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Abstract:



Due to climate change, the application of water saving strategies is of particular interest. The aim of this study was to evaluate the effects of deficit irrigation (DI) and partial root-zone drying (PRD) techniques on the crop water stress index (CWSI), water use efficiency (WUE), and quality parameters in processing tomatoes grown in open field conditions in a Mediterranean climate. Two cultivars were grown for two growing seasons under four irrigation regimes as follows: (i) IR100: full irrigation by restoring 100% of the maximum tomato evapotranspiration (ETc); (ii) IR70DI: 70% of the amount of water given to the IR100; (iii) IR70PRD: 70% of the amount of water given to the IR100 by applying partial root-zone drying and (iv) IR0: irrigation only at transplanting and during fertigation. During the flowering period, the first growing season was characterized by an absence of rainfall and by higher temperatures also showing a higher CWSI. Despite, under IR70PRD, the CWSI was significantly higher than under IR70DI, the marketable yield obtained was significantly higher. Both IR70DI and IR70PRD regimes received approximately 24% less water than IR100, but the yield reduction with relation to the optimum regime was equal to 16.2% under IR70DI, and only 7.6% under IR70PRD. The WUE increment of IR70PRD with respect to IR100 was equal to 27% in the first growing season and to 17% in the second one, showing that the positive effect of PRD on the WUE is more evident in the more stressed year. Finally, the results from the principal component analysis (PCA) showed that the two cultivars had different qualitative responses in the two extreme regimes (IR100 and IR0) but not under PRD and DI regimes.
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1. Introduction


Irrigated agriculture plays a major role in food production, and in the Mediterranean Basin this type of agriculture uses between 50% and 90% of all water resources [1]. Worldwide, water availability is decreasing more and more, especially in semi-arid Mediterranean areas. In these areas, due to climate change, the frequency and severity of prolonged periods of drought, as well as strong seasonal variation in the water budget, are predicted [2,3,4]. In this context, both use of the non-conventional waters (e.g., treated wastewater) and appropriate techniques of water saving, can be used to reduce the gap between the supply and demand of irrigation water [5,6]. The tomato (Solanum lycopersicum L.) is one of the most important vegetable crops worldwide and one of the most demanding of water [7]. The seasonal water requirement for processing tomato is estimated to be approximately 5000 to 6000 m3 ha−1, which, in semi-arid areas, is almost totally supplied by irrigation [6].



Deficit irrigation practices deliberately allow crops to sustain some degree of water deficit, sometimes with light yield loss and with significant reduction in irrigation water use [6,8,9,10]. Another water-saving practice is partial root-zone drying (PRD), which consists in the exposure of half of the root system to alternate drying and wetting cycles. Theoretically, roots of the watered side of soil will keep a favourable plant status, while dehydratation of the other side will promote the synthesis of abscisic acid (ABA), which will reach leaves by the transpiration stream and further reduce stomata conductance [11,12]. When studying the deficit irrigation application, knowledge of crop water status plays a key role. Visible near-infrared and thermal spectral sensing techniques can be useful tools to assess plant status [13]. The crop water stress index (CWSI) is one of the most used crop indices, based on thermal data from the canopy [14,15]. In the literature, changes in CWSI were significantly associated with changes in water status [16]. Under water stress conditions, plants tend to reduce their transpiration rate, closing their stomata, which also reduces the plant’s transpiration cooling ability, causing an increase in leaf temperature.



PRD practice has been successfully tested on a range of crops, especially tree crops, including apples [17], passion fruit [18], grapevines [19,20,21], oak [22], birch [23], and olive trees [24,25]. The results from several studies showed that crops under PRD yielded better than under DI when the same amount of water is applied, indicating higher water use efficiency (WUE) and even better fruit quality [26]. Several studies also examine the effects of deficit irrigation on tomato production. However, the available literature presents some discrepancies, linked to the cultivars used and/or to the phenological period of application of deficit irrigation treatments [7]. Moreover, most of these studies are in greenhouses or under controlled conditions [27,28,29,30,31,32,33,34]. Notwithstanding, there is still little understanding on the mechanisms of PRD in different tomato cultivars grown under open field conditions, and any agro-climatic parameters (e.g., air temperature) can influence the plant response. Therefore, additional studies are necessary to better define deficit irrigation practices and acceptable levels of water stress in processing tomato crops.



In a preliminary study, we evaluate the effect of DI and PRD on yield response in processing tomato [35]. In this work, we study the effects of PRD and DI on stomatal conductance, CWSI, WUE (as the ratio between marketable yield and total water received by the crop) and quality parameters in processing tomato grown in open field conditions in a Mediterranean climate. The effect of the growing season was also evaluated.




2. Materials and Methods


2.1. Site Description


The research was conducted in Southern Italy (Foggia, 41°46′N, 15°54′E; altitude 74 m above sea level) over two growing seasons (GS1, 2008 and GS2, 2009) on a loam soil (United States Department of Agriculture Classification) in which chemical and physical characteristics were as follows, respectively, during the two years: pH 7.5 and 7.2; organic matter (Walkley-Black method) 1.9% and 1.6%; total nitrogen (Kjeldahl method) 1.3‰ and 1.2‰; assimilable phosphorus (Olsen method, P2O5) 80 mg kg−1 and 88 mg kg−1; exchangeable potassium (chloride of barium method) 461 mg kg−1 and 421 mg kg−1; field capacity (−0.03 MPa) 35.2% dry weight (d.w.) and 36.7% d.w.; wilting point (−1.5 MPa) 19.2% d.w. and 18% d.w. The experimental site was characterized by a Mediterranean climate, with a long-term mean annual rainfall of 537 mm [36], which was mainly distributed from October to April.




2.2. Irrigation Treatments and Crop Management


Four irrigation regimes on two processing tomato (Solanum lycopersicum L.) cultivars, ‘Ercole’ (Syngenta Seeds SpA) and ‘Genius’ (ISI Sementi SpA), were studied as follows: (i) full irrigation (IR100), by restoring 100% of the maximum crop evapotranspiration (ETc); (ii) IR70DI: 70% of the amount of water given to the IR100; (iii) IR70PRD: 70% of the amount of water given to the IR100 by applying partial root-zone drying; (iv) IR0: irrigation only at transplanting (250 m3 ha−1 and 220 m3 ha−1 in GS1 and GS2, respectively), and during fertigation (222 m3 ha−1 and 180 m3 ha−1, in GS1 and GS2, respectively) (Table 1).



Table 1. Seasonal water received by the tomato crop and irrigation volume over the two experimental growing seasons (GS).







	
GS 1

	
Irrigation Regime 2

	
Irrigation Water (m3 ha−1)

	
Water Received (Irrigation + Rainfall) (m3 ha−1)






	
GS1

	
IR100

	
4918.4

	
5553.4




	
GS1

	
IR70DI

	
3548.8

	
4183.8




	
GS1

	
IR70PRD

	
3548.8

	
4183.8




	
GS1

	
IR0

	
472.0

	
1107.0




	
GS2

	
IR100

	
4650.0

	
5602.3




	
GS2

	
IR70DI

	
3375.0

	
4327.2




	
GS2

	
IR70PRD

	
3375.0

	
4327.2




	
GS2

	
IR0

	
400.0

	
1352.0








1 GS1, first growing season (2008); GS2, second growing season (2009); 2 IR100, full irrigation by restoring 100% of ETc; IR70DI, 70% of the amount of water given to the IR100; IR70PRD, 70% of the amount of water given to the IR100 by applying partial root-zone drying; IR0, watering only at transplanting and during fertigation.








A split-plot design with three replicates, consisting of the irrigation regimes in the plot and the cultivars in the sub-plot, was used.



Irrigation was applied when the water lost by ETc in the root zone reached the predetermined level (40% of the available water depletion). The irrigation volumes (Table 1) were calculated by subtracting the effective rainfalls from the ETc, as calculated using Equation (1) [37]:


ETc = ETo × Kc



(1)




where the reference crop evapotranspiration (ETo) was calculated using the Penman-Monteith equation, and Kc is the crop coefficient, as detected in an environment similar to our experimental site [38].



The seasonal tomato water received, under the different irrigation regimes, was calculated using the soil water balance equation [39]:


ET = I + P + Cr − R − D ± ΔS



(2)




where I is the irrigation water amount (mm); P is the precipitation (mm); Cr is the capillary rise (mm); R is the amount of runoff (mm); D is the amount of drainage water (mm) and ΔS is the difference between soil water content values, determined gravimetrically, at planting and at harvesting (mm) in the first 0.6 m depth. In this study, Cr was considered to be zero due to the high depth of groundwater. Surface runoff was assumed to be negligible because there were no intense rainfall events to cause run-off. Drainage below the root zone was assumed negligible, since water applied with each irrigation was equal to water deficit in 0–0.6 m soil profile of the full irrigated treatment and rainfall amounts were not sufficient to bring the soil moisture level over the field capacity within the root zone during the growing season [39,40]. Finally, the difference between soil water content values at planting and at harvesting was also negligible.



A drip irrigation system was used for irrigation, and to adapt the PRD treatment in our crop establishment, two small-diameter pipes were laid down in parallel along the middle of the coupled rows. The two pipes, with drippers with a 4 L h−1 flow rate spaced at 1 m, were arranged in such a way that there was always one dripper between four plants of the coupled rows, but they were installed alternately on the two separate pipes [35].



The irrigation water applied was measured with a flow meter. Depending on the irrigation regime, we had the possibility of applying irrigation water through either a single pipe or the two pipes together. If the two pipes were simultaneously used, all sides of the roots were irrigated, as practised under IR100 and IR70DI. Applying water through a single pipe, we watered only one side of the root zone as required under PRD treatment. The wetted side of the root zone was changed by turning on the coupled pipes, which were alternated.



In conformity with the traditional crop establishment used in the zone, tomatoes were planted on 5 May 2008 and on 12 May 2009 in coupled rows spaced at 160 cm; the distance between the two rows was 50 cm, and the distance between the plants along the row was 50 cm. The final plant density was of 2.5 plants m−2. During the crop seasons, ordinary agricultural practices were performed. The soil was ploughed at a depth of 0.45 m in the winter of the previous year and, a few days before the transplanting, was well-harrowed at its surface.



The soil was fertilized in pre-transplant using 200 kg ha−1 of biammonium phosphate (18-46-0) and 300 kg ha−1 of organic fertilizer (bird guano). After this, throughout the cycle, 100 kg ha−1 of monoammonium phosphate (12-61-0), 100 kg ha−1 of ammonium sulphate (21-0-0), 100 kg ha−1 of ammonium nitrate (26-0-0), and 100 kg ha−1 of calcium nitrate (15-0-0) were added by fertigation. Pest and weed control were performed according to current management practices. The crop was hand-harvested when the ripe fruit rate reached approximately 95% (18 August 2008; 22 August 2009).




2.3. Physiological, Quantitative, and Qualitative Parameters


Before the irrigations, abaxial stomatal conductance (gs) observations [29] of the first fully-expanded leaf (three per replicate selected randomly) were recorded between 12:00 and 13:00 (maximum intensity of sunlight). These measurements were made using a steady state diffusion porometer (Model SC-1, Decagon Devices, Inc., Pullman, WA, USA), on three sampling dates (23 June, 4 July, 18 July and 18 June, 8 July, 24 July for GS1 and GS2, respectively), during the period of flowering-fruit breaking colours, considered to be the most sensitive stage of water stress for tomatoes [41]. At the same time, canopy temperatures (Tc) were measured with a hand-held infrared thermometer (IRT) (Scheduler model 2, Delta-T Devices Ltd., Cambridge, UK), which has a detect radiation in the 8–14 μ waveband. The CWSI was calculated by an empirical method (Equation (3)), as suggested by Idso et al. [14]:


[image: ]



(3)




where LL corresponds to the non-water-stressed baseline (lower baseline), and UL corresponds to the non-transpiring upper baseline; Tc is the canopy temperature (°C) and Ta is the air temperature (°C). The lower baseline was determined using data collected only from the unstressed treatments (IR100). The upper baseline was computed according to the procedures explained by Idso et al. [14]. The CWSI values range between zero (condition of optimal crop water status) and one (condition of high crop water stress). After the harvest, the marketable and discarded fruits were counted and weighed to estimate the total yield (t ha−1) and marketable yield (t ha−1). The ratio between marketable yield and the total water received by the crop (irrigation + rainfall) was used to define the water use efficiency (WUE; kg m−3).



Finally, on a sample of 10 marketable fruits from each plot, the following parameters were measured: equatorial and longitudinal diameter (mm), soluble solids content of the flesh (°Brix), pH of tomato juice, titratable acidity (g citric acid 100 mL−1 fresh juice) [42] and dry matter content (g 100 g−1) [43]. External fruit colour was measured using a colorimeter CM-700d spectrophotometer (Minolta Camera Co. Ltd., Osaka, Japan), with a D65 light source based on the CIELAB colour space represented by L*, a*, and b* values. Measurements were taken at four randomly selected areas of the fruit surface and mean values were used for analyses of a*/b* ratio (colour index; CI), which represents an index that sufficiently describes the colour changes of tomato fruit [44,45].




2.4. Statistical Analysis


The datasets were tested according to the basic assumptions of analysis of variance (ANOVA). The normal distribution of the experimental error and the common variance of the experimental error were verified through Shapiro-Wilk and Bartlett’s tests, respectively. When required, Box-Cox transformations [46] were applied prior to analysis. For all datasets, the ANOVA procedure was performed according to a split-plot design with three replicates. A three-way ANOVA procedure was performed considering the irrigation regime and the tomato cultivar as fixed factors and the growing seasons as random.



The statistical significance of the differences in the means was determined using Tukey’s honest significance difference post hoc test at the 5% significance level. Bivariate statistical methods were applied to verify the significant correlations (Pearson’s coefficients) among all parameters and to define the statistical relations (non-linear regression models), among CWSI and gs parameters.



Due to the correlations observed among the different parameters evaluated, these were jointly considered in a multivariate approach and were processed statistically for principal component analysis (PCA) [47]. Before performing the PCA, the values of each parameter were standardized. A factorial analysis was also performed on the PCA values, using the varimax method. All of the graphical representations were carried out using the SigmaPlot software (Systat Software, Inc., San Jose, CA, USA).





3. Results and Discussion


3.1. Weather Conditions


During the experimental period, the daily climatic parameters of rainfall, temperature, relative air humidity, and wind speed were recorded by a weather station near to the experimental area.



The two crop seasons were characterized by different rainfall and temperature trends, which influenced the duration of both vegetative and flowering periods (Figure 1 and Table 2).


Figure 1. Rainfall, and maximum and minimum daily temperatures, recorded during the two processing tomato growing seasons (A) GS1 and (B) GS2. The arrows indicate the flowering of the first truss to fruit breaking colours of the first truss period.
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Table 2. Duration of phenological stages and related average and maximum temperature (Tmax), minimum temperature (Tmin) and rainfall.







	
Phenological Stages

	
Days (n.)

	
Tmax (°C)

	
Tmin (°C)

	
Rainfall (mm)




	
GS1

	
GS2

	
GS1

	
GS2

	
GS1

	
GS2

	
GS1

	
GS2






	
From transplanting to flowering of the first truss

	
49.0

	
37.0

	
27.9

	
31.0

	
12.4

	
14.9

	
62.7

	
21.5




	
From flowering of the first truss to fruit breaking colours of the first truss

	
25.0

	
37.0

	
35.7

	
31.3

	
18.5

	
16.7

	
0.0

	
73.7




	
From fruit breaking colours of the first truss to harvest

	
30.0

	
28.0

	
34.8

	
33.0

	
18.7

	
18.2

	
0.8

	
0.0








GS1, first growing season (2008); GS2, second growing season (2009).








In GS1, the first period of the crop cycle (from transplanting to flowering of the first truss) was longer than in GS2, probably due to the higher rainfall and lower temperatures registered in GS1 compared with GS2. In contrast, during the flowering-fruit breaking colours, GS1 was characterized by higher temperature and no rainfall while, in GS2, approximately 74 mm fell. This period was shorter in the first growing season than in the second one. Finally, the temperature and rainfall trend of the third period (from fruit breaking colours of the first truss to harvest) was very similar for the two growing seasons. The different rainfall and temperature trends observed between the two growing seasons relative to the flowering-fruit breaking colours are very important, because this period is considered the most sensitive stage to water stress in tomato growth [41].




3.2. Physiological, Quantitative, and Qualitative Parameters


The stomatal conductance (gs) was significantly influenced only by the irrigation regime. Considering the mean of the three sampling dates, the highest value was observed for IR100 and the lowest for IR0, as expected (Figure 2A). The two-deficit irrigation regimes showed gs values significantly lower than IR100 as have been reported in several studies [1,34]. Moreover, the IR70PRD showed lower values than IR70DI (approximately 25%), indicating that, under this regime, the plants closed the stomata more.


Figure 2. Effect of irrigation regime on stomatal conductance, gs (A) and crop water stress index, CWSI (B). IR100, full irrigation by restoring 100% ETc; IR70DI, 70% of the amount of water given to the IR100 s; IR70PRD, 70% of the amount of water given to the IR100 applying partial root-zone drying; IR0, watering only at transplanting and during fertigation. Different letters (a, b, c, d) indicate significantly different values at p ≤ 0.05 according to Tukey test. The vertical bars indicate standard errors (n = 36, 3 replicates × 2 growing seasons × 2 genotypes × 3 sampling data).
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This result is partially in agreement with Tahi et al. [1] who, in a study on tomato grown under controlled conditions, reported gs values consistently lower in PRD and DI plants than in the control, whereas there was no clear difference between the two different deficit irrigation treatments. On the other hand, several authors reported, in other species, that the advantage of PRD over DI is that water uptake from the wet side of the root system maintains a favourable plant water status, while the roots of the dry side promote an increase in ABA production that decreases the gs [26].



CWSI is an index based on leaf temperature and associated with changes in crop water status [16]; it can vary between zero, indicating optimal crop water status, and one, indicating high crop water stress. Significant difference (p ≤ 0.05) in CWSI mean values was found between the two growing seasons (0.49 vs. 0.43 for GS1 and GS2, respectively). In the first year, which was characterized by no rainfall and higher temperatures during the flowering period, a higher CWSI value was recorded. Since the effect of the absence of rainfall on soil water availability was limited by the irrigation applied, the high air temperatures, as well as the absence of the refreshing effect of rains on leaf temperatures, seem to be the responsible for higher CWSI value of the GS1. Among the irrigation regimes, as expected, the highest CWSI value (approximately 0.8) was observed under IR0 and the lowest under IR100 (approximately 0.3) (Figure 2B). These values are in line with those obtained from Masseroni et al. [13] on spinach grown in pots in a greenhouse; who reported CWSI values between 0.2 and 0.4 for well-watered treatment, which increases up to approximately 0.9 for treatment without irrigation. CWSI under IR70PRD resulted significantly higher than under IR70D, showing an opposite trend with respect to gs. Between these two parameters, a logarithmic significant relationship was found (Figure 3). This result, obtained for tomato grown under open field conditions and subjected to deficit irrigation, is similar to that obtained by Yu et al. [16] who used Firmiana platanifolia (L.) grown in an incubator to develop a better understanding of the relationship between canopy temperature and stomatal conditions at various water stress levels.


Figure 3. The relationship between the measured stomatal conductance (gs) and the calculated CWSI index.
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Despite the fact that the total yield was very similar in the two growing seasons, the marketable yield was significantly higher in GS2, which was characterized by higher rainfall and lower temperatures during the flowering period (Table 3). This was due to the higher number of discarded fruits in the first, more stressed year. On the other hand, as the CWSI value was also significantly lower in GS2, let us suppose a better plant water status. As for the cultivar, ‘Ercole’ showed higher values than ‘Genius’ for both total and marketable yield.



Table 3. Effect of growing season, tomato cultivar, and irrigation regime experimental factors on main morphological quantitative and qualitative traits. The data shown are the means ± standard errors (n = 24) for each parameter.







	
Parameters

	
Experimental Factors




	
Growing Season 1

	
Genotype

	
Irrigation Regime 2




	
GS1

	
GS2

	
Genius

	
Ercole

	
IR0

	
IR70DI

	
IR70PRD

	
IR100






	
Quantitative parameters

	

	

	

	

	

	

	

	




	
Marketable yield (t ha−1)

	
53.31 ± 1.61 b

	
55.11 ± 1.5 a

	
52.3 ± 3.30 b

	
56.2 ± 3.30 a

	
24.7 ± 1.48 d

	
59.3 ± 1.15 c

	
64.1 ± 0.80 b

	
68.9 ± 1.06 a




	
Total yield (t ha−1)

	
59.1 ± 2.11 a

	
60.0 ± 2.30 a

	
56.9 ± 3.35 b

	
62.1 ± 4.05 a

	
30.1 ± 1.62 d

	
63.1 ± 1.52 c

	
67.1 ± 1.33 b

	
77.9 ± 1.32 a




	
Morphometric parameters

	

	

	

	

	

	

	

	




	
Fruit longitudinal diameter (mm)

	
70.50 ± 2.70 b

	
77.24 ± 3.21 a

	
73.63 ± 1.01 a

	
74.16 ± 1.20 a

	
69.6 ± 1.32 c

	
72.71 ± 1.18 b

	
75.80 ± 1.32 a

	
77.47 ± 1.48 a




	
Fruit equatorial diameter (mm)

	
34.93 ± 0.50 a

	
34.85 ± 0.61 a

	
34.39 ± 0.60 a

	
35.39 ± 0.32 a

	
31.43 ± 0.38 c

	
35.40 ± 0.51 b

	
37.10 ± 0.32 a

	
35.63 ± 0.35 a,b




	
Qualit ative parameters

	

	

	

	

	

	

	

	




	
Dry matter of fruits

(g 100 g−1 fresh weight)

	
5.43 ± 0.13 a

	
5.60 ± 0.16 a

	
5.39 ± 0.10 a

	
5.63 ± 0.13 a

	
5.80 ± 0.15 a

	
5.83 ± 0.28 a

	
5.25 ± 0.18 a

	
5.16 ± 0.07 a




	
pH

	
4.30 ± 0.04 a

	
4.45 ± 0.05 a

	
4.40 ± 0.04 a

	
4.37 ± 0.05 a

	
4.46 ± 0.04 a

	
4.29 ± 0.07 a

	
4.39 ± 0.05 a

	
4.38 ± 0.06 a




	
Tritable acidity

(g citric acid 100 mL−1 fresh juice)

	
0.34 ± 0.02 a

	
0.34 ± 0.01 a

	
0.35 ± 0.05 a

	
0.34 ± 0.05 a

	
0.31 ± 0.01 b

	
0.38 ± 0.01 a

	
0.33 ± 0.16 b

	
0.35 ± 0.11 a,b




	
Soluble solids content (°Brix)

	
6.17 ± 0.11 a

	
6.28 ± 0.15 a

	
6.19 ± 0.12 a

	
6.28 ± 0.14 a

	
6.78 ± 0.12 a

	
6.15 ± 0.17 c

	
6.37 ± 0.15 a,b

	
5.57 ± 0.10 c




	
Colour index

	
1.05 ± 0.09 b

	
1.12 ± 0.1 b

	
1.11 ± 0.06 a

	
1.06 ± 0.05 a

	
1.10 ± 0.01 a

	
1.12 ± 0.02 a

	
1.07 ± 0.02 b

	
1.06 ± 0.01 b








1 GS1, first growing season (2008); GS2, second growing season (2009); 2 IR100, full irrigation by restoring 100% ETc; IR70DI, 70% of the amount of water given to the IR100; IR70PRD, 70% of the amount of water given to the IR100 applying partial root-zone drying; IR0, watering only at transplanting and during fertigation. For each row and experimental factor, different letters (a, b, c, d) indicate significantly different values at p ≤ 0.05 according to Tukey’s test. 








As for the irrigation regime, as expected, a significant yield decrease was observed with the decrease in the quantity of water supplied. However, although the two deficit regimes received approximately 24% less water than IR100, as a mean of the two growing seasons (Table 1), the yield reduction with relation to the optimum regime was equal to 16.2% under IR70DI and only 7.6% under IR70PRD. The marketable yield obtained under IR70PRD, indeed, was significantly higher than under IR70DI, despite the two regimes receiving the same water amount.



This result shows that the PRD treatments had higher yield benefits compared with conventional DI practice, as reported also by Sepaskhah and Ahmadi [26]. Similar results were found in relation to total yield (Table 3). On the other hand, under the IR70PRD regime, fruits reached a larger size compared to IR70DI in terms of both longitudinal and equatorial diameters (Table 3), and these fruits were not different from the IR100 value for the longitudinal diameter; moreover, IR70PRD showed values significantly higher than IR100 with respect to fruit equatorial diameter. These two morphological parameters, indeed, resulted in being positively and highly correlated with the marketable yield (r = −0.52 and 0.76 for longitudinal and equatorial diameters, respectively; p < 0.001). This result is in agreement with Affi et al. [48] that showed, in a study on tomato grown under controlled conditions, similar longitudinal diameter (77–82 mm) between the well-watered and the 70 PRD regimes. On the other hand, the significantly lower values observed for IR70DI and IR0 can be explained by water and nutrient shortages, as also reported by Zegbe-Domínguez et al. [49]. Moreover, the growing season influenced the fruit size, since the fruit’s longitudinal diameter was significantly lower in the first year, which was characterized by lower rainfall and higher temperatures.



The WUE values were similar in the two growing seasons for all the water regimes applied, with the exception of IR0, which showed significantly higher values in the first growing season, which was characterized by lower rainfall and higher temperature (Figure 4 and Table 2). Moreover, between the two water deficit regimes, only the IR70PRD showed values significantly higher with respect to IR100 in both years. This result is partially in agreement with those reported in Sepaskhah et al. [26] about the not significant difference between water use efficiencies in PRD and DI. Our results also have to be interpreted considering the different gs values that we obtained for the two deficit irrigation techniques, which were lower under IR70PRD than under IR70DI (Figure 2A). WUE and gs, in fact, were highly and negatively correlated (r = −0.68; p < 0.001). The lower gs values and the higher marketable yield showed by IR70PRD compared to IR70DI allowed us to suppose that the stomata closing under the PRD regime do not significantly affect the photosynthesis rate, resulting in the WUE increase. Studies on tomatoes grown in greenhouses [50,51] have shown that photosynthesis under the PRD condition is not reduced compared to fully-irrigated plants. In our experimental conditions, which were open field conditions, the PRD determined a decrease in gs values and an increase in marketable yield, and WUE let us suppose that there was no limiting in photosynthesis rate.


Figure 4. Effect of the interaction irrigation regime × growing season on water use efficiency (WUE). IR100, full irrigation by restoring 100% ETc; IR70DI, 70% of the amount of water given to the IR100; IR70PRD, 70% of the amount of water given to the IR100 applying partial root-zone drying; IR0, watering only at transplanting and during fertigation. GS1, first growing season (2008); GS2, second growing season (2009). Different letters (a, b, c, d) indicate significantly different values at p ≤ 0.05 according to a Tukey test. The vertical bars indicate standard errors (n = 12, 3 replicates × 2 growing seasons × 2 genotype).
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The different improvement of WUE observed under PRD and DI regimes with respect to IR100 means that the irrigation methods, as well as the irrigation volume, is important in determining crop growth.



This result may contrast with our previous study [35], in which only one year was evaluated, demonstrating the relevant effect of the year on the application of the PRD technique. In fact, the WUE increment showed by IR70PRD with respect to IR100 was equal to 27% in the first growing season and of 17% in the second one, showing that the positive effect of PRD on the WUE is more evident in the more stressed year.



The higher increase of WUE under PRD with respect to IR100 obtained in the stressed year is of particular interest in view of climate change-related issues. The frequency and severity of prolonged periods of heat and drought stress, in fact, is expected to increase in the future in semi-arid Mediterranean areas [2,3]. Moreover, as reported by Expósito and Berbel [52], the extensive adoption of deficit irrigation techniques could have great consequence at basin or aquifer levels, requiring further research.



The effect of the irrigation regime was significant for all the qualitative traits with the exception of the pH. The highest titratable acidity value was obtained under the IR70DI regime and the lowest under IR0. For the soluble solids, the highest value was obtained, as expected, by the IR0 regime; however, the IR70PRD regime showed values significantly higher than IR100 and IR70DI. Additionally, Haghighi et al. [32] found soluble solids fruit content significantly higher in PRD fruit than in the well-watered plants. Previous reports have confirmed higher soluble solid values in tomato fruit grown under PRD [49,50]. However, Campos et al. [51] found no difference in soluble solids values between PRD and control fruits. It is presumed that the higher soluble solids values were due to higher rates of conversion of starch into sugars [53] and lower fruit water contents under water deficit [54]. The CI, which represents an index that sufficiently describes the colour changes of tomato fruit, showed higher values under IR70DI and IR0 regimes, while no differences were found between IR100 and IR70PRD. Consistent with these findings, other authors reported that deficit-irrigated tomato fruits had higher colour intensity than fully-irrigated fruits [32,49,55,56]. However, the result obtained with PRD irrigation was in agreement with Bogale et al. [56] relative to tomato cultivar ‘Matina’, but not with Haghighi et al. [32] who reported a redder colour of PRD fruits with respect to the well-watered ones. The authors suggested that the stronger red colour might be a result of a higher rate of ethylene production [32,57] observed in fruits produced under DI and PRD, in which ethylene may have some positive effect on the development of lycopene content in tomatoes [58]. In our experimental condition, this was true for IR70DI, but not for IR70PRD.




3.3. Principal Component Analysis on the Quali-Quantitative Composition of the Tomato Fruit


According to the PCA analysis, the twelve original variables related to physiological, quantitative and qualitative aspects were reduced to two principal components, which represent 75.6% of the total variability. In particular, the first component (PC1) accounted for the 52.9% of the total variability, while the second component (PC2) accounted for the 22.7% (Table 4).



Table 4. Standardized coefficients (scores) and Pearson’s correlation coefficient values for the first two principal components (PC1–2), considering the original variables. The corresponding percentages of accounted variation are also reported.







	
Original Variables

	
Standardized Coefficients (Scores)

	
Pearson’s Correlation Coefficients




	
PC1

	
PC2

	
PC1

	
PC2






	
Marketable yield

	
0.92

	
−0.27

	
0.90 ***

	
−0.25 ns




	
Total yield

	
0.93

	
−0.28

	
0.91 ***

	
−0.27 ns




	
Water use efficiency

	
−0.79

	
0.08

	
−0.75 ***

	
0.04 ns




	
Fruit longitudinal diameter

	
0.63

	
0.07

	
0.60 **

	
0.06 ns




	
Fruit equatorial diameter

	
0.76

	
−0.15

	
0.74 ***

	
−0.15 ns




	
pH of the flesh

	
−0.01

	
0.90

	
−0.02 ns

	
0.92 ***




	
Dry matter of fruit

	
−0.27

	
0.34

	
−0.26 ns

	
0.33 *




	
Titratable acidity

	
0.10

	
−0.83

	
0.09 ns

	
−0.81 ***




	
Soluble solids content

	
−0.63

	
0.24

	
−0.65 **

	
0.24 ns




	
Colour index

	
−0.16

	
0.30

	
−0.16 ns

	
0.31 *




	
Crop water stress index

	
−0.91

	
0.30

	
−0.90 ***

	
0.27 ns,*




	
Stomatal conductance

	
0.84

	
−0.26

	
0.85 ***

	
−0.24 ns




	
Percentage explained variation

	
52.9

	
22.7

	

	




	
Percentage cumulative variation

	
75.6

	

	

	








* p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; ns not significant.








To correctly interpret the relationship between the two components and the original variables, it is important to recall that PC1 and PC2 are linear combinations of the original variables and standardized coefficients (scores), which maximize the discrimination among the detected components. The original variable with the largest standardized coefficient has, indeed, the strongest impact on the selected components. The results of PCA analysis showed that the PC1 was mainly and positively associated with total yield, marketable yield, equatorial and longitudinal diameters, and negatively with CWSI, WUE, and soluble solids content (Table 4). The PC2 was mainly and positively related to pH, fruit dry matter, and colour index, and negatively related to titratable acidity. Thus, PC1 can be considered as a “physio-quantitative” component and PC2 as a “qualitative component”.



By means of PCA analysis, genetic differences between the two cultivars under study were more evident across the irrigation regimes and the two growing seasons, especially for the qualitative component. Indeed, a sharp separation between the two cultivars was clearly evident on PC2 for IR0 and IR100, with ‘Genius’ showing the best performance in IR0 in the second growing season, and the worst in IR100 in the first growing season (Figure 5). Thus, ‘Genius’ showed better qualitative performance when grown under extreme water stress conditions, losing this ability when fully irrigated. The opposite was true for ‘Ercole’. Under the two deficit irrigation regimes, the two cultivars showed the same qualitative performance in the two growing seasons, and the separation along PC2 only showed a better result of PRD compared with DI.


Figure 5. Biplot relative to the principal component analysis performed on all parameters. IR100, full irrigation by restoring 100% ETc; IR70DI, 70% of the amount of water given to the IR100; IR70PRD, 70% of the amount of water given to the IR100 applying partial root-zone drying; IR0, watering only at transplanting and during fertigation. GS1, first growing season (2008); GS2, second growing season (2009); horizontal and vertical bars indicate standard errors (n = 3 replicates).
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4. Conclusions


In the present study, we evaluated the effects of PRD and DI on physiological, quantitative, and qualitative parameters in processing tomatoes grown in open field conditions in a Mediterranean climate under two growing seasons. The first year was characterized by no rainfall and higher temperature during the flowering period as compared to the second one. Our results confirm the lower gs values of PRD with respect to DI techniques (approximately 25%), indicating that, in open field conditions and under different climate trends, using PRD, the plants closed the stomata more. Despite this finding, under IR70PRD, CWSI was significantly higher than under IR70DI, and the marketable yield obtained was significantly higher; although the two deficit regimes received approximately 24% less water than IR100, the yield reduction was equal to 16.2% under IR70DI, and only 7.6% under IR70PRD.



The WUE increment showed by IR70PRD with respect to IR100 was equal to 27% in the first growing season and was 17% in the second one, showing that the positive effect of PRD on the WUE is more evident in the more stressed year. Finally, the results from the PCA showed that the two cultivars differed in their qualitative response in the two extreme regimes (IR100 and IR0), but not under PRD and DI regimes. Moreover, the PRD showed higher values along the quality factor compared with DI. Under PRD, the higher quality performance, as well as the higher WUE obtained with respect to IR100, especially in the more stressed year, are of particular interest in view of climate change-related issues, such as prolonged periods of heat and drought stress, which are predicted to increase in frequency and severity in semi-arid Mediterranean areas.
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