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Abstract

:

Traditionally, biochar is generally proposed to substitute Canadian Sphagnum peat moss. Sugarcane bagasse, filter press mud and sugarcane bagasse ash were mixed in different ratios and proposed as an alternative to substitute commercial Sphagnum peat moss (SPM) for the soilless cultivation of tomato (S. lycopersicum Linnaeus). The choice of the agroindustrial waste ratio was performed from physical-chemical sample characterization. During vegetable production, an adequate ratio was evaluated based on plant height, substrate pH, number of leaves, yield, and fruit size. The addition of essential macro- and micro-nutrients was performed manually. The results show that as-received materials contain different minerals with a structure that corresponds to the quartz, cristobalite, and feldspar phases. A morphology composed of lamellate structures was observed for sugarcane bagasse, whereas the filter press mud and the sugarcane bagasse ash presented compact agglomerates with a surface area of 1.60, 3.78, and 1.07 m2 g−1, respectively. The properties of each component promote the water adsorption, retention and releasing capacity. Important differences were observed as the quantity of filter press mud increased, but also it is required an amount of sugarcane bagasse above of 18 wt% to reach a superior performance. This work demonstrated that, in adequate quantities, agroindustrial wastes can be used as a soilless substrate for growing tomatoes in greenhouse, reducing their disposal problems.
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1. Introduction


Worldwide exists a growing crisis in three main categories: energy, water, and food. Alarmingly, the number of hungry people globally has risen for three consecutive years leading to 2017 up to 821 million people [1]. One factor that has contributed to the constant food crisis is the climate change [2]. In the last 10 years, climate change has been the most discussed environmental problem in the world, and alternatives to mitigate it have been requested. Given the currently projections of global climate change, where it is predicted that temperature will increase between 2 °C and 4 °C for 2080 [2,3], the impact in the available natural resources and energy supply will also exacerbate the shortage problems [4]. Two of the main alternatives to diminish climate change are based on the gradual elimination of the energy consumption from fossil fuels and the development of a sustainable agriculture [5]. Particularly, in Mexico, there are ~52.4 million poor people (43.6% of total population) and another ~62 million people (50.6%) have income below the welfare limit [6]. For this reason, alternatives to improve the food production at low cost with sustainable materials and techniques are highly demanded. In fact, it is expected that by 2050, the demand for agricultural products will increase by 100% compared to 2005 [7,8].



On the other hand, tomato (S. lycopersicum Linnaeus) is one of the most important and popular fruit vegetable in the world. It is a self-pollinated annual crop and belongs to the family Solanaceae. Actually, the tomato production is the pivotal point on horticultural industry and is growing worldwide either for fresh market and processing [9,10]. There are three main farming systems that are commonly used for tomato production, the first, known as traditional agriculture, is based on the empirical knowledge of low-income farmers [11,12]; the second, current agriculture that promotes the use of nitrogen with agrochemicals; and, the third, greenhouse tomato production. A wide variety of methods to evaluate vegetable production from greenhouse systems and their environmental impact have been extensively studied [9,13,14]. Greenhouses have emerged as an alternative to improve yield of crops, especially in soilless process, enhancing the operational efficiency during irrigation by recirculation of nutrient solutions (zero runoff sub-irrigation) [15]. There is a wide variety of materials that can be used as substrate during tomato or vegetables growth such as: rock wool [16], perlite [17], gravel [18], synthetic foam [19], SPM [20], and different kinds of residues [10]. Residues of leaf and corn stalks [21], wheat straw [22], barley and beans [23], cotton shell [24], and others, have been reported with adequate yields [25]. Among these materials, SPM stands out for displaying excellent production [26]. This substrate is produced by the accumulation of organic material forming several thick layers throughout the years from 0.9–7.3 cm year−1. The substrate decomposition degree modifies some physical properties such as: apparent density (0.1–0.5 g cm−3), porosity (80–94%), water absorption capacity (1–287 g/100 g dry matter (DM)), easy water extraction (24–33.5%), reserve water (4.7–6.5%), and cationic exchange capacity (110–250 meq/100 g DM), providing a medium to grow a wide variety of vegetables. Unfortunately, there is an overexploitation of this material, affecting the biodiversity and the hydric cycle of different ecosystems [27]. Additionally, the bogs are considered as worldwide carbon accumulators; estimating that contain twice the carbon stored in all the forests of the world, a compare quantity with all the carbon existing in the atmosphere [28]. Similarly, it is considered as the only habitat of evolved animal and vegetable species through thousands of years adapted to this particular environment [29]. Thus, it is evident that the uncontrolled exploitation of peats presented in the last years, is a generalized concern around the world, since its extraction liberates massive quantities of carbon in the planet, generating highly contaminated greenhouse gas production [27,30]. Additional factors to be considered are the fuel cost for extraction, processing and transportation, which elevate the final cost of horticultural plant production. Different studies have proposed substitution of SPM using different kind of compost; such as: vermicomposting, biochar, and green manure [10,31,32,33,34]. However, alternatives for peat substitution in soil free-substrates including biomass waste products are still under studies and represent a challenge [35,36,37,38]. Among agroindustrial wastes, the different by-products obtained during sugar manufacture can be interesting alternative biomasses to be used as substrate in horticulture applications [12,30]. Specifically, sugarcane bagasse (SCB), filter press mud (FPM), and sugarcane bagasse ash (SCBA) are the most unappreciated biomasses.



SCB is a fibrous material residue resulting from the cleaning, preparation and extraction of sugarcane juice and contains about 50% cellulose, 25% lignin, and 25% hemicellulose [39]. SCB is actually used during the production of paper pulp and ethanol, also significant amounts still burned in sugarcane mills to produce energy and electricity [40,41]. It is estimated a worldwide SCB production of 280 million tons per year [42]. Initial physical properties of SCB fibers such as total porous space (93.7%), total water availability (37.3%), apparent density (0.09 g cm−3) and high capacity of water retention (699 mL L−1) make it a good candidate to form a compost for soil-free substrates [43]. Additionally, during sugarcane juice clarification and filtrations, solid fibrous residues are also generated (FPM). In Mexico, this by-product is commonly discarded by the sugar mill without giving a productive use due to the lack of knowledge of its value as a fertilizer [44]. FPM is characterized in a dry weight basis by 9–14% wax, oil, resin, 10–18% protein, 11–17% cellulose, 15–27% hemicellulose and 9–14% lignin [45,46,47]. Additionally, it is known that contains phosphorous, calcium, nitrogen, zinc, boron and organic material, with an average pH of 8.2 [48]. Then, its incorporation in soils can enhance filtration and the solubility of calcium carbonate. Another waste of the sugar industry, is the SCBA, which is the last by-product derived of the bagasse combustion over 700 °C, a process that allows the breakup of the bond of the biomass product generating nutrients with vegetable assimilation [49,50]. The SCBA composition is mostly SiO2 (58–76%) according to the sugarcane species, it also contains in a lower degree Al2O3 (5.8–11.8%), Fe2O3 (4.5–6.4%), CaO (3.3–9%), MgO (2.2–4.3%), K2O (2–7.3%), and Na2O (1.1–1.3%) [51]. It is usually used as reinforcement of concrete and red ceramics production [52,53,54].



On the basis of this background, the goal of this study was to evaluate a new sugarcane byproducts-based substrate (FPM, SCB, and SCBA) as alternative for substitution of commercial SPM using the greenhouse soilless harvest technique in tomato plant “Alvaro” species (S. lycopersicum Linnaeus). Initial physico-chemical characterizations were performed to evaluate the amount of protein, crude fiber, ash, DM, ether extract, humidity, as well as porosity and morphology to propose the most prominent substrate compositions. The effect of the different substrate compositions on the height of the plant, number of leaves, fruit yield, and fruit size was analyzed. As control for crop performance, it was carried out a set of experiments with SPM under similar conditions.




2. Materials and Methods


2.1. Raw Materials


The agroindustrial waste matter, SCB, FPM, and SCBA, typically generated as by-product in sugar mills, was used in this study. These raw materials were obtained as a donation by ZUCARMEX SA de CV locate in “El Higo”, Veracruz, México (21°77′37″ N, 98°45′54″ W). The average humidity of this area is 88% with an average temperature of 30 °C. All the agroindustrial wastes were received in 2019 (June) and the experiments were started in 2019 (September). Commercial SPM was purchased from a distribution center. This product is manufactured for Premier Horticulture Inc. under the name of Sphagnum peat moss (premier). The total pore space of the commercial SPM was about 70% with a coarse particle size.




2.2. Characterization


The as-received agroindustrial wastes were characterized by proximate analyses using the methods of the Association of Official Analytical Chemists [55], specifically ash (942.05) from Equation (1):


Ash (%) = (Weight of ash)/(Weight of sample) × 100



(1)







Crude fiber (962.09) using Equation (2):


Crude fiber (%) = (((Dried crude fiber + moisture content) − Moisture content))/(Moisture content) × 100



(2)







Ether extract (945.16) and dried matter basis computed from the following formula:


Crude oil(%) = ((W_1 − W_2))/((W_1 − W_o)) × 100



(3)




where, W_1 is the weight of the original sample with a filter bag before drying at the pre-extraction stage, W_2 is the sample weight with filter bag after drying at the post-extraction stage. Finally, it was determined crude protein (CP, Kjeldahl, N × 6.25, 990.03) using the Equation (4):


Crude protein (%) = ((A − B × N × 1.4007 × 6.25)/(Weight of sample)) × 100



(4)







In this formula, A is the volume of 0.1 N HCl used in the sample titration, B refers to the volume of 0.1N HCl used in the blank titration and N is the normality of HCl. It is important to mention that all characterization presented in this work was carried out in triplicate.



The moisture tests were performed with 30 g of agroindustrial wastes, which were dried at 100 °C and thereafter, the moisture content was computed from the following equation:


Moisture (%) = ((initial weight–final weight)/(initial weight)) × 100



(5)







A structural characterization of the as-received raw materials was performed to evaluate possible impurities. X-ray diffraction (XRD) patterns were recorded on a Bruker D8-Advance diffractometer (Brucker, Billerica, MA, USA) operating at 35 kV and 15mA (CuKα = 1.54056 Å). The spectra were acquired from 10 to 90° using a step size of 0.05° s−1.



Fourier transform infrared spectroscopy (FT-IR) was carried out to analyze chemical groups contained in the agroindustrial wastes [56]. The IR spectra were performed in a Spectrum One Perkin-Elmer spectrometer (Perkin Elmer, Waltham, MA, USA) equipped with a diffuse reflectance accessory. The SCB, FPM and SCBA spectra were acquired in the wavenumber interval from 4000 to 600 cm−1 under room conditions with 10 scans and a resolution of 4 cm−1. Morphological aspects and semi-quantitative composition of the materials were determined by scanning electron microscopy (SEM)/energy dispersive X-ray spectroscopy (EDS) using a JSM-7800F field emission electron microscope (JEOL Ltd., Akishima, Tokyo, Japan), the observations were performed at 15 kV.



Specific surface area of the as-receive materials and substrates that present an adequate fruit yield were studied by Brunauer–Emmett–Teller (BET) method. A micrometrics instruments corporation, Tristar II 3020 equipment (Norcross, GA, USA) was used. The evaluated temperatures were in the range of 30–300 °C using a rate of 5 °C min−1 and 120 min of acquisition time. The pore size distribution of the samples was also determined by Barret–Joyner–Halenda (BJH) method.




2.3. Substrate Preparation


Experiments were carried out in a greenhouse located at the Research Center in Applied Science and Advance Technology in Altamira Tamaulipas, Mexico (22°13′39″ N, 97°53′43″ W). The predominant climate is damp warm, with summer rain regime. The annual average temperature in this region is 26.5 °C, an average humidity of 79.8%, a cumulative annual total precipitation 868.69 mm and average wind speed of 10.8 km h−1. Tomato (S. lycopersicum Linnaeus) “Álvaro” seedlings were donated from National Research Institute for Forestry, Agriculture and Livestock (INIFAP) located at (22°33′58″ N, 98°09′51″ W) Cuauhtémoc, Tamaulipas Mexico. Five seeds were sown in 5 g of SPM using unicel plug trays. After 40 days seedlings were sent to greenhouse and transplanted using a mixture volume of 5 L (substrate) using plastic pots (180 mm × 160 mm × 250 mm). The Figure 1a,b shows photographs of the as-received seedlings, their growth and transplantation in the plastic pots.



The experiments were completely randomized block design with five replicates. The evaluation was performed during a total period of 130 days. During the experiments, the average temperature was 27.5 °C, with a minimum and maximum temperatures of 17 °C and 33 °C and a humidity within the green house of 80% in average.




2.4. Nutritive Solution Management


The plan density in the greenhouse was about 2.4 crops m−2; the culture gutters contains about 17 plastic pots with a separation between them of 200 mm. The greenhouse had the following dimensions 6 m in length, 4 m in width and 5.0 m in height.



Water irrigation system consisted of a semicircular system of polyvinyl chloride pipe of 12.7 mm in diameter and was operated three times a week after 5:00 PM with a flow rate of 1.0 L h−1. The drip water system was collocated at 5 cm of each plastic pot and operated until added ~1.2 L in each sample.



On the other hand for the fertigation process, 14 mL of the nutritive solution was manually added in each plastic pot. The macro- and micro-nutrients were added every day between 9:00 am and 11:00 am. The nutritive solution was prepared by adding in 2 L of water the following proportions: KNO3 (969 mg), Ca(NO3)2•4H2O (1758.2 mg), KH2PO4 (8 mg), K2SO4 (318 mg), MgSO4•7H2O (667 mg), H3PO4 (204 µL), and 50 mg of micronourishment. The micronutrients were added to the solution with the following composition (weight percent, wt%): nitrogen (3.0 wt%), sulfur (13.0 wt%), boron (0.10 wt%), iron (12.5 wt%), manganese (1.0 wt%), and zinc (7.50 wt%). The nutritive solution drained directly in the soil in order to evaluate the characteristics of each substrate during the plant growth. The initial electrical conductivity (EC) of nutritive solution was about 2.5 dS m−1 with pH 6.3. The pH in each evaluated substrate compositions was daily monitored using an agricultural meter TPM QL-KC300B model (Shenzhen Wellbom Technology Co. Ltd., Shenzhen, Guandong, China).




2.5. Plant Height, Number of Leaves, Substrate pH, and Fruit Yield Evaluation


In order to allow adaptation to seedlings (stress period), the plant height and leaf quantity were measured, after 20 days of growing. Thereafter, data were collected once a week until the end of experiment. Substrate pH was measured from the first day of transplant throughout the experiment.



The ripening period was considered when the fruit become red. Then, the harvest stage, for all tomato plants was performed from 10 February to 10 April 2019. It is important to highlight that fruits were harvested individually by hand. At the end of the cropping season, the fresh yield of each harvest was summed and reported as total fresh fruit weight. Similarly was performed for dehydrate weight, but in this case the samples were heat treat at 50 °C for 36 h. Before these analyses, fruits were washed under running water and dried with absorbent paper. Then, the crop yield (%) was expressed for each substrate as a ratio of the total number of fruits per plant and the average fruit weight. Also, the yield was considered in terms of the fresh fruit weight, dehydrated fruit weight, polar and equatorial diameters. The procedure was repeated by triplicate.




2.6. Statistical Analyses


Statistical analyses were performed using IBM statistics SPSS v.21 (IBM, Armonk, NY, USA). Tomato data were analyzed according to the randomized complete block design in order to compare the control SPM with the proposed substrates and determine their influence with the growth parameters. The analysis of variance (ANOVA) was performed to find the effect of different substrate ratios on substrate pH, plant height, number of leaves and fruit yield. Potential interactions were considered when a parameter varies depending on the substrate composition using a p ≤ 0.05. Effects of each variable were analyzed separately for each factor. Post-hoc analysis of interactions was also performed separately using a Tukey’s honestly significant difference (HSD) test, p ≤ 0.05.





3. Results


3.1. Characterization of Substrate Components


Proximate analysis is a commonly used method to characterized biomass. The properties of agro-industrial wastes were analyzed through AOAC analytical methods [55] and the results are shown in Table 1. It is well known that these parameters have a high impact on the seedling growth, especially in the ash (minerals), and crude fiber. This table shows that moisture percentage was significantly higher in SCB (8.34 ± 0.15%) and FPM (6.38 ± 0.64%) compared to commercial SPM (3.85 ± 0.33%) and SCBA (3.68 ± 0.36%). Apart of SCBA; the material with the highest ash content was the FPM (39.88 ± 2.23%), followed by SPM (5.96 ± 0.34%) and finally, SCB with 3.98 ± 0.22%. The substrate rich in crude protein related with the total nitrogen was FPM (6.94 ± 0.40%) but it was very close to the commercial SPM (6.8 ± 0.9%), whereas that SCB and SCBA display about 1.3 ± 0.19 and 1.16 ± 0.09%, respectively. FPM shows equal apparent density (0.34 ± 0.02 g cm−3) than the commercial SPM followed by SCBA and SCB. Recently, the soilless culture is considered as the major technological component of the greenhouses thus, efficient monitoring in the physical and chemical characteristics can influence the pathogens control without application of soil fumigation [57,58]. The information of the proximate analysis confirmed that an adequate relation between the agroindustrial wastes proposed as substrates can create a system (matrix) that propitiate both water and air retaining that favoring the plant growth and fruit yield. To identify the contained mineral in the as-received industrial wastes, the initial soil particles were analyzed by XRD patterns (Figure 2a). For comparison purposes, XRD of SPM was also presented. SCB showed typical peaks at 16.6°, 22.2°, and 34.7° that corresponded to the crystalline cellulose type I [59,60]. In addition to this phase, there was a peak at 26.8° that was associated with cristobalite (SiO2) structure. Some other impurities were overlapped with some peaks of cellulose type I and corresponded to calcite phase (CaCO3) PDF 00-056-1717, 00-056-1718, and 00-056-1719 charts. The XRD patterns of FPM showed a great quantity of peaks that were correlated with the presence of feldspar group including wairakite (CaAl2(SiO3)4•2H2O), mordenite ((Ca,Na2,K2)4(Al8Si40O96)28H2O), ferroaxinite (FeCa2Al2(BO3OH)(SiO3)4), latiumite (Ca, K2)8 (Al, Mg, Fe)(Si,Al)10O25(SO4), and some quantities of cristobalite and calcite structures, calcium [61,62]. In the case of SCBA, XRD presented some peaks that matched to the quartz, cristobalite, and feldspar phases. It is well known that SiO2 is the main component of SCBA (58.6–76.4%) and in this case, it was presented as cristobalite and quartz phases [53,63]. On the other hand, commercial SPM showed similar XRD signals than that observed for FPM and SCB, which corresponded to the main components of organic matter: cellulose, hemicellulose, and lignin [64].



FTIR analysis is used as important indicator of the chemical composition of the raw materials (Figure 2b). SCB showed typical fingerprint of cellulose, hemicellulose, and lignin compounds. The widely band centered at ~3620 cm−1 corresponded to O-H stretching vibrations and at 2917 cm−1 appeared the C-H stretching vibration. It was also observed that the signal at ~2330 represents alkyne groups, which can be contained in the lignin. The band at 1730 cm−1 corresponded to the C=O stretching vibration band of polysaccharides, hemicellulose or ester linkages in lignin, hemicellulose, pectin [65]. In the 1100–1650 cm−1 range the signals related to the aromatic ring contained in lignin and the absorbed water were observed, as well as C-O out of plane stretching, due to the aryl group in lignin.



The signal at ~1030 cm−1 corresponded to an overlapping of O=C-OH stretching bonds and β-glycosidic linkages of glucose ring cellulose [41,66,67,68]. FPM showed the hydroxyl linkage at 3620 cm−1, with a wide band between 3500–3000 cm−1 due to the presence of hydrogen bonded OH groups and Si-OH group [69]. The other bands were similar to SCB; additionally, the signal at ~788 cm−1 was attributed to the presence of Si-O bonds (quartz) [69,70]. As expected, the bands between 3500–3000 cm−1 corresponding to the presence of hydrogen bonded OH groups and the band at 1730 cm−1 due to C=O stretching vibration, almost disappeared. The signal of asymmetric stretching vibration Si-O bonds was shifted from 788 and 780 cm−1 whereas the other one at 689 cm−1 belonged to in-plane bending Si(Al)-O-Si vibrations of the aluminosilicate network. The organic matter that remained in the SCBA was also seen in the region of 1100–2500 cm−1. Additionally, the hydroxyl linkage at 3620 cm−1 remained in the spectrum [71]. In the case of commercial SPM, small signals were observed between 3500–3000 cm−1, which corresponded to the hydroxyl groups (O-H). The signal at 2917 cm−1 was the result of asymmetric and symmetric stretching vibration of C-H bonds within aliphatic alkyl groups. Absorption resulting from stretching vibration of C=O bands appeared at 1602 cm−1, whereas the stretching vibrations of C-OH bonds of cellulose were observed at 1039 cm−1.



The morphology of the agroindustrial wastes displayed important differences depending on the step of the sugar mill process (Figure 2c). SCB showed lamellar-type structures similar to commercial SPM, whereas a compact agglomerates and irregular shaped particles structures were observed for FPM and SCBA materials [72]. The SEM/EDS analysis showed that SCB was mainly composed of carbon, oxygen, and silicon (Table 2), whereas that FPM and SCBA samples displayed an improved of silicon amount and oxygen, which is characteristic of these materials [73,74].



The surface area and pore size distribution of the proposed substrates were determined by BET analysis (Figure 3a–c). In general, the BET isotherms showed as initial step where monolayer was formed. This stage was followed by the pore filling and formation of multilayers (gas molecules clump together). The shape of BET isotherms, where the absorption increased and then decreased again, suggested that SCB and SCBA had a large number of pores that remained without gas filled (combination of isotherms type I and II). The pore size distribution, determined by BJH method, indicated that SCB presented a distribution of macropores (203–450 Å), which is desirable in materials used as substrates helping to the aeration and roots oxygenation process (Figure 3d). On the other hand, SCBA (466–20 Å) and FPM (430–19 Å) presented a combination of meso- and macro-pores where the significant adsorbed amount was given at intermediate-high relative pressures (Figure 3e,f). Specifically, the FPM showed an isotherm type III with a poor quantity of absorption at low and intermediate P/Po and thereafter increased to form multilayers; i.e., it showed a stronger absorbate-absorbate interactions than absorbate-adsorbent interactions [75]. The surface area of the substrates was about 1.60, 3.78 and 1.07 m2 g−1, for SCB, FPM and SCBA, respectively; which were in the range of the commercial SPM (130 m2 g−1). The surface area can promote the water adsorption, retention, and releasing capacity as well as improve the cation exchange capacity [76,77].




3.2. Characterization of Soilless Substrates and Phenological Development of Tomato in Different Substrates


Based on the proximate analysis and physico-chemical properties of each agroindustrial waste, the main composition of the analyzed substrates was selected with high amounts of FPM (60, 70 or 80 wt%) and the balance varying the amount of SCB and SCBA (Table 3). In this table, the experiments were labeled from T1 to T15 depending on the amount of FPM. Additionally, control samples of commercial SPM were included in the experimental design and labeled as C1.



The parameters plant height, substrate pH, number of leaves, and fruit yield were measured every week from 20 days after transplanting (DAT) until the end of experiments (130 days), but only representative days were discussed. The quantitative values of these parameters were subjected to one-way ANOVA to explain the changes as function of the substrate composition. The comparison of all treatments was also verified with Tukey’s honest significant difference (p ≤ 0.05). The analysis was carried out to corroborate any statistical effect of the plant growth depending on the composition of the substrate. Table 3 shows the treatments that presented statistically significant differences during the evaluation of parameters considering a p ≤ 0.05 as well as the interaction between substrates that did not present statistical differences.



In general, all the samples at 20 DAT presented values between 20.80 ± 3.15 and 29.17 ± 3.09. The high values for the plant height was observed for mixtures T15, T14, T9, T8, and T10 with average values of 29.17 ± 3.09 cm, 28.46 ± 2.55 cm, 28.45 ± 0.35, 28.1 ± 0.43 cm, and 26.23 ± 2.39, respectively. On the contrary, treatments T11 with 21.4 ± 3.83, T1 with 21.50 ± 2.55 cm, and T13 with 20.80 ± 3.15 cm displayed the low height values. The best values were higher than the average values in height for plants grown in commercial SPM (26.85 ± 4.03 cm). After Tukey’s test, it was found that overall samples did not present significant differences in the plant height with respect to the ratio of each component (p = 0.206). At this stage, a high amount of FPM positively favored the plant height, but in the best case it only increased ~7% compared to the control sample, indicating that they were statistically equivalent. This fact highlights that tomato plants required an adaptation time in each proposed substrate composition.



At 74 DAT, the progress of the plant was better in the T13 (62.00 ± 0.00 cm) ≅ T12 (61.96 ± 1.98 cm) followed by the treatment with T15 (57.80 ± 8.42.) ≅ T6, (56.43 ± 6.71). The poorest performance was obtained with the substrate labeled as T3, 25.7 ± 0.00 cm, and T2, 31.30 ± 0.00 cm. Tukey’s test indicated that can exist significant differences in the plant height with respect to the ratio of each component (p = 0.002), which modified the evolution of the plant growth. At this time, the general trend again suggested that the vegetation growth was favored by a high content of FPM and SCB. However, after the adaptation process, the samples that presented close performance, with statistically equivalent differences in comparison with commercial control, were the samples T13 (1.05%), T12 (1.03%), T15 (0.96%). The more important differences were observed in T13 ≅ T12−T3 (~50%) and T13 ≅ T12−T2 (~40%).



Subsequently, at 130 DAT when it was performed the harvest fruit, the treatments that showed the tallest plant were T15, 99.80 ± 7.92 cm which was followed by T13, 90.2 ± 0.00 cm, T12, 84.60 ± 4.10 cm, T14, 77.25 ± 7.99 cm, T6, 79.00 ± 2.26 ≅ T11, 76.50 ± 7.88 cm, and T1, 66.10 ± 8.20. In the best cases, the observed plant height values were comparable or higher than the observed height for commercial SPM. The substrate with a composition of T15 presented a vegetation growth of about 4% higher than the control (95.45 ± 11.24 cm); although, other treatments that were also statistically equivalent were T13, T12, T14. A significant increase can be observed between the samples T15−T2 (~47%) with a p = 0.001. In general, the best performance in this variable was observed with a high FPM content.



On the other hand, it has been established that plants with a high number of leaves usually present a high yield, thus, leaves quantity was also measured during the experiments [78]. At 20 DAT, the plants with a high number of leaves were in the following order T6 (31.50 ± 0.71) > T8 (25.50 ± 4.92) > T15 ≅ C1 (24.5 ± 0.70) > T11 (24.0 ± 0.00) ≅ T9 (22.0 ± 2.83) > T14 (21.67 ± 1.52) > T12 ≅ T1 ≅ T4 (21.00 ± 2.0) whereas samples with a low number of leaves were T3 (16.67 ± 5.51) < T5 ≅ T7 (16.00 ± 0.0) < T13 (15.50 ± 4.94). In this step, the substrates T6, T8, T15, T11, and T9 showed a higher or similar yield compared to the control, while, T14, T12, T1 and T4 showed a slightly low yield (8% less). The evaluation of this parameter confirmed that the plants are under adaptation without a clear trend but with important variations. For example, T6 presented a significant increase of ~22% compared with the control (p = 0.001) and with T13 (~51%, p = 0.001); whereas the statistically equivalent samples were T8, T15, T11, and T9. Then, a more accurate performance of the tomato plants affected by the substrate composition was observed at 50 days.



The trend in the number of leaves was slightly different at 74 DAT; the substrates that presented the highest number of leaves were T6 (48.00 ± 2.82), T11 (44.67 ± 2.08) and T12 (42.50 ± 2.12); which were inferior to the leaf number of C1 (56.00 ± 8.48). Tukey’s HSD indicated that samples T6–C1 can be statistically comparable, but presented a significantly superior performance (between 16–62%) in comparison with their counterparts (p = 0.012).



The significant differences prevailed at 130 DAT, samples T15 (289.67 ± 14.29), T12 (277.00 ± 9.16), T6 (244.00 ± 12.72), T11 (230.00 ± 1.41) showed a high number of leaves but the values were lower than those observed for commercial SPM (335.00 ± 7.07); which again represents a difference between 16–70% (p = 0.003). The samples that presented a low number of leaves were the mixtures T1 (95.5 ± 2.82) and T2 (104 ± 0.00), which had a high SCB composition (28–36%). Then, the quantity of SCB is negatively affecting the plant performance. Thus, the factor that most affected the number of leaves in tomato plant was the content of FPM.



Another important parameter that can be affected by the substrate composition was the evolution of substrate pH. The initial pH of the agroindustrial wastes, proposed as substrates, varies from 5.8–7.7; whereas, SPM presented a pH of 4.7. The initial substrate pH varied with the composition between 3.0 ± 0.0 and 6.67 ± 0.29, which was reached after adding 14 mL of a nutritive solution with a pH of 6.3. Significant differences were observed in the substrate pH with respect to the substrate composition, at 20 DAT (p = 0.003), 74 DAT (p = 0.001) and 130 DAT (p = 0.004). Samples that showed highest growth were obtained with an average substrate pH range from 3.0 ± 0.0 to 5.83 ± 0.29. In this case, the source of FPM acidified the media and reduced the overall pH. In the case of commercial SPM (C1), the substrate pH was about 5.83 ± 0.29 at 20 DAT and 5.33 ± 0.29 at 130 DAT. Statistically equivalences were observed in samples T6, T7, T11, and T12, whereas significant differences were observed between T15, T9 and T10. It is known that substrate pH plays an important role in the plant growth, due to a large number of processes such as nutrients availability, availability of toxic ion species and uptake rate [79]. However, in this study, acidification in the substrate pH did not affect the height and yield of the plant; probably, because the substrate pH values were still adequate to supply the necessary quantity of nutrients (Fe, Mg, K, N, and P) [80,81].




3.3. Harvest Stage


The fruiting stage started at 74 DAT and the harvest stage began after 130 DAT (for 60 days). During this stage, all the samples presented fruits, but only the harvested tomatoes were correlated with the yield of the number of leaves. The yield of the plant was estimated from the total yield excluding the fruits with a weight less than 50 g, for these reason only the trials that showed trustworthy results were discussed in this section. Table 4 shows the effect of the substrate composition on fruit yield using a p ≤ 0.05. The evolution in the plant tomato growth as well as the typical fresh fruit, dry fruit, polar, and equatorial diameter during the evaluation period are also shown in Figure 4. It is important to highlight that the total yield was only correlated with the substrate compositions, but other factors such as nutritional disorder and nutrients adsorption mechanism are under study.



The average fresh weights in the plants that displayed verifiable fruits depending on the substrate composition were: 55.00 ± 3.46 g for T6, 47.20 ± 3.53 g for T11 and with similar fresh weight the samples T15 (43.00 ± 0.0 g) ≅ T1 (42.5 ± 2.12 g) ≅ T12 (42.50 ± 3.53 g). The average tomato fruit weight was higher than commercial SPM, which displayed an average weight of 41.00 ± 1.15 g. Samples T6 and T1 show a significant increase (34% and 15%, respectively) in the fresh fruit weight compared to control samples. In this cases, the experiments presented significant differences with a p = 0.019. On the other hand, the samples T1, T15, and T12 were statistically equivalent to commercial SPM.



After made a drying at 50 °C, for 36 h, the results showed similar trend in comparison with the fresh fruit weight; i.e., the average dehydrated fruit weight was 9.63 ± 0.57 g for T6, 6.48 ± 0.50 g for T11, 3.99 ± 0.20 g obtained for the sample T12 ≅ T15 with 3.71 ± 0.26 g. Substrate labeled as T1, presented the lowest dehydrated fruit weight with an average value of 3.00 ± 0.14 g, whereas the dehydrated fruit weight for SPM was 3.33 ± 0.25 g. The significant differences were observed between the samples T6–C1 and T11–C1. These samples were up to 2.89 and 0.94 times higher than control with a statistical significance of p = 0.001. Similarly, samples statistically comparable were T1, T12, T15, and C1.



On the other hand, the highest polar diameters were found in the following order: T6 (65.17 ± 3.21 mm) >T11 (64.28 ± 3.21 mm) > T15 (54.17 ± 0.00 mm) >T1 (51.49 ± 0.71 mm) > T12 (46.17 ± 3.21 mm) > C1 (45.24 ± 3.51 mm); whereas in the equatorial diameter the highest values were observed in samples T6 (53.91 ± 4.24 mm), T11 (46.63 ± 2.08 mm), and T15 (43.98 ± 4.24 mm) and the commercial SPM presented an average of 37.29 ± 2.09 mm. In both parameters, notable significant differences prevailed between samples T6–C1 (p = 0.003) and T11–C1 (p = 0.030). It is clear that the yield and quality of the fruit were directly related to the substrate composition. In terms of these parameters, the results indicated that substrates with a composition of T6 were the most consistent for tomato growth in soilless culture. This substrate showed a fresh fruit weight of 55.00 ± 3.46, a polar and equatorial diameter of 65.17 ± 3.21 mm and 53.91 ± 4.24 respectively; whereas the dehydrated fruit weight was about 10.11 g. The characteristics of this mixture caused a positive relationship between the nutrients absorption and growth plant, which in turn improve the yield and quality of fruit. The results are also in good agreement with the crop yield (%) commercial SPM. Additionally, the performance of the samples T11, T15, or even T12 suggested that they could also be used for the tomato growth.




3.4. BET Surface Area Analysis of Samples


The evaluation of physical adsorptions of the substrates that presented the best performance in the plant height, number of leaves, and fruit yield was also performed by BET surface area analysis. Nitrogen absorption-desorption isotherm of the soilless substrates after 130 days of evaluation was presented. The Figure 5a–f shows the isotherms of samples T1, T6, T11, T12, T15, and C1. It is important to highlight that all the absorption-desorption isotherms presented similar shape with a type IV and/or V isotherms indicating, as expected, a macro-meso-porous nature of the materials proposed as substrate. All the evaluated samples showed isotherms that displayed the hysteresis phenomenon, which is associated with capillary condensation in the mesoporous structures in combination with the limiting uptake over a range of high P/Po. The initial part in the isotherms showed a gradual increase at low relative range because the mesoporous filling effect; followed by a behavior where multilayer sorption and capillary condensation occurred (at high pressure). In the backward loop, started the multilayer desorption, followed by a hysteresis process (differences between samples were due to thermodynamic and/or network effects) and finally, the remaining adsorbed nitrogen, in our case, indicated the quantity of mesoporous. Then, the isotherms showed the existence of both mesoporous and macroporous in the substrates [82]. The adsorption capacity decreased in the following order with a P/Po value of 0.9695: T12 (14.92 cm3 g−1), T15 (14.81 cm3 g−1), T11 (12.73 cm3 g−1), T6 (12.71 cm3 g−1), T1 (9.48 cm3 g−1), and C1 (0.65 cm3 g−1). On the other hand, at low relative pressures (below 0.29) nitrogen adsorption content in the sample T12 (1.69 cm3 g−1) was around 18 times than the commercial SPM (lowest nitrogen content). In general, the analyzed substrates were richer in mesoporous instead of macroporous, which increased in the following order T12 (2.07 cm3 g−1), T15 (1.86 cm3 g−1), T6 (1.55 cm3 g−1), T11 (1.46 cm3 g−1), T1 (1.39 cm3 g−1), and C1 (0.09 cm3 g−1). Therefore, the results indicated that substrates with an adequate ratio of their components (FPM, SCB and SCBA) modified the amount of macro and mesopores in the sample. Both mesopores and macropores are essential for the availability of water to the plant root system.



The surface area is congruent with the nitrogen adsorption-desorption isotherms and average pore volume observed in Figure 6. Porosity was also a key parameter to evaluate the potential of water retention and avoid the blocking effects through the substrates. All the samples at the end of assays, contain about 85% of mesopores and 15% of macropores, therefore, most pore diameters were under 50 Å. An interesting feature is that the pore volume increased similarly to the pore diameter with the PFM content, with even better performance than commercial SPM. Then, the surface characteristics suggest that these agroindustrial wastes can be effectively applied to substitute the SPM for the soilless culture used to grow tomato (S. lycopersicum Linnaeus).





4. Discussion


It is well known that unbalanced nutrients reduce the soilless culture [83], thus, differences in the vegetation performance are related to the physical and chemical characteristics, however, the understanding of both features are still under debate. The substrate characterization and statistical analysis confirmed that the adequate combination of FPM/SCB/SCBA industrial wastes could be an alternative for substitution of SPM using the soilless harvest technique in tomato plant. During the vegetation, the tomato plant grew in different substrates developed differently. All the assessed groups were favored with the amount of FPM, although they presented significant differences with the SCB content, which is justified by the characteristics of these fibers.



Specifically, the treatments with adequate combination of FPM/SCB, T6 and T11, displayed the overall highest performance. This behavior could be associated with the microbial activity, which in turn can enhance the substrate mineralization increasing the overall nutrients [84,85,86]. Thus, the interaction between the substrates modulated the plant height, number of leaves fruit production and substrate pH. Then, an important aspect was to maintain a high quantity of SCB in the mixture. In accordance with compost systems, the adherence of essential nutrients to SCB can reduce nutrient leaching favoring the plant performance [87]. The as-received SCB was obtained from two sources of sugar mill processes during the harvest and juice extraction, therefore, other compounds such as clays or other materials that remain after the process can be presented in the fibers, favoring additional nutriments. The SCB was used as received after sun dried for 15 days; then in the first step (20 DAT) the composition of SCB (cellulose, hemicellulose, lignin) helped vegetative growth; however, it was observed that after 50 DAT the substrates with higher SCB content presented positive effects in the vegetation growth. Thus, SCB in the substrate could be beneficial for the plant height, the plant leaves and finally in the fruit yield [88]. Additionally, in adequate quantities SCB increased soil nutrients such as N, P, Ca, and Mg which were essential for plant growth [89]. According to with previous researches, small amounts in the substrates of SCBA also positively affect the parameters evaluated [90], although there was not a consistent trend between their SCBA amount and the plant growth as is the case of the T15 [91]. The main difference was obtained with plant growth, due to the increase of the FPM amount, up to reach a mean value of 99.85 ± 7.92 cm. The second most affected variable was the number of leaves with a mean average of 274.00 ± 0.00 in comparison with fruit yield 55.00 ± 3.46 g. Recent studies have indicated that FPM, as bio-fertilizer, reduces the height and weight in tomato plants [92], whereas others claim that improves the chemical and physical properties such as bulk density, soil pH, electrical conductivity and soluble cations which promote the growth of tomato plant [93,94]. The results obtained in this study were consistent with the last studies where the FPM contains enough amounts of macro- and micronutrients helping to water retention during the tomato plant growth. The addition of SCB and SCBA in adequate quantities can favor the performance of tomato plants. SCB is commonly added to the soilless substrates as biochar and its effects can vary depending on the types and amounts of biochar; however, in this work was added directly as fiber to favor the plant growth of tomato production, which in general favored the growth [95].



In these experiments, the addition of the micro and macronutrients was constant; then, the evolution in each mixture was related to the nutrients adsorption depending on substrate composition. It was also clear that substrate pH was affected by the substrate composition and moved to acidic values; however, according to the vegetation performance it never reached detrimental values to the plants growth. Fruit quality, fresh and DM were also quite affected by the FPM amount. It has been recognized that polar and equatorial diameters grew with the typical three stages: cellular division, cellular elongation, and maximum growth in the harvest step [96], but in this case, although it was followed the same growth mechanism, it was clearly influenced by the substrate composition. From the above information, it can be seen that the key factor that favored the tomato growth in greenhouse was the amount of FPM.



FPM has been previously used as organic fertilizer and co-substrate in soils to improve the feasibility of anaerobic digestion for biogas production [97,98], bioethanol production [99], stabilization of composting [100], as well as in the application of biofertilizer/compost for the vegetables and greens in soil [101]. The versatility of FPM is due to the fact that acted as a source of organic matter and other nutrients such as N, P, K, Ca, Mg, Fe, Zn, Cu, and Mn. For this reason, it can be used to improve physical, chemical and biological properties of the soil [94]. In this study, the best performance to produce tomato in a greenhouse culture was obtained with the mixtures T6 and T11 which had a high amount of FPM and SCB; however, the agronomical attributes were mainly affected by the amount of FPM; i.e., the nutrient that FPM can provide. The main value of this work is that it demonstrates that the substitution of commercial SPM with agroindustrial wastes is viable for growing tomatoes in greenhouses reducing their environmental impact and, at the same time, obtaining a value-added product.




5. Conclusions


In this work, it was evaluated three different agroindustrial wastes FPM, SCB, and SCBA in order to decide the adequate ratio to be proposed as substrate in soilless production of S. lycopersicum Linnaeus. From the above results the following conclusions can be withdrawn:



Proximate analyses indicated that among the as-received agroindustrial wastes, the FPM presented higher quantities of total nitrogen comparable with commercial SPM, which contained enough nutrients that matched with the feldspar group. The morphological aspects and the qualitative chemical composition of the raw materials supported that a substrate with the evaluated compounds (SCB, FPM, and SCBA) must be mainly composed of FPM, which in turn ensure the capacities of absorption, retaining, and cation exchange capacity during the supply of nutritive solution. The present study confirmed that the vegetative growth of tomato plant in soilless culture could be adjusted by modifying the substrate composition. The trend in the differences between the substrate in the plant height, number of leaves, substrate pH and fruit yield were not easily seen during the ANOVA analysis; however, Tukey´s test showed that the samples with best performance were those that contained a high amount of SCB, T6, and T11. The proposed substrates in adequate composition can be suitable to the SPM substitution in a soilless tomato production, at the same time that it is obtained a product with a value-added. The results showed that these agroindustrial wastes help to reduce the investments of soilless production. Finally, the specific role and interaction for each substrate in a nutrient recovery system is under study in different growth seasons.
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Figure 1. Photographs summarizing (a) the seedlings growth and (b) transplantation using plastic pots. 






Figure 1. Photographs summarizing (a) the seedlings growth and (b) transplantation using plastic pots.



[image: Agronomy 11 00206 g001]







[image: Agronomy 11 00206 g002 550] 





Figure 2. (a) X-ray diffraction patterns, (b) Fourier-transform infrared analysis, and (c) scanning electron microscopy images of SCB, FPM, SCBA, and commercial SPM before of the experimental design. 
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Figure 3. Nitrogen adsorption isotherms for raw materials obtained from sugar cane processing; (a) SCB, (b) FPM, and (c) SCBA. In this figure, it is also presented the pore distribution determined by BJH method for (d) SCB, (e) FPM, and (f) SCBA. 
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Figure 4. Evolution of the tomato plant growth emphasizing the specimens during the measurement of fresh weight, dry weight, polar diameter, and equatorial diameter after the harvesting stage (130 DAT). 






Figure 4. Evolution of the tomato plant growth emphasizing the specimens during the measurement of fresh weight, dry weight, polar diameter, and equatorial diameter after the harvesting stage (130 DAT).



[image: Agronomy 11 00206 g004]







[image: Agronomy 11 00206 g005 550] 





Figure 5. N2 adsorption-desorption isotherms and pores size distributions of as-prepared samples (a) T1, (b) T6, (c) T11, (d) T12, (e) T15, and control (f) C1. 
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Figure 6. Comparison of the accumulative pore volume versus pore size for the samples evaluate as substrates. 
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Table 1. Proximate analysis and physico-chemical properties of the raw materials used as growing substrates in this study.
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	Determination
	Ash
	Sugarcane Bagasse
	Filter Press Mud
	Sphagnum Peat Moss





	Moisture (%)
	3.68 ± 0.36
	8.34 ± 0.15
	6.38 ± 0.64
	3.85 ± 0.33



	Ash (%)
	-
	3.98 ± 0.22
	39.88 ± 2.23
	5.96 ± 0.34



	Ether Extract (%)
	7.03 ± 0.23
	<0.10
	<0.10
	<0.10



	Crude Protein (%)
	1.16 ± 0.09
	1.3 ± 0.19
	6.94 ± 0.40
	6.8 ± 0.9



	Crude fiber (%)
	27.08 ± 0.6
	38.90 ± 1.11
	15.15 ± 0.90
	36.84 ± 1.5



	pH
	6.8 ± 0.36
	5.8 ± 0.11
	7.7 ± 0.10
	4.7 ± 0.20



	Apparent density (g cm−3)
	0.26 ± 0.06
	0.1 ± 0.03
	0.34 ± 0.02
	0.34 ± 0.02



	σ (Ω cm−1)
	2.12 × 10−3 ± 1 × 10−4
	2.33 × 10−4 ± 3 × 10−5
	3.57 × 10−6 ± 3.1 × 10−7
	5.88 × 10−4 ± 5 × 10−5
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Table 2. SEM/EDS analysis of as-received raw materials and comparison with SPM.
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Element

	
Sugarcane Bagasse

	
Filter Press Mud

	
Sugarcane Bagasse Ash

	
Commercial

Sphagnum Peat Moss




	
(Atomic %)






	
C

	
54.78

	
-

	
-

	
82.36




	
O

	
44.24

	
79.24

	
62.37

	
16.89




	
Mg

	
0.02

	
0.75

	
1.19

	
0.05




	
Al

	
0.11

	
2.16

	
2.56

	
0.06




	
Si

	
0.51

	
7.17

	
23.59

	
0.33




	
P

	
0.02

	
2.16

	
1.46

	
-




	
S

	
0.03

	
0.32

	
0.63

	
-




	
Cl

	
0.02

	
0.16

	
0.32

	
-




	
K

	
0.14

	
1.21

	
4.51

	
-




	
Ca

	
0.06

	
5.64

	
1.92

	
0.31




	
Fe

	
0.04

	
0.7

	
0.83

	
-




	
Cu

	
0.04

	
0.14

	
0.21

	
-




	
Na

	
-

	
0.28

	
0.35

	
-
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Table 3. Compositions of the proposed substrates and effect of the substrate composition on the plant height, number of leaves and substrate pH, after 20, 74, and 130 days after transplanting (DAT). Different letters after means indicate significant differences at p ≤ 0.05 (Tukey’s HSD test).
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Substrate

	
FPM

(%)

	
SCB

(%)

	
SCBA

(%)

	
SPM(%)

	
Plant Height (cm)

	
Leaf Number

	
Substrate pH




	
20 DAT

	
74 DAT

	
130 DAT

	
20 DAT

	
74 DAT

	
130 DAT

	
20 DAT

	
74 DAT

	
130 DAT






	
T1

	
60

	
36

	
4

	
-

	
21.5 ± 2.55 a

	
44.75 ± 2.90 bcde

	
66.10 ± 8.20 fghi

	
21.00 ± 2.00 a

	
34.00 ± 4.36 bc

	
95.5 ± 2.82 efgh

	
5.50 ± 0.50 bc

	
5.33 ± 0.29 defg

	
5.33 ± 0.29 ijk




	
T2

	
60

	
28

	
12

	
-

	
25.90 ± 1.98 a

	
31.30 ± 0.00 bc

	
44.40 ± 0.00 f

	
19.00 ± 1.41 a

	
21.00 ± 0.00 b

	
104.00 ± 0.00 e

	
-

	
-

	
4.83 ± 0.29 hijk




	
T3

	
60

	
20

	
20

	
-

	
25.60 ± 2.69 a

	
25.70±0.00b

	
-

	
16.67 ± 5.51 a

	
-

	
-

	
-

	
-

	
5.00 ± 0.00 hijk




	
T4

	
60

	
12

	
28

	
-

	
24.30 ± 0.00 a

	
-

	
-

	
21.00 ± 0.00 a

	
-

	
-

	
-

	
-

	
3.33 ± 0.58 hi




	
T5

	
60

	
4

	
36

	
-

	
25.50 ± 0.00 a

	
-

	
-

	
16.00 ± 0.00 a

	
-

	
-

	
-

	
-

	
3.67 ± 1.15 hij




	
T6

	
70

	
27

	
3

	
-

	
24.60 ± 3.91 a

	
56.43 ± 6.71 cde

	
79.00 ± 2.26 ghij

	
31.50 ± 0.71 b

	
48.00 ± 2.82 cd

	
244.00 ± 12.72 fghi

	
6.17 ± 1.04 c

	
6.67 ± 0.29 g

	
6.00 ± 0.50 k




	
T7

	
70

	
21

	
9

	
-

	
25.90 ± 2.69 a

	
48.80 ± 5.09 bcde

	
72.35 ± 11.24 fghij

	
16.00 ± 0.0 a

	
28.67 ± 8.08 bc

	
197.00 ± 0.00 efgh

	
5.83 ± 1.04 bc

	
4.83 ± 1.61 defg

	
5.17 ± 1.25 ijk




	
T8

	
70

	
15

	
15

	
-

	
28.10 ± 0.43 a

	
40.10 ± 1.13 bcd

	
51.15 ± 5.30 fg

	
25.50 ± 4.92 ab

	
34.00 ± 7.07 bc

	
110.00 ± 9.90 ef

	
3.00 ± 0.00 a

	
3.50 ± 0.71 de

	
4.50 ± 0.50 hijk




	
T9

	
70

	
9

	
21

	
-

	
28.45 ± 0.35 a

	
54.80 ± 0.00cde

	
69.45 ± 14.35 fghi

	
22.00 ± 2.83 ab

	
45.00 ± 0.00 cd

	
210.00 ± 0.00 efghi

	
3.00 ± 0.00 a

	
4.00 ± 1.41 def

	
3.83 ± 1.44 hij




	
T10

	
70

	
3

	
27

	
-

	
26.23 ± 2.39 a

	
42.30 ± 0.85 abcd

	
65.6 ± 1.13 fgh

	
19.50 ± 3.53 a

	
32.50 ± 2.12 bc

	
148.50 ± 21.92 efg

	
3.00 ± 0.00 a

	
3.50 ± 0.71 de

	
3.00 ± 0.00 h




	
T11

	
80

	
18

	
2

	
-

	
21.40 ± 3.83 a

	
56.05 ± 6.43 cde

	
76.50 ± 7.88 ghij

	
24.00 ± 0.00 ab

	
44.67 ± 2.08 cd

	
230.00 ± 1.41 efghi

	
5.83 ± 0.29 bc

	
6.00 ± 0.87 efg

	
5.50 ± 1.00 jk




	
T12

	
80

	
14

	
6

	
-

	
24.53 ± 0.76 a

	
61.96±1.98 e

	
84.6±4.10 hij

	
21.00±0.00 a

	
42.50 ±2.12 cd

	
277.00 ± 9.16 ghi

	
5.17 ± 0.29 bc

	
4.00 ± 1.00 def

	
5.33 ± 0.29 ijk




	
T13

	
80

	
10

	
10

	
-

	
20.80 ± 3.15 a

	
62.00 ± 0.00 e

	
90.2 ± 0.00 hij

	
15.50 ± 4.94 a

	
35.50 ± 12.02 bcd

	
201.00 ± 0.00 efghi

	

	
5.00 ± 0.00 defg

	
5.00 ± 0.00 hijk




	
T14

	
80

	
6

	
14

	
-

	
28.46 ± 2.55 a

	
49.03 ± 6.47 bcde

	
77.25 ± 7.99 ghij

	
21.67 ± 1.52 ab

	
31.00 ± 4.36 bc

	
154.00 ± 39.60 efgh

	
4.00 ± 1.00 ab

	
3.33 ± 0.58 d

	
3.33 ± 0.58 hi




	
T15

	
80

	
2

	
18

	
-

	
29.17 ± 3.09 a

	
57.80 ± 8.42 cde

	
99.80 ± 7.92 j

	
24.50 ± 0.71 ab

	
43.67 ± 8.14 cd

	
289.67 ± 14.29 hi

	
3.00 ± 0.00 a

	
3.00 ± 0.00 d

	
3.00 ± 0.00 h




	
C1

	
-

	
-

	
-

	
100

	
26.85 ± 4.03 a

	
59.95 ± 8.13 de

	
95.45 ± 11.24 ij

	
24.50 ± 0.70 ab

	
56.00 ± 8.48 d

	
335.00 ± 7.07 i

	
5.83 ± 0.29 bc

	
6.50 ± 0.50 fg

	
5.33 ± 0.29 ijk
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Table 4. Effect of the substrate composition on fruit quality. Different letters after means indicate significant differences at p ≤ 0.05 (Tukey´s HSD test).
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Substrate

	
Fruit Yield




	
Fresh Fruit Weight (g)

	
Dehydrated Fruit Weight (g)

	
Polar Diameter (mm)

	
Equatorial Diameter (mm)

	
Crop Yield (%)






	
T1

	
42.50 ± 2.12 ab

	
3.00 ± 0.14 c

	
51.49 ± 0.71 gh

	
41.00 ± 0.00 ef

	
2.25




	
T6

	
55.00 ± 3.46 b

	
9.63 ± 0.57 d

	
65.17 ± 3.21 i

	
53.91 ± 4.24 f

	
42.60




	
T11

	
47.20 ± 3.53 ab

	
6.48 ± 0.50 c

	
64.28 ± 3.21 hi

	
46.63 ± 2.08 ef

	
39.23




	
T12

	
42.50 ± 3.53 ab

	
3.99 ± 0.20 c

	
46.17 ± 3.21 g

	
41.00 ± 5.66 ef

	
30.31




	
T15

	
43.00 ± 0.00 a

	
3.71 ± 0.26 c

	
54.17 ± 0.00 gh

	
43.98 ± 4.24 e

	
35.16




	
C1

	
41.00 ± 1.15 a

	
3.33 ± 0.25 c

	
45.24 ± 3.51 g

	
37.29 ± 2.09 ef

	
26.94
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