

  agronomy-10-00293




agronomy-10-00293







Agronomy 2020, 10(2), 293; doi:10.3390/agronomy10020293




Article



Investigating the Proper Application Rate of Nitrogen under Mulched Drip Irrigation to Improve the Yield and Quality of Tomato in Saline Soil



Jifeng Zhang 1,2[image: Orcid], Zhenhua Wang 1,2,*[image: Orcid], Bihang Fan 3,*, Yusheng Hou 1, Yunqing Dou 1,2, Zuoli Ren 1 and Xiaojie Chen 1





1



College of Water Resources and Architectural Engineering, Shihezi University, Shihezi 832000, China






2



Key Laboratory of Modern Water-Saving Irrigation of Xinjiang Production and Construction Corps, Shihezi University, Shihezi 832000, China






3



State Key Laboratory of Hydraulics and Mountain River Engineering, College of Water Resource and Hydropower, Sichuan University, Chengdu 610065, China









*



Correspondence: wzh2002027@163.com (Z.W.); fanbh1122@gmail.com (B.F.); Tel.: +86-13201093132 (Z.W.)







Received: 17 January 2020 / Accepted: 15 February 2020 / Published: 19 February 2020



Abstract

:

Xinjiang is one of the most prolific tomato-planting areas in China. Here, we carried out a two-year (2017–2018) field experiment in Xinjiang to study the effects of different nitrogen (N) application rates on the spatial distribution of water and salt in the root zone, as well as their impacts on the yield and quality of tomatoes under mulched drip irrigation. The ideal ranges of N application rates for tomato yield and quality were examined under different salinity levels. Results indicated that soil water content and salinity increased with soil depth. Soil water content was closely related to soil salinity but not to N. Among the tested application rates, tomato yield was highest under the medium-high N (225–300 kg/ha) and low salt (4 g/kg) treatment. Under the highest salt level (10 g/kg), the low nitrogen treatment (150 kg/ha) was better than the high N treatment (300 kg/ha) at boosting tomato yield. Moreover, we found that salinity had a stronger effect on tomato quality than N. Based on these results, we were able to recommend ideal ranges for N (155–201 kg/ha) and salt (3.56–5.59 g/kg) while both are present in the soil.
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1. Introduction


China has become one of the world’s largest producers and exporters of processing tomatoes. The commercial-scale processing tomato industry has become an important means for Chinese farmers to increase their incomes, and, thus, its promotion is a priority [1]. Due to its abundant sunshine, small amounts of rainfall and considerable evaporation, large daily temperature range, and high effective accumulated temperature, Xinjiang has a favorable climate for the accumulation of nutrients and dry matter in processing tomatoes. As a result, it has become China’s largest processing tomato production area.



However, one-third of the irrigated land in Xinjiang is affected by salinization [2]. Xinjiang has 1.1 × 107 ha of saline-alkali wasteland, including 7.27 × 106 ha of excessively salinized saline-alkali wasteland [3], since its arid climate aggravates the formation of land salinization [4]. Salinization seriously threatens food security in regions around the world, and it has hindered the development of sustainable agriculture in Xinjiang [5]. Salt-alkali stress can cause extravasation of plant cell contents, resulting in osmotic stress, while harmful ion accumulation can trigger ion toxicity, inhibit the absorption of nutrients by crops, and causes nutrient imbalance and oxidative damage [6]. For salt-tolerant crops, salt-alkali stress also causes chlorophyll degradation, nucleic acid fragmentation, and protein denaturation in plants, all of which can cause cell death [7]. Many studies have shown that, although saline soils are traditionally defined as unsuitable soils for crop growth, effective measures such as furrow irrigation, selection of salt-tolerant crops, and artificial discharge of groundwater can successfully mitigate the harm to crop growth caused by saline soils [8,9,10,11,12]. However, these measures are challenging to implement effectively in Xinjiang due to the water scarcity in the region.



The technique of drip irrigation under mulch has emerged as a promising method to evenly distribute irrigation water in the soil, accurately control the amount of water delivered to plants, reduce water evaporation and deep leakage, and effectively minimize the impact of salinization [13,14,15]. The area in Xinjiang that uses this approach has expanded from 50,000 ha in the early 20th century to 2 million ha in 2014 [16]. Under drip irrigation, tomatoes can grow well on salinized land [17,18], and the yield can be elevated to 120–135 t/ha, which is ~50% higher than under furrow irrigations [10].



Nitrogen availability has a significant impact on crop growth, yield, and quality [19,20]. However, the absorption of nitrogen by crops is heavily influenced by site-specific conditions. Drip irrigation has a leaching effect on the salt present in the root zone, which can create a good water and salt environment for the root system [21]. Previous studies have examined salt and nitrogen, but most of them have focused on water-salt movement [22] or water-nitrogen coupling.



Many researchers have studied the quality of tomatoes and emphasized the importance of fruit flavor in determining tomato quality [23,24,25,26,27]. The soluble solids metric includes multiple quality indicators of fruit, such as soluble sugars, organic acids, and pectin. It has been established as an important indicator of the flavor of tomato fruit [28,29], with flavor improved by increasing the content of soluble solids [30]. The ratio of sugar to acid (SAR) is a fruit flavor index that reflects the proportions of soluble sugar and titratable acid. However, little research has been published with regard to the coupled effects of salinity and nitrogen on the yield and quality of tomatoes.



Therefore, the objectives of this study are to (1) explore the distribution characteristics of soil water and salt in the root zone of tomatoes for processing under different combinations of salt and nitrogen levels; (2) examine the influence of different levels of salt and nitrogen on the yield and quality of tomatoes; and (3) provide the proper range of nitrogen application under different soil salinity levels to improve tomato yield and quality under mulched drip irrigation in the saline soil in Xinjiang.




2. Materials and Methods


2.1. Experimental Site


This experiment was conducted in April to September of 2017 and 2018 at the Key Laboratory of Modern Water-Saving Irrigation of the Xinjiang Production and Construction Corps, which is located in the northern foothills of the Tianshan Mountains in northwest China (44°18′ N, 85°56′ E, 412 m a.s.l.). The study region has an arid continental climate with an average annual sunshine duration of 2865 h. The total rainfall and average temperature during the crop-growing season (May–August) were, respectively, 81.8 mm and 30.9 °C in 2017 and 137.1 mm and 30.0 °C in 2018 (Figure 1).




2.2. Experimental Design


This study focused on the main variety of processing tomato in Shihezi, Xinjiang, called “Jinfan 3166” (Xinjiang Jinzhong Nongle Agricultural Technology Development Co., Ltd., Shihezi, China), one type of determinate cultivars. Tomato plants were grown in test pots, each of which was 0.60 × 0.55 × 0.45 m (depth × top inner diameter × bottom inner diameter). Three plants were planted in each pot, with a plant spacing of 30 cm, and each pot was covered with plastic film. The bottom of each pot was perforated. Each pot was placed in a 50 cm deep excavated test pit. The distance between neighboring pots was 0.20 m.



Saline soil samples were taken from the saline-alkali land of the 121st regiment in Shihezi, Xinjiang, i.e., the local farmland for cultivating processing tomato. The average salt content of this soil was 24.84 g/kg, and the soil salinity was categorized as saline soil, rich in chloride sulfate. Another set of samples was collected from the Key Laboratory of Modern Water-Saving Irrigation of the Xinjiang Production and Construction Corps, which had an average salt content of 1.15 g/kg, a normal soil salinity, and loamy texture. The dry bulk density of the soil was determined by the cutting ring method. Selected physical and chemical properties are shown in Table 1.



To represent different salinity levels of the saline soil in Xinjiang, the two sets of soil were mixed in proportion to cresate four salt gradients in 2017: 1.5, 4, 7, and 10 g/kg, which represented normal soil (CK), light (S1), medium (S2), and severe saline-alkali soil (S3), respectively. In 2018, the four salt gradients were modified slightly to 1.5, 4, 5, and 7 g/kg (CK, S1, SS2, and SS3, respectively). Each pot was filled with the mixed soil and compacted to approximate the local farmland soil condition as much as possible.



To explore the proper range of nitrogen application in saline soils to promote the yield and quality of processing tomato, in 2017, four treatments were selected for nitrogen: 375 kg/ha (N1), 300 kg/ha (N2), 225 kg/ha (N3), and 150 kg/ha (N4). In order to facilitate the analysis and calculation, and improve the accuracy of the results, in the following analysis, the amount of nitrogen applied is converted into a single pot of nitrogen application: N1: 8.92 g/pot, N2: 7.12 g/pot, N3: 5.35 g/pot, N4: 3.57 g/pot. A zero-nitrogen control treatment (N0) was added to the test design in 2018.



The fertilizer treatments were based on [31] and the agronomic recommendations of the local seed-breeding institution: 225 kg/ha of nitrogen during the growth period, and 225 kg/ha of monoammonium phosphate and potassium chloride. An irrigation total of 450 mm per year was delivered to each pot, which was based on [11] and the local production practices of Shihezi. Medical infusion tubing was used to simulate drip-irrigation lines, and the irrigation volume delivered to each pot was precisely controlled. The dripper flow rate was 1.8 L/h, and the irrigation water salinity was 0.78 g/L (i.e., a typical value of that used in local farming practice). The whole growth period included nine irrigations and eight applications of fertilizer (delivered with water). Specific experimental design parameters are shown in Table 2.




2.3. Field Measurements


2.3.1. Soil Water Storage


A soil drill (JC-802B; manufactured by Juchuang Co., Ltd., Qingdao, China) was used to collect soil samples from which soil moisture content was determined at depths of 0, 10, 20, 30, and 40 cm at two and seven days after each irrigation.




2.3.2. Soil Salinity


After the soil moisture content was measured, each soil sample was air-dried and passed through a 1 mm sieve. Exactly 20 g were transferred into the Erlenmeyer flask, 100 mL of distilled water were added, and the flask was shaken for 10 min using an agitator. The flask was rest for 15 min and then filtered. The conductivity of the solution, which had a water:soil mass ratio of 5:1, was measured with a digital conductivity meter (DDS11-A; manufactured by Shengci Co., Ltd., Shanghai, China), and the calibration relationship between soil salinity and conductivity was determined by the dry residue method:


  S = 0.0019 E C − 0.344 (  R 2  = 0.9 )  



(1)




where S is the soil salt content (g/kg), and EC is the electrical conductivity value (µS/cm).



The change in soil salinity (ΔS; g/kg) and the rate of change of soil salinity (Rate; %) were calculated according to the salt balance principle:


  Δ S =  S b  −  S a   



(2)






  R a t e = Δ S /  S a  × 100 %  



(3)




where Sa is the soil salinity before the growth period (g/kg), and Sb is the soil salinity at the end of the growth period (g/kg).




2.3.3. Fresh Fruit Yield and Quality


After reaching maturity, the processing tomatoes were harvested by hand, and the total yield of a single pot and the average weight of a single fruit were determined.



For this study, measurements of soluble solids and SAR were used as quality indicators. Because fresh fruit yield, soluble solids, and SAR are difficult to maximize at the same time, have different units, and cannot be directly analyzed and compared, these data were first normalized and then analyzed to determine their relationship with nitrogen application and soil salt content. The optimal nitrogen application and soil salinity range were extrapolated for tomato fresh fruit yield and quality.



The quality of the fruit was quantified with five indicators: total soluble solids (TSS), vitamin C content, total soluble sugar content (SSC), titratable acid (TA), and SAR. The TSS values were measured with a hand-held refractometer (RHBO-90; manufactured by LINK Co., Ltd., Taiwan), and vitamin C content was determined by spectrophotometry (manufactured by Thermo Fisher Scientific Inc., Waltham, MA, USA) according to [32]. The TA amount was determined by acid-base titration. The SAR was obtained by dividing soluble sugar by titratable acid. The SSC was calculated from direct titration (Lane–Eynon method) by the formula:


  S S C =   T ×  V 1  ×  V 2    W ×  V 3    × N × 100 %  



(4)




where T is the equivalent amount of reducing sugar of the Fehling’s solution (mg/mL); V1 is the volume of the Fehling’s solution mixture of A and B (mL); V2 is the volume of the leaching solution (mL); and V3 is volume of the sugar liquid used for the titration (mL); and W is the total mass of the sample (mg), N is dilution multiple during conversion.





2.4. Statistics


The IBM SPSS Statistics software (IBM Co., Armonk, NY, USA) was used to perform the two-way analysis of variance (ANOVA). Post-hoc multiple comparisons were performed using the Duncan test to determine the significance of differences between treatments (α = 0.05). The yield and quality measurements were normalized to a range of 0 to 1 according to:


  x * =   x − m i n   m a x − m i n    



(5)




where x* is the normalized value, x is the value to be normalized, min is the minimum value of the sample data, and max is the maximum value of the sample data.





3. Results and Discussion


After the first year of experimental study (2017), it was found that 10 g/kg of soil salt content seriously inhibited the growth physiological index, yield, and quality of the processing tomatoes. In order to determine the manageable range of soil salt content for processing tomato cultivation, the 10 g/kg treatment was removed from the experimental design of 2018, and a 5 g/kg treatment was added. At the same time, it was concluded that 4 g/kg of soil salt content had no significant difference compared with the control group, but this treatment was maintained in 2018.



3.1. Dynamic Characteristics of Soil Moisture


Figure 2 illustrates the dynamic changes of soil moisture at different depths in 2017 and 2018, as measured seven days after irrigation. Unified analysis of soil moisture content seven days after irrigation showed that the soil moisture content of the 0–10 cm topsoil was the lowest and that of 30–40 cm topsoil was the highest. Before the flowering and fruit setting period (21 June 2017), the water content of the 0–20 cm shallow soil was generally lower than that of the 30–40 cm soil in each treatment, presumably due to root activity during this stage. After entering the swelling period (28 June 2017), processing tomatoes emphasized nutrient accumulation, and their root systems grew rapidly. At this stage, 20–40 cm was the main activity depth for the crop root system, so soil moisture content decreased until the end of the swelling period (20 July 2017), at which point it rebounded. The dynamic changes in water content at 0–40 cm followed a similar pattern in 2018.



Figure 2 reveals that the effect of the N treatment on the soil moisture content was not significant compared with the salt (S) treatment, and that the soil moisture content at each depth increased with higher soil salinity. Regardless of the level of nitrogen, the soil moisture contents of S2 and S3 treatments (as well as SS2 and SS3) were different from the other treatments. While this difference was not significant in the early stages of fertility, the water content was generally higher than other treatments over time, especially during the expansion period (p < 0.01; [33]). Excessive soil salinity absorbed a large amount of effective water of the soil, resulting in reduced effective water absorption by crop roots and aggravated salt stress, none of which was conducive to tomato root system growth or function. The low nitrogen and high salt treatment (N4) had slightly lower soil moisture contents than the high nitrogen and high salt treatment, indicating that a reduction in the rate of nitrogen application can reduce the degree of salt stress in highly saline soils and improve the water absorption capacity of processing tomato roots. Soil water contents under the S2, SS2, and SS3 treatments were generally higher than under other treatments with the same nitrogen levels, suggesting that soil salinities of 5 and 7 g/kg inhibited the water absorption capacity of processing tomato roots. Similarly, the low application of nitrogen was moderately effective at improving the water absorption capacity of processing tomato roots under saline-alkali stress, but more effective under severe saline-alkali stress.




3.2. Soil Salt Distribution Characteristics


Figure 3 and Figure 4 reflect the dynamic characteristics of the soil salinity profiles under different treatments. In order to ensure vigorous root growth, the processing tomatoes were irrigated once during the seedling stage, followed by a non-irrigation period that lasted nearly one month, until the next growth stage. This led to an upward gradient driven by evaporation of soil water, and the salt accumulated in the shallow soil. As the plants developed, the salt contents of the shallow layer decreased gradually under all treatments until the middle-to-late stage of expansion (70–90 days after planting). Due perhaps to the leaching effects of drip irrigation, the salt content of the soil increased gradually with increasing depth. A large amount of salt gathered at 20–40 cm, peaking at 40 cm. This was mainly due to the inhibition of salt accumulation in the surface layer of the soil by mulching [34]. Because the leaching time of the drip irrigation was not long, only the surface salinity decreased, and the soil salinity gathered between 20 and 40 cm. By comparing the different nitrogen application levels for similar soil salt contents in 2017 and 2018, the results reveal that nitrogen amendments had a limited impact on soil salt content.



The average salt contents of the entire soil layer decreased over the course of the tomato growth stages in both 2017 and 2018. For example, 92 days after sowing in 2017, the soil salt content of N2CK, N2S1, N2S2, and N2S3 were reduced by 4.97%, 5.08%, 7.34%, and 7.91%, respectively, compared to the same treatments at 69 days. In 2018, the 88-day measurements from N2CK, N2S1, N2SS2, and N2SS3 showed decreases of 5.21%, 3.94%, 5.49%, and 4.66%, respectively, compared with the 72 day soil salt content. Both years showed that the soil was in the desalting state during the entire growth stage of the processing tomato.



A comparative analysis of soil salinity across the total growth period under different treatments is shown in Figure 5, which illustrates the significantly different (p < 0.01) median and mean soil salt contents across the timespan of this study. The trend line reveals that a decrease of N was associated with a slight decrease in soil salt content, but there was no significant difference between N treatments (p > 0.05). The soil was slowly desalting throughout the growth period. The application of N did not significantly increase soil salinity.



Figure 5 also indicates that the lower the soil salinity was at any given time, the slower the soil desalination was. This confirms that the leaching effect of drip irrigation was more pronounced on soil with high starting salinity [35].




3.3. Fresh Fruit Yield and Quality


3.3.1. Responses of Yield and Quality of Processing Tomato Fresh Fruit to Nitrogen and Soil Salinity


The yield and tomato quality data are presented in Table 3. In general, fresh fruit yield decreased with an increase in soil salt content. The higher the salt content, the more serious the yield reduction was [36]. Taking normal nitrogen application (N3) as an example, the fresh fruit yield of S2, and S3 decreased by 60.17% and 61.90%, respectively, compared with the CK control in 2017, and the yields of SS2, and SS3 decreased by 18.04%, and 14.51%, respectively, compared with CK in 2018. The difference of yield between S1 and CK in 2017 and 2018 was not significant. Due to its interaction with nitrogen, the rule that a high salinity leads to low yield is not universally true for processing tomatoes. According to the results in Table 3, in the low salt treatments (CK and S1), the N2 treatment reached its highest yield during both years, yet there was no significant difference between N0, N1, N3, and N4 (p > 0.05). Clearly, higher nitrogen levels did not inherently improve the yield of processing tomatoes. Compared with the low-salt treatments, the high-salt treatments (S2, SS2, S3, and SS3) were more responsive to different nitrogen levels i.e., that under high-salt conditions, the yield of processing tomatoes was most improved by low-level nitrogen application, and the yield of N4 treatment was higher than the other nitrogen treatments. The N4S3 treatment in 2017 was increased by 87.62%, 74.34%, and 123.86% relative to the production of N1S3, N2S3, and N3S3, respectively. Yield analysis in 2018 showed similar patterns to 2017. The tomato yield was not reduced under low nitrogen conditions, though excessive soil salinity may have had a certain effect on nitrogen deficiency in processing tomato growth. Insufficient nitrogen application did not enable higher yields than applying a certain amount of nitrogen, which shows that the application of nitrogen was essential to improving the yield of processing tomatoes.



Table 3 also indicates that there was no significant difference in the TSS, VC, SSC, TA, and SAR at different nitrogen levels and the same soil salt content (p > 0.05). However, these indicators were greatly affected by salt, i.e., that TSS, VC, SSC, and TA increased when soil salt was more abundant, confirming the results of other studies [37,38,39,40]. Whereas SAR was elevated under low salt conditions at different N levels, and the maximum value was in the S1 treatment. The 2017 results for moderate N application rates (N2) illustrate this trend. For example, N2S1 had SAR values that were 6.19%, 17.04%, and 101.11% higher than N2CK, N2S2, and N2S3, respectively. The higher the salt content in the soil, the lower the SAR. The two-way ANOVA shows that N had significant effects on the quality of processing tomatoes, even without soil salinity (Table 4). The interaction of N and S had no significant effect on the quality of processing tomatoes (p > 0.05). Thus, soil salinity played a dominant role in processing tomato quality in a soil environment composed of soil salinity and nitrogen.




3.3.2. Determination of the Optimal Range for Processing Tomato Yield and Quality


Figure 6 is a contour map of the normalized yield, TSS, and SAR metrics. It highlights the relationship between these indicators and both nitrogen application and soil salt content. By overlapping three maps for each year, the range of nitrogen application and soil salinity for optimal yield and quality of processing tomatoes was revealed. The optimal ranges for 2017 are: N, 3.67–4.76; S, 3.89–5.59 (g/pot, g/kg). The optimal ranges for 2018 are: N, 2.20–8.53; S, 3.56–4.66 (g/pot, g/kg). The recommended ranges for nitrogen application and soil salt content are: N, 2.20–4.76; S 3.56–5.59 (g/pot, g/kg). This nitrogen application rate is equivalent to 154.63–200.55 kg/ha.






4. Conclusions


In this study, the distribution characteristics of soil water and salt dynamics were monitored under a range of combinations of nitrogen and soil salt levels. The responses of tomato fresh fruit yield and quality to soil salt content and nitrogen application were measured. After two years of field experiments and analysis, our results showed that the soil moisture content of processing tomatoes increased gradually with an increase of soil salt content and soil depth. The maximum water content was reached at 40 cm depth at seven days after irrigation. The combination of low nitrogen and high salt was found to improve the water absorption capacity of processing tomato roots and promote the growth of processing tomatoes. Nitrogen had no significant effect on soil water content compared with salinity. Seven days after irrigation, the soil salt content was mainly concentrated in the soil layer 30–40 cm deep. The soil in which the processing tomato plants were raised was experiencing gradual desalination throughout the growth period. The fresh fruit yield of the processing tomatoes generally complied with the rule of “high salinity leads to low yield,” but because of the interaction between salt and nitrogen, the yield of processing tomatoes under low nitrogen and high salt conditions was higher than that under high nitrogen levels. However, the maximum yield of processing tomatoes was evident from the middle-to-high nitrogen and low salt treatment, which indicates that ensuring medium-to-high nitrogen application rate in low salt areas could make tomato production for processing feasible. If the local soil salinity is too high and cannot be remediated, the normal growth of processing tomatoes can be guaranteed by reducing the amount of nitrogen application, which should achieve near-normal yields. TSS, VC, SSC, and TA (fruit quality indicators) all increased gradually with the increase of soil salt content. The highest SAR values appeared at low salt content (4 g/kg). After comprehensive consideration of the results from the two-year experiment, the most reasonable ranges of nitrogen application for the optimal yield and quality of processing tomatoes were determined to be 154.63–200.55 kg/ha when soil salt varied at 3.56–5.59 g/kg.
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Figure 1. Daily rainfall (mm; black bars) and daily average air temperature (°C; dotted curves) at the study site during the experimental period in 2017 (upper panel) and 2018 (lower panel). 






Figure 1. Daily rainfall (mm; black bars) and daily average air temperature (°C; dotted curves) at the study site during the experimental period in 2017 (upper panel) and 2018 (lower panel).



[image: Agronomy 10 00293 g001]







[image: Agronomy 10 00293 g002 550] 





Figure 2. Distribution characteristics of soil moisture at different soil depths (0–10, 10–20, 20–30, and 30–40 cm) in 2017 (a–d) and 2018 (e–h). 
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Figure 3. Dynamic distribution characteristics of salinity along the soil profile on different days after sowing in each treatment in 2017. From left to right, the application rate of salt increases. From up to down, the application rate of nitrogen increases. 
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Figure 4. Dynamic distribution characteristics of salinity along the soil profile on different days after sowing in each treatment in 2018. From left to right, the application rate of salt increases. From up to down, the application rate of nitrogen increases. 
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Figure 5. Changes in soil salt content during different growth stages for the different treatments. The upper and lower ends of the black boxes represent the 25th and 75th percentiles, respectively, while the white lines inside the box represent the median values, and the small open squares in the middle represent the mean values. 
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Figure 6. Data maps obtained after the normalization of yield, total soluble solids (TSS), and sugar: acid ratio (SAR), along with N application ranges and soil salinity ranges for optimum yield and quality of processing tomatoes obtained by overlapping the three distributions for each of the two years (the right most subplots). For the graphs of yield, TSS, and SAR, a value of 0 represents the conditions the most inappropriate for tomato growth while 1 represents the most suitable conditions. These three normalized figures are stacked one on another, hiding the filling area and leaving only the line of relative optimization. The triangular area surrounded by the intersection of the data lines of these three indicators is the range of N application and soil salinity under the conditions of optimal yield, TSS, and SAR. 
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Table 1. Soil (0–40 cm) properties at the study site.
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Years

	
Soil Salt Treatments

	
Dry Bulk Density (g/cm3)

	
Total Nitrogen (g/kg)

	
Total Phosphorus (g/kg)

	
Total Potassium (g/kg)

	
Available Phosphorus (mg/kg)

	
Available Potassium (g/kg)

	
Field Water Holding Capacity (%)

	
pH

	
EC (ms/cm)






	
2017

	
CK

	
1.32

	
0.62

	
0.87

	
7.5

	
30.87

	
420.57

	
28.61

	
7.73

	
0.63




	
S1

	
1.27

	
0.56

	
0.83

	
7.4

	
31.05

	
416.85

	
30.88

	
7.84

	
2.25




	
S2

	
1.30

	
0.61

	
0.76

	
6.6

	
28.68

	
419.21

	
33.14

	
8.11

	
3.89




	
S3

	
1.27

	
0.53

	
0.82

	
6.9

	
26.36

	
417.73

	
29.97

	
8.42

	
5.41




	
2018

	
CK

	
1.35

	
0.65

	
0.78

	
8.3

	
31.30

	
415.27

	
28.40

	
7.67

	
0.60




	
S1

	
1.33

	
0.61

	
0.80

	
7.9

	
31.18

	
415.35

	
28.45

	
7.88

	
2.28




	
SS2

	
1.31

	
0.63

	
0.74

	
8.1

	
31.23

	
415.33

	
28.41

	
7.96

	
2.87




	
SS3

	
1.29

	
0.64

	
0.77

	
7.7

	
31.10

	
415.29

	
28.46

	
8.19

	
3.82
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Table 2. Irrigation and fertilizer supply in 2017 and 2018.






Table 2. Irrigation and fertilizer supply in 2017 and 2018.





	
Years

	
Growth Stage

	
Date

	
Water Treatment

	
Fertilizer Treatment




	
Irrigation Amount (mm)

	
Irrigation Frequency

	
Urea (kg/ha) *

	
Monoammonium Phosphate (kg/ha)

	
Potassium Chloride (kg/ha)

	
Potassium Chloride (kg/ha)




	
N1

	
N2

	
N3

	
N4






	
2017

	
Seedling stage

	
May 3 to 31

	
50

	
1

	
47

	
38

	
28

	
19

	
28

	
28

	
1




	
Flowering stage

	
June 1 to 21

	
150

	
3

	
141

	
112

	
84

	
56

	
84

	
84

	
3




	
Expansion stage

	
June 22 to July 31

	
200

	
4

	
187

	
150

	
113

	
75

	
113

	
113

	
4




	
Mature stage

	
August 1 to 20

	
50

	
1

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Total growth stage

	
-

	
450

	
9

	
375

	
300

	
225

	
150

	
225

	
225

	
8




	
2018

	
Seedling stage

	
April 30 to May 27

	
50

	
1

	
47

	
38

	
28

	
19

	
28

	
28

	
1




	
Flowering stage

	
May 28 to June 22

	
150

	
3

	
141

	
112

	
84

	
56

	
84

	
84

	
3




	
Expansion stage

	
June 23 to July 26

	
200

	
4

	
187

	
150

	
113

	
75

	
113

	
113

	
4




	
Mature stage

	
July 27 to August 15

	
50

	
1

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
total growth stage

	
-

	
450

	
9

	
375

	
300

	
225

	
150

	
225

	
225

	
8








*: N1–N4 indicate the selected four nitrogen application rates for testing.
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Table 3. Yield and quality of tomato in different treatments, showing mean ± standard deviation, with different letters indicating significant differences between treatments (p < 0.05). TSS stands for total soluble solids, VC for vitamin C content, SSC for total soluble sugar content, TA for titratable acid, and SAR for the ratio of sugar to acid.






Table 3. Yield and quality of tomato in different treatments, showing mean ± standard deviation, with different letters indicating significant differences between treatments (p < 0.05). TSS stands for total soluble solids, VC for vitamin C content, SSC for total soluble sugar content, TA for titratable acid, and SAR for the ratio of sugar to acid.





	
Treatment

	
Fresh Fruit Yield (kg/pot)

	
Fruit Mean Weight (g)

	
TSS (%)

	
VC (mg/100g)

	
SSC (%)

	
TA (%)

	
SAR (%)






	
2017




	
N1CK

	
2.31 ± 0.12ab

	
33.60 ± 0.28d

	
7.34 ± 0.07h

	
15.74 ± 0.08i

	
7.05 ± 0.11j

	
0.42 ± 0.02j

	
16.64 ± 0.01g




	
N1S1

	
2.33 ± 0.04a

	
35.05 ± 0.14c

	
13.86 ± 0.08g

	
18.55 ± 0.09ef

	
10.91 ± 0.09g

	
0.61 ± 0.01g

	
17.78 ± 0.08d




	
N1S2

	
0.77 ± 0.08g

	
23.31 ± 0.17i

	
18.32 ± 0.06a

	
21.89 ± 0.15a

	
13.79 ± 0.06a

	
0.90 ± 0.03d

	
15.26 ± 0.01j




	
N1S3

	
1.05 ± 0.10de

	
25.62 ± 0.16g

	
18.04 ± 0.04c

	
19.74 ± 0.11cd

	
11.89 ± 0.13d

	
1.33 ± 0.01a

	
8.92 ± 0.07k




	
N2CK

	
2.35 ± 0.13a

	
35.51 ± 0.02b

	
7.35 ± 7.00h

	
15.76 ± 0.07i

	
7.01 ± 0.14j

	
0.41 ± 0.02jk

	
16.95 ± 0.11f




	
N2S1

	
2.38 ± 0.11a

	
35.07 ± 0.13c

	
13.85 ± 0.11g

	
18.53 ± 0.09ef

	
10.86 ± 0.15gh

	
0.60 ± 0.04gh

	
18.00 ± 0.06c




	
N2S2

	
1.90 ± 0.07c

	
27.85 ± 0.06f

	
18.26 ± 0.07ab

	
21.84 ± 0.11a

	
13.74 ± 0.04ab

	
0.89 ± 0.01de

	
15.38 ± 0.07ij




	
N2S3

	
1.13 ± 0.09d

	
24.74 ± 0.13h

	
17.94 ± 0.06d

	
19.69 ± 0.03d

	
11.84 ± 0.06de

	
1.32 ± 0.03ab

	
8.95 ± 0.05k




	
N3CK

	
2.31 ± 0.12ab

	
34.97 ± 0.11c

	
7.22 ± 0.12i

	
16.17 ± 0.05h

	
6.96 ± 0.07jk

	
0.40 ± 0.01k

	
17.25 ± 0.13e




	
N3S1

	
2.34 ± 0.17a

	
35.08 ± 0.04c

	
13.85 ± 0.11g

	
18.35 ± 0.11fg

	
10.81 ± 0.06hi

	
0.59 ± 0.02hi

	
18.21 ± 0.07b




	
N3S2

	
0.92 ± 0.05ef

	
22.28 ± 0.10k

	
18.26 ± 0.09ab

	
20.95 ± 0.13b

	
13.69 ± 0.04bc

	
0.88 ± 0.04ef

	
15.50 ± 0.05hi




	
N3S3

	
0.88 ± 0.08fg

	
22.54 ± 0.22j

	
17.76 ± 0.12e

	
19.45 ± 0.14d

	
11.79 ± 0.03ef

	
1.31 ± 0.06bc

	
8.98 ± 0.07k




	
N4CK

	
2.34 ± 0.12a

	
35.72 ± 0.11ab

	
7.24 ± 0.14i

	
15.66 ± 0.13i

	
6.91 ± 0.15k

	
0.38 ± 0.01l

	
18.02 ± 0.13c




	
N4S1

	
2.36 ± 0.09a

	
36.24 ± 0.25a

	
13.84 ± 0.11g

	
18.00 ± 0.07g

	
10.76 ± 0.10i

	
0.58 ± 0.01i

	
18.44 ± 0.11a




	
N4S2

	
2.18 ± 0.13b

	
33.35 ± 0.09e

	
18.19 ± 0.07b

	
20.12 ± 0.09c

	
13.64 ± 0.07c

	
0.87 ± 0.02f

	
15.62 ± 0.05h




	
N4S3

	
1.97 ± 0.05c

	
27.83 ± 0.02f

	
17.55 ± 0.08f

	
18.92 ± 0.14e

	
11.74 ± 0.08f

	
1.30 ± 0.03c

	
9.01 ± 0.06k




	
2018




	
N0CK

	
2.57 ± 0.09cdef

	
37.77 ± 0.04h

	
6.09 ± 0.0.7i

	
15.80 ± 0.16i

	
7.68 ± 0.06m

	
0.48 ± 0.01l

	
16.17 ± 0.05b




	
N0S1

	
2.62 ± 0.03abcd

	
38.64 ± 0.05g

	
14.47 ± 0.08g

	
18.56 ± 0.05h

	
11.25 ± 0.02j

	
0.68 ± 0.02i

	
16.45 ± 0.03a




	
N0SS2

	
2.12 ± 0.04i

	
32.45 ± 0.08k

	
16.90 ± 0.06e

	
19.08 ± 0.09g

	
13.06 ± 0.20h

	
0.83 ± 0.02f

	
15.66 ± 0.04cd




	
N0SS3

	
2.15 ± 0.08i

	
33.52 ± 0.16j

	
19.04 ± 0.09c

	
21.91 ± 0.14b

	
13.69 ± 0.21d

	
1.12 ± 0.01c

	
12.18 ± 0.07g




	
N1CK

	
2.71 ± 0.07abcd

	
40.72 ± 0.14c

	
7.11 ± 0.11h

	
15.86 ± 0.21i

	
7.78 ± 0.05k

	
0.52 ± 0.03j

	
15.11 ± 0.08ef




	
N1S1

	
2.74 ± 0.07abc

	
41.04 ± 0.11b

	
14.60 ± 0.12f

	
19.24 ± 0.07e

	
11.36 ± 0.04i

	
0.73 ± 0.04g

	
15.48 ± 0.09d




	
N1SS2

	
2.25 ± 0.09hi

	
34.35 ± 0.04i

	
17.04 ± 0.14d

	
20.36 ± 0.08c

	
13.17 ± 0.11e

	
0.88 ± 0.04d

	
14.89 ± 0.11f




	
N1SS3

	
1.69 ± 0.50k

	
26.71 ± 0.08n

	
19.25 ± 0.07a

	
21.97 ± 0.17ab

	
13.79 ± 0.13a

	
1.17 ± 0.05a

	
11.74 ± 0.12i




	
N2CK

	
2.75 ± 0.10ab

	
41.51 ± 0.09a

	
7.08 ± 0.06h

	
15.85 ± 0.16i

	
7.75 ± 0.11kl

	
0.51 ± 0.04j

	
15.18 ± 0.07e




	
N2S1

	
2.79 ± 0.11a

	
41.61 ± 0.15a

	
14.55 ± 0.08fg

	
19.20 ± 0.04ef

	
11.33 ± 0.15i

	
0.72 ± 0.03gh

	
15.65 ± 0.04cd




	
N2SS2

	
2.38 ± 0.08gh

	
34.75 ± 0.14i

	
17.00 ± 0.11d

	
20.32 ± 0.11cd

	
13.13 ± 0.05ef

	
0.87 ± 0.04de

	
15.02 ± 0.05ef




	
N2SS3

	
1.87 ± 0.07j

	
27.48 ± 0.1m

	
19.20 ± 0.08ab

	
22.02 ± 0.18a

	
13.77 ± 0.06ab

	
1.16 ± 0.06ab

	
11.83 ± 0.06hi




	
N3CK

	
2.55 ± 0.01def

	
40.34 ± 0.11d

	
7.04 ± 0.07h

	
15.83 ± 0.14i

	
7.73 ± 0.12lm

	
0.50 ± 0.01k

	
15.61 ± 0.12cd




	
N3S1

	
2.59 ± 0.03bcde

	
39.38 ± 0.11f

	
14.51 ± 0.03fg

	
19.17 ± 0.08ef

	
11.27 ± 0.13j

	
0.71 ± 0.02hi

	
15.78 ± 0.10c




	
N3SS2

	
2.09 ± 0.11i

	
29.97 ± 0.18l

	
16.97 ± 0.07de

	
20.28 ± 0.07cd

	
13.11 ± 0.08fg

	
0.86 ± 0.03e

	
15.17 ± 0.07e




	
N3SS3

	
2.18 ± 0.08i

	
34.50 ± 0.10i

	
19.16 ± 0.09ab

	
21.98 ± 0.14ab

	
13.74 ± 0.04bc

	
1.15 ± 0.03b

	
11.90 ± 0.03hi




	
N4CK

	
2.63 ± 0.06abcd

	
39.61 ± 0.28e

	
6.11 ± 0.08i

	
15.82 ± 0.06i

	
7.69 ± 0.12m

	
0.49 ± 0.01kl

	
15.82 ± 0.09c




	
N4S1

	
2.68 ± 0.07abcd

	
39.64 ± 0.17e

	
14.47 ± 0.01g

	
19.12 ± 0.18fg

	
11.27 ± 0.16j

	
0.69 ± 0.03i

	
16.24 ± 0.01ab




	
N4SS2

	
2.41 ± 0.04fgh

	
38.76 ± 0.11g

	
16.95 ± 0.05de

	
20.24 ± 0.14d

	
13.08 ± 0.14gh

	
0.84 ± 0.02f

	
15.49 ± 0.04d




	
N4SS3

	
2.45 ± 0.12efg

	
39.74 ± 0.11e

	
19.11 ± 0.11bc

	
21.94 ± 0.16ab

	
13.70 ± 0.11cd

	
1.13 ± 0.01c

	
12.08 ± 0.07gh
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Table 4. Results of the two-way ANOVA for each analysis index of processing tomatoes.
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Indices

	
2017

	
2018




	
N

	
S

	
N*S

	
N

	
S

	
N*S






	
Fresh fruit yield

	
179.40 **

	
705.67 **

	
69.96 **

	
9.99 **

	
160.28 **

	
11.13 **




	
Fruit mean weight

	
1423.71 *

	
10,683.32

	
475.11 **

	
1256.70 *

	
9468.99 *

	
1280.21 *




	
TSS

	
28.91 **

	
1.12 × 105 **

	
10.00 **

	
136.18 **

	
1.61 × 105 **

	
63.56 **




	
VC

	
30.25 **

	
1092.12 *

	
7.29 **

	
215.35 **

	
3.65 × 104 *

	
69.48 **




	
SSC

	
18.57 **

	
3.75 × 104 **

	
0.02 n.s.

	
31.48 **

	
1.56 × 105 **

	
0.37 n.s.




	
TA

	
63.10 **

	
5.14 × 104 **

	
0.51 n.s.

	
83.36 **

	
2.03 × 104 **

	
0.37 n.s.




	
SAR

	
101.82 **

	
2.48 × 104 **

	
21.24 **

	
64.35 **

	
2405.46 **

	
2.28 n.s.








n.s. indicates non-significant differences according to variance analysis; * indicates a significant difference at α = 0.05; ** indicates a significant difference at α = 0.01.
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