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Abstract  39 

Around the world, the tomato is considered the most important vegetable because of the extent of 40 

the cultivated area. In addition, it requires vast amounts of irrigation but little is known about the 41 

management of deficit irrigation. This study aims to evaluate the effect of regulated deficit 42 

irrigation (RDI) on development of crop and fruit quality for cherry tomatoes (ʽLazarinoʼ and 43 

ʽSummerbrixʼ). Two different cherry cultivars were used during two crop cycles (autumn and 44 

spring). RDI was scheduled with an initial period of no water stress and with a period of deficit 45 

from the beginning of the flowering, with a threshold of midday leaf water potential of around -46 

1MPa. It was found that the response to the irrigation treatment was affected by the season and 47 

even by the cluster considered. During the autumn cycle, there were no clear differences in yield 48 

despite water stress being mild but still significant. In the spring cycle, yield reduction peaked 49 

with different responses between cultivars. Water stress reduced fruit weight and fruit number per 50 

cluster in cv Summerbrix, producing a continuous decrease throughout the harvest period. In cv 51 

Lazarino, a yield reduction was detected only at the end of the harvest period and was related to 52 

the decrease in fruit weight and the number of inflorescence. The application of RDI reduced 53 

water by 85% and increased the content of soluble sugar, carotenoids and total phenols in both 54 

cultivars and cycles. 55 

 56 
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Graphical abstract 64 
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1. INTRODUCTION 79 

 The rise in population during recent times implies an increase in agriculture and consequently a 80 

greater consumption of water, pushing this resource to its limits (Giuliana, et al, 2011).  Moreover, 81 

climate change and the location of crops in areas with warm climates that favour production, also 82 

limited the availability of water resources (Sepaskhah & Ahmadi, 2010; Mutambara, et al, 2016; 83 

Patanè, et al, 2011). The scarcity of water during the development of the crop causes damage 84 

which decreases productivity and even the loss of the crop (Xiukang & Yingying, 2016). 85 

Regulated deficit irrigation (RDI) it is an irrigation strategy especially used in trees, which tries 86 

to ensure an optimal crop water status in phenological phases most sensitive to water stress, and 87 

restrict irrigation in most resistant crop phases (Geerts, S., Raes, D., 2009; Galindo et al., 2018).  88 

There are few works published in RDI in horticultural crops, tomato has been studied by several 89 

authors, and results show yield reduction in many cases and an increase water use efficiency 90 

(Yangg et al., 2016; Wang et a., 2015; Bogale et al., 2016; Pulupol et al., 1996). RDI scheduling 91 

could improve the irrigation management with null or low yield lost. The management of RDI 92 

scheduling is not easy, with particular regards to the level of water stress which could be applied 93 

(Chai, et al., 2016). Nevertheless, RDI based on leaf water potential, a water status measurement, 94 

could improve the accuracy of this scheduling, because it integrates the soil-water-plant relations 95 

system (Corell, et al., 2016).  96 

The application of RDI reduces crop evapotranspiration (ETc) and also leading to improvements 97 

in product quality (Chai, et al., 2016; Lahoz, et al., 2016; Carbonell-Barrachina, et al., 2015; 98 

Cano-Lamadrid, et al., 2015). Thus, the amount of water supplied to the crop is interdependent 99 

on the commercial and functional quality, as well as the environmental and agronomic conditions, 100 

leading to a variety of plant responses that can be reflected in leaf water potential, turgor, water 101 

content, growth, productivity, fruit size, soluble solids, carotenoid and phenolics content and 102 

flavour characteristics (Vinha, et al, 2014; Shao, et al, 2008; Cano-Lamadrid, et al., 2015). These 103 

changes in fruits and vegetables grown under a optimum RDI manage provided, in theory, 104 

differential products, which are characterised by a high content of bioactive compounds, sensory 105 
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attributes and high productivity. They are environmentally-friendly and so-called 106 

"hydrosustainable" (Cano-Lamadrid, et al., 2015). 107 

Tomato is an important crop and can be found across the entire world, and, it is characterized for 108 

large amounts of water (Giuliana, et al, 2011).  Actually, there are few studies on RDI in tomato 109 

(Solanum lycopersicum, L.), and the first studies have focused on the effect on yields related to 110 

the application of RDI, in different phenological phases, concluding that the crop establishment 111 

and flowering are the most sensitive phenological stage, fruit ripening is a resistant phase, it even 112 

improves the organoleptic quality of the fruit (Nangare, et al, 2016; Ripoll, et al, 2016; Zhang, et 113 

al, 2013). In tomato grown for processing, the reduction of watering during fruit ripening is 114 

standard technique to improve the content of soluble solids (Johnstone et al., 2005). Studies 115 

carried out in the south Spain by Fortes et al, specialized in tomato for processing in Extremadura, 116 

propose as thresholds: -8MPa as stress level in transplant, flowering and fruit set; and -1MPa for 117 

fruit ripening (Fortes et al., 2013).  118 

In tomato cultivars with indeterminate growth the flowering and fruit set occurs at the same time. 119 

While the fruits set in the first clusters mature, the fruits of the highest clusters of the plant are 120 

setting. The differentiation of the phenolic phases is more difficult. Especially in cherry tomatoes 121 

varieties, with numerous fruits per plant. Previous works showed that puntual decrease in leaf 122 

water potential in cherry tomatoes to -1MPa (Summerbrix and Lazarino) did not affect greatly the 123 

organoleptic quality of common tomatoes and ʽSummerbrixʼ. However, ʽLazarinoʼ was more 124 

susceptible to water stress (Coyago-Cruz, et al, 2017a).  The aim of this work is scheduling 125 

regulated deficit irrigation (RDI) with leaf water potential. And   study the effect of the RDI in on 126 

the crop development, yield and the fruit quality whilst considering the effect of cluster height in 127 

two cherry tomato varieties (Lazarino and Summerbrix).  128 

2. MATERIALS AND METHODS  129 

2.1 Experimental details 130 
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The experiment was carried out in two crop cycles during the autumn of 2015 (23rd September to 131 

15th December) and spring 2016 (23rd February to 15th June) at greenhouse at Escuela Técnica 132 

Superior de Ingeniería Agronómica (E.T.S.I.A.) located at the Universidad de Sevilla (Seville, 133 

south Spain, 37º21'09.71'' Lat. N, 5º56'19.13'' Long. W, 33 m a.s.l.). The experimental 134 

greenhouses were made up of plastic with 75% transmissibility of the radiation, and furthermore 135 

they were provided with a ventilation window. The tomato plants were grown in clay loam soil 136 

characterized by had 21.5% gross sand; 4.5% fine sand; 42.3% limo and 31.8% clay; pH 8.11; 137 

total nitrogen 0.25%; organic matter 2.50%; electric conductivity 1050µS/cm; phosphorus 138 

126mg/Kg; calcium 0.73%; sodium 0.04%, potassium 0.13% and magnesium 0.25%. Some of 139 

the weather variables such as temperature, vapour pressure deficit (VPD) and daily radiation were 140 

monitored in the greenhouse (Figure 1). The Temperature integral was calculated accumulating 141 

the average temperature during the development of the crop.  142 

Two red cherry tomato Solanum Lycopersicum L. varieties (ʽLazarinoʼ and ʽSummerbrixʼ) with 143 

indeterminate growth were studied. The seeds were provided by Fitó (Spain). ʽSummerbrixʼ was 144 

a small pear cultivar and ʽLazarinoʼ a round one. These varieties were grown for 30 days in a 145 

nursery seedling and they were transplanted into soil when the seedlings had developed three or 146 

four true leaves.  The dates for transplanting was 22th September during 2015 (autumn season) 147 

and 15th January in 2016 (spring season). Harvest periods were from 8th and 19th January 148 

(“Summerbrix” and “Lazarino” respectively) to 11th March during 2015 (autumn season) and 149 

from 20th and 27th May (“Summerbrix” and “Lazarino” respectively) to 24th June in 2016 (spring 150 

season). Flowers were biologically pollinated with bumblebees (BioSur, Spain). Plants were 151 

supported at a height of 2m; this was done by pruning especially all secondary stems and leaves, 152 

especially the lower leaves to ensure ventilation and an adequate sanitary condition, with the usual 153 

tomato crop practices in a greenhouse.  154 

For each cultivar an experimental design was randomized completely blocks with 3 repetition for 155 

each irrigation tratments Each elemnentary plot consisted of 30 plants, 3 lines with 10 plants of a 156 

single variety, with a density of 2 plants.m-2, with a separation of 50 cm between plants and 1 m 157 
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between lines. The measurements were taken in 7 central plants of the plot, the rest were 158 

considered border.  159 

There were 2 irrigation treatments: Control, no water stress conditions, consisted of a irrigation 160 

based on the potential evapotranspiration of the crop (ETc) calculated according to the Penman-161 

Monteith method (Allen, et al, 2006) and which 100% ETc was applied; The second treatment 162 

was based on the water status of the crop. This treatment considered two periods: 1) vegetative 163 

development (crop establishment basically), in which 100% ETc was applied and 2) RDI: in 164 

which an irrigation threshold was maintained at -1MPa a leaf water potential, which is the water 165 

stress level recommended for industrial tomatoes (Fortes, et al, 2013). Leaf water potential at 166 

midday (w) was measured weekly using a pressure chamber (PMS Instrument Company, USA). 167 

Fully developed leaves and sun exposed were measured, on one central plant per plot, at solar 168 

midday, weekly.  Only the elementary plot was irrigated when the crop reached this threshold (-169 

1MPa). Irrigation amount was applied depending on the distance of the water potential of the leaf 170 

of each plot to the said threshold, with a maximum limit of 5mm day-1. ETc maximum estimated 171 

for the entire crop. If the reduction was less than 10%, an irrigation dose of 25% of control 172 

irrigation was applied. If the reduction was between 10 and 30%, a 50% dose of control treatment 173 

was provided. The irrigation of the plants was done by dripping, with 2 drippers per square meter, 174 

with two daily irrigations. 175 

In order to describe the accumulative effect of the water deficit, the water stress integral was 176 

calculated from the data (Myers,1988) during the period of water stress (Eq. (1)). Eq. (1) used 177 

a reference of −0.2 MPa. The expression used was: 178 

SI = |∑n 179 

(1) where: SI is the stress integral, is the average midday stem water potential for any interval, 180 

n is the number of the days in the interval. 181 

Soil water content was monitored with an FDR (Frequency Domain Reflectrometry) sensor, 182 

ECH2O HS10 (Decagon Devices, USA), plugged into a datalogger (model CR10X with AM 416 183 
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multiplexer, Campbell Sci. Ltd., Logan, USA). Measurements from FDR sensors were taken 184 

every minute and the datalogger was programmed to report 15-min means. One sensor was 185 

installed per plot. In autumn the sensor was installed at a depth of 15 cm (first experiment), and 186 

in spring at 25 cm, because 15 cm was too shallow and the roots deepened quickly (Figure 2). To 187 

know the profile of the soil moisture gravimetric soil moisture, measurements were made at 20, 188 

40 and 60 cm depth two times per season (Table 1). 189 

2.2 Growth and yield 190 

The measurements were carried out on the experiment: days to flowering and days to fruiting, 191 

plant height, inflorescences development during the phenological phases. Inflorescence, buds, 192 

open flowers, set fruits and abortions and leaves number, were counted weekly in five plants per 193 

plot and production per plant in seven plants per plot. After visually scrutinising the fruit, each 194 

block was harvested following commercial practices. 72samples of seven fruits were analyzed 195 

from the point of view of commercial quality. One sample per plot comercial mature fruits (about 196 

80 to 100% red stage) representative of seven plants, of three different experimental blocks 197 

collected at three clusters (first, third and fifth cluster) in two seasons,  198 

2.3 Physico-chemical analyses 199 

The measurements carried out were in seven fruits per plot in each harvest date: equatorial and 200 

longitudinal diameter (cm), fresh weight (W, expressed in grams), soluble solids (SS, expressed 201 

as °Brix), firmness (Kg/cm2) and colour parameters (L*, a*, b*) as described by Coyago-Cruz, 202 

et al. (2017b). The soluble solids were measured using a Hand-refractometer RHC-200ATC 203 

(Huake, China). The fruit firmness was analysed using a PCE-PTR 200 Forge Gauce penetrometer 204 

(PCE-Inst., Spain) and the fruit colour was analysed using a CM-700d colorimeter (Minolta, 205 

Japan).   The whole visible spectrum (380 – 770nm) was recorded with a bandwidth of 1nm for 206 

the purpose of this testing. The colour parameters corresponding to the uniform colour space 207 

CIELAB were obtained directly from the equipment. Illuminant D65 and 10° observer were 208 

considered as references.  209 
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Soil humidity was determined using big dry oven (Selecta, Barcelona) with air circulation at 210 

110ºC, to constant weight. 211 

Total carotenoids (TC) and total phenolics (TPC) as a sum of the individual compounds were 212 

determined by liquid chromatography on a RRLC and UHPLC respectively, as described by 213 

Coyago-Cruz et al. (2018). For this purpose, the sample included a mixture of Sixty-three 214 

tomatoes without placenta and seeds. The sample was cut and quickly frozen at -80 ºC, before 215 

being freeze-dried with a Cryodos system (Telstar, Japan). For the extraction carotenoids were 216 

used approximately 20 mg of homogenized freeze-dried powder, 250 µL of methanol, 500 µL of 217 

trichloromethane and 250 µL of MiliQ-water. The mixture was vortexed, sonicated for 2 min and 218 

to remove the aqueous phase (colored fraction) was centrifuged at 14 000 ×g for 3 min. The 219 

colored fraction was collected and the solid was re-extracted with 500 µL of trichloromethane 220 

following the above-mentioned procedure and the times that were necessary until the solid did 221 

not show colour. The coloured fractions were evaporated to dryness at a temperature below 30 ºC 222 

in a vacuum concentrator and re-dissolved in 40 µL of ethyl acetate prior to their injection on an 223 

Agilent 1260 system (RRLC system), equipped with a diode-array detector, C18 Poroshell 120 224 

column (2.7 µm, 5 cm × 4.6 mm) (Agilent Technologies, Palo Alto, Ca. USA). TC were calculated 225 

as the sum of phytoene, lutein, licopene and B-carotene. On the other hand, for the extraction 226 

phenolics were used 0.5 g of homogenized freeze-dried poweder and 15 mL of acidified methanol 227 

0.1 %. The mixture was vortexed, sonicated for 15 min and to remove the supernatant was 228 

centrifuged at 4 190 ×g for 7 min at 4 ºC. The supernatant was collected ant he solid was re-229 

extracted with 5 mL of acidified methanol 0.1%. This process was repeated once again. The 230 

supernatant were filtered through Millipore membranes (0.45 µm pore, 15 mm diameter) (Agilent 231 

Technologies, Spain) prior to their injection on an Agilent 1290 chromatograph (UHPLC system) 232 

equipped with a diode-array detecto, Eclipse Plus C18 column (1.8 µm, 2.1 × 5 mm) (Agilent 233 

Technologies, Palo Alto, Ca. USA). TPC were calculated as the sum of p-hydroxibenzoic acid, 234 

p-cumárico acid, cafeic acid, chlorogenic acid, gallic acid, quercetin and quercetin. 235 

2.6 Statistical analysis 236 
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Data from the experiment were analysed statistically using the STATGRAPHICS Centurion XVII 237 

software. Results are provided as the mean + standard deviation. The two cultivars were studied 238 

separately, and was analyzed the effect of irrigation treatment, cluster and seasonby simple and 239 

factorial ANOVA. The mean separation was made via a Tukeyʼs test with 0.1, 0.01 and 0.001 240 

significant differences, and correlations by Pearson with a 95% confidence level were employed 241 

to estimate the possible significance. 242 

3. RESULT AND DISCUSSION 243 

3.1 Climate trend and irrigation variables  244 

Climatic and soil moisture data registered from the beginning of the crop to the end of harvest 245 

during autumn and spring are shown in Figure 1. Crop cycles were 172 days in autumn and 127 246 

days in spring. Which are the usual in tomato in our región (Allen et al 2006). The length of each 247 

phenological phase was different depending on the cycle analysed. The vegetative phase varied 248 

from 40 days in autumn to 74 days in the spring cycle. While the flowering-fruit set was 95 days 249 

on average in in the autumn cycle, and 92 days in spring. The Temperature integral  varied from 250 

818 and 1670ºC in autumn and spring until the flowering-fruit set phase was reached; 1772 to 251 

reach full harvest in in autumn, and 2234ºC in the spring cycle, respectively.  252 

Maximum and minimium temperatures are shown in Fig. 1A. The pattern was clearly different 253 

depending on the cycle. Maximum temperature was gradually decreasing in autuum, 25ºC 254 

average in november, 22ºC in december, 21ºC in Januay and 23ºC in February. Minimal 255 

temperatures showed a similar pattern, decreased gradually: 9ºC average in november, 8ºC in 256 

december, 9ºC January and 10ºC in Fabruary. In spring the trend was the opposite, increasing the 257 

temperatures gradually since the beginning of the crop cycle, Maximum temperatures: 26ºC 258 

average in the days of trial in February, 33ºC in March and 30ºC in April, and mínimum 8ºC, 7ºC 259 

and 11ºC respectively.  The average temperature inside the greenhouse is shown in Fig. 1-BIn the 260 

autumn cycle, the average temperature decreased from around 27ºC in October, 15ºC in 261 

November and 13ºC in January. While in the spring cycle, the pattern was the opposite with 15ºC 262 
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average in the days of trial in February, 18ºC in March and 19ºC in April.  Several studies showed 263 

that the optimum temperatures in the tomato crop changed between 20 and 24ºC to ensure further 264 

development, flowering and fruit ripening (Serrano 2008), and 12ºC and 36ºC would be the 265 

growth limit temperatures (Serrano 2009; Rosales, 2008).  Our greenhouse is a simple structure, 266 

and although we have not always been at the optimum temperatures, we have not been far from 267 

the limits. The crop was developed properly. Figure 1C depicts the vapor pressure deficit (VPD) 268 

inside the greenhouse. In the autumn cycle, VPD was maximum at the beginning with values 269 

around 0.5KPa and decreased from the flowering phase down to values around 0.15KPa. In the 270 

spring cycle, VPD values were more changeable, with minimum values until the mid-flowering 271 

phase (below 0.2KPa) and with a great increase from this date up to maximum values near 1.2KPa 272 

at the end of the cycle.  273 

Figure 1-D is representative of the daily radiation during both cycles. Thus, daily radiation in 274 

autumn decreased from the vegetative development (around 20MJ m-2 day-1) to the flowering and 275 

fruit setting (around 10MJ m-2 day-1 but the minimum lower than 5MJ m-2 day-1), while increasing 276 

in full harvest up to values around 15MJ m-2 day-1. In the spring cycle, the daily radiation 277 

presented an incremental pattern from 10 to 30MJ m-2 day-1.  278 

The amount of water supplied in control and RDI treatment in autumn and spring are shown in 279 

Table 1. This data showed higher water requirement in both cultivars, in the control treatment 280 

during spring (582.7mm) than during autumn (536.7mm) and a greater reduction of irrigation 281 

occurs in the RDI treatment for both cycles,  with 82.7mm of total water in both cultivars in 282 

autumn, because they did not differentiate. And in spring “Summerbrix” receivedand 84mm, and 283 

“Lazarino“ 63 mm. . Such reductions agreed with the soil water as shown in Figure 2, section A 284 

and B for autumn and spring, respectively. Soil moisture in the control treatment was around field 285 

capacity in most of the dates for both cycles. RDI data varied according to the cycle studied; 286 

during autumn most of the dates were below the permanent wilting point (17.3%), while in spring 287 

there was a continuous decrease until such soil moisture, which was reached around 106 days 288 

after transplanting. The low soil moisture values in autumn could be due to where the probe was 289 
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positioned (15cm from the surface), probably too shallow, and away from the wet bulb, while in 290 

spring it was positioned 25cm deep.  Gravimetric moisture (Table 1) showed the moisture content 291 

throughout the profile. In autumn, the control gravimetric moisture showed 19.5% in the 30 to 292 

50cm depth, while in RDI it was 13.9%. Also in spring, the gravimetric moisture data showed 293 

19.4% in the 30 to 50cm depth, while in RDC it was 14.6% in the 30 to 50cm.  294 

Water potential (Ψw) and stress integral data are presented in Fig 3. The pattern of water potential 295 

in the autumn and spring cycles was clearly different, with less significant differences in the 296 

former. During the autumn cycle, the pattern of Ψwincreased in both treatments and cultivars 297 

because of the evaporative demand (Fig. 1) and it went from -0.6MPa to -0.2MPa. RDI treatments 298 

tended to show lower values than the Control in all the cycle for both cultivars with major 299 

differences showing only at the beginning of the flowering period (Fig. 3A and B). Ψwdata during 300 

the spring cycle were more changeable in both cultivars (Fig. 3-C and D) with lower values than 301 

the autumn cycle. During the vegetative development, Ψw was around -0.2MPa in all the plants. 302 

The main differences were found during the flowering-fruit setting phase, which showed clearly 303 

lower values in the RDI treatments than in the Control ones, most of them significant. This 304 

occurred mainly in the Summerbrix cultivar and minimum RDI values of around -1.0MPa were 305 

reached in both cultivars. Such differences were also observed during the harvest period, when 306 

almost all RDI data in both cultivars were significantly lower than Control, around -0.8MPa. 307 

These data are in line with other studies, which suggests  that the water requirements in the crop 308 

are dependent on the variety, phenological phases and growing season (Serrano, 2014; Patanè, et 309 

al, 2011). In addition, the Ψw did not reach the threshold of -1.0MPa in all plots, which means 310 

that the crop did not endure severe conditions of water stress, according to Fortes, et al, (2013).  311 

The stress integral in spring was greater than in autumn (Fig 3 E and F). In the two growing cycles, 312 

there were significant differences in the total stress integral for both cultivars between irrigation 313 

treatments. ʽSummerbrixʼ in autumn showed a total stress integral of 13.5 and 21.3MPa·day in 314 

Control and RDI, respectively, while ʽLazarinoʼ showed 11.6 and 15.0MPa·day, respectively. In 315 

addition, in spring ʽSummerbrixʼ showed a total integral stress of 39.6 and 62.0MPa·day in 316 
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Control and RDI, respectively, while ʽLazarinoʼ read 39.9 and 55.0MPa·day, respectively. Such 317 

differences were mainly attributed to the stress during the flowering phase. The integral stress 318 

shows crop water stress intensity, not only the level that reached the water potential (Hsiao, 1990). 319 

There are no references in the tomato bibliography with which to compare but from these results 320 

if it can be observed that with an integral stress below 40MPa did not affect the production, while 321 

above if differences were observed in sumerbrix, while in lazarino an integral of 50MPa did not 322 

affect the production. 323 

3.2 Development of flowering  324 

Flower development in indeterminated tomato cultivar is a continuous process for the plant. Each 325 

cluster sprouts at a different height and in a different moment. In addition, there is a developmental 326 

period within the cluster. The number of flowers was higher in spring than in autumn, the pattern 327 

of open flowers is presented in Figure 4.  There were greater numbers of flowers in the cluster V 328 

than in the cluster I in both seasons. There were no significant effects of irrigation treatment 329 

during the autumn cycle for both cultivars. There was an increase in the number of open flowers 330 

between cycles, higher in spring than in autumn, and this change was mainly due to the increase 331 

in numbers in clusters III and V. The period of open flowers in each cluster was higher in autumn 332 

than in spring but in both cycles, it lasted more than 30 days. The effect of irrigation treatments 333 

was almost null during the autumn cycle in both cultivars: only very small significant differences 334 

were found in cluster I. On the other hand, there were significant differences in some dates and 335 

in all the clusters in the cultivar Summerbrix during the spring cycle, with a reduction greater than 336 

50% in cluster III and V around DAT (day after transplanting) 95. However, the number of fruits 337 

set was not significantly affected in any of the cultivars and cycles (data do not show) though RDI 338 

tended to lower values than Control in cv Summebrix and the spring cycle. This behavior is 339 

similar to that shown by Pulupol et al (1996), with water stress levels of -1.2MPa, and produced 340 

a 60% reduction in yield, associated with flower abortion, a very important reduction in the 341 

number of flowers was observed. 342 

3.3 Physico-chemical analyses 343 
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3.3.1 Commercial quality 344 

Several parameters of yield quality are summarised in Table 2. The fruit weight was significantly 345 

affected considering the crop cycle: in cv ʽLazarinoʼ it was 23% higher in autumn than in spring, 346 

and 21% in ʽSummerbrixʼ. These results were likely related to the flowers in autumn in 347 

comparison with the spring cycle (Figure 4), which probably affected the dry matter partitioning. 348 

The decrease in the number of sinks, fruits in the cluster, is likely to improve the growth. The 349 

main differences were found in cluster III of the Control plant, where the differences in flowers 350 

were the highest (Figure 4). Irrigation treatments also have great impact on the fruit weight. In 351 

the autumn cycle, the reduction was lower though significant in both cultivars. In cv Summerbrix, 352 

there was an average reduction of around 4% in the fruit weight, mainly in cluster I and III. While 353 

in cv Lazarino, the weight reduction was 10% and was greater in cluster III and V (Table 2). 354 

During the spring cycle, the greatest reduction in fruit weight was measured in cluster III and V 355 

for both cultivars. Such reduction was lower in cv Summerbrix, with an average of 10%, than in 356 

Lazarino, with 13%. In the latter, there was a great variability between clusters, with a reduction 357 

due to the water restriction in cluster I of around 4% vs a reduction higher than 20% in cluster V 358 

(Figure 4). This data was related to other studies that showed a decrease in cherry tomato weight 359 

(17.4g in Control and 16.57g in RDI) when a 50% water reduction was applied (Pernice, et al., 360 

2010), and some studies that showed similar results (Patanè, et al, 2011; Favati, et al., 2009; 361 

Ozbahce & Tari, 2010). This reduction in fruit weight in spring was likely related to the water 362 

status of the crop, since the Ψw decreased in the second half of the flowering to -0.9MPa and 363 

accumulated a stress integral of 55MPa·day in ʽLazarinoʼ and 62MPa·day in ʽSummerbrixʼ 364 

(Figure 3). In general, the threshold of -0.8MPa in autumn took on an average decrease of 12% 365 

in weight with a water saving of 80%. In general, the ANOVA factorial showed that the weight 366 

was influenced by treatment, cluster height and season (Table 2). 367 

Soluble solids (SS) in ʽLazarinoʼ were 10% higher in autumn than in spring and 13% for 368 

ʽSummerbrixʼ. These results were similar to previous studies that indicated an increase of the SS 369 

with the decrease of the temperature (Wang, et al., 2011; Klaring, et al., 2015). The irrigation 370 
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treatments showed few significant differences in SS in autumn, with very small differences 371 

between Control and RDI, lower than 5%. The effect of the irrigation treatment was clearer during 372 

the spring cycle, when SS was significantly higher in all clusters of RDI plants, with increases 373 

between 4 and 9%. The decrease of applied water during the harvest causes an increase of the SS 374 

described in other works (Quadir, et al., 2006; Beckles, 2012; Nangare, et al., 2016; Patanè, et al., 375 

2011; Lahoz, et al., 2016), which suggested that a water application of 1200 to 2400 m3.ha-1 in 376 

cherry varieties in spring did not produce changes in the SS (Pernice, et al., 2010). In general, the 377 

ANOVA factorial showed that the SS were influenced by the treatment, cluster height and season. 378 

This data correlates with the findings of other authors, who suggested that the SS were influenced 379 

by variety, environmental and agronomic conditions (Quadir, et al, 2006). 380 

There were no clear patterns of firmness and colour depending on the season. Irrigation treatments 381 

showed slightly differences in both parameters. Only significant differences were found in the 382 

spring cycle, cv Lazarino and cluster I with higher firmness in RDI than in Control.  Nevertheless, 383 

in general, differences were very low in firmness and colour with no clear pattern depending on 384 

the irrigation. The lack of results suggest that water stress did not affect the duration of the cycle, 385 

and ripening was similar for both irrigation treatments. 386 

3.3.2 Functional quality 387 

The tomato functional quality data (total carotenoids and total phenolics) are summarised in Table 388 

2. The main carotenoids identified in this study were phytoene, lutein, lycopene and β-carotene, 389 

with lycopene being the main carotenoid, as noted by other authors (Stinco, et al, 2016; Meléndez-390 

Martínez, et al, 2010; Perveen, et al., 2015. The individual profiles of the carotenoids were 391 

published by our group in other work (Coyago-Cruz, et al., 2018). In most cases, the total 392 

carotenoids showed higher values in spring than autumn, though the cycle was significant only in 393 

Summerbrix. The effect of irrigation was affected by the cycle and cultivar being studied. 394 

Summerbrix increased the total carotenoids in RDI plants in the spring cycle, while Lazarino did 395 

in autumn cycle, only in cluster I and V. In general, the ANOVA factorial showed changes with 396 

the treatment and cluster in ʽLazarinoʼ, while in ʽSummerbrixʼ changes were linked to the 397 
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treatment and season.  This is in line with other authors, who suggested that the total carotenoids 398 

change with the variety, climate or geographical location of the crop (Eichholz, et al, 2014; Li, 399 

Zhu et al, 2013; Sánchez-Rodríguez, et al., 2011). 400 

The total phenolics content was affected by the cycle. In general, fruits in the spring cycle 401 

presented a higher amount of phenolics than autumn fruits, though this effect was more intense 402 

in cv Lazarino than cv Summerbrix (Table 2). Such differences between cultivars were also found 403 

in the effect of the irrigation treatments. RDI did not affect the total phenolic content in cv 404 

Summerbrix. However, irrigation deficit increased the amount of phenolic compounds in cv 405 

Lazarino, yet such differences were not always significant. In both cultivars, there were 406 

significant effects on the cluster, with an increase with the cluster height, which could reduce the 407 

differences between irrigation treatments. Several authors reported that the irrigation restriction 408 

increases the total phenolics (Lule & Xia, 2005; Pernice, et al., 2010). The influence of cluster 409 

and cycle has been linked to the level of radiation in other works (Minutolo, et al, 2013; Atkinson, 410 

et al, 2011; Olsen, et al., 2009; Coyago-Cruz, et al., 2018). 411 

3.4 Yield response 412 

Total and marketable yield showed no statistical differences in autumn in any of the two cultivars 413 

(Table 3). Differences were observed in the spring season, RDI resulted in a 38% decrease in 414 

‘Sumerbrix’ and 40% in ‘Lazarino’. Irrigation scheduling clearly reduced the water applied, 415 

amount of water was statistically different. the amounts applied in spring and autumn in RDI were 416 

similar. If there were clear differences in IWUE, all RDI treatments were significantly different 417 

from control ones. Accumulated yield, in both cultivars, was greater in the spring cycle than in 418 

the autumn one (Figure 5), while the period of harvest increased in autumn (60 days vs 30 days). 419 

However, the pattern of the accumulated yield in the spring cycle was different between cultivars.  420 

Important differences were found in cv Summerbrix throughout the harvest period, while in cv 421 

Lazarino they were detected only at the end. Although there was no significant reduction in yield 422 

during the autumn cycle, RDI treatments tended to produce a lower yield in ʽSummerbrixʼ, while 423 

almost an equal result was noticed in cv Lazarino. There are several authors that reported a yield 424 
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reduction in RDI scheduling on tomato cultivated in greenhouse, Wang et al (2015) reported 425 

reduced yields by 29% with 70%ETTc in cv. 004024. Nangare et al (2016) reported decrease of 426 

yield by 20% with 60%ETc at flowering in cv. Ryna®. And Bogale et al (2016) reported reduced 427 

yields by 27% in cv Matina and 38% in cv Cochoro with 50%ETc. The slightly non-significant 428 

reduction in yield during autumn in cv Summerbrix was not clearly related to any of the 429 

parameters measured. Number of flower and fruits were also almost equal between irrigation 430 

treatments (Fig.4). Only the fruit weight was significantly affected, but slightly (Table 2) and such 431 

reduction did not have a major impact on final yield. Therefore, the water stress level in the 432 

autumn cycle could be considered mild (Fig. 2). On the other hand, yield results in the spring 433 

cycle showed two different responses to water restriction. Fruit size was affected in the same way 434 

in both cultivars (Table 3) but this does not explain the differences in the pattern. The progressive 435 

yield decrease in cv Summebrix was related to a significant reduction in the number of open 436 

flowers (Fig. 4) which produced a clear trend, but not a significant impact on the fruit setting 437 

(Table 3). On the other hand, cv Lazarino showed a reduction in the number of inflorescences at 438 

the end of the spring cycle (Fig 3). These results suggest that the irrigation scheduling should be 439 

different depending on the cultivars. Summerbrix was likely to be more sensitive to water stress 440 

conditions than Lazarino and the threshold value of -1.0MPa was not adequate for RDI 441 

scheduling. This cultivar needs an accurate control of the water stress level and, it would appear 442 

that values of water potential around -0.8MPa during the period DAT 90-120 were enough to 443 

reduce yield.  Conversely, cv Lazarino was likely affected by an accumulate stress in a more 444 

specific level. The water potential was similar at the end and at the beginning of the spring cycle; 445 

subsequently in this case, the stress integral could be a better tool and values slightly lower than 446 

40MPa day could be considered as a threshold in ‘Lazarino’ and 50MPa in ‘Summerbrix’. 447 

4. CONCLUSION 448 

Regulated deficit irrigation can be scheduling with leaf water potential in cherry tomato crop.  449 

RDI reduced yield mainly in the spring cycle in both cultivars, 62% in Sumerbrix and 60%  in 450 

Lazarino. In autumn there was no significant reduction yield but it was observed a drecrease by 451 
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20% ’Sumerbirx’ and by 5% ‘Lazarino’. The main effect of the irrigation treatment in the fruit 452 

quality was the increase of total carotenoids and phenolics. Although RDI reduced the fruit size 453 

in both cycles. The ʽLazarinoʼ cultivar was more drought resistant than ʽSummerbrixʼ. These 454 

results strongly suggest that an accurate control of the water stress level could improve the 455 

irrigation management in tomato crops.  456 

ABBREVIATIONS USED 457 

E.T.S.I.A., Escuela Técnica Superior de Ingeniería Agronómica; a.s.l., above sea level; RDI, 458 

regulated deficit irrigation; ETc, crop evapotranspiration; Eto, reference evapotranspiration; 459 

FAO, Food and Agriculture Organization of the United Nations; CI, first cluster; CIII, third 460 

cluster; CV, fifth cluster; CIELAB, the Commission International of IEclairage (CIE), defined 461 

colour spaces that includes CIE L*a*b*; ºCd, ºC/day; SS, soluble solids, DW, dry weight, Ψw 462 

leaf water potential. 463 
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Fig. 1. Environmental factors of the cherry tomato crop in autumn and spring. A shows maximum (circle symbols) and minimum (triangles 

symbols) temperature in the greenhouse in autumn (black symbols) and spring (symbols); B: shows the Temperature Integral and medium 

temperature in the greenhouse in autumn and spring; C: vapor pressure deficit (VPD) and D: total daily radiation, in autumn and spring 

seasons. Symbols: circle empty were spring data, black circles were autumn data. DAT: days after transplant. 

 

 

Fig. 2. Soil water content (%) in autumn and spring. 

A and B shows the evolution of Soil water content tomato crop autumn (15 cm deep) 

and spring (25 cm deep) respectively. ʽSummerbrix’ symbols: square empty RDI 

plants and blacks control plants; ʽLazarinoʼ symbols: triangles empty RDI plants and 

blacks control plants. Vertical lines show the separation of phenological phases: 

vegetative development (VD); flowering and fruit set (FC); full harvest (FH). DAT: 

days after transplant. 

 

 

 

 



Fig. 3. Leaf water potential and stress integral during the 

phenological phases of the cherry tomato crop. 

Section A and C shows the leaf water potential of 

ʽLazarinoʼ in autumn and spring, respectively (symbols: 

triangles empty RDI plants and blacks triangles control 

plants), while B and D of ʽSummerbrix’ (symbols: square 

empty RDI plants and black square control plants). The 

section E and F shows the stress integral in the 

phenological phases (vegetative development (VD), 

flowering and fruit set (Flow) and total (Total)) in 

ʽSummerbrixʼ and ʽLazarinoʼ. Vertical lines show the 

separation of phenological phases: vegetative 

development (VD); fruit set (FS); full harvest (FH). 

Significance differences between irrigation treatments 

acording Tukey is indicated by: *, p < 0.1; **,p < 0.01; 

***, p < 0.001. Sections E and F, mean values in the same 

phenological phase followed by different letters shows 

significant differences with a confidence level 95%, Tukey. 

Each point and bar is the average of 3 measurements. 

Vertical bars represent standard error. DAT: days after 

transplant 

 

 

 

 

Fig. 4. Development of open flowers in the I, III and V cherry tomato inflorescence in autumn and spring. 

 

Section A, B and C development of inflorescence I, III and V, 

respectively in autumn; D,E, and F the development of 

inflorescence I, III and V, respectively in spring ʽSummerbrix’ 

symbols: square empty RDI plants and blacks control plants; 

ʽLazarinoʼ symbols: triangles empty RDI plants and blacks control 

plants). Significance differences between irrigation treatments is 

indicated by: *, p < 0.1; **,p < 0.01; ***, p < 0.001 for 

ʽSummerbrixʼ; +, p < 0.1; ++,p < 0.01; +++, p < 0.001 for ʽLazarinoʼ. 

Each point and bar is the average of 3 measurements. Vertical 

bars represent standard error. DAT: days after transplant. 

 

 

 

 

 

 

 

 

 



 

Fig. 5. Cumulative production (g·plant−1) of cherry tomato crop in autumn and spring. 

 A and B shows the evolution of the cumulative production in the tomato crop 

autumn and spring respectively. ʽSummerbrix’ symbols: square empty RDI plants 

and blacks control plants; ʽLazarinoʼ symbols: triangles empty RDI plants and 

blacks control plants). Significance differences between irrigation treatments 

acording Tukey is indicated by: *, p < 0.1; **,p < 0.01; ***, p < 0.001 for 

ʽSummerbrixʼ; +, p < 0.1; ++,p < 0.01; +++, p < 0.001 for ʽLazarinoʼ. Each point 

and bar is the average of 3 measurements. Vertical bars represent standard 

error. DAT: days after transplant. 

 

 

 

 

 

 

 

 

 

 

 



 

 




