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Abstract

:

Plant tolerance to salinity stress is vital for irrigation scheduling, decision-making, planning and operation, and water resource management. This study is aimed to investigate the effects of irrigation water salinity on water use, growth, physiology, and yield parameters of drip-irrigated tomatoes in two different growing seasons. In addition to control (0.7 dS m−1), three irrigation water salinity levels: 2.5 (low), 5.0 (moderate), and 7.5 (high) dS m−1 were used. In both seasons, autumn 2021 and spring 2022, increased water salinities caused an increase in soil salinity, while a decrease in seasonal crop evapotranspiration. Plant heights did not show significant differences under different salinity levels in autumn 2021, while a meaningful difference among treatments was found in spring 2022. Marketable and total tomato yields, and the leaf area index showed significant decreases under increased salinities in both seasons. Stomatal conductance was not affected by salinity levels. The salt tolerance models for marketable and total fruit yields showed a low threshold and slope value in autumn 2021, contrasting with a high threshold and slope value determined in spring 2022. The results suggest that the salinity slope value should be considered, as well as the salinity threshold value, for decision making in tomato production at different growing seasons.






Keywords:


evapotranspiration; irrigation scheduling; physiological drought effect; salinity thresholds; yield












1. Introduction


Soil and/or irrigation water salinity has been considered the most important abiotic factor limiting the distribution of plants in certain natural habitats and constituting an increasingly severe agricultural problem in wide areas of the world. The situation has worsened over the last 20 years due to the increase in irrigation requirements in arid and semi-arid regions such as those found in the Mediterranean area [1]. It is estimated that about 20% of the total cultivated and 33% of irrigated agricultural lands are affected by high salinity in the world [2]. Furthermore, the salinized areas are increasing at a rate of 10% annually for reasons such as low precipitation, high surface evaporation, weathering of native rocks, irrigation with saline waters, and poor cultural practices [3,4]. About 1100 million ha of land are affected by salt worldwide, and about 1.5 million ha of land are becoming unusable for agricultural production due to high salinity levels reached every year [5]. Increased salinization of arable land is expected to have devastating global effects, resulting in 50% land loss by the year 2050 [3,6].



The semiarid regions of the world, such as the Mediterranean areas, suffer from a scarcity of good-quality water. This encourages the use of saline water from aquifers for irrigation, which contain excessive concentrations of soluble salts, mainly chlorides (3–6 dS m−1) [7]. Thus, clarifying the mechanisms of plant responses to salt stress and providing solutions for improving crop acclimation to abiotic stresses are critical to meet the increasing food demand across sustainable agriculture when saline water is increasingly used for irrigation, especially in arid and semiarid areas of the world [8,9]. High concentrations of salts cause water deficit, ion imbalance, ion toxicity, or a combination of any of these adverse factors [10,11]. These processes lead to disorder in plant cells, cellular functions, photosynthesis, and respiration [12]. Accurate scheduling of irrigation, essential for maximizing crop production, requires a good knowledge of the crop response to soil water situation [13] and salinity tolerance of the crop [14]. Soil salinity response and tolerance of plants vary widely among crop species and varieties and also depends on the plant growth stage (i.e., germination, vegetative growth, or reproductive growth). In fact, the salt tolerance of a plant is not an exact value but depends upon many factors, such as salt type, climate, soil conditions, and plant age [15]. Although salinity threshold and slope values of more than 130 crop species have been determined under experimental conditions, there is an obvious need for research, since little or no useful information exists on crop salt tolerance for a great number of species [16].



Tomato (Solanum lycopersicum) is a widely distributed annual vegetable in the world. The tomato crop is adapted to a wide variety of climates ranging from the tropics to within a few degrees of the Arctic Circle. However, despite its broad adaptation, production is concentrated in a few warm and rather dry areas. It is an important greenhouse crop in semi-arid regions of Mediterranean countries. In these regions, soil and groundwater salinity are insidious problems that affect both tomato yield and quality [17]. Owing to its high cash value, the tomato has a better potential for increased profitability with drip irrigation. Tomato is considered moderately tolerant to salinity, which could result in reduced crop yields in salt-affected soil [18]. Several studies have investigated the effect of soil salinity on drip-irrigated tomatoes. In a study conducted under drip irrigation, the results showed a yield reduction of about 10–12% for irrigation water with a salinity of 4.5 dS m−1 compared to the 1.2 dS m−1 irrigation water, while yields under 7.5 dS m−1 water salinity were reduced about 60% [19]. However, little difference was found between relative yield versus soil salinity for their data and that of the salinity tolerance data [20] for furrow-irrigated tomatoes.



In Antalya, Turkey, the greenhouse cultivation is very important for the regional economy and the food supply of the country. In Turkey, the protected agriculture area has increased by 78% over the last 15 years, reaching an area of 85 thousand ha. About 99% of the greenhouse area is in the Aegean and Mediterranean coasts, and 39% of it is in the province of Antalya. Tomato (45%), pepper (16%), cucumber (9%), eggplant (4%), and other vegetables, fruit and ornamental plants (26%) are cultivated in Antalya greenhouse areas [21]. In Turkey’s Aegean region, irrigation water supplied from groundwater and rivers are 39 and 29% whereas these rates in the Mediterranean region are 27% and 38%, respectively [22]. It was reported that electrical conductivity (EC) values of groundwater used for irrigation purposes in greenhouses in Antalya, ranged from 0.85 to 4.1 dS m−1 in November (winter) and from 0.83 to 4.4 dS m−1 in June (summer) [23]. Similarly, it was reported that the soil and irrigation water quality in greenhouses in Demre, Antalya, was classified as moderate and highly saline [24]. Plant response to irrigation water salinity is critically important for irrigation scheduling, decision-making, planning and operation, and most critically, water resource management. Although there are numerous scientific studies regarding the response of different crops to salinity stress, no study is available in the literature about salinity response of drip-irrigated tomatoes at different growing seasons. Therefore, this study aimed to investigate the crop water consumption, crop height, yield components, leaf area and chlorophyll content indexes, stomatal conductance and salinity threshold, and slope values of drip-irrigated tomatoes grown under different water salinity levels in autumn and spring growing seasons in Mediterranean-type greenhouses.




2. Materials and Methods


2.1. Experimental Site


The experiment was carried out in a Mediterranean-type greenhouse with a lysimeter system of the Akdeniz University’s Agricultural Research and Implementation Area in Antalya, Turkey (36°53′15″ N, 30°38′53″ E, 31 m altitude above sea level), in two growing seasons: autumn 2021 and spring 2022. The greenhouse dimensions are 9.6 × 25 m oriented in a north-south direction with a gothic roof, 4 m gutter height, 6 m ridge height, naturally ventilated from the side and the roof, polyethylene-covered, unheated, steel, representing the common Mediterranean-type greenhouse in the region. Lysimeters inside the greenhouse have an inner dimension of 2.70 × 1.85 m and a depth of 0.8 m (top 60 cm soil and bottom 20 cm gravel).



The prevailing climate in this area is Mediterranean, with hot, dry summers and mild, wet winters. Long-term annual average temperature is 18.8 °C, with the lowest and highest average of 10.0 °C and 28.4 °C, respectively, recorded in January and July. The total annual precipitation is 1059 mm, 538 mm falling between January and April, 61 mm between May and September, and 460 mm between October and December [25]. Climatic parameters were continuously recorded at the site throughout the experiment by the sensors placed at the automatic meteorology station located in the middle of the greenhouse: such as temperature (T; °C) (PT100 1/3 Class B, Pessl Instruments, Weiz, Austria), relative humidity (RH; %) (Rotronic In-1, Pessl Instruments), pressure (P; bar) (MD514D, Pessl Instruments), wind speed (U; m s−1) (DS-2, Decagon sonic anemometer, Decagon Devices, Inc., Pullman, WA, USA), solar radiation (Rs; W m−2) (IM506D, Pessl Instruments), net radiation (Rn; W m−2) (CNR4, Kipp&Zonen, Delft, The Netherlands), were recorded by the sensors at the automatic meteorology station located in the middle of the greenhouse.




2.2. Experimental Design and Treatments


This study was carried out in two growing seasons autumn 2021 and spring 2022, following the agricultural production pattern of the region. The autumn 2021 and spring 2022 growing seasons were carried out between 7 September 2021–24 September 2022 and 25 February 2022–27 June 2022, respectively. In both growing seasons, the experiment was conducted as a randomized complete block design with three replications per treatment. There were four irrigation water salinity levels (S) with different electrical conductivities including: S0 = 0.7 dS m−1 (control), S1 = 2.5 dS m−1 (low), S2 = 5.0 dS m−1 (moderate), S3 = 7.5 dS m−1 (high). For all salinity treatments, the sodium adsorption ratio (SAR) was kept as close as possible to the SAR value of the tap water source to prevent the dominant effect of a particular ion, thus eliminating the effect of the SAR on the results and only examining the effects of the total salinity. To do this, calculated amounts of CaCl2, MgSO4, and NaCl salts were mixed to prepare the desired electrical conductivity values in the irrigation waters (ECw) for each treatment and ECw values of the treatments were checked in the laboratory [26,27].



The soil used was silty-clay-loam (51% silt, 28% clay, and 21% sand), with a field capacity and permanent wilting point of 31% and 14%, respectively, and a bulk density of 1.38 g cm−3. The soil water content was monitored with tensiometers. The tensiometers were installed in all plots on 6 September 2021 and 24 February 2022 in autumn 2021 and spring 2022, respectively. They were calibrated in lysimeter soils before use. The tensiometers were placed next to the lateral and 0.1 m away from the dripper (20 cm depth). Lysimeter plots were irrigated with a drip irrigation system. The laterals were arranged in such a way that every crop row had one lateral with pressure compensating-type drippers discharging of 2 L h−1 at a pressure of 0.1 MPa, and 0.2 m spacing. Irrigation applications were performed when tensiometer readings reached 20 cb, which corresponds to about 20% of the available water depletion at a profile depth of 0.6 m, by increasing the available water content to the field capacity. The amount of water volume applied was controlled using a water meter on the main pipeline and valves on each plot. The following equation was used to determine the amount of irrigation water applied to the lysimeter plots:


  I =    P  V   FC     −  P  V   SM       100   ×  D s  × A ×  P a   



(1)




where I = amount of irrigation water (L), Pv(FC) = field capacity of the soil (cm3 cm−3), Pv(SM) = available water content in the soil (cm3 cm−3), Ds = soil depth (mm), A = parcel area (m2), and Pa = wetted area percentage (%).



As the plant material of tomato, OZKAN F1, which is widely grown in the province of Antalya and suitable for both spring and autumn planting, was used in the experiment. Tomato seedlings were transplanted on plots at 0.6 × 0.5 m intervals. Tomato plants were grown on a single stem, which reached 0.4 m in height, they were supported by a string and the new side shoots were taken at regular intervals. After the eight cluster, the shoot of apices was removed from the plant. When the tomato clusters began to mature, the leaves were removed so that the leaves under the harvested fruit were pruned. Leaf pruning was performed on 18 October 2021, 20 November 2021, and 20 December 2021 in autumn 2021 and, on 9 May 2022 and 6 June 2022 in the spring2022 growing season. To protect the plants from sun damage and to reduce the temperature in the greenhouse, shadow powder consisting of calcium carbonate was applied on 22 April 2022 and 28 April 2022 in spring 2022 by spraying on the greenhouse outer cover. After the first whitening application in the spring 2022 season, the second whitening application was made due to rain. A Bombus beehive (NATUPOL Beehive, Koppert) was placed inside the greenhouse to facilitate the pollination of crops.



Plant height, leaf area index, chlorophyll content index, and stomatal conductance were measured for selected three plants in each replication. Crop heights were determined at 7-day intervals by measuring the distance from the root collar to the top of the selected crops using a tape measure. The leaf area was determined at 14-day intervals by using a non-destructive method based on leaf width and length [28] and the following equation was used to calculate the leaf area index:


  LAI =      n   L    a   mean        A p     



(2)




where LAI = Leaf area index (m2 m−2), n = Number of leaves, La (mean) = Mean leaf area (m2), Ap = Canopy area per plant (m2).



Stomatal conductivity (mmol m−2 s−1) was measured by using SC-1 leaf porometer (Decagon Devices, Inc., Pullman, WA, USA) every 3 days between 11:00 a.m. and 14:00 p.m. according to the manufacturer’s instructions. Measurements of the chlorophyll content index were made with the hand-held leaf-clip, CCM-200 m (Apogee Instruments, Inc., North Logan, UT, USA) at 7-day intervals.




2.3. Analyses, Measurements, and Calculations


Crop water consumption (ET) in each lysimeter was determined weekly with the following water balance equation:


ET = (SWCt0 − SWCt1) + I − D



(3)




where ET = Crop evapotranspiration (mm) measured between two measurement dates, (SWCt0 − SWCt1) = Change in soil water content between two measurement dates (mm), I = irrigation water (mm), and D = total amount of water drained between two measurement dates (mm).



Drainage water, if any, from lysimeters was collected and measured daily. Since this experiment was carried out with a drainage-type lysimeter, evapotranspiration values were calculated on a weekly basis to reduce the errors caused by the growing medium.



Water use efficiency (WUE; kg m−3) was obtained by using Equation (4):


  WUE =  Y  ET    



(4)




where Y = marketable tomato yield (kg) and ET = seasonal evapotranspiration (m3).



Crop yields by treatment were determined by averaging the total yields obtained from lysimeters placed in three different directions of the greenhouse. To prevent edge effects, the same plants were grown in pots between lysimeters.



In order to determine the effect of irrigation water salinity on soil salinity, monthly soil samples were taken from the lysimeters throughout growing seasons. Each soil sample was air-dried and ground to pass a 2 mm sieve, and then, electrical conductivities of the saturated extracts (ECe) were measured by using an EC meter [29,30].



Salt tolerance is best described by plotting relative crop yield at varying soil salinity levels. The threshold salinity refers the maximum salinity level at which yield is not reduced whereas the slope value expresses the percent linear reduction in relative yield per increase in soil salinity after the threshold salinity. The threshold soil salinity and slope values for the tomato yield were obtained by using the salt tolerance model (Equation (5)) [31] with the aid of the computer program [32]. The suggested model is:


     Y a     Y m    = 1 −  b  100   ×     EC  e  −   EC    e ( threshold )       



(5)




where Ym and Ya are the maximum and actual tomato yields (t ha−1) from the control (non-saline) and the saline treatments, respectively, b is the slope value (% per dS m−1), ECe(threshold) and ECe are the threshold soil salinity and soil salinity beyond the threshold value (dS m−1), respectively.




2.4. Statistical Analysis


Data on soil salinity, crop evapotranspiration, crop height, yield components, leaf area index, chlorophyll content index, and stomatal conductance variables were subjected to analysis of variance (ANOVA) using SPSS 13.0 (SPSS Inc., Chicago, IL, USA). Main effects and two-way interaction effects were analyzed for each investigated parameter via univariate regression using SPSS 13.0. Unless stated otherwise, all statistical tests were performed at the 0.01 level of significance. Mean separations of the data were attained by the LSD test at a p < 0.05 level of significance.





3. Results and Discussion


The maximum, minimum, and average temperature (Tmax, Tmin, Tavg) and relative humidity (RHmax, RHmin, RHavg) in addition to daily mean solar radiation for both growing seasons of autumn 2021 and spring 2022 are presented in Figure 1. In general, throughout the growing season, inside and outside average temperature and solar radiation decreased in autumn 2021, whereas they increased in spring 2022.



3.1. Soil Salinity


The monthly soil sample analysis results for both growing seasons are given in Table 1. As expected, soil salinity values were increased with increasing irrigation water salinities throughout the experimental periods in both autumn 2021 and spring 2022 growing seasons. All water salinity treatments had a higher increased trend in spring 2022 than those in autumn 2021. In addition, soil salinities under moderate and high water salinity treatments had a continuously increasing trend throughout both growing seasons, while no significant changes were found in soil salinities under the control and low irrigation water salinity treatments in autumn 2021, especially after the third-sampling time (Table 1).



Since two-way interaction for the main factors of irrigation water salinity level (S) and time (T) was statistically significant (p < 0.01) for soil salinities in autumn 2021 and spring 2022 growing seasons, the results were evaluated for two-way interaction but not for the main factors individually. Even though leaching was realized in the lysimeter soils at the beginning of each season, a small variation in soil salinities under each saline irrigation water treatment happened. After the third sampling, differentiations in soil salinities among saline irrigation water treatments were determined. At the end of the growing seasons, soil salinities were significantly different under each irrigation water salinity treatment. In autumn 2021, the highest soil salinity (6.76 dS m−1) was measured under high water salinity level treatment at the last-sampling time which was not significantly different from that of the fourth-sampling time (6.25 dS m−1). In spring 2022, the highest values were measured at the last-sampling time under the high (7.90 dS m−1) and moderate (7.32 dS m−1) water salinity levels (Table 1). Compared to the beginning, soil salinities at the end of the growing season under the control, low, moderate, and high irrigation water salinity treatments were 2.17, 2.58, 2.95, and 3.36 times (in autumn 2021) and 4.12, 4.79, 4.16, and 3.87 times (in spring 2021) increased, respectively. Moreover, compared to the control treatment, soil salinities were increased 1.49, 3.10, and 3.58 (in autumn 2021) and 1.54, 2.65, and 2.86 (in spring 2022) times at the last-sampling time under low, moderate, and high irrigation water salinity treatments, respectively.



Although tap water was used in the control treatment, soil salinity values under this treatment increased towards the end of both growing seasons. The reason for this is because the salinity in the crop root zone increases due to the evapo-concentration process driven by ET under non-leaching conditions in the soil since pure water is evaporated from the wet soil surfaces and is transpired from crop leaves, and the amount of salt taken up by the plants is negligible in comparison to the amount of salt in the soil and that added by irrigation water [33]. In water stress experiments, it was reported that ECe values were higher under control treatments in which more water was delivered to the soil than those under all-limited water treatments. In these studies, it was also concluded that if salts are not leached out of the crop root zone, the amount of salt delivered to the soil increases as the amount of applied water increases depending on the salt concentration of irrigation water [34,35,36,37]. In a study, the final seasonal ECe values were reported as 1.73, 2.50, 3.42, 4.11, and 8.38 dS m−1 under water salinity levels of 0.6, 2.0, 3.0, 4.0, and 6.0 dS m−1 [38].




3.2. Yield Components


Statistical analysis for yield components including not marketable, marketable, and total fruits in autumn 2021 and spring 2022 growing seasons is presented in Table 2. In autumn 2021, not marketable yield ranged from 3.3 (high salinity) to 7.8 t ha−1 (control treatment), but they did not significantly differ. On the other hand, meaningful differences (p < 0.05) for marketable and total yields among salinity treatments were determined in this growing season, where the highest marketable (163 t ha−1) and total (171 t ha−1) yields were obtained under the control treatment. The lowest marketable yields (118–137 t ha−1) were recorded under all salinity treatments whereas the lowest total yield was obtained under moderate (127 t ha−1) and high (121 t ha−1) salinity treatments (Table 2). Compared to the control, 16%, 25%, and 28% decreases in marketable yield and 17%, 26%, and 29% decreases in total yield were calculated under low, moderate, and high irrigation water salinity treatments, respectively.



The yield components showed also significant differences (p < 0.05) in spring 2022. The highest not marketable, marketable, and total yields were obtained under the control and low salinity level treatments, whereas the lowest values of marketable and total yields were obtained under the highest salinity level, and the lowest values of not marketable yield were obtained under moderate and high irrigation water salinity treatments (Table 2). The decreases under moderate and high irrigation water salinity treatments, compared to the control one, were of 54 and 71% on not marketable, 37 and 55% on marketable, and 39 and 56% on total yields, respectively. In a related study, yield decreases of 16%, 31%, 50%, and 60% for grafted and 7%, 21%, 42%, and 56% for nongrafted tomato were reported under −0.15, −0.30, −0.45, and −0.60 MPa osmotic pressures of irrigation water [39].



Figure 2 shows the linear relationship between marketable and total yield with seasonal evapotranspiration occurred under different irrigation water salinity treatments in two growing seasons. There is a strong and positive correlation between evapotranspiration and both marketable (r = 0.94, p < 0.01) and total yield (r = 0.96, p < 0.01) (Figure 2).



The marketable yields ranged from 118 (high salinity) to 163 (control) t ha−1 in autumn 2021 and from 73 (high salinity) to 160 (control) t ha−1 in spring 2022. Similarly, total fruit yields ranged from 121 (high salinity) to 171 (control) t ha−1 in autumn 2021 and from 77 (high salinity) to 175 (control) t ha−1 in spring 2022 (Table 2). Similar yield results were obtained under a subsurface drip irrigation study in which soil salinity ranged from about 4 to 10 dS/m for depths less than 1 m and approximately 10% of the tomato water requirement was obtained from shallow (<2 m) saline (5 dS m−1) groundwater [40]. They reported that hand-harvested tomato yields ranged from 129 to 141 t ha−1 in 1991 and from 111 to 145 t ha−1 in 1993 under saline, shallow groundwater conditions. However, machine-harvested yields in 1993 ranged from 72 to 112 t ha−1. Similarly, in sandy loam soil, 12 and 33% decreases in tomato yield for ECe of 2.50 and 4.11 dS m−1, respectively, were recorded [38].



Marketable and total fruit yields of tomatoes in autumn 2021 showed a significant decrease even under low irrigation water salinity level, but interestingly, there was no significant difference in marketable yields among none of the salinity levels. However, both marketable and total fruit yields in spring 2022 started to decrease significantly under irrigation water salinity higher than 2.5 dS m−1. Compared to the autumn 2021, relatively higher decreases were obtained in marketable and total fruit yields of tomatoes under moderate and high water salinity levels in spring 2022 (Table 2). In contrast, these yields under control and low salinity treatments were slightly lower in spring 2022 than those in autumn 2021. No significant yield reduction was reported at above 7 dS m−1 perhaps due to the low light intensity and the high relative humidity [41,42]. Salinity stress during the day or in spring or summer cultivation causes higher yield reductions than those during the night or in autumn cultivation [43] because the lower relative humidity and higher illumination and temperatures in summer time lower water potential in the plant by inducing faster transpiration; besides high transpiration, high salinity also lowers water potential in the plant which will reduce the water flow into the fruit and therefore the rate of fruit expansion [44].




3.3. Crop Evapotranspiration and Water Use Efficiency


In autumn 2021, the maximum daily ET was achieved in September, about two months after transplanting the crop, then the daily ET started to decrease. It was also observed that increasing irrigation water salinity levels yielded lower daily ET values as a result of the physiological water deficit effect. On the other hand, daily ET increased towards the end of the spring 2022 season, being maximum around June, in all salinity treatments as a result of crop growth and higher incoming solar radiation (Figure 3).



Statistical analyses for the seasonal ET and WUE values of tomatoes in the autumn 2021 and spring 2022 growing seasons are presented in Table 3. Among the irrigation water salinity treatments, ET values ranged from 343 to 399 mm season−1 in autumn 2021 and from 251 to 442 mm season−1 in spring 2022 growing seasons. The highest ET occurred under the control treatment in both growing seasons, whereas the lowest ones under high irrigation water salinity in spring 2022 and under high and moderate salinity treatments in autumn 2021 (Table 3). The seasonal ET under low, moderate, and high irrigation water salinity treatments was decreased of 7, 13, and 14% in autumn 2021, and of 10, 28, and 43% in spring 2022, regarding the control treatment. In addition, the seasonal ET values under control and low salinity treatments were 10 and 7% higher in spring 2022 than in autumn 2021. In contrast, the seasonal ET under moderate and high salinity treatments were 8 and 37% lower in spring 2022 than in autumn 2021.



Solar radiation and temperature are driving forces that are effective in plant growth and increase ET. In countries with a Mediterranean climate, such as Turkey, with an average annual temperature of 10–20 °C, greenhouse cultivation is generally carried out in low-cost, unheated, naturally ventilated, plastic greenhouses [45]. For this reason, Mediterranean-type greenhouses are affected by external weather conditions. Lower temperatures, particularly in the autumn season, reduce potential production because in those low-tech greenhouses, heating is done only for protection against frost damage [45]. Therefore, due to the high temperature and solar radiation, higher seasonal ET is expected in the spring season. This occurred in the seasonal ET in treatments 0.7 dS m−1 (11% increase) and 2.5 dS m−1 (7% increase), whereas the inverse occurred in treatments 5.0 dS m−1 (8% decrease) and 7.5 dS m−1 (27% decrease) (Figure 3 and Table 3). The mean temperature and solar radiation showed a downward trend from beginning to end of the autumn growing season and an upward trend in the spring growing season (Figure 1). This has caused most of the seasonal ET to occur in the first half of the autumn season and in the second half of the spring season. Increasing high temperature and solar radiation in the last quarter of the spring season, induction of evaporative demand, and saline water applications continued throughout the growing season caused salt accumulation in the crop root zone. Therefore, tomato crops in the 5.0 dS m−1 and 7.5 dS m−1 water salinity treatments did not receive enough water in the root zone, and the decreasing daily ET resulted in a decrease in the seasonal ET. This showed that increasing salt in this root zone and increasing evaporative demand due to climate are two factors that constantly affect each other. At the end of the growing season, fruit yield was significantly affected depending on the salinity. Indeed, the strong positive correlation between both total and marketable yield and ET supports this result (Figure 2). Considering the physiological drought effect caused by salinity, it was determined that the soil salinity values under each irrigation water treatment were compatible with seasonal ET values. A close negative correlation between water consumption and EC suggested less water should be used as EC increases [38,46]. It was revealed that cumulative plant water uptake decreased with increasing NaCl concentration in the nutrient solution and differences between treatments increased with time from salinization [47]. Reduction in water uptake has been related to a reduction in hydraulic conductance of the root system [48] and also plants perform an osmotic adjustment by increasing the concentration of solutes and decreasing water potential, which is vital for the alleviation of the osmotic imbalances and for maintaining cell turgor [49].



WUE values ranged from 32.3 to 36.6 kg m−3 in autumn 2021 and from 29.0 to 36.7 kg m−3 in spring 2022 growing seasons. WUE values in spring 2022 showed a meaningful difference (p < 0.01) among irrigation water salinity treatments, but not in autumn 2021. In spring 2022, the highest WUE was obtained under the control and low salinity treatments while the lowest ones were under moderate and high water salinity treatments (Table 3). Compared to the control treatment, the decreases in WUE under moderate and high water salinity treatments were 14 and 21%, respectively.



Increasing water salinity caused significant decreases in WUE values of tomatoes especially under moderate and high water salinity levels in spring 2022 but not in autumn 2021. The reason for this result may be attributed to marketable yield since there were relatively higher decreases in marketable yield under moderate and high water salinity levels in spring 2022. In another study on the effects of salinity stress at different growth stages on tomato, it was reported that, compared with the control treatment, WUE were significantly lower in crops exposed to the treatment of 2 dS m−1 salinity level throughout the experiment whereas no difference in crops under different growth stages in the short term [50].




3.4. Plant Height


It is important to remind that the shoot of apices was removed from the plant after the 8th cluster. With a small differentiation occurring among the water salinity treatments, the plant height reached the maximum values just one month before the end of the growing season in spring 2022, while in autumn 2021, the maximum height occurred in the middle of the season due to relatively fast growth during this growing season (Figure 4).



The statistical analysis for plant height in autumn 2021 and spring 2022 is presented in Table 4. Among the salinity treatments, plant heights ranged from 210 to 229 cm and from 176 to 206 cm in autumn 2021 and spring 2022 growing seasons, respectively. The plant heights in spring 2022 showed a meaningful difference (p < 0.05) among the irrigation water salinity treatments, but not in autumn 2021. In spring 2022, the highest plant height was measured under the control and low salinity treatments while the smallest value was under the highest salinity treatment (Table 4). Compared to the control, the decreases in plant height under moderate and high water salinity treatments were 7 and 15%, respectively. Similarly it was reported that the natural plant height increased with increasing age but decreased with increasing salinity in tomato [51]. The reduction of plant height may be due to inhibitory behavior of salt stress on cell division and cell expansion [52].




3.5. Leaf Area Index, Chlorophyll Content Index, and Stomatal Conductance


The pattern changes in leaf area index, chlorophyll content index, and stomatal conductance values throughout the growing seasons are given in Figure 5. In Figure 5, sudden decreases in leaf area index values were due to leaf pruning, which is a common practice in the Antalya region. The relatively high leaf area index values (≈7) were due to the high number of plants per unit area. The first leaf pruning took place approximately two and a half months after planting in spring 2022, while it took place one and a half months later in the autumn 2021 season due to the favorable climatic conditions at the beginning of the experiment. The variation of chlorophyll content index and stomatal conductance values during the growing seasons showed a similar trend in different irrigation water salinity treatments (Figure 5).



The statistical analysis for seasonal averaged leaf area index, chlorophyll content index, and stomatal conductance values in autumn 2021 and spring 2022 is presented in Table 5. Among the salinity treatments, leaf area index values ranged from 3.35 to 4.32 m2 m−2 in autumn 2021 and from 1.68 to 3.01 m2 m−2 in spring 2022. The highest averaged leaf area index occurred under the control treatment in autumn 2021 and control and low salinity treatments in spring 2022, whereas the lowest values existed under low, moderate, and high irrigation water salinity treatments in autumn 2021 and under only high salinity treatment in spring 2022 (Table 5). Compared to the control, the decreases in leaf area index were 15, 19, and 23% under low, moderate, and high salinity treatments in autumn 2021, and 23 and 44% under moderate and high salinity treatments in spring 2022. In addition, the averaged leaf area index values under the control, low, moderate, and high salinity treatments were 30, 24, 33, and 50% higher in autumn 2021 than in spring 2022. Leaf growth inhibition of 60% has also been observed in drip-irrigated tomatoes exposed to excess irrigation water salinity (15.7 dS m−1) and has been attributed to reduced cellular turgor, diminished photosynthetic activity, and activation of metabolic signaling between stress perception and adaptation [53].



The seasonal averaged chlorophyll content index values ranged from 43.0 to 45.1 in autumn 2021 and from 55.9 to 63.5 in spring 2022 growing seasons. The average chlorophyll content index values in spring 2022 showed a meaningful difference (p < 0.05) among the salinity treatments, but not in autumn 2021. In spring 2022, the highest seasonal averaged chlorophyll content index was measured under high salinity treatment while the smallest values were measured under the control, low and moderate irrigation water salinity treatments (Table 5). Compared to the high salinity treatment, the decreases in average chlorophyll content index under moderate, low, and control salinity treatments were of 8, 12, and 12%, respectively.



The seasonal averaged stomatal conductance values ranged from 262.3 to 274.6 mmol m−2 s−1 in autumn 2021 and from 265.3 to 279.8 mmol m−2 s−1 in spring 2022 growing seasons. However, average stomatal conductance values were not significantly different among irrigation water salinity treatments in both growing seasons (Table 5). Similar to our results, it was reported that foliar chlorophyll content and stomatal conductivities in tomatoes did not reveal significant differences among the saline water treatments [38]. It was claimed that salinity regulates the compatible solutes, such as proline and glycine betaine. Increased proline in tomato leaves attributes in maintaining the chlorophyll content and cell turgidity to protect the photosynthetic activity [54].




3.6. Salt Tolerance Model


The threshold salinity and slope values for marketable and total fruit yields of tomatoes in autumn 2021 and spring 2022 were attempted to determine by generating salt tolerance models (Figure 6). For marketable yield of tomato, the threshold and slope values were obtained as 0.83 dS m−1 and 5.5% per dS m−1 in autumn 2021, and 3.06 dS m−1 and 10.1 % per dS m−1 in spring 2022, respectively. Similarly, the threshold and slope values for total fruit yield of tomato were determined as 0.86 dS m−1 and 5.1 % per dS m−1 in autumn 2021 and 3.09 dS m−1 and 10.4 % per dS m−1 in spring 2022, respectively (Figure 6). In comparison, a lower threshold value with a lower slope value occurred in autumn 2021 than in spring 2022.



Following the salt tolerance model [31], the threshold values for marketable and total yields were determined as 0.83 and 0.86 dS m−1 in autumn 2021 and as 3.06 and 3.09 dS m−1 in spring-2022, respectively. Similarly, the slope values for marketable and total fruit yield of tomatoes were obtained as 5.5 and 5.1% per dS m−1 in autumn 2021 and as 10.1 and 10.4% per dS m−1 in spring 2022, respectively (Figure 6). The cultivated tomato is classified as being moderately sensitive to salinity which means that it tolerates an EC of the saturated soil extract up to about 2.5 dS m−1 without any yield reduction [15]. Similarly, in a study, a threshold between 2.0 and 2.5 dS m−1 and a reduction in yield from 9 to 10% with an increase of 1 dS m−1 beyond the threshold was reported [55]. On the other hand, it was concluded that the fresh weight of tomato (cv. Daniela) under closed soilless growing systems decreased 9.1% per dS m−1 after a threshold value of 3.85 dS m−1 during a spring growing season [56]. Our results indicate that there exists a disadvantageously low threshold value and an advantageously low slope value in autumn 2021, however, an advantageously high threshold value and a disadvantageously high slope value in spring 2022.





4. Conclusions


This study has concentrated on the effects of irrigation water salinity on water use, growth, physiology, and yield parameters of drip-irrigated tomatoes in two different growing seasons including autumn and spring. Throughout the growing seasons, inside and outside average temperature and solar radiation, in general, decreased in autumn 2021 and increased in spring 2022.



Throughout the growing seasons, soil salinities showed a continuous keen increase under medium and high irrigation water salinity levels, while they had a relatively lower increase under control and low water salinity levels. The distinguished differentiations on soil salinities among saline irrigation water treatments started to occur at the mid-seasons. All irrigation water salinities caused higher increased trends on soil salinities in spring than in autumn. At the end of growing seasons, soil salinities were significantly different under each irrigation water salinity treatment.



The linear relationship revealed a strong and positive correlation between evapotranspiration and both marketable and total yields. However, marketable and total yield decreases were relatively lower in spring 2022 than in autumn 2021 under low irrigation water salinity whereas relatively higher yield decreases resulted under moderate and high salinity treatments in spring 2022 than those in autumn 2021.



The maximum daily ET values under each irrigation water salinity treatments in autumn 2021 resemble a typical plant coefficient (Kc) curve with four main periods; including initial, crop development, mid-season, and late season. However daily ET values in spring 2022 being maximum around June and then followed a stationary pattern until end of the season as a result of crop growth and increasing incoming solar radiation. Due to the physiological drought effect, increasing water salinity levels yielded lower daily ET values in both growing seasons. In spring 2022, the seasonal ET values under control and low salinity levels were higher whereas, under moderate and high water salinity treatments, they were lower than those in autumn 2021. The decreases on WUE values especially under moderate and high water salinity levels in spring 2022 but not in autumn 2021 indicate that the growing season has a significant effect on WUE of tomatoes.



The seasonal averaged leaf area index under increased salinity was significantly lower in both growing seasons whereas the seasonal averaged chlorophyll content index showed a significant decrease only under high water treatment in the spring 2022 season. Furthermore, it was obtained that the salinity stress level has no effect on the seasonal averaged stomatal conductance values in both years.



The salt tolerance models for marketable and total fruit yields of tomatoes revealed that there existed a disadvantageously low threshold value and an advantageously low slope value in autumn 2021, contrasting with an advantageously high threshold value and a disadvantageously high slope value in spring 2022. In general, the results suggest that the growing season should be considered when describing the response of tomato yield components due to usage of saline irrigation water under drip irrigation. More importantly, for decision making in tomato production under saline irrigation water, the salinity slope value should be taken into account as well as the salinity threshold value in different growing seasons.
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Figure 1. Daily variation of inside and outside temperature, humidity, and solar radiation throughout the growing seasons; (a) autumn 2021 and (b) spring 2022. 
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Figure 2. Linear relationship between marketable yield and total yield with seasonal evapotranspiration at different salinity levels in two different growing seasons. 
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Figure 3. Changes in daily crop evapotranspiration values under different water salinity levels throughout the growing seasons; (a) autumn 2021 and (b) spring 2022. 
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Figure 4. Changes in plant heights under different water salinity levels throughout the growing seasons; (a) autumn 2021 and (b) spring 2020. 
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Figure 5. Changes in leaf area index, chlorophyll content index, and stomatal conductance values under different water salinity levels throughout the growing seasons; (a) autumn 2021 and (b) spring 2022. 
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Figure 6. Salt tolerance models of tomato; (a) for marketable yield and (b) total yield. 
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Table 1. The effect of irrigation water salinity and sampling time on soil salinity throughout the growing seasons (autumn 2021 and spring 2022).
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Water Salinity

(dS m−1)

	
Time






	
Autumn 2021

	
6 September 2021

	
15 October 2021

	
21 November 2021

	
22 December 2021

	
24 January 2022




	
0.7

	
0.87 †

	
i ‡

	
1.27

	
gi

	
1.76

	
gh

	
1.86

	
fg

	
1.89

	
fg




	
2.5

	
1.09

	
hi

	
1.96

	
fg

	
2.79

	
e

	
2.82

	
e

	
2.81

	
e




	
5.0

	
1.98

	
fg

	
2.57

	
ef

	
4.74

	
d

	
5.09

	
d

	
5.85

	
bc




	
7.5

	
2.01

	
fg

	
3.24

	
e

	
5.11

	
cd

	
6.25

	
ab

	
6.76

	
a




	
Spring 2022

	
23 February 2022

	
26 March 2022

	
26 April 2022

	
22 May 2022

	
27 June 2022




	
0.7

	
0.67

	
l

	
1.07

	
jl

	
1.02

	
kl

	
1.60

	
il

	
2.76

	
fh




	
2.5

	
0.89

	
kl

	
1.69

	
ik

	
2.32

	
gi

	
3.13

	
fg

	
4.26

	
e




	
5.0

	
1.76

	
ik

	
2.35

	
gi

	
3.53

	
ef

	
6.05

	
cd

	
7.32

	
ab




	
7.5

	
2.04

	
hj

	
3.48

	
ef

	
5.31

	
d

	
6.55

	
bc

	
7.90

	
a








†: Each value is the mean of three replications. ‡: Within each growing season, means followed by the same letter are not significantly different at the 5% level according to LSD multiple range tests.
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Table 2. The effect of irrigation water salinity on yield components.
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Water Salinity

(dS m−1)

	
Not Marketable Yield

	
Marketable Yield

	
Total Yield




	
----------------------------------- (t ha−1) -----------------------------------






	
Autumn 2021




	
0.7

	
7.8 †

	
a ‡

	
162.8

	
a

	
170.6

	
a




	
2.5

	
5.9

	
a

	
136.6

	
b

	
142.5

	
b




	
5.0

	
4.8

	
a

	
122.2

	
b

	
127.0

	
bc




	
7.5

	
3.3

	
a

	
117.8

	
b

	
121.1

	
c




	
P > F

	
ns

	
**

	
**




	
Spring 2022




	
0.7

	
14.3

	
a

	
160.3

	
a

	
174.7

	
a




	
2.5

	
14.1

	
a

	
146.3

	
a

	
160.4

	
a




	
5.0

	
6.6

	
b

	
100.9

	
b

	
107.4

	
b




	
7.5

	
4.1

	
b

	
72.6

	
c

	
76.6

	
c




	
P > F

	
**

	
**

	
**








†: Each value is the mean of three replications. ‡: Different letters in the columns indicate significant differences between treatments according to LSD multiple range tests at p < 0.05. **: significant at p < 0.05. ns: statistically non-significant.
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Table 3. The effect of irrigation water salinity on seasonal evapotranspiration and water use efficiency.
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Water Salinity

(dS m−1)

	
Autumn 2021

	
Spring 2022






	

	
Seasonal evapotranspiration (mm)




	
0.7

	
398.6 †

	
a ‡

	
442.4

	
a




	
2.5

	
372.7

	
b

	
398.4

	
b




	
5.0

	
345.0

	
c

	
319.1

	
c




	
7.5

	
343.0

	
c

	
250.9

	
d




	
P > F

	
**

	
**




	

	
Water use efficiency (kg m−3)




	
0.7

	
32.3

	
a

	
36.7

	
a




	
2.5

	
36.6

	
a

	
36.3

	
a




	
5.0

	
35.4

	
a

	
31.7

	
bc




	
7.5

	
34.3

	
a

	
29.0

	
c




	
P > F

	
ns

	
*








†: Each value is the mean of three replications. ‡: Different letters in the columns indicate significant differences between treatments according to LSD multiple range tests at p < 0.05. *: significant at p < 0.01. **: significant at p < 0.05. ns: statistically non-significant.
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Table 4. The effect of irrigation water salinity on plant height at the end of the growing season.
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Water Salinity

(dS m−1)

	
Autumn 2021

	
Spring 2022




	
------------------------- Plant Height (cm) -------------------------






	
0.7

	
229.1 †

	
a ‡

	
206.1

	
a




	
2.5

	
219.1

	
a

	
202.4

	
ab




	
5.0

	
217.4

	
a

	
191.2

	
b




	
7.5

	
210.1

	
a

	
175.9

	
c




	
P > F

	
ns

	
**








†: Each value is the mean of three replications. ‡: Different letters in the columns indicate significant differences between treatments according to LSD multiple range tests at p < 0.05. **: significant at p < 0.05. ns: statistically non-significant.
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Table 5. The effect of irrigation water salinity on the seasonal averaged leaf area index, chlorophyll content index, and stomatal conductance values.






Table 5. The effect of irrigation water salinity on the seasonal averaged leaf area index, chlorophyll content index, and stomatal conductance values.





	
Water Salinity

(dS m−1)

	
Autumn 2021

	
Spring 2022






	

	
Leaf area index (m2 m−2)




	
0.7

	
4.32 †

	
a ‡

	
3.01

	
a




	
2.5

	
3.67

	
b

	
2.78

	
a




	
5.0

	
3.49

	
b

	
2.33

	
b




	
7.5

	
3.35

	
b

	
1.68

	
c




	
P > F

	
**

	
**




	

	
Chlorophyll content index (CCI)




	
0.7

	
43.0

	
a

	
55.9

	
b




	
2.5

	
44.4

	
a

	
56.2

	
b




	
5.0

	
45.1

	
a

	
58.6

	
b




	
7.5

	
44.9

	
a

	
63.5

	
a




	
P > F

	
ns

	
**




	

	
Stomatal conductance (mmol m−2 s−1)




	
0.7

	
267.6

	
a

	
277.9

	
a




	
2.5

	
274.6

	
a

	
279.8

	
a




	
5.0

	
270.3

	
a

	
265.3

	
a




	
7.5

	
262.3

	
a

	
269.5

	
a




	
P > F

	
ns

	
ns








†: Each value is the mean of three replications. ‡: Different letters in the columns indicate significant differences between treatments according to LSD multiple range tests at p < 0.05. **: significant at p < 0.05. ns: statistically non-significant.
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