closure. Stomatal opening and 

closing are considered as response to short term drought stress 

(Rahdari et al., 2012). Photosynthetic activity becomes 

reduced under deficit water due to stomata closure which 

decreases carboxylation efficiency and inhibit the mechanism 

of light reaction (Mudrik et al., 2003).  

However, the maximum values of photosynthesis rate are 

lower in FW than in SS, showing that this difference might be 

due to decrease in light intensity in FW as compared to 

control. These findings demonstrate that the photosynthetic 

processes are differently affected by these stresses. 

Leaf transpiration rate (Tr): Under standard Hoagland’s 

strength, no significant difference was found in transpiration 

rate except T8 (W50%-N1.0x) which showed significant 

reduction in transpiration rate on 42nd DAT. Similarly, by 

considering the effect of water treatments on Tr, only T8 

showed significant reduction in transpiration on 42nd DAT but 

at 71st DAT, both water deficit treatments T7 (W75%-N1.0x) and 

T8 (W50%-N1.0x) caused significant reduction in transpiration 

rate during SS season (Table 2). Treatments with excess 

irrigation showed significant increase in transpiration 

compared to control during SS and FW. 

Under concurrently changes in irrigation and nutrient 

concentrations, T3 (W125%-N1.5x) showed highest Tr without 

being affected by measuring day after transplantation. Further 

application of both inputs could not increase the Tr, while 

application of both inputs in deficit amount caused reduction 

in transpiration rate compared to CR in SS and FW seasons 

(Table 2 & 3). 

Leaf stomatal conductance (Gs): Significant difference was 

found in Gs when measured at 42nd DAT and 71st DAT except 

T7 and CR on 42nd DAT (Table 2). When both inputs (water 

and nutrients) were applied in deficit, Gs dropped markedly 

than that obtained with the CR. However, all photosynthetic 

parameters were increased with growth stage under excessive 

application of water and nutrients but these parameters 

showed redundancy under deficit application of water and 

nutrients concurrently. These findings demonstrated that the 

photosynthetic processes were affected differently by these 

stress factors. Similar results were found when Pn, Gs and Tr 

were considered during FW growth of tomato (Table 3). 

However, the overall values of photosynthetic parameters 

were lower than resulted during SS growth. This reduction in 

overall values might be due to decrease in light intensity. 

Diurnal Changes of Photosynthesis rate: Photosynthesis is 

the basis of crop yield formation. Water deficit or high 

nutrient concentration had significant effect on 

photosynthetic rate of tomato. Fig. 1 and Fig. 2 show diurnal 

variation of photosynthetic rate of tomato under different 

nutrient concentrations and water conditions at 55th DAT in 

SS and 57th DAT in FW. The diurnal variation of 

photosynthetic rate showed a single peak, and the changing 

trend was similar. In the early morning, the solar radiation was 

weak, the temperature was low, the air relative humidity was 

high, and the photosynthetic rate was small. With the gradual 

increase in solar radiation, the temperature and the 
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photosynthetic rate was increased gradually, and reached the 

peak at 12:00. While, in afternoon, with the decrease in light 

intensity and temperature, the photosynthetic rate decreased 

gradually. The nutrient deficit did not seriously affect the 

photosynthesis of leaves, when irrigation kept at 100% of ETC 

replacement during SS but they showed quick fall in 

photosynthetic rate in early afternoon (Fig.1a). High 

concentration of nutrients also resulted in decline of 

photosynthesis rate compared with CR however it showed 

positive results with highest photosynthesis rate when 

accompanied with over-irrigation. Tomato leaf 

photosynthetic rate was seriously affected by water deficiency 

or combined deficiency of water and nutrients (Fig.1b and 

Fig.2b). Water deficit treatments showed peak values 11:30 

a.m., earlier than CR. Photosynthetic rate curves were 

relatively flat during FW (Fig. 2) than SS (Fig. 1). 

Throughout the whole growth period, the photosynthetic rate 

of tomato leaves was increased up to fruit development stage 

afterwards it started to decline, which is mainly caused by age 

of leaves. 

Considering leaf gas exchange parameters, significant 

reductions were found in transpiration rate and stomatal 

conductance when observed at treatments with water deficit 

throughout the cropping season. However, there was no 

significant difference in Pn, Tr and Gs under treatments with 

excess water application (T5 and T6). From the diurnal curves 

of photosynthesis in all treatments, the significantly higher 

photosynthesis rates were noted in plants with higher 

concentration of the nutrients solution when combined 

excessive irrigation. It could be due to removal of salts along 

with leachate that prevented the root zone from salt 

accumulation. 

Linking the leaf gas exchange parameters to yield and water 

use efficiency, T6(W125%-N1.0X) and CR(W100%-N1.0X) 

treatments had no significant difference. The highest water 

use efficiency was found in T7(W75%-N1.0X) during both 

seasons (Chen et al., 2019; Hanping et al., 2017), which 

proved that the optimal range for irrigation is from 75% to 

100% of ETC and nutrients concentration at standard 

Hoagland Strength(X). Reduction in leaf photosynthesis 

results in low assimilation products (Niinemets, 2007). In this 

work, a significant decrease was found in Pn and Tr at low and 

high EC treatments as compared to control treatment. The 

possible reason for this decrease might be due to salinity 

stress occurred at higher concentration and nutrient-induced 

deficiency at lower concentration of nutrients (Gorbe & 

Calatayud, 2010). 

 
a. Varied Nutrients Concentration      b. Varied irrigation levels               c. Coupled variation 

Figure 1. Effect nutrients and irrigation levels on tomato photosynthesis during SS. 

 

 
a. Varied Nutrients Concentration           b. Varied irrigation levels               c. Coupled variation 

Figure 2. Effect nutrients and irrigation levels on tomato photosynthesis during FW. 

 



Ullah, Hanping, Shabbir, Ullah, Jabran, Javed, Buttar & Azeem 

 604 

Pn-PAR Response Curves: The photosynthetic light response 

curves were obtained on 57th DAT for tomato plants (Fig. 3). 

The parameters of photosynthetic response curves, maximum 

photosynthetic rate (Pn,max), initial slope (ε), as affected by 

various treatments during SS and FW are presented in 

Table 4. Taking into account the effect of nutrients 

concentration, the maximum photosynthetic rate increased 

with increase in nutrients solution concentration up to 

T4(W100%-N1.5x) while further increase in concentration 

caused reduction in photosynthetic rate. 

The lower initial slope observed in the highest nutrient 

concentration in T2 (W100%-N2.0x). indicated the lower 

efficiency of photosynthesis under low light conditions. 

Similarly, considering the slope parameter of the light-

response curve showed decrease beyond nutrient 

concentration of 1.5X but maximum slope was found in T7 

(W75%-N1.0x). There was increase in P𝑛,max  or ε when the 

irrigation was higher than control treatment while deficit 

irrigation caused severe reduction in maximum 

photosynthetic rate (P𝑛,max) along with initials slope (ε). 

 
Figure 3. Pn-PAR response curves for tomato grown under different irrigation amount (a & b), nutrients 

concentration (c & d) and their combined effect (e & f) for SS and FW. 
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Table 4. Effects of nutrients concentration, irrigation 

amount and their combination on maximum 

photosynthetic rate, initial slope of Pn-PAR 

response curves of tomato plants on 57th DAT. 

Treatments SS leaf water 

potential 

FW leaf water 

potential 

Pn,max ε Pn,max ε 

N     

T2 (W100%-N2.0X) 16.78 0.050 16.45 0.050 

T4 (W100%-N1.5X) 21.77 0.060 16.65 0.053 

CR (W100%-N1.0X) 20.23 0.059 16.34 0.050 

T9 (W100%-N0.75X) 18.98 0.056 14.48 0.047 

T11 (W100%-N0.5X) 15.18 0.053 11.57 0.045 

W     

T5 (W150%-N1.0X) 20.29 0.077 16.37 0.051 

T6 (W125%-N1.0X) 20.28 0.077 16.38 0.051 

CR (W100%-N1.0X) 20.23 0.059 16.34 0.050 

T7 (W75%-N1.0X) 16.21 0.043 13.19 0.044 

T8 (W50%-N1.0X) 13.68 0.040 8.54 0.033 

W*N     

T1 (W150%-N2.0X) 21.53 0.075 16.94 0.052 

T3 (W125%-N1.5X) 22.88 0.080 17.37 0.055 

CR (W100%-N1.0X) 20.23 0.059 16.34 0.050 

T10 (W75%-N0.75X) 14.12 0.043 10.68 0.039 

T12 (W50%-N0.5X) 11.68 0.040  6.96 0.030 
Note: DAT = days after transplanting, CR = control, W = water, N 

= nutrient concentration). 

 

Leaf Water Potential: To determine the effect of irrigation 

and nutrient concentration, leaf water potential of midday was 

observed on 42nd and 71st DAT and 45th and 76th DAT in SS 

and FW (Table 5). Considering the effect of irrigation by 

keeping the nutrients at control level, significant decrease was 

observed in leaf water potential on 42nd and 71st DAT under 

deficit irrigation. Similar trend was observed in FW where 

leaf water potential was decreased significantly at lower 

irrigation of 75% of ETC and 50% of ETC.  

Similarly, by keeping the water amount at 100% of ETC, 

control treatment resulted in high leaf water potential and 

showed significant decrease in water potential either by 

increasing nutrient concentration or by decreasing 

concentration from the standard Hoagland solution except T9 

which showed non-significant decrease as compared to 

control when nutrients concentration was applied in 75% of 

the CR up to 42nd DAT. But when leaf water potential 

measured on 71st DAT, it decreased significantly in T9 

(W100%-N0.75x) as compared to control.  

Considering irrigation effect and nutrient concurrently, the 

percent decrease in leaf water potential was higher by 

decreasing both factors. Hence the decrease in irrigation level 

was found to be a dominant factor in affecting the leaf water 

potential as compared to nutrients supplied in increased or 

decreased concentration. 

Similar trend was found during FW season however leaf 

water status remained little higher when compared to SS crop. 

This might be possible due to more transpiration rate in 

summer due to higher weather conditions which makes the 

plant susceptible to water stress due to imbalance between 

transpiration rate and root water absorption from the 

substrate. 

As the salts within the plant tissues increase, Leaf water 

potential decreases and affects the opening and closing of 

stomata. In the present study highest level of nutrients 

concentration caused reduction in leaf water potential. This is 

in return causes imbalance in gas exchange and disturbs the 

photosynthetic activity (Chaitanya et al., 2003), ultimately 

affecting the plant growth and development. At that point, 

there was a negative relationship found between plant growth 

and high nutrients concentration, in which the salts’ 

accumulation in leaves directly affected leaf water potential 

by decreasing the water contents of leaves (Clausen et al., 

2005; de Oliveira et al., 2013). However, lowest leaf water 

potential values were recorded in plants when these were 

subjected to water stress as consistent with findings of other 

researchers (Allakhverdiev et al., 2000). 

 

Table 5. Effect of irrigation amount and nutrient 

concentration levels on leaf water potential (Ψ) in 

SS and FW grown tomatoes. 

Treat-

ments 

SS leaf water potential FW leaf water potential 

42nd DAT 71st DAT 45th DAT 76th DAT 

T1 -1.33e -1.56d -0.54c -0.61c 

T2 -1.66h -1.99g -1.33g -1.34g 

T3 -1.08d -1.45c -0.77d -0.77d 

T4 -1.55g -1.75e -0.93e -1.09f 

T5 -0.89a -0.90a -0.38a -0.41a 

T6 -0.93ab -1.02ab -0.43ab -0.44a 

CR -0.99bc -1.17b -0.47b -0.51b 

T7 -1.47f -2.03g -1.66h -1.66h 

T8 -2.54j -3.37j -1.83i -1.85i 

T9 -1.05cd -1.84f -0.50bc -0.75d 

T10 -2.32j -2.40h -0.92e -0.92e 

T11 -1.31e -2.07g -1.13f -1.12f 

T12 -2.78k -3.10i -2.70j -2.70j 

W * *** ** *** 

N ** ** ** ** 

W*N ** *** ** ** 
Note: Values within the same columns followed with different letters 

are significantly different at p < 0.05 according to LSD test. NS; not 

significant, *; significant at p ≤ 0.05, **; significant at p ≤ 0.01 and 

***; significant at p ≤ 0.001 between the treatments. 

 

Regression Equations for Water-Nutrient estimation based 

on photosynthetic light response curve parameters: In order 

to understand the interaction between Pn,max and input factors 

i.e., water and nutrients concentration, the statistical models 

were developed for both seasons as; 
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SS interactive multiple element regression model: 

Pn,max = -2.8426+10.6618N-3.5576N²+0.2189W 

-0.00074W²+0.0045NW     (3) 

ε = 0.0102+0.0248N-0.008N²+0.0002W 

+6.22×10-07 W²+8.53×10-06 NW      (4) 

FW interactive multiple element regression model; 

Pn,max = -10.9783+11.3288N-2.8694N²+0.295W 

-0.001W²-0.0163NW      (5) 

ε = -0.01149+0.0075N-0.0012N²+0.0009W 

-3.75×10-06 W²+0.00001NW      (6) 

From the developed model in equation (3) to (6), it was found 

that water and nutrient had positive effect on Pn,max up to a 

certain level of water and nutrients concentration above CR 

when applied in individual by keeping the other factor fixed 

at controlled level in SS. Considering the interactive effective, 

there was positive interaction of water and nutrients 

concentration for the value of Pn,max as shown in Equation (3) 

in SS. Similar trend was found in interaction of water and 

nutrients concentration for ε values as shown in Equation (4) 

and (6) in SS and FW. However, interaction showed non-

significant decrease upon interactive term as shown in 

equation (5) in FW. The reason may be high humidity and low 

level of radiation in FW. Model evaluation can be done by 

inserting the values of Pn,max and ε in equations (3) to (6) to 

solve for the values of water and nutrient presence or 

deficiency in the root zone. The values of R2 and Root Mean 

Square errors of statistical developed models (Equations 3 to 

6) are shown in Table 6. 

 

Table 6. Summary of SS and FW Quadratic interactive 

model 

  Pn,max   ε 

Season R2 Root MSE Season R2 Root MSE 

SS 0.905 1.205 SS 0.867 0.006 

FW 0.941 0.957 FW 0.949 0.002 

 

The values of Pn,max and ε represents the momentarily 

estimation of leaf gas exchange characteristics. The 

measurements could be helpful to assess water and nutrients 

status through momentarily physiological observation 

affecting the plant growth. Our developed regression model 

showed synergistic trend of water amount and nutrients 

concentration on Pn,max and ε, whose values first increased and 

then decreased with increasing nutrients concentration under 

a water applied at 100% of ETC. 

The absorption of nitrogen and other nutrient elements by 

crops depends on environmental conditions and nutrient 

availability. In the present study, T9 (W100%-N0.75x) and T11 

(W100%-N0.5x) belongs to the deficiency of nutrient supply, so 

the photosynthetic rate and the initial light utilization rate (ε) 

of T9 and T11 leaves were significantly lower than those of CR 

(W100%-N1.0x). The photosynthesis rate and Initial utilization 

of light values in T2 and T4 showed reduction in values at 

100% water application while there was insignificant 

difference when applied with excessive water application 

which showed that excessive nutrient highest nutrients 

concentration was affected by salt accumulation in root zone 

and caused reduction in water uptake and nutrients uptakes. 

 

Conclusion: This study determined the individual and 

combined effects of irrigation and fertilization on 

photosynthesis rate, transpiration rate and stomata 

conductance of tomato. Water stress caused significant 

reduction in photosynthesis of 71.24% and 63.23% during SS 

and FW on 71st DAT. While, nutrients concentration showed 

significant reduction at high and low concentration. 

Compared to its control, high nutrient concentration caused 

reduction in photosynthesis of 46.93% during SS and 50.32% 

during FW. Similarly, the low nutrient concentration 

decreased photosynthesis of 22.84% during SS and 40.09% 

during FW when measured on 71st DAT. Photosynthesis 

showed positive results with increase in nutrient 

concentration up to 1.5X while further increase up to 2.0X 

caused reduction in all photosynthetic parameters. 

Photosynthesis was found to be the highest in all 

photosynthesis parameters when irrigation water and 

nutrients were supplied at 125 of ETC and 1.5X. Our 

developed quadratic regression model showed positive effects 

on interaction of water amount and nutrients concentration for 

Pn,max in SS and ε in FW, respectively. This concluded that 

nutrient concentration above CR (1.94 dSm-1) increased the 

Pn,max and ε values but caused reduction when its amount 

increased to double concentration of the CR. However, this 

combination of water and irrigation may not be economically 

feasible due to increasing cost and risk of environment 

pollution due to leachate. Hence CR(W100%-N1.0x) could be 

optimal irrigation and nutrients concertation level considering 

leaf gas exchange parameters. Transpiration could be reduced 

by decreasing Irrigation level up to 75% of ETC to improve 

water use efficiency. Although, physiological characteristics 

determine the growth of tomato plants but to achieve the 

ultimate goal of yield and to increase the water use efficiency, 

precise estimation of water and diurnal variation of 

transpiration under different levels of irrigation is needed. 
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