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Abstract:

 In Mediterranean regions, many tomato plants are grown throughout the hot summer period (May–September) in sheltered cultivation, mainly for plant protection reasons. Most of the shelters that are used are low cost net houses covered with 50 mesh insect proof net. In most cases these net houses have a flat roof and no ventilation or climate control measures. This insufficient ventilation during the hot summer leads to above optimal air temperatures and causes moderate heat stress inside the shelters, which leads to yield reduction. The aim of this study was to evaluate the ability of a simple and inexpensive low pressure fogging system installed in a naturally ventilated net house to lower temperatures and improve the yield during the summer. The study showed that in areas where relative air humidity (RH) during the daytime is less than 60%, tomato plants improved their performance when grown through the summer in net houses under moderate heat stress. Under fogging conditions pollen grain viability and fruit set were significantly improved. This improvement influenced the yield picked during September (104–136 DAP). However, total seasonal yield was not affected by the fogging treatment.
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1. Introduction

Sensitivity of the reproductive stage to above optimal air temperature can cause reduction in fruit set and thus, the fruit yield for commercial tomato (Lycopersicon esculentum Mill.) growth [1]. Peet et al. [2] demonstrated that the daily mean temperature has a more significant influence on tomato production than the day or night temperature alone. At a daily mean temperature of 29 °C, the fruit number, percentage fruit set and fruit weight per plant, decreased in comparison with that at 25 °C. This reduction in yield is mainly due to impaired pollen and anther development, as well as reduced pollen viability [3,4]. For reasons of plant protection (mainly viral diseases spread by white fly), many tomato plots are grown in sheltered cultivation even in the Mediterranean regions, where the summer is hot and arid. Most of the shelters used during the summer are low cost net houses covered with 50 mesh insect proof net. In most cases, these net houses have flat roofs and no ventilation or climate control measures. This insufficient ventilation during summer leads to above optimal air temperature and creates moderate heat stress inside the shelters [5]. These conditions cause a reduction in fruit yield, as well as the grower profits. One way to cope with this situation is to use an inexpensive low pressure fogging system in the shelters during the hot season. This kind of evaporative cooling uses foggers that spray small droplets of water. The water evaporates and energy is lost from the air reducing its temperature together with increased humidity. Meca et al. [6] found that low pressure fogging systems can reduce air temperature and improve ball pepper yield grown in a greenhouse during the summer in the Mediterranean region. Other studies that tested low pressure fogging system efficiency emphasized the technical aspects of the issue [7,8,9] with less attention to vegetative parameters. While low cost fogging systems are an effective and important tool for many tomato growers in the Mediterranean region, little is known about their influence on tomato plant and yield under commercial growth conditions. Especially, little is known about their influence on pollen quality and the fertilization process. The aim of this study was to evaluate the ability of a low pressure fogging system installed in a naturally ventilated net house to lower temperatures and improve pollen quality, fruit set percentage and fruit yields during the hot Mediterranean summer.



2. Results and Discussion


2.1. Fogging and Its Influence on Air Temperature and Relative Humidity

Maximum air temperatures during the day time and minimum air temperatures during the night in all treatments (fogged, unfogged and outside the net house) are presented in Figure 1. Comparing day temperature (e.g., maximum air temperatures) in both treatments show a 2.5 °C reduction obtained by the fogging system during July and August (46–106 days after planting-DAP) while day and night temperatures reached their maximum value during this growing period.

Figure 1. Description of daily maximum and minimum air temperatures in both treatments: Fogged, unfogged and outside the net house, starting at one day after planting (DAP) until the growth end 164 DAP.
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This reduction in day temperature leads to reduction of the mean daily temperature (Figure 2) reducing the daily mean air temperature by 1–1.5 °C in the fogged net house, as compared to the unfogged conditions. Night temperatures were similar in both treatments.

Figure 2. Mean daily air temperature inside the net house during the growth period compared with the optimal mean daily air temperature for tomato growth.
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Figure 3 shows the relative humidity in the fogged, unfogged plots and the outside humidity during the daytime. Relative humidity increased by 14%, on average, from 46% in the un-fogged plots to 60% in fogged plots. Figure 4 shows the relationship between relative air humidity in the unfogged treatment and the reduction in air temperature under fogging conditions. A second order polynomial equation describes the relationship with a regression coefficient of R2 = 0.53. It can be seen that when RH is above 60%–65% the fogging system operation has only minor influence on the air temperature in the net house.

Figure 3. Maximum relative air humidity values during daytime in the fogged, unfogged plots and outside the net house throughout the growing season.
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Figure 4. Relationship between relative air humidity in the unfogged treatment and the reduction in air temperature under fogging conditions. A second order equation that describes the relationship and its regression coefficient is presented in the figure.
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2.2. Pollen Quality and Fruit Set Rates

Pollen quality test results are show in Figure 5. Under fogging cooling conditions (Figure 5b) pollen viability increased by 26% in comparison with the unfogged plots (Figure 5a), whilst the fraction of the non viable pollen grains decreased by 28%.

Figure 5. Results of pollen quality tests: (a) Pollens collected in the unfogged plots; (b) Pollens collected in the fogged plots.
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Fruit set rates from two sampling dates, 48 and 95 DAP are showed in Figure 6. On both dates the fruit set rates in the fogged plots were significantly higher in comparison with the unfogged plots (t = 1.9, p = 0.033, df = 25 for the first date and t = 3.5, p = 0.001, df = 24 for the second date).

Figure 6. Fruit set rates from two sampling dates. Bars indicate standard error.
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2.3. Fruit Yield, Fruit Weight and Post Harvest Fruit Quality

Total and market quality yield from fogged and unfogged plots is presented in Figure 7. No significant difference was found between the treatments. In Figure 8 the yield is presented and analyzed based on picking dates. Fruits produced during July, August and October did not differ between treatments. However, a significant difference was found between the treatments in the September yield when a higher yield was produced under fogging conditions, (t = 2.35, p = 0.028, df = 5 for total yield and t = 2.02, p = 0.044, df = 4.47 for market quality yield).

Figure 7. Amount of total yield, market quality yield, cracked and other unmarketable yield from fogged and unfogged plots. Bars indicate standard error.
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Figure 8. Amount of total yield and market quality yield presented based on picking dates. Bars indicate standard error. Significantly more yield was produced under fogging condition in September.
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Mean fruit weight by picking dates is presented in Figure 9. A continuous trend of decline in fruit weight is detected but no significant difference was found between the treatments. The results from the post harvest test are shown in Table 1. More soft and rotten fruits were found in the fogged plots. However, in both treatments low quality scores were accepted. A possible reason for the low quality scores is that the 1125 tomato variety was used and is known to have relatively short shelf life and low quality after storage.

Figure 9. Mean fruit weight by picking dates. Bars indicate standard error.
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Table 1. Post harvest tests results.












	Treatment
	Cracked
	Firm
	Flexible
	Soft
	Rotten
	Irregular color
	Fruit quality score





	
	%
	%
	%
	%
	%
	%
	(1–10)



	Unfogged
	6.11
	32
	40
	27
	19
	30
	1.2



	Fogged
	10.6
	27
	38
	35
	27
	36
	−0.8














2.4. Discussion

Operation of low pressure foggers during tomato growth under suboptimal conditions, (high temperatures) succeeded in reducing the daily mean air temperature by 1–1.5 °C (Figure 2). The reduction of the mean daily air temperature under fogging conditions with natural ventilation and 40%–60% RH did not succeed in reaching the optimum mean daily temperature of 25 °C (Figure 2). Nevertheless, this moderate reduction in heat stress improved pollen grain viability and fruit set ratio. This improvement in tomato pollen quality and fruit set under reduced heat stress is in agreement with several previous findings [3,4]. Total seasonal yield and market quality yield was not affected by the fogging operation. The cooling affect on yield can be detected only on the yield picked during September, e.g., fruit set in mid July to mid August. In the area where the trial was conducted air temperature is at its peak during July–August (Figure 1). It seems that the moderate reduction in mean daily air temperature under fogging conditions enabled the tomato to better cope with heat stress and to improve fruit set during July–August. However, this reduction in mean daily temperature did not affect fruit set occurring later on, during August and September (yield picked during October, Figure 7).

Previous work demonstrated that continuous moderate heat stress (2–3 °C above optimal air temperature) can cause reduction in pollen production, pollen viability and fruit set [10,11]. With regard to the fact that the fogging system succeeded only in diminishing heat stress, those findings support the suggestion that the combination of chronic moderate heat stress together with relatively old plants (more than 3 months after planting) reduce the ability of the fogging system to improve the tomato yield. Low pressure fogging operation in green houses with natural ventilation was tested in several previous works. Those studies emphasized the importance of ventilation, low RH in the growth area [9] and its lower efficiency in comparison to high pressure systems [7]. However, neither study examined tomato reproductive parameters. The main gain in low pressure fogging compared to other evaporative cooling systems, like high pressure fogging and cooling pads, is in its technical simplicity and low price. This study demonstrated that under certain conditions (e.g., areas where RH < 60% and plants that are two to three months after planting) tomato plants grown during the Mediterranean summer in net houses can better cope with moderate heat stress if a low pressure fogging system is operated. Under fogging conditions, heat stress was reduced, resulting in improvements in pollen quality, fruit set rates and higher fruit yield obtained during part of the fruit picking period.




3. Experimental Section


3.1. Plant Cultivation

The experiment was conducted at the Negev R & D Center located in the southern part of the Israeli coastal plain (34°23′N, 31°16′E, 104 m above sea level). The climate in the region is Mediterranean with rainy winters (October–April) and prolonged dry hot summers. On 15 May, 2012, approximately 4 week old tomato var. 1125 (medium beef) transplants were hand-transplanted into the local sandy loam soil beds. Planting stand was 2200 plants/1000 m2. Drip irrigation with complete chemical fertilizers in the irrigation water (fertigation) was used during the growth. Two weeks after transplanting each plant was connected to a Dutch style support system that rose up to 2.5 m height. Fruit picking started on 21 July, 2012, 65 days after planting (DAP) and ended on 11 November, 2012. The time between the fruit set and fruit picking was approximately 50 days.



3.2. Net House, Fogging System and Climate Data Collection

The trial took place in a naturally ventilated, north/south oriented net-house with a gutter height of 4 m, a ridge height of 4.5 m and a double slope roof. The net house was covered (roof and walls) with 50 mesh insect proof net. A commercially available low pressure fogging system (Naan-Dan-Jain, Naan, Israel) was installed in the net house on a 700 m2 area. The system consisted of nozzles (Super fogger 13 L/h, Naan-Dan-Jain, Naan, Israel) configured in rows. The nozzle rows were stabilized by the net house steel framework 3.5 m from the ground. The nozzle sections were 1.5 m apart per row and 2.7 m apart between the rows. A water reservoir and a booster pump maintained the line pressure at 405 kPa. Anti drip devices at every nozzle prevented dripping once the line pressure dropped below 253 kPa. A simple automatic control (Fog-control, Talgil, Israel) controlled the system operation through a solenoid valve. The control was set to operate the fogging system when the air temperature inside the net house at the plant canopy height rose above the threshold of 30 °C. The system operation was stopped when air temperature reached 28 °C. Fog intervals were set by trial and error to minimize excessive wetting while trying to maximize cooling effect. After several attempts, a fog interval was set at 5 s with a 20 s break between the intervals.

Analysis of the water used by the fogging system is presented in Table 2. The fogging system operation started 15 DAP (30/5/12) and ended 117 DAP (11/9/12). This corresponded to the end of the hot season in the growth area. Un-fogged (control treatment) plots were grown in identical conditions apart from the absence of fogging system.

Table 2. Analysis results of the water used by fogging system.










	EC
	PH
	Cl
	Ca
	CaCO3
	Mg





	(ds/m)
	
	(mg/L)
	(mg/L)
	(mg/L)
	(mg/L)



	0.5
	7.2
	68
	32
	110
	7.31










The temperature and relative humidity (RH) inside the net house within or just above the plant canopy (1.5 m from ground) were monitored with Hobo ZW-003 RH/Temp data loggers (Onset Computer Corporation, Bourne, MA, USA). The temperature and relative humidity from the net house surroundings were obtained from a meteorological station located nearby the trial location.



3.3. Mature Pollen Quality

Mature pollen was extracted, stained and counted according to Pressman et al. [12]. Ten flowers at the first day of anthesis were collected from both treatments. One anther was removed from each flower and placed in a microfuge tube containing 0.5 mL of germinating solution that contained 100 g·L−1 sucrose, 2 mM boric acid, 2 mM calcium nitrate, 2 mM magnesium sulfate and 1 mM potassium nitrate. Pollen grains were released from the anthers by shaking the tubes well. Tubes were then placed in an incubator at 20 °C for 4 h, after which a drop of Alexander dye (Alexander 1980) was added to the solution. Numbers of germinated, non-germinated but viable (stained purple), and non-viable (stained green) pollen grains were recorded for each flower. The above described procedure was repeated three times, and average results were calculated.



3.4. Fruit Quality and Post Harvest Tests

Post harvest tests were made immediately after fruit picking. Fruit was refrigerated in accordance with simulated commercial storage protocol, 5 days at 12 °C, 96% RH and then for 3 days at 20 °C. At the end of the storage period the fruit was examined for the following parameters: Cracked, firm, flexible, soft, rotten and irregular color. From these parameters post harvest fruit quality score was calculated by weighing the parameters with 50% for firmness, 40% for cracks and 10% for color regularity.



3.5. Data Analysis

Student’s t test was used to determine statistical significance between the fogged and unfogged treatments in fruit set and fruit yield. The analyses were conducted using the statistical package JMP 8 (SAS Institute Inc., Cary, NC, USA).




4. Conclusions

This study showed that in growth areas where RH < 60%, tomato plants grown throughout the Mediterranean summer in net houses can better cope with moderate heat stress during the two to three months after planting if a low pressure fogging system is operated. This improvement is expressed mainly in higher pollen quality and fruit set rates. Higher fruit yield was obtained only during part of the fruit picking period.
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