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Abstract:
							                           
After rain or irrigation, the soil pores may present a low oxygen content (hypoxia). Soil aeration after irrigation has been used to overcome hypoxia-based problems. This study aimed to investigate the effect of four aeration levels (0, 0.5, 1.0 and 1.5 times the standard volume) applied after irrigation, using a subsurface drip system, at two soil depths (0.15 m and 0.30 m). A randomized block design was used, in a 4 x 2 factorial scheme, with six replications. The yield characteristics assessed were: total fruit mass per plant, average fruit mass and number of fruits per plant. The growth characteristics were root and stem dry mass. The water-use efficiency was also calculated. The results indicated that the highest aeration level, at a depth of 0.30 m, increased the yield by 41.2 %, when compared with plants that received only irrigation, at the same depth. The water-use efficiency was influenced by the soil aeration after irrigation only at the depth of 0.30 m.



Keywords: Solanum lycopersicum, air injection into the soil, soil hypoxia.
		                         


Resumo:
						                           
Após uma chuva ou irrigação, os poros do solo podem apresentar baixo teor de oxigênio (hipóxia). Aaeração dos solos após a irrigação tem sido utilizada para superar problemas associados com a hipóxia. Objetivou-se investigar o efeito de quatro níveis de aeração (0; 0,5; 1,0; e 1,5 vezes o volume padrão) aplicados após a irrigação, por meio de sistema de gotejamento subsuperficial, em duas profundidades no solo (0,15 m e 0,30 m). O delineamento experimental foi em blocos casualizados, em esquema fatorial 4 x 2, com seis repetições. As características produtivas avaliadas foram: massa total de frutos por planta, massa média de fruto e número de frutos por planta. As variáveis de crescimento foram: matéria seca de raiz e de caule. A eficiência de utilização da água também foi calculada. Os resultados indicaram que o maior nível de aeração, na profundidade de 0,30 m, aumentou o rendimento em 41,2 %, em comparação às plantas que receberam apenas irrigação, na mesma profundidade. Aeficiência de utilização de água foi influenciada pela aeração do solo após a irrigação apenas na profundidade de 0,30 m.



Palavras-chave: Solanum lycopersicum, insuflação de ar no solo, hipóxia do solo.
                                







INTRODUCTION

Tomato (Lycopersicon esculentum L.) is the second most important culinary vegetable in the world, behind potato, but ranks the first place, in terms of fresh vegetable consumption (Santos 2009). The tomato cultivation encompassed 4.7 million hectares in 2017, resulting in a yield of 161 million metric tons, led by China (59 million), with Brazil ranking the ninth position (3.5 million) (FAO 2017).

Tomatoes destined for fresh consumption have been produced primarily in greenhouses, using subsurface drip microirrigation to save water and fewer fungicides, if compared to the sprinkler irrigation. However, this method may also promote the occurrence of soil-borne diseases. Thus, an alternative is the subsurface drip system, which also reduces the water loss by evaporation, minimizes the incidence of diseases and enables a direct nutrient application to the root zone (Ayars 2015).

Most agricultural crops require a continuous and adequate oxygen (O.) supply in the soil to enable respiration, growth, development and normal metabolic functions (Li et al. 2016). Soil aeration after irrigation has been used to overcome problems associated with hypoxia (low oxygen content) in the root zone of irrigated crops such as cucumber and maize (Niu et al. 2013). Li et al. (2016) found quantitative and qualitative benefits to tomato crops by aerating silty soil at depths of 0.15 m and 0.40 m.

This study aimed to analyze the effect of air injection and application depths on the yield characteristics and growth of tomatoes.




MATERIAL AND METHODS

The experiment was performed from April to August 2018, in a greenhouse of the Universidade Estadual de Maringá (23º25’S, 51º57’W and altitude of 542 m), in Maringá, Paraná state, Brazil. The greenhouse was composed of an arch-shaped roof covered with 150 µm-thick polyethylene film (25 m long, 7 m wide and 3.0 m high), with an anti-insect net on the sides.

The climate in the region is Cfa (humid mesothermal) (Alvares et al. 2013), according to the Köppen classification, which is characterized by abundant rainfall in the summer and dry winters, with average temperature of 21.8 ºC and relative humidity of 66 %.

The soil in the experimental area was classified as a Dystroferric Red Nitosol (Santos et al. 2018), whose chemical properties are summarized in Table 1. The particle size distribution of the soil was 175 g kg-1 of sand, 90 g kg-1 of silt and 735 g kg-1 of clay, at a soil density of 1.37 Mg m-3. The soil moisture/field capacity level is 0.47 m. m-3, at a potential of 60 hPa, and the permanent wilting time 0.33 m. m-3, at a potential of 15,000 hPa (Blainski 2007).

The irrigation system consisted of a 0.5 HP water pump, 500 L reservoir, gate valve, hydrometer, quick connector and disc filter. The lateral lines were made of 16 mm polyethylene with fifteen 1.8 L h-1 self-compensating online drippers spaced 0.2 m apart, in order to provide a continuous irrigation. The drip lines were buried at a depth of 0.15 m or 0.30 m, in line with the experimental design adopted. Spacing between the lateral lines was the same as between the crop rows (1.15 m).

The crop water replacement was led through subsurface drip irrigation on Mondays, Wednesdays and Fridays, based on the reference crop evapotranspiration (ETo). The ETo was estimated according to the modified Penman-Monteith equation for protected environment (McNaughton & Jarvis 1983). An automated Campbell Scientific weather station was used to collect the climate data and a CR1000 Datalogger model for storage.

The crop coefficient (Kc) values used were 0.4-0.5 (from the emergence to 10 % of soil coverage, by day 20), 0.70-0.80 (from 10 % to 80 % of soil coverage, by day 50), 1.05-1.25 (from 80 % to 100 % of soil coverage, by day 70), 0.80-0.95 (physiological maturity, by day 92) and 0.60-0.65 (harvest, by day 121). The location coefficient (KLoc) considered on the irrigation management was steady: KLoc = 0.5.

The experiment involved planting Seminis SV2333TJ hybrid tomato seeds, which exhibit indeterminate growth, oblong fruit, average weight of 130 g and bright red color. Seeds were planted in 128-cell plastic trays filled with commercial substrate, at one seed per cell, and kept in a greenhouse for seedling development. Transplanting took place when the seedlings contained four or five definitive leaves, what occurred at 35 days after planting (DAP).

The greenhouse was divided into 48 plots, 3.0 m long and 0.5 m wide, totaling an area of 1.5 m² in each plot. The plants were allocated to the central row of the plot, 0.5 m apart.

A randomized complete block design, with six replications, was arranged in a 2 x 4 factorial scheme. The first factor consisted of two depths in the subsurface drip system: 0.15 m (D15) and 0.30 m (D30). The second factor involved four aeration volumes: no aeration (V0); 0.5 times the standard volume (V1); 1.0 times the standard volume (V2); and 1.5 times the standard volume (V3). The standard aeration volume (SAV) was also used by Li et al. (2016) to aerate silty soil for a tomato crop, being calculated according to the following equation (expressed in m3): SAV = (s . L . 𝘢)/100, where: s is the cross-sectional area of the possibly aerated plot (m²), L the plot length (m) and 𝘢 the soil porosity (%). The cross-sectional area of the plot was the product of the plot width (0.5 m) and the theoretical height of the dripper (0.15 m). Thus, the standard aeration volume per plot was SAV = [(0.5 m x 0.15 m) x 3 m x 57]/100 = 0.1285 m3.




Table 1




Chemical properties of the soil in the experimental area.
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Air applications (aeration) were always carried out after the crop irrigation, three times a week. Following irrigation, the lateral lines were closed and the end of the main line opened to remove the water from the pipes. The aeration of the system began at the end of the water evacuation. To that end, an air compressor was connected to the main irrigation line by a quick T connector. The air flow at the inlet of the irrigation system was measured by a hydrometer, which indicated 2.268 L h-1 (36 plots), equivalent to 63 L h-1 plot-1 (0.063 m³ h-1 plot-1).

The air injection time for the standard aeration volume (t) was calculated by t = SAV/Qc, where Qc is the air flow per plot (m³ h-1).

Based on the standard aeration volume and air flow per plot, the standard aeration time (2h02min) was calculated. The aeration levels were applied considering a fraction of the standard aeration time, being 1h01min and 3h03min for V1 and V3, respectively. The treatments were applied at 21 days after transplanting, the time considered for seedling establishment.

Harvest occurred between 87 and 121 days after transplanting, removing only the fruits that were completely red every day. The fruits were taken to the laboratory and weighed on a bench scale accurate to 0.01 g. These data were used to calculate the yield, number of fruits per plant and average fruit mass.

After the harvest, two plants were collected from the center of each plot, and taken to the laboratory to separate the plant parts (roots and stem). These were dried in an air circulation oven at 60 ºC, until reaching a constant mass (72 h), and used to determine the root and stem dry mass.

The water-use efficiency (WUE) (kg kg-1) was calculated as the ratio between yield and the amount of water applied per plant: WUE= Y/I, where: Y is the yield (kg plant-1) and I the applied water depth (kg plant-1).

The data were submitted to analysis of variance and, if the treatment effects were significant (p < 0.05), their means were compared using the Tukey test at 5 % of probability. The Sisvar software (Ferreira 2014) was used for the analyses. Polynomial models were adjusted for variables with significant treatment effects, considering the significance (p < 0.05) of the regression coefficients.




RESULTS AND DISCUSSION

The results of the present study showed significant differences (p < 0.01) between the treatments for the variables yield and water-use efficiency (Table 2). There were no significant differences between the blocks (p > 0.05) and no variation in the plant location. It is important to underscore that the interaction between the factors occurred just for yield.

Based on the analysis of variance, there was interaction between the aeration levels and depths for yield, what allowed to fit the regression equation to represent the variation of yield as a function of aeration levels at 30 cm (Figure 1). However, it could not fit at 15 cm, because there were no significant differences.

The so-called chimney effect occurs when pipes buried at shallow depths stimulate more superficial rooting. Thus, the interlinking of pores from beneath the soil to the surface forms a pathway that provides a satisfactory air supply to the roots. This was likely why there were no significant differences for the variable yield between the treatments, as a function of soil aeration at a depth of 0.15 m (Li et al. 2016). The yield increased from 2.33 kg plant-1 to 3.17 kg plant-1, respectively for V0 and V3, at a depth of 0.30 m (Table 2), what corresponds to an increase of 36.3 % for yield. With each unit of standard air volume applied, the yield rose 562.6 g plant-1 at a depth of 0.30 m and 253.7 g plant-1 at 0.15 m and 0.30 m. The lack of oxygen results in a number of substances, such as the plant hormones abscisic acid (ABA) and ethylene, in addition to ethanol (Kato- Noguchi 2000). The ABA accumulation, in turn, may lead to less stomatal opening, reduced stomatal density and a decline in the net photosynthetic rate, due to the lower CO. influx into the plant (Chater et al. 2015).




Table 2




Summary of the analyses of variance for the tomato crop submitted to aeration volumes and application depths.
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 1. Y: yield (kg plant-1); NFP: number of fruits per plant; MFM: mean fruit mass (kg fruit-1); DSM: dry stem mass (kg plant-1); DRM: dry root mass (kg plant-1); WUE: water-use efficiency (kg kg-1). ** Significant values by the F-test at 1 % of probability; ns not significant at 5 % of probability.
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Figure 1




Yield and water-use efficiency (WUE) of the tomato crop, as a function of the aeration levels in two depths (15 cm and 30 cm).















Significant differences for maize yield were observed by Abuarab et al. (2013), when soil (sandy- clay-loam) aeration was used at a depth of 0.20 m, if compared to the treatment without aeration. Li et al. (2016) tested different aeration volumes in a sandy soil (silt-clay-loam) and observed that the tomato crop was influenced at the depths of 0.15 m and 0.30 m. Niu et al. (2013) found no increase in cucumber yield when 0.50 of standard volume was applied, but it rose for 0.75 and 1.00 times the standard volume. These authors considered half of the standard volume adopted in the present study.

The best water-use efficiency (0.027 kg kg-1) occurred at the highest aeration volume. Li et al. (2016) found that different aeration volumes in a tomato crop, at a depth of 0.40 m, increased the water- use efficiency from 0.013 kg kg-1 to 0.027 kg kg-1. Bhattarai et al. (2006) applied oxygen via irrigation water (Venturi tube), what increased the water-use efficiency of the tomato crop from 0.0041 kg kg-1 to 0.0047 kg kg-1 (based on the fruit dry mass).

A greater water-use efficiency in maize plants aerated by forced air injection into the soil was observed by Abuarab et al. (2013). Niu et al. (2013) obtained the highest water-use efficiency for 0.75 and 1.0 times the standard volume, with no significant differences between the treatments without aeration and that with 0.50 times the standard volume, at a depth of 0.15 m. These authors also found that the cucumber plant height increased with the soil aeration technique. This result agrees with that reported by Abuarab et al. (2013), who also found an increase in the height and diameter of maize plants with soil aeration. However, the stem growth assessed in the present study exhibited no significant differences. Bhattarai et al. (2006) reported no statistical differences for stem and root dry mass, corroborating the findings obtained here.

The results showed that applying irrigation at a depth of 0.30 m along with 150 % of standard aeration produced a higher yield and greater water-use efficiency. Thus, aeration may mitigate the temporal hypoxia of tomatoes planted in a Dystroferric Red Nitosol.

The regression model could not be fit to yield and water-use efficiency, as a function of aeration, at a depth of 0.15 m. When the drip tube is buried at a shallower depth, such as 0.15 m, the aeration volume may cause a decline in tomato yield (Li et al. 2016). It is suggested that tomato roots are abundant at this depth and that aeration may reduce the root-soil contact, having a negative effect on their primary functions.

Since most the roots are normally above 0.30 m, the air flow is not applied directly to them at this depth. This makes the aeration effect more beneficial to the plant, decreasing the stress due to lack of oxygen in the root zone and maintaining the root-soil contact.




CONCLUSIONS




	
1.  Soil aeration after irrigation influences the yield and water-use efficiency in tomato plants cultivated on a clayey soil;

2. The highest yield and water-use efficiency take place under irrigation and aeration of 1.5 times the standard volume at 0.30 m.
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