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ABSTRACT

The study was investigated the effect of water and fertilizer application in greenhouse tomato growth index, yield and quality of production using intelligent drip system. The aim was to achieve improve tomato yield with minimum water and fertilizer application. A randomized block design was used in ten treatments including control (CK) consisting four levels each of water field capacity (%FC) and Urea-Potash (kg ha-1) combination. Data obtained was analyzed by general linear model (Univariate) and developed a regression model for tomato yield. The results showed that, the highest yield was 103.16 t ha-1 in T8 significantly influenced by treatment, which is found 2% greater compared to the CK (100.92 t ha-1). The highest leaf area index (5.21) were obtained with treatment T7 produced the improve yield. The highest fruit weight (288.77 g fruit-1) and fruit diameter (85.33 mm) obtained with treatment T2 had no significant influence the tomato yield. The model delivered a paramount prediction (r2 = 0.82) of tomato yield. In conclusion, results showed the intelligent drip system can be used to minimize inputs for improve greenhouse tomato production.
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INTRODUCTION
Nowadays, agricultural production is geared by enormous food and nutritional demand. As agricultural production is a function of various input and management services, thus application of technological support has improve the production significantly. Tomato (Solanum Lycopersicum) is a worldwide popular and valuable vegetable for its taste and dietary values. Greenhouse tomato has become major vegetables for the areas of long winter and extreme hot weather, which could meet up the year-round demand through its high yielding potential and economic benefit (Chen et al., 2013). Presently in rapid climate changing world as demand is increasing greenhouse production with technological support is significantly growing (Mamun Hossain et al., 2018). Therefore, it is immense important to develop a greenhouse tomato production system using intelligent irrigation system that could be attain improve tomato yield. 
This days, most of the researchers, growers and customer’s satisfaction are focused on high yield and good quality product. Many studies undertaken in greenhouse tomato put emphasis on growth index (Patanè et al., 2011; Alaoui et al., 2014), yield (Luvai et al., 2014; Buttaro et al., 2015) and quality (Chen et al., 2013; Alaoui et al., 2015) of tomato fruits. Like other crops, irrigation has vital action influencing tomato yield. Tomato cultivation by excess irrigation resulted water logging, water losses and creating salinity which effects on yield and quality. Excess irrigation cannot benefited due to inadequate yield with lack of quality and high cost of water application. On the other hand, the demand of water has been consistently increasing in areas other than agriculture which becoming at the cost of yield production. To accommodate the demand of increasing world population agriculture is expected to improve its water utilization to meet extra 67% food production from 2000 to 2030 year, in which water usage need to be increase 14% (Mahajan & Singh, 2006). This situation urges use of water saving methods for manage extra demand. 
On the contrary, drip irrigation method became inefficient due to various arduous and time consuming process. Currently this method is being used broadly for crop production both in field and greenhouses condition (Du et al., 2008). Over time, people are moving towards more efficient and sophisticated management process. Various methods have been used to accomplish water savings application in crops such tomato, which ranges from fundamental ones to more technically advanced methods. Yet, many researchers have made drip irrigation scheduling based on crop water requirements (Biswas et al., 2016), crop water stress index using tensiometer (Buttaro et al., 2015), evaporation pan method (Senyigit et al., 2011) etc. However, it is necessary to determine how much water is required to irrigate and when to irrigate for specific crops using weather and crop related parameters, thus strenuous. However, implementation and decision making calculation of these irrigation scheduling actually for farmers are not practicable. In this regards, scientists are changing their traditional thinking of irrigation scheduling with an advance technological tactics. Which are sensor-based automatic system based on soil moisture content at specific time with specific duration under pressurized way. 
Although, various studies were carried out in the field condition (Kishore & Chaitanya, 2014; Appasaheb et al., 2015) for different crops using intelligent drip irrigation method. Still then, the authors are unaware about this intelligent practice in greenhouse tomato production. Moreover, some authors practiced tomato cultivation either by applying simple nitrogen or nitrogen and phosphate or with plane NPK using non-intelligent irrigation practice (Alagha  & Sangodoyin, 2013; Zhai et al., 2015). However, the water and fertilizer application under intelligent drip system for greenhouse tomato production is remain unnoticed. Therefore, the aim of the research was to achieve improve yield and quality of tomato with different water and appropriate fertilizer (N, K) combination into greenhouse condition by intelligent drip system. 
2. MATERIAL AND METHODS
2.1. Experimental site
The experiment was conducted in a greenhouse of Water Conservancy Research Institute, Liaoning Province, China during February-July, 2017. The location of the institute is 123° 31′ East longitude and 42° 09′ North latitude. The area has a temperate continental monsoon climate with short warm rainy summer, long cold winter with snow and short windy spring. The temperature has declining trend from early November and coldest in December through February and then it goes up from April. The annual mean temperature is 6.63 0C. Annual total precipitation and average relative humidity are 507.23 mm and 67.43%, respectively. The yearly sunshine duration is between 2520 to 2750 hours and sunshine duration percentage is 60.1%. The soil type inside the greenhouse is clay-loam with 24% water field capacity and 1.65 g/cm3 bulk density. 
The greenhouse used for the experiment was a single-slope, energy-efficient modern solar greenhouse. The greenhouse was 86 m long, 9.94 m span width and 4.5 m height; covered by 500μm transparent polyethylene film and equipped without heating and ventilation system. The tomato growth is correlated with greenhouse’s microclimate in which average temperature and humidity of entire cropping period was 21.22 0C and 69.96% respectively. The monthly average meteorological information was measured from automatic weather station located at the center of greenhouse presented in Table 1.  
2.2. Experimental design
To find the effect of water and fertilizer application on tomato growth index, yield and quality, the experiment was conducted based on Randomized Block Design with two factors: irrigation and fertilizer (Urea & Potash). Irrigation was initiated at four different level of water field capacity (%FC): W1 (65%), W2 (75%), W3 (85%) and W4 (100%). The Urea (N) and Potash (K) application by mixing with irrigation water was also designed at three different levels: N1-245 & K1-490, N2-350 & K2-700 and N3-455 & K3-910 kg ha-1. The control (CK) was designed from local farmer practice (100% water with @60 kg ha-1 urea and @100 kg ha-1 potash as noticed by Qi et al. (2008). Therefore, total ten treatments including CK were designed as follows: T1-W1N1K1, T2-W1N2K2, T3-W1N3K3, T4-W2N1K2, T5-W2N2K3, T6-W2N3K1, T7-W3N1K3, T8-W3N2K1, T9-W3N3K2 and CK-W4N60K100. The treatments were designed with five replications each of 7 m long and 1.5 m wide plot in total was 52.5 m2 areas. The distance between two adjacent plots was 0.3 m. All replications were covered by 0.004 mm thin black plastic mulch to reduce evaporation losses. The details of experimental layout are depicted in Figure 1. 
2.3. Description of experimental intelligent drip system
The irrigation method was used an intelligent drip system developed by ‘Witu High-tech Corporation’ China based on wireless network sensors from root zone to automated water pump via control station. The components of this system are main control box, data acquisition box, computer with control software, wireless transmission equipment, water meter, solenoid valve and electromagnetic sensor. The data acquisition boxes monitored and collect soil moisture content and temperature data by attached sensors which transfer data through wireless network transmission system. The system automatically analyze data, calculates water requirements and then a command is send to the main control box which activates sensor to operate the pump. For achieving different irrigation level in different plot, drip tape connected with a separate pvc sub-line with water meter and solenoid valve to the main pvc line. After achieving irrigation up to the target was set, solenoid valve automatically closed which corresponds to the water pump. The main lateral pvc pipe of 32 mm outer and 25 mm inner diameter was used for water delivery from water tank to dripping tape. The dripping tape 0.2 mm thick polyethylene type with 16 mm outer diameter was laid on the center of each plot. The dripping tape was made water drop spacing at 0.3 m and dripping flow capacity was 1.38 l hr-1 with 0.1 MPa bearing capacity.  
2.4. Agronomic management
The tomato is a local variety (Ao-Te-You) was planted on 26 February using two rows in each plot as shown in Figure 2. Each plot stage width and stage height was 1.2 m and 0.15 m respectively. The row spacing of tomato plant was 0.6 m and plant to plant distance maintained at 0.4 m. The adjacent distance between an individual plant and emitting point of water-dripping tape was set as 0.3 m. Each row contains 17 plants, which makes a total number of 34 transplanted plants per plot. Soil was properly tilled and beds were raised to required height before transplanting seedlings. During land preparation and ridges formation, two types of base fertilizer were applied equally in all treatments: (i) Organic manure-@300 kg ha-1 and (ii) Potassium dihydrogen phosphate (KH2PO4)-@316 kg ha-1 with 52%P content. From plant development stage, fertilizer was applied six times with an equal interval until last harvesting period by mixing with irrigation water according to the experimental design. To ensure maximum plant survival rate at initial stage 0.55 m3 (10.5 mm) of water per plot was applied equally for first month. The tomato was trained for vertical growing only the main branch using rope. Other agronomic management such as: pruning, pest control etc. were applied equally for all treatments.
2.5. Data measurement
2.5.1. Irrigation measurement
Irrigation was scheduled by monitoring soil moisture content (SMC) through the cropping period. The SMC was measured between 10-40 cm soil depths using moisture content probe. The probe contains four ring sensors fixed at 10 cm interval along the inner hub. Concurrently, Gravimetric method was also used to determine SMC at 20 cm soil depth. Both SMC measurements were calibrated and seen to have similar trend, thus irrigation was scheduled based on the SMC at 20 cm soil depth. Similarly Alaoui et al. (2014) reported that, tomato roots were develop better at 10-40 cm soil layer depth. However, the irrigation was estimated by volumetric water content using equation (1) for directed irrigation as flows(Mamun Hossain et al., 2017):     
 ....……………………….. (1)
Where, m, , , ,  and   stand for water requirement (mm), Initial SMC (%FC), measured SMC (%FC), soil layer depth (m), soil bulk density (t/m3) and wetting perimeter (%) respectively. For vegetable crops in drip irrigation system  value was used as 70%. The values of water requirements were converted into m3 for easily read by water meter. 
2.5.2. Estimation of actual evapotranspiration ()
The seasonal actual evapotranspiration () was calculated using equation (2) by monitoring of soil moisture balance technique as follows (Zheng et al., 2013; Chen et al., 2014):  
 ....…………………… (2)
Where,  is actual evapotranspiration (mm); ,, ,  and  stand for amount of water application in tomato cropping period (mm), effective rainfall (mm), soil water storage change (mm) between two consecutive moisture measurement at the same root zone depth, surface runoff (mm) and deep percolation (mm) respectively. In greenhouse there was no rain, so . We also considered no runoff and percolation occurred due to water applied in intelligent-controlled rate. Also consider no contribution from groundwater, because water table is more than 20 m depth in this research area. Therefore, actual  was calculated using equation (3) simply as follows:
 ....……………………..…………… (3)
Where,  and  are amount of water application measured using water meter and changes of soil water storage respectively.
2.5.2. Growth measurement
The tomato growth on the basis of leaf area index (LAI) were measured by selecting 3 cluster points from each plot, in which total 15 measurements from in each treatment. The measurements were taken at 10 days interval using Accu PAR Ceptometer, called Canopy Analyzer (Zhai et al., 2015) LP-80, Decagon Devices, Germany. The measurement started from 10 days after transplanting and lasted up to the next 40 days. The data were taken from digital screen by inserting the Ceptometer’s probe under plants canopy. 
2.5.3. Yield and fruits quality measurement
The tomato fruits harvesting started from 50 days after transplanting. Fruits were harvested from 5 randomly selected 1 (one) m2 area in each treatment at 3-5 days interval. An electronic balance was used to weight the harvested fruits and yield (kg/m2) was determined using equation (4) as follows (Hamza & Almasraf, 2016; Mamun Hossain et al., 2018)
…………… (4)
Finally the cumulative yield values were converted into t ha-1. 
Fruits weight (FW) and diameter (FD), which represent fruits physical quality was determined after harvesting by randomly selected three fruits from each replication. The FW (g) and FD (mm) were determined using electronic balance and Vernier caliper respectively. 
2.5.4. Determination of water use efficiency (WUE)
The water use efficiency express in kg m-3 was determine in terms of fruit yield and volumetric water application using equation (5) as used by many researchers (Chen et al., 2013; Buttaro et al., 2015; Mamun Hossain et al., 2018) as follows:
   ……………………………………….......... (5)
Where, WUE is water use efficiency (kg m-3), Y is fruits yield (kg ha-1) and m is crop water consumption (m3 ha-1). 
2.6. Statistical analyses
To assess the significant effects of different treatments on tomato growth index, yield and fruits quality, data were statistically analyzed by general linear model (Univariate). Difference between means were calculated for significance test by analysis of least significant differences (LSD) test at p = 0.05 level. All statistical processes were administered by IBM-SPSS statistics 19.0 version software. Also regression analysis was carried out to establish a linear model for determine the influence of input variables on yield. Water application, nitrogen and potash were considered as explanatory variables. The purpose of linear model () is to estimate the predict tomato yield in relation with the input variables. Where, Y,,  and  stand for observed yield (t ha-1), constant value, coefficient of variance and independent variables respectively. The model was validated with values within the variables range based on root mean square error (RMSE) and coefficient of determination (r2). 
3. RESULTS 
3.1. Soil temperature, moisture content and evapotranspiration () status
The daily average soil temperature in tomato growing period for 10 and 20 cm soil depth was established a similar trend as shown in Figure 3. The soil temperature fluctuation range was recovered between 18.19 °C to 26.33 °C with an average of 20.55 °C in entire cropping period. This average temperature is placed within the recommended rage of conductive environment for optimum root growth. The results of soil moisture content (SMC) at 20 cm depth for all treatments were seen to increase with irrigation and decreased after water consumption. The actual seasonal evapotranspiration () of tomato for all treatments are given in Table 2. The seasonal  ranged from 66.44 to 200.04 mm corresponding to the different irrigation level increased linearly with the amount of water application as shown in Figure 4. This linearity shown, because of water applied in controlled rate with avoiding runoff, percolation and evaporation losses. Which means most of applied water was consumed as evapotranspiration. The seasonal  was calculated as maximum and minimum for water applied at 100% (CK) and 65% of water field capacity (W1), respectively. The   shows minor variation at same level water application, this could be for plant water uptake variation and soil-water situation of respective treatment. Therefore, the seasonal was increased mainly due to increases of water application.
3.2. Effect of treatments on growth index (LAI)
The effect of treatments on tomato leaf area index (LAI) is given in Table 3. The highest value of LAI was obtained 5.21 with treatment T7 at 40 days after transplanting, which was found 11% greater compared to CK (4.62). The statistical analysis showed that, LAI had significantly influenced by all treatments at 30 (p < 0.001) and 40 (p < 0.05) days after transplanting. At 30 days after transplanting treatment T3, T7 and T8 showed significant difference when compared to other treatments.  
3.3. Effect of treatments on tomato yield 
The effect of treatments on tomato yield is given in Table 4. The highest tomato yield of 103.16 t ha-1 was obtained with treatment T8 while the CK yield (100.92 t ha-1) was found as medium of all the treatments. The highest yield was found 8% and 2% greater compared to lowest (94.65 t ha-1) with T2 and CK yield respectively. Also 15% more water saved with treatment T8 compared to CK. The lowest tomato yield was obtained from treatment T2 which could be due to large difference in irrigation (35% less of FC), thus water deficit. A polynomial relationship showed a fitted functional relation (Y = -0.0005 + 0.1771 + 84.466) of actual seasonal  (mm) and tomato yield (t ha-1) with r2 = 0.84 as shown in Figure 5. This relation indicated that, tomato yield was increased with the increase of irrigation and after increase in certain level the yield was declined, which indicated certain level of deficit irrigation could produce improve yield. The statistical analysis shows significant influence on tomato yield by all treatments (Table 4). Similarly LSD test shows, individual water, N and K application significantly (p < 0.001) influenced on tomato yield. It also indicated that, the yield of T1, T2 and T3 is found significantly difference compared to others treatments. 
3.4. Effect of water use efficiency (WUE)
The effect of treatments on WUE is given in Table 4. The highest WUE of 163.13 kg m-3 was obtained with treatment T3, whereas the lowest 52.88 kg m-3 was recorded with CK.  The WUE of W1 group was found exceptionally high compared to CK and W3 group of treatments. This could be due to deficit (35% and 20%) irrigation, however the yield does not decreased accordingly. The statistical analysis showed that, WUE is significantly different from all treatments except T1 and T2. Also LSD test shows, independently water and urea (N) significantly (p < 0.001) influenced on WUE more precisely than potash (K) application (p < 0.01). Therefore, the WUE increases mainly with increasing deficit water application, however this might not be at the expense of yield.   
3.5. Effect on tomato quality
The fruits physical quality in terms of fruit weight (FW) and diameter (FD) is presented in Table 4.  The highest FW 288.77 g was obtained with treatment T2, while a lowest of 147.97 g was recorded with CK. The highest FW is found 49% greater compared to the CK. The statistical analysis shows the FW for all treatments were perceived to have significantly (p< 0.01) influenced by fertilizer (N, K) application. This could be for fertilizer has additional effects on fruits formation. The LSD test indicated the treatment T2 was found significantly different compared to others.  
The biggest size tomato fruit (FD) was obtained 85.33 mm diameter with treatment T2 (Table 4), while the CK has the smallest fruit size of 67.41 mm. The FD of CK was found 21% less than the biggest size. The statistical analysis indicated that, FD does not significantly influenced by irrigation. However, fertilizer (N, K) application significantly (p < 0.01) influenced FD. The LSD test showed the treatments T2 and T4 was found significantly different compared to others. Though, FW and FD for T2 given highest value, however the total yield was not the highest, which could be for deficit irrigation.  
3.6. Performance of the Model
The regression model (equation, 6) was developed to study the response of water, nitrogen and potash application on tomato yield. 
  …… (6)
Where, Y, X1, X2 and X3 are yield (t/ha), amount of water (mm), urea and potash (kg/ha) application, respectively. In this study, the model estimated the predicting yield values were analyzed statistically significant (p < 0.01), in which the coefficient of determination (r2) and root mean square error (RMSE) is 0.82 and 1.43 respectively. These values indicate the variability of data around the regression line has better degree of relationship among yield, water and fertilizer. The performance of this model in predicting tomato yield was evaluated by validated predicted yield data with observed data. We established a linear relation () for best fitting the model, in which and  is predicted and observed tomato yield (t ha-1) respectively as shown in Fig 6. This relationship indicated a superior model fit (r2 = 0.82) with predicted and observed yield, which could be a close agreement among both values with 82% accuracy. 

4. Discussion
The study shows highest LAI influenced the improve yield. Comparable result noticed by Harmanto et al. (2005) and Shedeed et al. (2009) that, most LAI was recorded 4.8, 3.65 and 3.24 for 75%, 100% and 50% of  with NPK fertilization respectively. Whereas, Hebbar et al. (2004) and Pires et al. (2011) reported highest LAI were 3.12 and 3.66 that produced highest yield which accorded with the present study. In this study, the LAI values were obtained higher than various antecedent research. This could be due to influenced of nutrients uptake rate, long-duration solar radiation and plant species. Moreover, the higher LAI recorded could be because of intelligent-control drip irrigation with fertilization which accorded more benefit to plants growth. 
The result shows an improved tomato yield with 15% deficit fertigation in greenhouse. Numerous studies reported greenhouse tomato yield in different application and environment. Some of them highest value are analogous with this present study as such noticed by Mahajan and Singh (2006), Zhai et al. (2010), Sun et al. (2013), Chen et al. (2014) and Al-Harbi et al. (2015) respectively. The interaction effect of irrigation and fertilizer (N, K) on tomato yield also given in Figure 7. (a, b), which indicated improve yield by appropriate NK combination. In W1 group treatments, the yield shows little difference within the group, this could be the effect of fertilizer combination. In treatments T4, T5 and T6 with same irrigation level in which the T6 with inappropriate urea (N3) and potash (K1) combination gives comparatively low yield than T4 and T5. Likewise Hebbar et al. (2004) reported inappropriate fertilizer combination resulted in decreased tomato yield. Sun et al. (2013) also noticed tomato yield 112.92 t ha-1 for 296 mm drip fertigation, which consisted with present study. In general it was indicated that, water application has more influenced on tomato yield and the degree of influence enhanced by appropriate fertilizer combination. It may be for higher plants nutrients uptakes, which boosted by intelligent control drip system into active root zone without leasing, runoff and percolation losses(Aujla et al., 2007). Therefore, it concluded that, appropriate water and fertilizer combination given improve yield and it could be recommended for greenhouse tomato production. 
The results showed that, WUE was increased in reduction of seasonal evapotranspiration (), which also confirm by many research. Zhai et al. (2010), Chen et al. (2013) and Buttaro et al. (2015) noticed comparable results of WUE for greenhouse tomato production. The treatments with deficit (35% and 20%) irrigation increases the WUE because the yield does not decrease as deficit. This could be due to appropriate combination of fertigation in greenhouse and using plastic mulching constantly hold the FC, which escalates the active root zone.
The result showed better quality tomato fruits in most treatments. The highest FW noticed by Shedeed et al. (2009), Chen et al. (2013), Zheng et al. (2013) and Al-Harbi et al. (2015) are consisted with the present study. However, comparable FD was noticed by Zheng et al. (2013) and Alaoui et al. (2015) which also similar to the present results. The relationships between actual  versus FW & FD and fertilizer (N, K) versus FW & FD also showed distinct influence as depicted in Figure 8 (a,b,c). Which indicated that, deficit irrigation can produced better quality tomato, as the highest FW and FD with treatment T2 was obtained by 35% deficit irrigation (Table 4). This also specified that, tomato fruits size was influenced more by appropriate fertilizer combination.
The regression model showed predicting yield in response of water and fertilizer (N, K) is significantly (p < 0.01) influenced. Several research reported different water-yield models based on evapotranspiration which is comparable with this study (Patanè et al., 2011; Zheng et al., 2013; Chen et al., 2014; Kuscu et al., 2014). However, Sun et al. (Sun et al., 2013) noticed a best fitted (r2 = 0.99) validation result of EU-Rotate N model, which also justify the present model. As this model is a pragmatic model, hence the application maybe delimited to the location and same environmental circumstances. Therefore, the present model could be used as an appropriate predictor to find the improve tomato yield. 
5. CONCLUSIONS
The leaf area index (LAI) significantly influenced by all treatments except 10 and 30 days after transplanting. Little variation of yield was found in between treatments of same irrigation level except T6 and T9. However, highest tomato growth index did not influenced the highest yield. Obviously the yield, fruits weight and diameter significantly influenced by all treatments. And the fertilizer (N, K) application was explicitly influenced on fruits quality. In which the influenced of potash over nitrogen application on fruit physical quality was distinguished. The regression model given the responses of treatments on tomato yield which indicated a better fit (r2 = 0.82) with observed and predicted yield. Although plant growth and fruits size did not affected on highest yield, however yield was satisfied the target comparing with CK. Moreover, the effect of water on yield was more notable. 
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Figure 1. Experimental Layout
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Figure 2. Schematic illustration of plot design (unit in m)















Figure 3. Daily average temperatures (0C) at different depth of greenhouse soil during tomato period  















Figure 4. Relationship between actual evapotranspiration () and amount water application (error bar denotes standard deviation).






















Figure 5. Relationship between seasonal evapotranspiration () with tomato yield; Error bar represents the standard deviation.















Figure 6. Comparison of predicted and observed tomato yield depicted the model validation
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Figure 7. Irrigation () and Fertilizer (a) Urea, (b) Potash interaction effect on tomato yield.






























Figure 8. Relationship between (a) water ()-fruit weight and diameter, (b) fertilizer–FW and (c) fertilizer–FD.
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Table 1. Monthly average micro-climatic status into greenhouse during cropping season

	Month
	Temperature 
(0C)
	Relative humidity, 
RH (%)
	Sunshine duration (hour)

	February
	17.89
	76.27
	8.4

	March 
	20.43
	65.37
	9.3

	April 
	18.63
	74.27
	11.8

	May 
	19.60
	65.84
	14.0

	June
	23.65
	69.81
	14.6

	July
	26.15
	76.53
	14.8





















Table 2. Effect of water application on actual evapotranspiration () of tomato
	Treatments
	   
(mm) †
	 
(mm) †
	 
(mm) †

	T1
	58.10
	8.34±6.78a1
	66.44±6.78a

	T2
	58.21
	18.21±6.44b
	76.42±6.44b

	T3
	58.11
	9.44±7.10a
	67.55±7.10a

	T4
	117.14
	18.78±2.49b
	135.92±2.49d

	T5
	117.12
	5.37±1.31a
	122.49±1.31c

	T6
	117.22
	7.81±6.89a
	125.03±6.89c

	T7
	159.62
	4.77±2.93a
	164.39±2.93e

	T8
	159.65
	4.33±2.20a
	163.98±2.20e

	T9
	159.62
	5.06±4.51a
	164.68±4.51e

	CK 
	190.86
	9.18±2.70a
	200.04±2.70f

	CV (%)
	
	57.82
	36.03

	F-ratio
	-
	5.95
	459.11

	Mean Square
	-
	23.42
	23.43

	p test
	-
	**
	***


1Mean values ± standard deviation. †I, amount of seasonal water application; ∆S, changes of soil water storage; , actual seasonal evapotranspiration; Small letter within columns indicate mean values are significantly different according to LSD (p = 0.05) test. ‘***’ means p < 0.001, ‘**’ means 0.001< p < 0.01. 













Table 3. Effects of treatments on tomato LAI  
	Treatment
	Cropping period/(†D)

	
	10
	20
	30
	40

	T1
	1.79±0.4a1
	2.60±0.3a
	4.29±0.3c
	5.15±0.2a

	T2
	1.97±0.4a
	2.18±0.2a
	3.14±0.1ab
	4.98±0.2a

	T3
	2.13±0.5a
	2.04±0.7a
	2.50±0.3a
	5.00±0.5a

	T4
	1.88±0.3a
	2.25±0.2a
	3.13±0.6ab
	4.78±0.1a

	T5
	1.64±0.3a
	2.34±0.3a
	3.06±0.6ab
	4.41±0.3a

	T6
	1.75±0.1a
	1.88±0.3a
	2.59±0.3ab
	4.07±0.8a

	T7
	2.31±0.7a
	2.77±0.4a
	3.51±0.5abc
	5.21±0.5a

	T8
	1.72±0.7a
	2.55±0.3a
	3.41±0.2abc
	4.10±0.8a

	T9
	1.89±0.4a
	2.86±0.6a
	3.62±0.4bc
	4.50±0.1a

	CK 
	2.10±0.1a
	2.39±0.3a
	3.14±0.3ab
	4.62±0.3a

	Statistical  test

	CV (%)
	10.96
	13.13
	15.89
	8.78

	p(I*N*K)
	0.714ns
	0.092ns
	0.001**
	0.042*

	Mean Square
	0.13
	0.30
	0.79
	0.51

	F-ratio
	0.685
	2.017
	5.331
	2.507


1Mean LAI (m2 m-2) ± Standard deviation; †D = Days after transplanting. Same letter within columns indicate mean values are not significantly different according to LSD (p = 0.05) test; *, **, level of significance at p < 0.05, p < 0.01 respectively; ns, non-significance.









Table 4. Effect of treatments on fruits physical quality, yield and WUE of tomato 
	Treatments
	FW 
(g) †
	FD 
(mm) †
	Yield 
(t ha-1)
	WUE 
(kg m-3) †

	T1
	202.17±63.0ab1
	73.87±9.7ab
	94.67±0.66a
	162.97±1.13h

	T2
	288.77±37.3b
	85.33±4.2b
	94.65±0.98a
	162.92±1.69h

	T3
	229.90±38.4ab
	77.72±6.5ab
	94.77±1.12a
	163.13±1.93i

	T4
	240.20±26.5ab
	82.60±2.6b
	100.25±0.82c
	85.58±0.70f

	T5
	246.67±31.5ab
	82.44±3.7b
	100.62±0.46d
	85.90±0.39g

	T6
	251.50±13.8ab
	81.38±2.2ab
	96.68±0.95b
	82.53±0.82e

	T7
	249.40±79.4ab
	82.15±7.7ab
	102.50±0.62f
	64.21±0.39c

	T8
	225.67±14.6ab
	78.98±2.3ab
	103.16±0.43g
	64.63±0.27d

	T9
	226.67±24.7ab
	78.98±2.3ab
	100.18±1.06c
	62.76±0.66b

	CK 
	147.97±13.3a
	67.41±3.9a
	100.92±0.98e
	52.88±0.51a

	Statistical test 

	CV (%)
	15.95
	6.57
	3.36
	46.21

	pIrrigation (I)
	ns
	ns
	***
	***

	pNitrogen (N)
	**
	**
	***
	***

	pPotash (K)
	**
	***
	***
	**

	pi*N*K interaction
	**
	***
	***
	***

	Mean square
	4412.63
	91.63
	647.84
	1009.09

	F-ratio
	3.42
	5.16
	924.32
	1035.18


1Mean values ± standard deviation; †FW, Fruit weight; FD, Fruit diameter; WUE, water use efficiency. Small letter within columns indicate mean values are significantly different according to LSD (p = 0.05) test; ‘***’ means p < 0.001, ‘**’ means 0.001< p < 0.01, ‘ns’ means p > 0.05. 







Temp (°C) at 10 cm depth	28-Feb	1/3/2016	4/3/2016	5/3/2016	16/3/2016	17/3/2016	21/3/2016	22/3/2016	23/3/2016	24/3/2016	25/3/2016	26/3/2016	27/3/2016	28/3/2016	29/3/2016	30/3/2016	31/3/2016	1/4/2016	2/4/2016	3/4/2016	4-Apr	5/4/2016	6/4/2016	7/4/2016	8/4/2016	9/4/2016	10/4/2016	11/4/2016	12/4/2016	13/4/2016	14/4/2015	15/4/2016	16/4/2016	17/4/2016	18/4/2016	19/4/2016	20/04/2016	21/4/2016	5/5/2016	6/5/2016	7-May	8/5/2016	9/5/2016	13/5/2016	14/5/2016	15/5/2016	16/5/2016	17/5/2016	18/5/2016	19/5/2016	20/5/2016	21/5/2016	22/5/2016	23/5/2016	24/5/2016	25/5/2016	26/5/2016	27/5/2016	28/5/2016	31/5/2016	1-Jun	2/6/2016	3/6/2016	4/6/2016	5/6/2016	6/6/2016	8/6/2016	9/6/2016	10/6/2016	11/06/2016	12/6/2016	13/6/2016	14/6/2016	15/6/2016	16/6/2016	1/7/2016	2/7/2016	3/7/2016	4/7/2016	5/7/2016	6-Jul	7/7/2016	8/7/2016	9/7/2016	13/7/2016	16/7/2016	17/7/2016	18/7/2016	19/7/2016	20/7/2016	18.690000534057599	19.559999465942401	19.129999160766602	21.93	24.879999160766602	23	25.809999465942401	24.439998626708999	23.439998626708999	24.309999465942401	22.5	23.189998626708999	23.689998626708999	23.879999160766602	23.629999160766602	24.594999313354499	22.555832703908301	22.066249370575001	21.241249243418402	21.699165980021199	22.087082703908301	22.485216638316299	22.066521022630798	22.077082713445002	21.943332751591999	21.769165913264001	21.3058326244354	20.602499326070198	19.784999211629199	18.886315195184	19.009166161219301	19.237915992736799	19.237825310748601	18.322083075841299	17.692083199818899	18.0583329995473	18.5769562928573	18.5438458369328	17.309999465942401	17.190000534057599	17.625	17.190000534057599	17.879999160766602	18.059999465942401	17.690000534057599	17.129999160766602	16.309999465942401	18.069297478830499	18.370953360327398	18.988440619339499	19.226690884227601	19.315207044099299	19.293153857185398	18.895659118674399	18.232533488357699	18.202054199328899	18.473177960614699	18.683294411606401	19.052024997381199	19.2295667352323	18.971905492832398	19.390662449102798	19.747898788799102	20.038296379342601	20.242004874489002	20.188498640060502	20.956776894463399	20.8614935762016	20.8645959613462	20.4122700889905	20.107763192388699	20.065905986959201	20.4319331519123	20.609068804317101	20.563025969383499	21.772586186882901	21.7561867899365	22.089561056417299	22.553315650994001	23.080130079618701	23.184138803966999	23.317229537954901	23.367263298564499	23.508136715346701	23.46	23.270226542154901	23.760409045219401	24.975161094786799	26.327379258712899	26.5546657937197	28-Feb	1/3/2016	4/3/2016	5/3/2016	16/3/2016	17/3/2016	21/3/2016	22/3/2016	23/3/2016	24/3/2016	25/3/2016	26/3/2016	27/3/2016	28/3/2016	29/3/2016	30/3/2016	31/3/2016	1/4/2016	2/4/2016	3/4/2016	4-Apr	5/4/2016	6/4/2016	7/4/2016	8/4/2016	9/4/2016	10/4/2016	11/4/2016	12/4/2016	13/4/2016	14/4/2015	15/4/2016	16/4/2016	17/4/2016	18/4/2016	19/4/2016	20/04/2016	21/4/2016	5/5/2016	6/5/2016	7-May	8/5/2016	9/5/2016	13/5/2016	14/5/2016	15/5/2016	16/5/2016	17/5/2016	18/5/2016	19/5/2016	20/5/2016	21/5/2016	22/5/2016	23/5/2016	24/5/2016	25/5/2016	26/5/2016	27/5/2016	28/5/2016	31/5/2016	1-Jun	2/6/2016	3/6/2016	4/6/2016	5/6/2016	6/6/2016	8/6/2016	9/6/2016	10/6/2016	11/06/2016	12/6/2016	13/6/2016	14/6/2016	15/6/2016	16/6/2016	1/7/2016	2/7/2016	3/7/2016	4/7/2016	5/7/2016	6-Jul	7/7/2016	8/7/2016	9/7/2016	13/7/2016	16/7/2016	17/7/2016	18/7/2016	19/7/2016	20/7/2016	Temp (°C) at 20 cm depth	28-Feb	1/3/2016	4/3/2016	5/3/2016	16/3/2016	17/3/2016	21/3/2016	22/3/2016	23/3/2016	24/3/2016	25/3/2016	26/3/2016	27/3/2016	28/3/2016	29/3/2016	30/3/2016	31/3/2016	1/4/2016	2/4/2016	3/4/2016	4-Apr	5/4/2016	6/4/2016	7/4/2016	8/4/2016	9/4/2016	10/4/2016	11/4/2016	12/4/2016	13/4/2016	14/4/2015	15/4/2016	16/4/2016	17/4/2016	18/4/2016	19/4/2016	20/04/2016	21/4/2016	5/5/2016	6/5/2016	7-May	8/5/2016	9/5/2016	13/5/2016	14/5/2016	15/5/2016	16/5/2016	17/5/2016	18/5/2016	19/5/2016	20/5/2016	21/5/2016	22/5/2016	23/5/2016	24/5/2016	25/5/2016	26/5/2016	27/5/2016	28/5/2016	31/5/2016	1-Jun	2/6/2016	3/6/2016	4/6/2016	5/6/2016	6/6/2016	8/6/2016	9/6/2016	10/6/2016	11/06/2016	12/6/2016	13/6/2016	14/6/2016	15/6/2016	16/6/2016	1/7/2016	2/7/2016	3/7/2016	4/7/2016	5/7/2016	6-Jul	7/7/2016	8/7/2016	9/7/2016	13/7/2016	16/7/2016	17/7/2016	18/7/2016	19/7/2016	20/7/2016	18.190000534057599	18.379999160766602	18.75	19.78	23.379999160766602	22.939998626708999	24.059999465942401	24.129999160766602	23.309999465942401	23	22.75	22.75	22.879999160766602	23.559999465942401	23.189998626708999	22.999999046325701	22.577082713445002	22.1645827293396	21.366249243418402	21.3370826244354	21.631249348322601	21.949564560599999	21.891738725745199	21.722082694371501	21.669999281565399	21.592915932337402	21.269165833791099	20.7574992179871	20.154582659403498	19.203157324540001	18.9895826975505	19.141249418258699	19.148694909137198	18.654582977294901	17.883749723434502	17.932916402816801	18.316086727639899	18.492307222806499	17.129999160766602	17.129999160766602	17.344999313354499	17.440000534057599	17.559999465942401	17.559999465942401	17.629999160766602	16.879999160766602	16.690000534057599	17.196127965476499	17.7576717388886	18.395918641600101	18.678075358759799	18.915670841637901	18.901676040017001	18.7156178238533	18.2058672989054	17.999896357388199	18.112829804173501	18.276438264038799	18.629692632652699	18.789414840015599	18.657415006974201	18.881391767828699	19.1873680090563	19.451755285038601	19.634201853490801	19.082220299299401	20.272999795277901	20.296554917759401	20.423285720644699	20.157107016393699	19.7948046049605	19.717818579408899	20.023339676431199	20.129153641514002	20.165275837642699	21.105341868741199	21.165360527568399	21.376830749727201	21.715243363714301	22.139811926417899	22.386871990196699	22.550201303676001	22.6489233561155	22.7610499312912	22.71	22.552499112215902	22.839934714882201	23.714082715246398	24.9231894090575	25.5473620377335	Cropping period 

Temperature (°C)



Actual evapotranspiration (ETa)	ETa = 0.9498I + 15.13
R² = 0.99
6.7815978943018997	6.4402235986027696	7.1004682944155197	2.4898152541905598	1.3102213553441999	6.8908729490536897	2.93253644478632	2.20003409064496	4.5094267928418503	2.6998574036418899	6.7815978943018997	6.4402235986027696	7.1004682944155197	2.4898152541905598	1.3102213553441999	6.8908729490536897	2.93253644478632	2.20003409064496	4.5094267928418503	2.6998574036418899	58.1	58.21	58.11	117.14	117.12	117.22	159.62	159.65	159.62	190.86	66.441999999999993	76.421999999999898	67.554000000000002	135.91999999999999	122.492	125.032	164.38800000000001	163.98	164.68	200.042	Amount of water application (mm)

Estimated ETa (mm)



Yield (t ha-1)	Yield = -0.0005ETa2 + 0.1771ETa  + 84.466
R² = 0.84
0.65542433416125401	0.97881383065302396	1.11805745280027	0.820361294287829	0.46098099923527702	0.95255385859350505	0.62083294945742196	0.42598465272431502	1.05733084421396	0.97661568632611995	0.65542433416125401	0.97881383065302396	1.11805745280027	0.820361294287829	0.46098099923527702	0.95255385859350505	0.62083294945742196	0.42598465272431502	1.05733084421396	0.97661568632611995	66.437238100000002	76.307238099999907	67.539238100000006	135.92285709999899	122.51485709999901	124.954857099999	164.38704759999999	163.9490476	164.67904759999999	200.0391429	94.674524347734206	94.648075614446597	94.771049410076103	100.24870313840501	100.622118465513	96.681398543528601	102.503734243902	103.15775834658101	100.183087888831	100.92341181600101	ETa (mm)

Yield (t ha-1)





1:1
Predicted Yield (ton/ha)	Yp = 0.824 Yo + 17.424 
R² = 0.824, p < 0.001
94.344761904761896	95.645300000000006	93.735200000000006	94.519988650000002	95.099564000000001	95.340952380952402	96.123099999999994	94.167900000000003	93.343500000000006	94.223600000000005	95.032380952381004	93.993455999999995	94.535600000000002	96.734700000000004	93.501178899999999	99.524799999999999	101.1561	99.159300000000002	101.1467	100.21652	100.722380952381	101.0446	100.96729999999999	99.745900000000006	100.62390000000001	97.808857142857093	95.897620000000003	97.392600000000002	95.252560000000003	97.013233999999997	103.598537333333	101.891792	102.2657	102.01796236	102.7158	103.31619047619	102.53671	103.56082499999999	103.58689	102.77379999999999	100.873809523809	99.878200000000007	99.292500000000004	101.83569	98.982158200000001	102.328571428571	101.69199999999999	99.944519999999997	99.834599999999995	100.7752	94.334542857142907	94.334542857142907	94.334542857142907	94.334542857142907	94.334542857142907	94.938513142857104	94.938513142857104	94.938513142857104	94.938513142857104	94.938513142857104	95.532775047619097	95.532775047619097	95.532775047619097	95.532775047619097	95.532775047619097	99.327207428571398	99.327207428571398	99.327207428571398	99.327207428571398	99.327207428571398	99.921469333333306	99.921469333333306	99.921469333333306	99.921469333333306	99.921469333333306	97.302257142857101	97.302257142857101	97.302257142857101	97.302257142857101	97.302257142857101	103.211428190476	103.211428190476	103.211428190476	103.211428190476	103.211428190476	100.59221599999999	100.59221599999999	100.59221599999999	100.59221599999999	100.59221599999999	101.19618628571401	101.19618628571401	101.19618628571401	101.19618628571401	101.19618628571401	101.984201592857	101.984201592857	101.984201592857	101.984201592857	101.984201592857	Observed Yield (t ha-1)

Predicted Yield (t ha-1)



(a)
FW (g)	FW = -0.0139ETa2 + 3.1501ETa + 83.335
R² = 0.66
62.999550262945	37.288246584323701	38.368867588189197	26.453544185987599	31.5027512026066	13.802535998866199	79.353134783699602	14.602853602407	24.6698871771504	13.271900140271301	62.999550262945	37.288246584323701	38.368867588189197	26.453544185987599	31.5027512026066	13.802535998866199	79.353134783699602	14.602853602407	24.6698871771504	13.271900140271301	66.437238100000002	76.307238099999907	67.539238100000006	135.92285709999899	122.51485709999901	124.954857099999	164.38704759999999	163.9490476	164.67904759999999	200.0391429	202.166666666666	288.76666666666603	229.9	240.19999999999899	246.666666666666	251.5	249.4	225.666666666666	226.666666666666	147.96666666666599	FD (mm)	FD = -0.0023ETa2 + 0.5496ETa + 51.267
R² = 0.74
9.7034581464547998	4.1704795887283703	6.4596155716368502	2.5639097748035802	3.69256460110494	2.2295290982626801	7.6691481491318996	2.2513625503977202	2.2513625503977202	3.9088915734941199	9.7034581464547998	4.1704795887283703	6.4596155716368502	2.5639097748035802	3.69256460110494	2.2295290982626801	7.6691481491318996	2.2513625503977202	2.2513625503977202	3.9088915734941199	66.437238100000002	76.307238099999907	67.539238100000006	135.92285709999899	122.51485709999901	124.954857099999	164.38704759999999	163.9490476	164.67904759999999	200.0391429	73.87	85.33	77.716666666666598	82.603333333333296	82.446666666666601	81.38	82.153333333333293	78.983333333333306	78.983333333333306	67.406666666666595	Seasonal ETa (mm)

FW, FD



(b)
N	FW = -0.0012N2 + 0.8331N + 100.01
R² = 0.69
245.71428571428601	350.47619047619003	455.23809523809501	245.71428571428601	350.47619047619003	455.23809523809501	245.71428571428601	350.47619047619003	455.23809523809501	60	202.166666666666	288.76666666666603	229.9	240.19999999999899	246.666666666666	251.5	249.4	225.666666666666	226.666666666666	147.96666666666599	K	FW = -0.0002K2 + 0.349K + 113.13
R² = 0.70
491.42857142857099	702.857142857143	912.38095238095195	702.857142857143	912.38095238095195	491.42857142857099	912.38095238095195	491.42857142857099	702.857142857143	100.5	202.166666666666	288.76666666666603	229.9	240.19999999999899	246.666666666666	251.5	249.4	225.666666666666	226.666666666666	147.96666666666599	Fertilizer (N, K) (kg ha-1)

FW (g)



(c)
N	FD = -0.0002N2 + 0.1236N + 60.396
R² = 0.68
245.71428571428601	350.47619047619003	455.23809523809501	245.71428571428601	350.47619047619003	455.23809523809501	245.71428571428601	350.47619047619003	455.23809523809501	60	73.87	85.33	77.716666666666598	82.603333333333296	82.446666666666601	81.38	82.153333333333293	78.983333333333306	78.983333333333306	67.406666666666595	K	FD = -3E-05K2 + 0.0483K + 62.455
R² = 0.72
491.42857142857099	702.857142857143	912.38095238095195	702.857142857143	912.38095238095195	491.42857142857099	912.38095238095195	491.42857142857099	702.857142857143	100.5	73.87	85.33	77.716666666666598	82.603333333333296	82.446666666666601	81.38	82.153333333333293	78.983333333333306	78.983333333333306	67.406666666666595	Fertilizer (N, K) (kg ha-1)

FD (mm)
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