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Abstract

:

This study was conducted in pots under a polycarbonate greenhouse to determine the effects of different irrigation levels and vermicompost doses on the morphological and phenological characteristics, water consumption, water use efficiency, and yield parameters of tomato plants. For this purpose, different irrigation levels of 100%, 75%, 50% (I100: full irrigation, I75, I50) and vermicompost (VC) doses of 0, 10% and 20% (VC0, VC10 and VC20, w/w) were applied as the treatments. The study’s results determined the irrigation levels and vermicompost doses affected the tomato plants’ morphological and fruit quality parameters. The highest and lowest plant water consumption (ET) values for the treatments were determined as 47.8 L (I100VC10) and 21.2 L (I50VC0), respectively. Moreover, irrigation water levels and vermicompost doses significantly influenced the total yield of tomatoes. The highest and lowest total and marketable yields were obtained from the I100VC20 and I50VC0 irrigation levels and vermicompost doses. Similarly, the highest and lowest total water use efficiencies were achieved from the I100VC20 (21.9 g L−1) and I50VC0 (11.0 g L−1) treatments. Furthermore, the highest and lowest marketable water use efficiencies were obtained from the I100VC20 (21.9 g L−1) and I50VC0 (7.8 g L−1) treatments. The yield response factor (ky) was found to be 1.42. Although the highest efficiency was achieved from 100% full irrigation and a 20% vermicompost dose in the study, it is suggested that 75% irrigation level and 10% fertilizer doses can also be applied in places where water is limited and fertilizer is expensive. The results revealed that the appropriate irrigation level and vermicompost doses could reliably be used to enhance tomato yield.
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1. Introduction


Increasing the water use efficiency of agricultural output in arid and semi-arid environments—particularly in the Mediterranean region—has become imperative due to the widespread water scarcity. The feasibility of agricultural output in these areas is significantly impacted by irregular and uneven precipitation distribution and climate change [1,2].



As a result of drought, as well as decreasing and expensive water resources, the importance of agricultural irrigation planning and methods in arid and semi-arid regions becomes evident [3,4]. Limited irrigation, defined as applying less water than the plant’s full water requirement, is an irrigation strategy with significant potential to decrease irrigation water use and improve water efficiency [5].



In addition, adopting irrigation strategies that can save irrigation water and maintain acceptable yields, thus increasing water use efficiency (WUE), can help conserve this more limited resource [6,7]. Improving water productivity could be more profitable for farmers than maximizing agricultural yield, especially in regions with limited water resources like the Mediterranean basin [8]. Water use efficiency can be optimised by adopting more effective irrigation applications [9]. Not only agronomic practice factors such as irrigation and fertilization and regular irrigation, including optimum irrigation scheduling, plant water consumption, and WUE, are essential and required for the best productivity in culture plants under field conditions but also these practice factors are vital for greenhouse studies [10]. Species belonging to the Solanaceae family (tomatoes, peppers and aubergines) account for about 60% of the production grown in greenhouses. Among crops grown in greenhouses, tomatoes are the most studied plant [11]. The tomato (Solanum lycopersicum L.), a fruit and vegetable crop rich in essential vitamins and minerals, has been commonly cultivated worldwide. In order to optimize economic benefits, surplus chemical fertilizer use and incorrect irrigation levels are common practices [12,13,14].



Furthermore, chemical fertilizers are frequently applied to crops to meet their nutritional needs and increase yields. However, their high costs and excessive application in soils increase production costs and sometimes negatively affect the soil and environmental health [15]. Vermicompost (VC) is an organic matter-decomposition product of earthworms and microorganisms working together, a natural eco-manure resource [16]. Vermicompost is an organic amendment with the added benefits of sustaining soil health and providing crops with a sustainable supply of nutrients, potentially reducing dependence on chemical fertilizers [15]. Wu et al. [17] examined the impact of VC on the quantity and quality of tomatoes grown in saline soil. Chemical fertilizer treatments did not increase tomato yield, according to the results, but under salt stress, cow manure and vermicompost did. In conclusion, by enhancing photosynthetic capability and encouraging the transport of carbohydrates to fruit, VC may alleviate the adverse effects of salt stress and improve tomato productivity and fruit quality. Vermicompost applications positively contribute to the physical and chemical properties of soil and increase quality and quantity in plant production [18,19]. In particular, the use of VC, which is a good soil regulator that provides high water retention capacity, cation exchange capacity, porosity rate, aeration, and microbial activity, has increased in recent years with the increase in organic farming awareness [20,21]. Soil treated with VC exhibits improved plant growth, including more leaves, flowers, and fruit [22].



In studies conducted on irrigation levels and VC doses, Şenyiğit et al. [23] determined the effects of water consumption and yield of basil plants under greenhouse conditions. For this purpose, four different irrigation water levels (100% 75%, 50%, 25%, 0) and three different vermicompost doses (V0: 0 kg da−1, V1: 100 kg da−1 and V2: 200 kg da−1) were applied. The study found that irrigation is necessary to obtain a higher yield per unit area in basil cultivation under greenhouse conditions. Considering the irrigation and labour costs, choosing the full irrigation option (100%) is appropriate, providing the highest efficiency from the unit area under sufficient water. However, in regions where water is limited or expensive, applying a constraint between the 75% water constraint and full irrigation may be useful, where both water and WUE are highest. In addition, it was concluded that vermicompost application at V1 level can be recommended because it reduces the plants’ water consumption, increases productivity and is an environmentally friendly fertilizer. Vermicompost application at V2 level reduced the yield, and it was determined that high doses of vermicompost application should be avoided. Coşkan and Şenyiğit [24] investigated selected lettuce plant micronutrient intake under greenhouse conditions. For this purpose, five different irrigation water levels (100%: full irrigation, 75%: with 25% water deficit, 50%: with 50% water deficit, 25%: with 25% water deficit, 0: without irrigation) and two different vermicompost doses (VC25: 25 g, VC50: 50 g) were applied. The trial found that both VC doses and water level were effective for micronutrient intake. Among the VC doses, VC25 increased nutrient uptake, while VC50 decreased the nutrient content of plants. It has been observed that full irrigation (100%) is not the best option for micronutrient intake, and 75% provides more micronutrient intake. Demir [25] applied three different VC doses and three different irrigation levels for lettuce plants. It was observed that the highest lettuce yield (178.7 g plant−1) was obtained at full irrigation (100%) and 5% VC application, while the lowest lettuce yield (94.0 g plant−1) was in the control application (25%). The results showed that applying VC under various irrigation schedules can effectively enhance the physicochemical characteristics of the soil and increase lettuce yield. Although various studies have been conducted on the effects of irrigation levels and chemical fertilizers on plant and soil fertility, there has not been sufficient research on the effects of water and organic fertilizer on plants [26]. Additionally, researchers have reported that increasing irrigation levels and vermicompost doses is not always the best option in terms of plant productivity.



For this purpose, this study aimed to determine the effects of different irrigation levels and vermicompost doses on the morphological and phenological characteristics, water consumption, WUE and yield parameters of tomato plants under polycarbonate greenhouse conditions and to determine the most appropriate irrigation level and vermicompost doses.




2. Materials and Methods


2.1. Experimental Site Description


In order to determine the effects of irrigation levels and VC doses, pot experiments were conducted under a polycarbonate greenhouse at Kırşehir Ahi Evran University, Turkey (39°08′02″ N, 34°07′08″ E, 1082 m sea level). The greenhouse has a north–south orientation. In 2022, the study was carried out in the polycarbonate greenhouse between early May and mid-August. The study location has typical continental climate conditions. Rainfall totals are 383.2 mm annually, with over half falling between November and May. The average annual temperature, humidity, and evaporation for a Class A pan are 11.5 °C, 63.0% and 1368.9 mm, respectively [27]. The climate parameters of the study area are included in Table 1.



Tomato growth and development are significantly influenced by environmental temperature and relative humidity. The mean temperature measured outside was lower than the temperature within the greenhouse during the experiment. However, the measured mean relative humidity values were lower than the outside.



Each pot was filled to a capacity of 6.4 L using air-dried soil. The soil had a texture of sandy clay loam, consisting of 8.02% silt, 21.08% clay, and 70.9% sand. The bulk density of the soil used in the experiments was 1.27 g cm−3. The gravimetric soil water contents were 4.4% and 19.4% at the wilting point and field capacity. The vermicompost used in the study was obtained from cow manure, passed through a 2 mm sieve, and mixed into the soil once with planting. Some physical and chemical properties of the experimental soil and vermicomposting are presented in Table 2.



Irrigation water used in the experiment was taken from the tap. The class of water was C2-S1, according to [28]. The parameters of the water used for irrigation are listed below in Table 3.




2.2. Experimental Design and Treatments


The plant material used in the experiment was the tomato variety TYBİF F1. The study was conducted with three irrigation levels and three VC doses. Following a factorial arrangement trial design in random plots, a total of 9 treatments (3 × 3) were applied and each treatment was replicated three times.



In the experiment, before the irrigation level treatments started, the pots were brought to field capacity on 11 May 2022. Then, irrigation applications started and were terminated on 8 August 2022. The volume of irrigation water given to the treatments was calculated by weighing the pots daily. Gravimetric monitoring was used to monitor the soil moisture levels. Accordingly, irrigation regimes were applied as follows: I100 treatment: full irrigation (100% of water used), I75 treatment: 25% less water applied, I50 treatment: 50% less water applied, I25 treatment: 25% less water applied. The total weight of the pots belonging to the treatments was 3.5 kg. We prepared the amount in VC applications on a weight basis (w/w). Accordingly, two different doses of VC were used, 10% (VC10) and 20% (VC20) (w/w), and no VC was added to the control pots (VC0).




2.3. Crop Water Requirement and Water Use Efficiency


Before the trials began, the field capacity weight of every pot was identified. To stop evaporation, tap water was first added to the pots and the tops covered. Each pot’s weight was taken to be its field capacity weight (WFC) once the drainage stopped. The pots were weighed before watering to determine the amount of water to apply per pot. Using Equation (1). the amount of applied irrigation water (IW) was calculated [29,30]:


IW = ((WFC − W)/ρw) × CAW



(1)




where IW: amount of applied irrigation water (L), WFC: pot weight at field capacity, W: weight of the pot just before irrigation (kg), ρw: unit mass of water (1 kg L−1), and CAW: water application coefficient for each treatment (75%, 50%, 25%).



Daily irrigation intervals were applied to the plants, taking into account the water content of the soil in control applications. Using the water balance equation, the amount of evapotranspiration between two successive irrigations was determined (Equation (2)):


ET = (Wn − Wn+1)(IW − R)



(2)




where Wn and Wn+1: pot weights before the nth and (n + 1)th irrigation (kg), and R: amounts of applied and drainage water (L).



Each pot had a drain pan beneath to collect leachate. After drainage was stopped, the volume of collected drainage water was measured for each pot to check and adjust the leachate fractions to a value of 0.20.



In the study, considering the ET and yield of the treatments, WUE values were calculated using Equation (3) [31]:


WUE = (EY/ET)



(3)




where WUE: water use efficiency (g L−1), EY: economic yield (g pot−1), and ET: plant water consumption (L pot−1).



Total and marketable WUE was calculated with the help of WUE by [31]. The total WUE was determined with total yield (g pot−1) and water applied to the plant (L pot−1). Similarly, marketable WUE (g L−1) was determined with marketable yield (g pot−1) and total water applied to the plant (L pot−1).



The water use–yield relationship was determined using relative yield reduction and relative water consumption in Equation (4) [32]:


   (  1 −    Y a     Y m     )  =  k y   (      ET  a      ET  m     )   



(4)




where Ya: actual yield (g pot−1), Ym: maximum yield (g pot−1), ETa: actual plant water consumption (L pot−1), ETm: maximum crop water consumption (L pot−1), and ky: yield response factor indicating decrease in yield concerning per-unit decrease in ET.




2.4. Crop Management


The plant material used in this study was the tomato variety TYBIF F1. The total period of the growing season of tomatoes was 90 days (May to August) in 2022. Tomatoes were suspended from a wire above the greenhouse at the late seedling stage to ensure upward growth. Tomato plants were grown to the fourth trusses. All cultural operations, such as leaf pruning, axil removal, and tip removal, were carried out on the plants during cultivation. Different phenological growth stages and picking time were recorded by observation. For the treatments with full irrigation, the dates of the growth stages are given in Table 4.




2.5. Measurements and Analyses of the Plants and Fruit


2.5.1. Soil, Vermicompost, and Water Analyses


The hydrometer method was used to determine the size distribution of soil particles [33]. Then, the soil textural class was determined using the USDA triangle for soil texture determination. Undisturbed soil samples taken with steel cylinders with a volume of 100 cm3 were dried in the oven at 105 °C until they reached a constant weight, and the weight of the oven-dry soil was determined by dividing it by the total cylinder volume [34]. The pots, filled with airdried soils, were watered until fully saturated and covered with plastic mulch to prevent evaporation. After providing for drainage of excess water leaked from the bottom of the pots, the weight of the pots was accepted as field capacity [29,30]. Using a pH meter, the soil response (pH) values were obtained from a 1:5 (w:v, water:soil) soil-water suspension, and an an EC meter was used to identify the soil electrical conductivity (EC 25 °C) from the same soil-water suspension [35]. CaCO3 content was measured using a Scheibler calcimeter [36], available P contents were measured with extraction with 0.5 M NaHCO3 at pH 8.5 [37], and available K was measured from NH4OAc (pH, 7.0) extract according to [38]. The soil samples’ organic matter (OM) content was determined using the modified Walkley–Black method [39].



Irrigation water samples, pH and electrical conductivity (EC) values (Eutech PC 700), Mg, Na, K: AAS direct reading (Agilent 240 AA Atomic Absorption Spectrometer), Ca: Flame photometer direct reading (JENWAY/PFP7 flame photometer), CO3, HCO3: sulphuric acid titration [28], Cl: Mohr method (silver nitrate titration) [28], SO4: barium chloride method [40] (spectrophotometric) (Thermo Scientific™ GENESYS™ 10S UV-vis spectrophotometer), sodium adsorption rate (SAR) [28].




2.5.2. Morphological Measurements


This study investigated selected agronomic variables such as stem diameter, plant height, number of leaves, and stem and root weight. The plant height, expressed in centimetres, was measured from the root neck to the growth tip. Using a digital caliper, stem diameters (mm) were measured from three points of the plant and averages were noted. Moreover, the number of leaves and flowers (piece plant−1) was recorded. After cutting the tomato plants from the root collar, their stems and roots were weighed to determine their fresh weight (g). The same samples were then dried in an oven at 65 °C to determine their dry weight (g). These steps were carried out at the end of the experiment.




2.5.3. Measurement and Analysis of Quality Parameters


For each sample, tomatoes of the same size and maturity free of external defects were gathered to determine the quality parameters. The sample’s water was extracted using an extractor. A digital calliper with ±0.1 mm sensitivity was used to measure the width and length of the fruit in millimetres. The weight of the fruit (g) was measured with an electronic scale with ±0.005 g sensitivity. After harvest, the firmness of the fruit was measured with a penetrometer (Force Gauge brand, PCE-PTR 200 model). In fruit juice extracts, solid content, pH, and titratable acidity were determined. A Hanna HI 96,801 digital refractometer measured TSS (%) (°Brix). An HI 9321 digital pH meter was used for the pH measurement. Titratable acidity was determined via titration with 0.1 N NaOH up to an endpoint of pH 8.1 and given as a percentage of citric acid in 100 mL of juice. Colour measurement of fruit picked up randomly from each replication was carried out using a colourimeter (Konica-Minolta CR-410). Based on a white plate, the L*, a*, and b* values for colour measurement were determined following the calibration procedure. L determines the lightness or darkness of the colour, from black (0) to white (100), and a and b determine the colour on a colour plane perpendicular to L. On the horizontal axis, +a represents red, −a represents green, +b on the vertical axis indicates yellow and −b indicates blue. Hue, which determines the basic components of the colour, and chroma, which determines the saturation and liveliness of the colour, were calculated from a and b [41].



Additionally, yield values (g pot−1) for each plant were measured. When the fruit reached the variety’s desired size and colour, harvesting was completed. The total yield value was determined by totalling the end-harvest yield values at the end of the treatment. Marketable fruit weight classification and yield (g pot−1) calculation were carried out as per [42,43]. Accordingly, depending on fruit width, marketable yield is classified as follows: Class I > 5.5 cm, 4.5 cm < Class II > 5.5 cm, 3.5 cm < Class III > 4.5 cm, and 3.5 cm < Class IV. Tomato fruit that was too small, misshapen or cracked was considered unmarketable yield [42,43].





2.6. Weather Data Measurements


Inside and outside air temperatures were measured with Onset HOBO U12 data loggers, which record temperature and relative humidity values. These devices can measure temperature in the range of −20/+70 °C with an accuracy of ±0.35 °C, and relative humidity measurements between 5% and 95% with an accuracy of 2.5%. The inside and outside greenhouse environment measurements were recorded at 1 h intervals.




2.7. Statistical Analysis


The statistical program SPSS 15.0 was used to study the differences in tomato characteristics between irrigation levels and VC doses. When the differences between the means were statistically significant (p < 0.05), the mean values of traits were compared using Duncan’s multiple range test.





3. Results and Discussion


3.1. Morphological Properties of Tomatoes


Morphological observations are important for determining plants’ optimum productivity [10]. The morphological properties of tomatoes in the experiment are given in Table 5.



The results show that the responses of tomatoes to irrigation level and VC dose applications are different. Accordingly, the highest stem diameter was obtained in I50VC10 and the lowest in I50VC0 treatment. Stem diameters were statistically significantly affected by irrigation level and VC doses (p < 0.01). Additionally, the interaction of irrigation level × VC doses significantly affected stem diameter (p < 0.05). Gutiérrez-Miceli et al. [44] applied different doses of vermicompost:soil (1:1, 1:2, 1:3, 1:4, 1:5 and 0:1) for tomatoes. The highest stem diameter was found in the 1:4 application. Additionally, it was determined that vermicompost doses increased stem diameter values compared to the control application. Siingh et al. [45] found the difference between stem diameter values in two different applications in tomato production (3-day intermittent irrigation + 5 t ha−1 VC and 3-day intermittent irrigation) to be insignificant (p > 0.05). Colimba-Limaico et al. [31] found that the values for stem diameter increased with increasing irrigation levels (80%, 100%, 120% and 140%). Boyacı et al. [46] found that the difference in plant stem diameter between different irrigation levels (60%, 80%, 100% and 120%) was significant (p < 0.01). In this study, increasing irrigation levels and VC doses increased plant stem diameter.



Moreover, this study found that in the I100VC20 and I50VC0 treatments, plant height was highest and lowest, respectively. In addition, plant heights were in the same group in I100VC20, I100VC10 and I75VC10 treatments. Plant height values were significantly affected by irrigation level and VC doses (p < 0.01). However, irrigation level × VC dose interactions significantly influenced plant height (p > 0.05). Gutiérrez-Miceli et al. [44] used six different vermicompost:soil treatments (1:1, 1:2, 1:3, 1:4, 1:5 and 0:1) in tomato cultivation. While average plant heights increased in all treatments in the first harvest, there was a difference in the 1:1 application in the second harvest compared to the control treatment (p < 0.05). The highest plant height was achieved in the 1:4 application in the first harvest and in the 1:1 application in the second harvest. Siingh et al. [45] found the difference between plant heights in two different applications in tomato cultivation (3-day intermittent irrigation + 5 t ha−1 VC and 3-day intermittent irrigation) to be insignificant (p > 0.05). In previous research, Colimba-Limaico et al. [31] reported that plant height increased as the irrigation level increased. According to research by Atilgan et al. [47], tomato plants grown under full irrigation settings have an average height considerably taller than those grown under deficit irrigation conditions (p > 0.05). Similarly, this study determined that increasing irrigation levels and VC doses increased plant height values.



In the experiment, I75VC20 applications produced more leaves, while I50V0 applications produced fewer. Leaf numbers were statistically significantly affected by irrigation level, VC doses and irrigation level × VC dose interactions (p < 0.01). Gutiérrez-Miceli et al. [44] determined that different vermicompost doses in tomatoes did not significantly influence the number of leaves in the first and second harvests. Atilgan et al. [47] stated that the difference in leaf numbers for different irrigation levels was insignificant. In this experiment, increased irrigation and VC treatments affected the number of plant leaves. Moreover, the highest number of flowers was obtained in I75VC20 and the lowest in I50VC0 treatments. According to the flower numbers obtained for the treatments, the effect of irrigation levels on the number of flowers was statistically significant (p < 0.05). The effect of VC doses was significant at p < 0.01. According to findings, increasing doses of VC increased the number of flowers. However, the result of the interaction of irrigation level × VC doses on the number of flowers was insignificant (p > 0.05). The highest stem wet weight was obtained in the I75VC20 treatments, and the highest stem dry weight was obtained in the I75VC10 treatments. In addition, the stem dry weight was also included in the same group in I75VC10, I100VC10 and I75VC20 treatments. The lowest fresh and dry weights were obtained in I100VC0 treatments. The effect of irrigation level on stem fresh weight was significant (p < 0.01), while its effect on stem dry weight was found to be insignificant (p > 0.05). The effect of VC treatments on fresh and dry stem weight was significant (p < 0.01). Additionally, the effect of irrigation level × VC dose interactions on stem wet weight was found to be insignificant (p > 0.05), while its effect on root dry weight was found to be significant (p < 0.05). According to the root fresh and dry weight values obtained for the treatments, the effect of irrigation level and VC doses on root fresh and dry weights was statistically significant (p < 0.01). Additionally, the effects of irrigation level × VC dose interactions on root fresh weight were significant (p < 0.05) and insignificant on root dry weight (p > 0.05). In a study conducted by Nazarideljou and Heidari [48], the shoot dry weight of the Zinnia elegance ‘Dreamland Red’ plant showed a tendency to decrease with increasing water stress (40% field capacity). Also, with high levels of drought stress, the addition of VC did not prevent biomass reduction. The highest was found at 70% irrigation level of shoot dry weight and 2.5–5% VC doses. Similarly, Guzman-Alborez [49] reported that leaf, stem, and root weights decreased under water-limit conditions. They also reported that leaf, stem and root weights were statistically in the same group at increasing VC doses compared to the control group. Researchers have reported that the highest amount of fresh and dry matter for tomato plants is obtained from increasing water levels [50,51]. In this study, stem fresh weight increased at I75 irrigation level and VC20 doses, while stem dry weights were higher at I75 irrigation and VC10 applications. While root fresh weight increased with VC20 doses, stem dry weight was higher in VC10 applications.




3.2. Quality Parameters of the Tomatoes


The quality parameters of the tomato fruit for different treatments are presented in Table 6. We found the widest fruit in the I100V10 treatment and the narrowest in the I50V0 treatment. In addition, fruit width was the same groups I100VC0, I100VC10 and I100VC20 treatments. According to the fruit width values obtained for the treatments, statistically significant differences were determined between the irrigation level treatments (p < 0.01). Vermicompost doses and irrigation level × VC doses interactions on fruit width were insignificant (p > 0.05). Moreover, the highest fruit length was achieved in I100VC20 treatments and the lowest in I50VC0 treatments. According to the fruit length values obtained for the treatments, the effect of irrigation level and VC doses on fruit size was statistically significant (p < 0.01). The effect of irrigation level × VC interaction on fruit length was insignificant (p > 0.05). Boyacı et al. [46] found that the difference between tomato fruit width and fruit length values between different irrigation levels (60%, 80%, 100% and 120%) was statistically significant (p < 0.01). Similarly, increased irrigation levels increased fertilizer intake and contributed positively to fruit width and height values.



This study obtained the highest fruit weight in I100VC10 and the lowest in I50VC0 treatments. According to the fruit weight values achieved for the treatments, the effect of irrigation level on fruit weight was significant (p < 0.01). The influence of VC doses and irrigation level × VC interaction on fruit weight was insignificant (p > 0.05). Siingh et al. [45] found the difference between tomato fruit weight values to be insignificant (p > 0.05) in their study, in which VC was not applied and 5 t/ha VC was applied. Boyacı et al. [46] noticed that the difference in fruit weight values between different irrigation levels (60%, 80%, 100% and 120%) was significant (p < 0.01). In their experiment, since mineral matter intake decreased at decreasing irrigation levels, fruit weight values increased at increasing irrigation levels.



Low pH values (around 2.0) typically indicate sour fruit in quality analyses [52]. That study obtained the highest pH value in I50V10 and the lowest in I100VC20 treatments. According to the pH values obtained for the treatments, the effect of irrigation water level and VC doses on pH was statistically significant (p < 0.01). However, the effects of irrigation level × VC dose interactions on pH were insignificant (p > 0.05). The pH of tomato juice is an important quality parameter that determines taste. In previous research, Lovelli et al. [53] and Boyaci et al. [46] reported that the difference between different irrigation levels and pH values was statistically significant (p < 0.01). Gutiérrez-Miceli et al. [44] found that vermicompost applications statistically affected pH values in tomato cultivation compared to the control group without VC (p < 0.05). It was also reported that the differences between VC applications were insignificant (p > 0.05). Similarly, that study determined that the effect of irrigation and vermicompost doses on pH was important.



Fruit flesh firmness and skin resistance in tomatoes are critical harvest criteria against mechanical damage, as they change during storage, distribution and maturity [54]. According to fruit flesh hardness values, the effect of irrigation level, VC doses, and the interaction of irrigation level × VC doses on fruit flesh hardness was significant (p < 0.01). Boyaci et al. [46] determined that fruit flesh firmness values between irrigation levels increased by 120% and decreased by 60%. Accordingly, water stress was found to reduce fruit flesh firmness significantly. In our findings, fruit flesh firmness values decreased with decreasing water levels.



A low acidity value indicates sweet fruit in a quality analysis [52]. According to the TA values obtained for the treatments, the effect of irrigation level, vermicompost doses and irrigation level x vermicompost interaction on TA was statistically significant (p < 0.01). According to research, TA decreases as irrigation level increases [46,55]. In that study, increasing irrigation levels decreased TA values, while increasing VC doses increased TA values.



TSS in tomato fruit is an important ingredient that creates fruit aroma [56]. The effects of irrigation level, VC doses and irrigation level × VC interactions on TSS were statistically significant (p < 0.01). Researchers have found the highest TSS in tomatoes at different irrigation levels, where water limitation is highest [31,55]. Siingh et al. [45] found the TSS value to be 4.3° Brix in 3-day intermittent irrigation application and 4.9° Brix in 5 t ha−1 VC + 3-day intermittent irrigation application. Accordingly, it was determined that the VC application reduced the TSS value. Gutiérrez-Miceli et al. [44] reported that TSS increased in vermicompost doses compared to the control application. Similar to the study conducted by the researchers, increasing irrigation levels and VC doses increased TSS.



According to the hue and chroma values obtained for the treatments, the effects of irrigation level × VC dose interactions on hue and chroma were statistically significant (p < 0.01). Fruit colour is one of the most significant quality parameters affecting fruit attractiveness in tomatoes [57]. The fruit colour hue angle values express the colour tone of tomatoes. A lower hue colour angle value causes the red colour to appear better [58]. In tomato fruit, fruit skin colour and chroma values are expressions of colour saturation and vividness [59]. In Goel and Kaur [60], tomatoes under treatments VC15, VC30, VC45 were better in colour than control plants. In this study, VC10 doses were found to be redder, and VC20 doses were found to be more vivid. Additionally, more red tomatoes were obtained at decreasing irrigation levels. Thus, this research found that combining irrigation levels and VC doses influenced the tomato’s colour and vividness.




3.3. Water Consumption and Yield Relationships


Because it affects fruit set and quality, water management is crucial for tomatoes at every stage of plant growth. Based on the treatments, water consumption, yield and WUE values are given in Table 7.



ET decreased because of insufficient water application at irrigation levels; therefore, lower evapotranspiration was obtained in the I50 treatments. Furthermore, the highest ET value was determined in the I100VC10 (47.8 L) and the lowest in the I50VC0 (21.2 L) treatments. According to the ET values obtained for the treatments, the effect of the interaction of irrigation level × VC doses on ET was found to be statistically significant (p < 0.01). Accordingly, the study found that irrigation levels and vermicompost doses affected ET values. Demir [25] conducted measurements at different irrigation levels (100, 50 and 25%) and VC doses (0, 2.5 and 5% w/w). A study reported that 5% VC application increased the field capacity of the soil compared to a non-vermicompost application. Accordingly, the highest usable available water capacity was obtained with 5% VC application. Şenyiğit et al. [23] applied different irrigation levels (100, 75, 50, 25, 0%) and different VC doses (0, 1000 and 2000 kg ha−1). The study reported that VC doses reduced water consumption by reducing the need for irrigation water. Similar to the studies conducted by the researchers, it was determined that 20% VC application increased the usable water retention capacity and had a lower ET value than 10% VC application. This study obtained the highest total yield from the I100V20 (947.9 g pot−1) and the lowest total yield. Additionally, application I100VC20 produced the maximum marketable yield (947.9 g pot−1), while application I50VC0 produced the lowest total yield (165.3 g pot−1). According to the total yield and total marketable yield values obtained for the treatments, the interaction of irrigation level × VC doses on total yield and total marketable yield was statistically significant (p < 0.01). Thus, this study found that tomatoes’ yield and marketable yield values were influenced by the amount of irrigation and the dosage of VC. Yang et al. [26] compared vermicompost application and three different irrigation levels (low irrigation: 50–60%, medium irrigation: 60–70% and high irrigation: 70–80%). According to study findings, a higher yield in VC application was obtained with the water level of medium irrigation (60–70%). Compared to low and high irrigation levels, the yield rose by 28.22% and 14.07%, respectively, at the medium irrigation level. Demir [25] conducted studies on lettuce plants at different irrigation levels (100, 50 and 25%) and VC doses (0, 2.5, and 5% w/w). They reported that VC applications, irrigation level and VC × irrigation level interactions significantly affected lettuce yield. Accordingly, the highest yield (178.7 g pot−1) was achieved from applying 5% VC at the highest irrigation level (100%). Similarly, the highest tomato yield was obtained at 100% irrigation level and increasing VC doses. Therefore, it can be found that increased irrigation levels increase vermicompost intake and yield.



Water use efficiency is an indicator that shows the effective use of water resources in crop production. If the water supply is restricted, this indicator is key in choosing the right irrigation management techniques [61]. In this study, the highest total WUE was obtained from the treatment of I100VC20 (21.9 g L−1), while the lowest total WUE was obtained from I50VC0 (11 g L−1). The highest marketable WUE was obtained from treatment I100VC20 (21.9 g L−1), and the lowest total WUE was I50VC0 (11 g L−1). According to the total WUE and marketable WUE values obtained for the treatments, the effect of irrigation level × VC interaction on total WUE and marketable WUE was statistically significant (p < 0.01). The study findings determined that irrigation levels and VC doses affected tomatoes’ total WUE and marketable WUE values. Pereira et al. [10] reported that farmers may be more successful in maximizing water efficiency than agricultural productivity, particularly in areas with limited water resources like the Mediterranean basin. Nazarideljou and Heidari [48] investigated the effects of different irrigation levels (40, 70 and 100%) and different levels of VC (0, 2.5 and 5%) on Zinnia elegance ‘Dreamland Red’. The study found the highest WUE value at 70% irrigation level and 2.5% VC, and the lowest WUE value at 40% irrigation level and 0 VC. This study found the highest total and marketable WUE for the I100VC20 treatment (21.9 g L−1). However, applying I75VC20 (18.2 g L−1) in places with water shortage and applying I100VC10 (19.0 g L−1) in places with high fertiliser costs may yield positive results in maintaining the water and productivity balance.



Knowledge of the yield response factor (ky) reduces yield losses during the growing season by making it possible to select the best crop for a particular location and season according to the water deficit condition. Planning for production heavily depends on how different crops will respond in terms of yield to a water deficit [10]. The relationship between relative yield decreased and relative evapotranspiration deficit is presented in Figure 1.



Efficient water management and economic evaluation require information on water–yield relationships [62]. The yield response factor (ky) for tomatoes was 1.42 for the growing season (Figure 1). The higher the value of Ky, the less tolerant the tomato is to drought [63]. The yield response factor, which approaches 1 when yield decreases proportionately to ET deficiency, shows how tolerant a crop is to water stress [64]. Although tomato is a relatively moderately sensitive crop, the estimated value of the Ky is 1.05 [65]. Tomatoes require varied amounts of water at different stages of growth. Based on deficit irrigation during specific stages of tomato growth, several researchers have found that flowering and fruiting were the phenological stages most susceptible to water stress [66,67,68]. The study by Ayas [69] to examine the effects of water deficit on some tomato parameters during four crop growth stages in the greenhouse found the ky value between 0.48 and 1.59. In another study, Ayas [70] stated that the Ky factor for tomatoes in the unheated greenhouse was 1.0. Cui et al. [71] in the high tunnel, found the ky value in tomato in different periods, vegetative phase (0.27–0.37), flowering and fruit development phase (0.61–0.91) and the fruit ripening phase (1.56–2.41). The yield response factor (ky) for processing tomato, Kuşçu et al. [62] was found 1.59 and Kuşçu et al. [72] 1.65. When deficit evapotranspiration is applied, the value of ky can vary with location, species, variety, irrigation technique, management, and growth stage [73,74]. Proper irrigation management is essential for crops cultivated in greenhouses to be more productive and of higher quality. Crops within the greenhouse need regular watering to reduce water stress, maximize yield, and maintain high quality. Water application scheduling is particularly important, since insufficient irrigation results in water stress and lowers productivity, whilst excessive irrigation lowers yield [75]. In that experiment, the ky value was higher than 1, showing that the plant is sensitive to unit water deficit. Moreover, the high ky value determined in this study stated that the yield reduction rate was proportionally higher than the relative evapotranspiration deficit.





4. Conclusions


It has been revealed that irrigation and fertilization are necessary to obtain higher yields per unit area in tomato cultivation under greenhouse conditions. Irrigation level and VC doses significantly affected crop growth, yield, and WUE. The effects of irrigation level and VC dose applications on the morphological and phenological characteristics, water consumption, WUE and yield parameters of the tomato plant examined were visible at the highest application dose (I100VC20). Considering irrigation costs, it is appropriate to choose full irrigation (I100VC20), which provides the highest efficiency from the unit area under conditions where water is sufficient and cheap. In regions where water is limited or expensive, it is thought that a constraint application between the I75VC20 and full irrigation treatments, where WUE and productivity are high, may be useful. In regions where fertilizer is limited or expensive, it is thought that the treatment of I100VC10 may be beneficial due to its high efficiency and marketable WUE. The study results concluded that 10% and 20% VC doses can be recommended because they reduce the plant’s water consumption, increase productivity, and are environmentally friendly fertilizers. More research on various species and production techniques is necessary to evaluate the possible long-term consequences on agricultural systems.
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Figure 1. Relationships between relative tomato yield reduction as a function of relative ET deficit. 
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Table 1. Climate parameters on the site.
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Year

	

	
Climate Parameters

	
May

	
June

	
July

	
August






	
2022

	
Outdoor

	
Tmean, °C

	
15.4

	
20.2

	
22.0

	
20.3




	
RHmean, %

	
60.9

	
60.5

	
50.9

	
52.9




	
Indoor

	
Tmean, °C

	
24.6

	
26.7

	
28.0

	
23.7




	
RHmean, %

	
47.3

	
50.5

	
41.9

	
60.3




	
Long-term (1930–2021)

	
Tmean, °C

	
15.5

	
19.7

	
23.1

	
23.0




	
RHmean, %

	
60.2

	
54.2

	
47.6

	
47.6








Note: Tmean: mean air temperature; RHmean: relative humidity.













 





Table 2. Some physico-chemical properties of the experimental soil and vermicompost.
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	Properties
	Soil
	Vermicompost





	pH
	8.44
	8.27



	EC (µS cm−1)
	135.7
	13,300



	CaCO3 (%)
	41.9
	5.99



	OM (%)
	2.65
	37.11



	Available P2O5 (kg da−1)
	8.70
	379.42



	Available K2O (kg da−1)
	72.0
	3726.56










 





Table 3. Analyses of the irrigation water used in the experiment.
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pH

	
EC, dS m−1

	
Anions, meq L−1

	
Cations, meq L−1

	
SAR




	
Ca

	
Mg

	
K

	
Na

	
CO3

	
HCO3

	
Cl

	
SO4






	
7.70

	
0.62

	
2.8

	
1.20

	
0.05

	
1.40

	
0

	
5

	
0.3

	
0.3

	
1.40








Note: pH is the water reaction, EC is the irrigation water electrical conductivity, and SAR is the sodium adsorption ratio.













 





Table 4. Phenological observation dates of tomatoes in the full irrigation treatments.






Table 4. Phenological observation dates of tomatoes in the full irrigation treatments.





	Growth Stages of Tomato
	I100VC0
	I100VC10
	I100VC20





	Transplanting
	11 May
	11 May
	11 May



	First flowering
	29 May
	27 May
	25 May



	Fruit setting
	8 June
	6 June
	4 June



	First picking
	17 July
	14 July
	10 July



	Last picking
	8 August
	8 August
	8 August










 





Table 5. Morphological properties of tomatoes at different irrigation levels and vermicompost doses.






Table 5. Morphological properties of tomatoes at different irrigation levels and vermicompost doses.





	Treatments
	Stem Diameter

(mm)
	Plant Height

(cm)
	Number of Leaves

(Pieces)
	Number of Flowers

(Pieces)
	Stem Wet Weight (g)
	Stem Dry Weight (g)
	Root Wet Weight (g)
	Root Dry Weight (g)





	I50VC0
	11.4 d
	67.2 b
	17.2 c
	13.3 d
	90.5 c
	42.2 cd
	49.0 cd
	27.4 de



	I75VC0
	11.6 d
	78.6 b
	17.0 c
	16.2 d
	94.7 c
	37.4 de
	43.1 d
	21.4 ef



	I100VC0
	11.6 d
	77.3 b
	16.7 c
	15.5 d
	70.3 c
	30.8 e
	40.6 d
	14.3 f



	I50VC10
	14.9 a
	76.3 b
	17.8 c
	20.5 c
	165.0 b
	50.7 ab
	110.6 a
	46.6 a



	I75VC10
	12.3 cd
	98.5 a
	21.2 ab
	20.7 bc
	193.3 b
	56.9 a
	83.1 b
	39.7 ab



	I100VC10
	13.2 bc
	105.8 a
	20.8 ab
	21.3 bc
	181.4 b
	55.8 a
	73.6 b
	32.7 bcd



	I50VC20
	13.8 ab
	79.4 b
	19.8 b
	23.0 bc
	195.8 b
	44.4 bcd
	91.2 ab
	38.6 abc



	I75VC20
	12.9 bc
	82.0 b
	21.7 a
	26.8 a
	243.0 a
	55.0 a
	107.9 a
	47.1 a



	I100VC20
	13.3 bc
	111.0 a
	20.5 ab
	23.7 b
	182.0 b
	48.2 abc
	71.1 bc
	29.8 cde



	Irrigation
	**
	**
	**
	*
	**
	NS
	**
	**



	VC
	**
	**
	**
	**
	**
	**
	**
	**



	Irrigation × VC
	*
	NS
	**
	NS
	NS
	*
	*
	NS







Note: Irrigation level, I100: 100% ET; I75: 75% ET; I50: 50% ET; vermicompost doses, VC0: no vermicompost; VC10: 10% VC; VC20: %20 VC, a–f different letters within the same column show significant differences at p < 0.05 significance level. *, ** Significant at the 0.01 and 0.05 probability levels, respectively. NS, Non-significant.













 





Table 6. Quality parameters of tomatoes at different treatments.
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	Treatments
	Width

(mm)
	Length

(mm)
	Weight

(g)
	pH
	Firmness

(kg m−2)
	TA

(%)
	TSS

(°Brix)
	Hue
	Chrome





	I50VC0
	40.8 d
	36.5 d
	35.2 d
	4.2 ab
	2.1 d
	0.35 ef
	4.42 d
	20.1 c
	94.1 ab



	I75VC0
	45.4 bc
	39.3 cd
	45.2 cd
	4.2 bc
	2.5 b
	0.40 de
	3.50 f
	25.8 a
	64.2 cd



	I100VC0
	55.7 a
	47.4 b
	70.3 b
	4.1 cd
	2.1 d
	0.33 f
	2.80 g
	26.2 a
	70.8 bc



	I50VC10
	41.5 cd
	36.6 d
	35.5 d
	4.3 a
	2.0 d
	0.50 c
	6.05 b
	20.0 c
	93.6 ab



	I75VC10
	46.9 b
	39.9 cd
	50.4 c
	4.1 bc
	2.0 d
	0.50 c
	5.20 c
	23.4 ab
	45.0 d



	I100VC10
	56.9 a
	46.5 b
	84.2 a
	4.1 cd
	2.2 cd
	0.42 d
	4.10 e
	21.6 bc
	87.3 abc



	I50VC20
	41.4 cd
	41.4 c
	34.4 d
	4.1 cd
	2.0 d
	0.70 a
	7.08 a
	25.3 a
	67.9 c



	I75VC20
	47.7 b
	47.7 b
	51.5 c
	4.1 de
	3.0 a
	0.60 b
	6.88 a
	24