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Abstract

:

The inadequate management of agro-waste in intensive agriculture has a severe negative impact on the environment. The valorization of crop residue as a source of crop nutrients is a valid alternative to close the nutrient cycle and reduce the use of external input. In this study, plant material was incorporated into the soil as fresh crop residue, after either composting and vermicomposting processes, to evaluate their effects on tomato yield and nutritional status (petiole sap analysis: NO3 and K+ concentration) over three crop cycles. A control treatment with mineral fertigation and an organic control treatment with goat manure were also included. Enzymatic activity and microbial population in the soil were evaluated. Although no differences between treatments were observed in the first cycle, in the second and third cycles, the yield obtained with the application of organic amendments derived from agro-waste was comparable to the yield obtained with mineral fertilizers. Overall, the sap analysis did not reveal a clear relationship with yield performances. The compost treatment resulted in higher microorganism presence in the soil. Soil dehydrogenase activity (DHA), acid phosphatase activity (ACP), and β-glucosidase activity (β-GLU) were generally more stimulated when organic amendments were used. The study confirms the applicability of soil fertilizers derived from agro-waste as a good alternative to mineral fertilizers.
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1. Introduction


Nowadays, the elevated amount of waste generated from human activities is a major concern [1], and its proper management is crucial to preserve human and environmental health.



The horticulture-intensive model of Almeria (SE Spain) generates, each year, around 2 million tons of organic residues. These organic wastes are easily biodegradable, but the main problem is their elevated volume, mostly at the end of the crop cycles, when the non-commercial plant biomass has to be eliminated [2].



Many alternatives to the disposal of agro-waste have been evaluated, with the use of organic matter as a source of crop nutrients being the most competitive solution in an area in which intensive agriculture activity is prevalent [3,4].



The reintegration of agro-waste in the soil of the same agriculture site, fulfils the objective of the European Bio-economy Strategy 2018–2030, and reduces transport costs, the waste volume, and the need for mineral fertilizers [5,6].



The addition of organic amendments enhances soil structure and fertility [7], improving chemical, physical, and biological properties [7,8,9,10]. Soil microorganisms play a key role in agricultural production systems, especially in organic field, since the microbiota intervene in the nutrient cycles, allowing the mineralization and solubilization of organic matter supplied with the organic fertilizers. The microbial community has also an important function in the control of pests and pathogens and in promoting general plant health [11,12,13]. In the last few years the role of agronomic practices on soil microbial community changes has been studied [14,15,16,17]. However, it is difficult to understand the effects of organic fertilizers on soil microbiota [14,17], and better knowledge is needed to improve the management of organic fertilization.



The analysis of soil enzymatic activity is considered a useful tool to assess soil health when comparing different fertilization regimes, as enzymes are very sensitive to any changes on soil conditions [18,19].



Soil enzymes are synthetized mostly by microorganisms in order to degrade the organic matter. Thus, the dynamics of soil enzymes depends on the abundance of the microbial community [18]. Each enzyme catalyzes a particular biochemical reaction [19], and a single enzyme cannot indicate the overall soil biological quality. Dehydrogenase (DHA), acid phosphatase (ACP), and β-glucosidase (β-GLU) are among the enzymes widely used to characterize the soil microbial activity, since they catalyze fundamental biochemical reactions occurring during degradation of organic matter [20,21].



DHA activity is an indicator of the oxidation rate of organic matter and is considered to be a general index of biological activity [21]. In contrast, ACP and β-GLU are related to specific cycles. ACP is a group of enzymes, synthetized by plant roots and microorganisms, which release phosphate groups from organic compounds [21,22]. β-GLU is responsible for the hydrolysis of cellulose synthesised by microorganisms in the presence of adequate substrates [22].



The tomato is one of the most consumed vegetables in the world [23], being Italy and Spain the majors European producers [24]. It is estimated that a mean of 73 t ha−1 of vegetal residues are generated every year in the tomato-intensive crop system in the SE of Spain [3].



Considering the lack of strategies regarding agro-waste management, this study aims to give a practical and local solution to reintroduce into the same production system the waste generated in intensive horticulture.



The viability analysis of the use of agro-waste’s derived fertilizers is an important step in order to reduce dependence on external inputs such as chemical fertilizers. Due to tomato’s economic importance, this study analysed the effects of different fertilization management on a tomato crop. It was hypothesised that: (1) the organic fertilizers derived from vegetal waste can replace the mineral fertilization practices in terms of yield production, ensured by (2) the positive influence of the agro-waste derived amendments on microorganism abundance and enzymatic activity in the soil [15], which increase the solubility and mineralization of nutrients. In this context, three consecutive tomato crop cycles were carried out to evaluate the fertilizing value of vegetal residue, reincorporated in the soil as fresh matter or after composting and vermicomposting processes. The organic fertilization treatments with vegetal waste-derived fertilizers were compared to the mineral fertilization supplied by fertigation and to the organic fertilization with goat manure, a common amendment in the region. The organic treatments were carried out without applying any mineral fertilizers.




2. Materials and Methods


2.1. Field Experiment Design


The experiment was conducted inside a 1300 m2 greenhouse placed in Nijar (Almeria, Spain), during three consecutive tomato crop cycles (TC1, TC2, TC3). The greenhouse had a passive climate control.



Tomato (Solanum lycopersicum L.) cv. ‘Surcal’ (Natursur S.C.A.) grafted on ‘Beaufort’ rootstock (Monsanto) was cultivated in an artificial soil system (“enarenado”), in which 20–30 cm of imported loam soil was placed over the indigenous gravely soil, then 8–12 cm of sandy mulch was set on the top, at 0.66 plants m−2 staking and growing at two stems. A completely randomized experimental design with five treatments and four replicates per treatment with four plants each was used. The five treatments were as follows:



(1) Control treatment in which a mineral fertigation program was applied (FertControl); (2) organic control treatment in which goat manure (organic matter % (OM): 30.2, nitrogen Kjeldahl % (N Kjeldahl): 1.35; electrical conductivity dS m−1 (EC): 7.73; pH: 9.6) was applied at 3 kg m−1 (OrgControl); (3) vegetal residue from a previous tomato crop (OM: 75.5; N Kjeldahl: 2.50; EC: 10.79; pH: 6.9) applied at 4 kg m−1 (CropRes); (4) compost derived from a previous tomato crop vegetal residue (OM: 21.4; N Kjeldahl: 1.20; EC: 12.30; pH: 8.3) at 3 kg m−1 (Comp); and (5) vermicompost derived from a previous tomato crop vegetal residue (OM: 17.2; N Kjeldahl: 1.11; EC: 3.39; pH: 8.3) at 3 kg m−1 (VermiComp). The doses were calculated, taking as reference the common practice in the production area.



The organic amendments were applied and homogenized in the soil of the organic plot on 15 January 2017, before the transplanting of the first tomato crop cycle (TC0), the results of which are not included in this study, and on 15 January 2018 before the transplanting of TC2 (Table 1).



The control treatment did not receive any organic amendment and was fertigated with nutrient mineral solution (mmol L−1): 12.93 NO3, 1.54 NH4, 0.89 PO4, 3.60 K, 1.80 Ca, 1.60 Mg, 13.21 Na, and 11.55 Cl. The pH was adjusted at 6 with nitric acid. Irrigation control was carried out through daily drainage measures ensuring that the EC of the drainage was not greater than 6.0 dS m−1 and a volume of 10–15% of drainage collected in relation to the volume of daily control dripper irrigation.




2.2. Sampling


The yield and nutritional status of plants via petiole sap analysis (N-NO3−, K) were measured to evaluate the effects of different fertilization management strategies on the crop. Moreover, to analyse the effect of organic fertilizers derived from vegetal residues, the soil biotic richness and soil enzyme activity were quantified.



Total fruit yield was quantified for each crop cycle (TC1, TC2, TC3). The yield was quantified with an electric balance with autocalibration and expressed in kg m−2. Petiole sap [NO3− and K+] was determined three times during the second cycle (TC2), at 111, 126, and 141 days after transplanting (DAT) and during the third cycle (TC3), at 101, 118, and 151 DAT. No sap analysis was carried out in TC1. Sap analyses were conducted following methods proposed by [25]. Twenty recently expanded leaves from different plants of each repetition were randomly collected between 9 and 11 am. The petioles were separated from the leaf, placed in a plastic bag inside a refrigerated box, and transported to the laboratory of the University of Almeria. At the laboratory, the petioles were cut into 1 cm sections and then squeezed with a domestic garlic press for sap extraction. The NO3− and K+ concentrations of the sap were analysed with a multi-ion sensor with potentiometry and a selective ion electrode with a modular probe (NT Sensor S.L., Tarragona, Spain). The following microorganisms of the rhizosphere were quantified in TC3 at 160 DAT: the total bacteria (BT), the total fungi (FT), and the ammonifying bacteria (AB). In the previous cycles no microbial analysis of the soil was carried out. To quantify the microbial population, decimal serial dilutions of soil samples were obtained in sterile saline solution (NaCl, 0.9%, p/v), which were seeded (0.1 mL) in culture medium for each microbial group. To quantify total bacteria (BT) and total fungi (FT), APHA plates and rose bengal plates (Panreac Quimica S.L.U., Castellar del Vallès, Barcelona, Spain) were used, respectively. After incubation at 30 °C (48 h BT and 72–120 h HT), colonies were counted and the results were expressed in CFU (colony-forming units) g−1 log10 [26]. To quantify AB, the most probable number technique [27] was used.



Dehydrogenase (DHA), acid phosphatase (ACP) and β-glucosidase (β-GLU) activity were measured. Three rhizosphere soil samples were collected for each treatment at a 10 cm depth. Samplings were carried out during TC1 at 98 DAT, during TC2 at 9 DAT and 49 DAT, between TC2 and TC3 at 161 DAT of TC2, during TC3 at 160 DAT and once finished the TC3 at 194 DAT. DHA was determined calculating the amount of triphenylformazan produced by microorganism after the reduction of triphenyl tetrazole chloride [21]. ACP and β-GLU were measured quantifying the concentration of P-nitrophenol G−1 soil−1 H−1 according to the protocol established by Tabatabai and Bremner [28].




2.3. Statistical Analyses


For statistical analysis, Statgraphics 18 software was used. A multifactorial analysis of variance (ANOVA) was carried out, using Fisher’s comparison test of means, with the statistically least significant difference being expressed as p < 0.05 (LSD).





3. Results and Discussion


3.1. Yield


Table 2 shows the yield results depending on the fertilization management strategy over three tomato cycles. Comparing the crop cycles, the highest total yield was obtained in TC2 in all treatments, due to the favourable climate conditions in the spring–summer growing season.



During TC1, the fertilization treatment did not have statistically significant effects on tomato yield.



In the second and third tomato production cycles (TC2, TC3), differences were found between fertilization management strategies, with the highest yield observed in the FertControl treatment, achieving 7.51 kg·m−2 in TC2 and 5.44 kg·m−2 in TC3, while the OrgControl treatment had the lowest production level with 6.35 and 4.53 kg·m−2 in TC2 and TC3, respectively. In TC2, yields achieved in Comp (7.46 kg·m−2), CropRes (7.23 kg·m−2), and VermiComp (6.88 kg·m−2) were equal to the yield obtained in plots where a mineral fertigation program was applied. Similarly, in TC3, no significant differences were observed between FertControl, VermiComp with 5.28 kg·m−2, and Comp with 5.24 kg·m−2. While CropRes reported lower yield than FertControl.



The influence of organic fertilization management on crop production is a controversial matter since mineral fertilization supplies nutrients readily available for plants, resulting in high growth rates and yields [29]. In contrast, with the application of organic fertilizers, nutrient availability depends on the rate of mineralization of organic matter, which may not fulfil the plant’s nutrient demands [29,30,31]. In this study, the application of agro-waste-derived fertilizers did not negatively affect tomato yield during three consecutive tomato crops, except in TC3 where CropRes plots registered lower yields. Previously, several studies showed no significant differences between the commercial production obtained with mineral or organic fertilization management; some authors reported higher yield with the application of organic fertilizers [32,33,34].




3.2. Sap Analysis


The sap petiole analysis shows the nutritional status of the crop during two growing cycles (TC2, TC3) (Table 3).



In TC2, a general decrease in the concentration of N-NO3− and K+ petiole sap was observed in the second analysis (126 DAT), which may be due to the higher demand of nutrients from sink organs. In TC3, the concentration of K+ and NO3− followed the opposite trend, with a general peak reached at the 118 DAT analysis.



Tomatoes fertilized with VermiComp had the highest N-NO3− petiole sap concentration at 111 DAT in TC2, while in the 126 DAT analysis, the highest concentration was observed in FertControl. No significant differences between treatments in N-NO3− concentration were observed at the last sampling time (141 DAT). During TC3, at 101 DAT, FertControl and Comp treatments had the highest N-NO3− concentration, and at 118 DAT, the highest value was observed in the Comp treatment, followed by OrgControl. At 151 DAT, CropRes had the lowest N-NO3− concentration value. In terms of the means, in both cycles, different fertilization treatments did not result in different N-NO3− concentrations in the petiole sap.



K+ petiole sap content in TC2 followed the trend of NO3−, with the lowest concentration level reached in the second analysis (126 DAT), except in the case of the OrgControl treatment, which registered a K+ content decrease throughout TC2.



In TC2, the highest K+ concentration was obtained with the VermiComp treatment at 111 DAT, and with VermiComp and FertControl at 141 DAT. No significant differences in K+ concentration were observed at 126 DAT.



During TC3, the highest K+ concentration was obtained with the OrgControl treatment at 101 DAT, with the Comp treatment at 118 DAT, and with the CropRes treatment at 151 DAT.



A similar response of K+ petiole sap concentration was observed over different fertilization treatments, with the highest mean value obtained in VermiComp treatment during TC2, only significantly different from OrgControl. In TC3, the highest K+ values were obtained in the OrgControl, CropRes, and Comp treatments, which were only significantly different from FertControl.



According to nutritional analyses carried out during the two production cycles, the N-NO3− concentration in sap were statistically comparable between mineral and organic fertilization management, except at 126 DAT TC2 analysis. For the K+ in sap, the statistically significant differences showed greater concentrations in the treatments with organic amendments in most of the analyses. These results justify that the production achieved in organic treatments was not statistically affected.



In general terms, no consistent differences in the nutritional plants’ status were observed between treatments. In organic fertilization management, the most limiting factor is N availability [29], since organic N needs to be mineralized to be available for plants. In this study, no significant differences were observed in the N-NO3− petiole sap concentration between the FerControl treatment and agro-waste-derived fertilizer treatments, indicating that the release of nutrients from organic matter was sufficient to fulfil the nutrients demands of the plants.




3.3. Microorganisms


Table 4 shows the microorganism concentrations in the rhizosphere during TC3. The highest concentration of total bacteria (BT) was observed in the Comp treatment, while FertControl and OrgControl showed the lowest concentrations. Compared to the other organic treatments, FertControl registered the lowest presence of ammonifying bacteria (AB). Regarding total fungi (FT), FertControl had the highest concentration significantly different from other treatments.



Overall, the Comp treatment enhanced the bacterial biomass in the rhizosphere, including a high presence of ammonifying bacteria, consistent with previous results that reported an enhancement in microbial biomass after the application of organic amendments [35,36]. The increase of the microbial biomass in Hale et al. [35], which tested compost and biochar in turfgrass plots, was attributed to the increase in bacterial population, but not fungal, which is in line with the results of the present study. The increase of fungal abundance (FT) in soils treated with chemical fertilizers (FertControl) coincide with the results of Fu et al. [36], which found an increase of fungal population in response to long-term continuous monoculture crops, and the results of Zhou and Wu [37], which studied a continuous cucumber cropping system, and after 7 years reported an increase of Fusarium fungi combined with a decrease in cucumber yield. The same trend observed in fungi number, both with the application of chemicals and a long-term continuous cropping system, may be ascribed to the soil sickness which these agricultural practices lead to [37], explaining the frequent occurrence of continuous solarisation and disinfection of the soils.



The incorporation of organic materials into the soil as fertilizers, significantly improved the concentration of AB (more than double) in all organic treatments when compared to mineral fertilization management. This may be ascribed to the higher presence of growing substrate for ammonifying micrograms. However, Luo et al. [17] reported that the influence of organic fertilizers on microbial community, may be mostly ascribed to the microorganisms associated with organic matter, which are incorporated in the soil and interact with native microorganisms. These results justify that the levels of N in sap during the cultivation were adequate in all treatments; the increase of and AB populations in the soil allowed availability of N for plants.




3.4. Enzymatic Activity


Figure 1 shows the evolution of dehydrogenase (DHA), acid phosphatase (ACP) and β-glucosidase (β-GLU) activity during the three tomato cycles. A high enzymatic activity is related to the high presence of active microorganisms in the soil, which is essential for nutrient availability for plants, especially in soil where mineral fertilization is replaced with organic nutrient supply.



Generally, the enzymatic activity (DHA, ACP, β-GLU) was lower in the FertControl treatment. Otherwise, during TC1 and TC2, the differences between treatments were not consistent. During TC1 and TC2, DHA activity was maintained at a low level, with no significant differences between treatments. DHA is considered a general index of microbial activity [22]. The application of organic amendments before transplanting TC2 did not affect biological activity during the same cycle, which only started to increase during TC3. This could be due to the initial adaptation phase of microorganisms after the application of organic amendments [38]. After the initial phase, soil microbiota reached optimal growth, followed by the enhancement of enzymatic activity.



Regarding ACP, no significant differences between treatments were observed in the first three analyses (TC1 at 98 DAT; TC2 at 9 DAT; TC2 at 49 DAT), while in the last three (TC2 at 161 DAT; TC3 at 160 DAT; TC3 at 194 DAT), the highest ACP activity was observed in plots amended with Comp. It is important to remark that the ACP enzymes are produced both by microorganisms and plant roots. The rapid general decrease in ACP activity observed in TC2 at 161 DAT and in TC3 at 195 DDT was due to the lack of enzymes produced by plants roots, since the analysis was performed between two crop cycles.



β-GLU is synthetized by soil microbiota in the presence of a cellulose substrate, as this enzyme is involved in its decomposition [38]. In the three crop cycles, a general increase in β-GLU activity was observed after the organic amendment application. This increase could be related to the increase of organic matter degradation in a continuous crop cycle [38].



In general, in this study the application of organic amendments derived from agro-waste had a positive effect on soil enzymatic activity, as previously reported [21]. In line with our results, Hernandez et al. [8], evaluating the use of compost alone or combined with inorganic fertilizers in two consecutive lettuce crops, reported that while in the first crop cycle no significant differences between treatments were observed in DHA, ACP and β-GLU activity, in the second lettuce cycle higher enzymatic activity was registered in plots where compost was applied compared to plots managed only with mineral fertilizers.



Enzymatic activity is also a good tool to study the potential availability of nutrients for plants since the enzymes are involved in the mineralization of organic matter and enhance soil quality [21]. The results of this study indicate that the continuous application of agro-waste-derived amendments has a positive effect on microbiota activity, which consequently avoids nutrient deficiency, and results in high-yield results. Moreover, microorganisms can indirectly affect plant growth by the production of plant growth regulators and hormones [32].




3.5. Pearson Product Moment Correlations among Soil Biological Proprieties


To study the relation between soil microbiota and enzymatic activity a Pearson product–moment correlation analysis was carried out (Figure 2).



Enzymatic activity is considered an indicator of soil quality and it is used to monitor microbial activity [37]. The negative correlation between DHA, ACP and β-GLU with FT (−0.4716; −0.6758; −0.7396) may be due to the negative effects of fungal community on the beneficial microbial activity. The highest FT population was found in plots managed with a fertigation plan and where no organic amendments were added.



The negative relation between soil enzymatic activity and FT may suggest that the community structure of this fungal population plays a negative role on soil health, as previously reported by Fu et al. [36] and Zhou and Wu [37] when evaluating continued monoculture. Moreover, the results showed a negative correlation between AB and FT (−0.9675), simultaneously the enzymatic activity is increased by bacteria population. The DHA, ACP and β-GLU activity are positively correlated with the microorganisms that facilitate the availability of nutrients: ACP with the AB (0.7121) and BT (0.7002), and β-GLU with AB (0.7736) and BT (0.7194). Simultaneously, the organically treated soils in the experiment showed an increase of DHA, ACP, β-GLU activity, indicating that the organic amendments derived from vegetal residues, provide a specific substrate for the enzymes which play a key role in the decomposition of soil organic matter [8].





4. Conclusions


Our study confirms that compost and vermicompost derived from agro-waste could replace mineral fertilization management, since no significant differences were obtained in yield during three tomato cycles.



The results showed that the total abundance of bacteria, mainly the abundance of ammonifying bacteria (AB), and the enzymatic activity of the soil increased with the application of organic fertilizers. Changes in the microbial abundance of the soil are observed in the short-term, and positively correlated with the enzymatic activity [38].



Chemical fertilizers maintain the short-term productivity of agroecosystems, while their indiscriminate use decreases the abundance of growth-promoting microbial populations such as ammonifying bacteria, and increases the population of total fungi, which may have a negative effect on plant growth and crop health [37]. The most likely reasons for the above results are that the continued cultivation without contributions of organic amendments produces changes in the microbial population of the soil that manifests itself in a significant increase in the abundance of total fungi, and this can lead to soil sickness and problems for subsequent crops [36,37]. On the contrary the application of organic fertilizers allows the restoration of soil microbiota, which mineralizes and solubilizes nutrients, avoiding plant’s nutritional deficiencies (N-NO3− and K+ concentration in sap were statistically comparable to mineral fertilization) and production losses. Among the different alternatives to valorize agricultural residue in an intensive horticulture site, the results suggest that the use of vegetable residue as a source of nutrients is a valid strategy to limit chemical fertilizer use since it helps to improve biological soil health without compromising performance. Compost or vermicompost of vegetable residues can satisfactorily be incorporated in the soil. Moreover, it has been studied that fertilization with agro-waste-derived materials improves tomato quality, resulting in a high content of lycopene, ascorbic acid and phenols [4]. In view of agro-waste valorization, future research should investigate strategies to enrich compost or vermicompost, derived from vegetal residues, with microorganisms in order to improve the fertilizer efficiency. Moreover, considering that fertigation is a common practice in horticulture systems, better knowledge is required on the potentiality of aqueous compost/vermicompost extracts used as alternatives to conventional mineral solutions.



This study should encourage the horticulture sector to implement a circular strategy in nutritional crop management, reducing the need for external inputs.
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Figure 1. Evolution of (A) dehydrogenase activity (DHA), (B) acid phosphatase activity (ACP), (C) β-glucosidase activity (β-GLU) in the soil during three crop cycles (TC1, TC2, TC3) as a function of fertilization treatment: mineral fertigation (FertControl), goat manure applied at 3 kg m−1 (OrgControl), fresh vegetal residue applied at 4 kg m−1 (CropRes), compost applied at 3 kg m−1 (Comp), and vermicompost applied at 3 kg m−1 (VermiComp). DAT, Day After Transplanting. Different letters indicate significant differences between treatments at the 95% confidence level (p ≤ 0.05; Fisher’s LSD). 
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Figure 2. Pearson product-moment correlation between biological proprieties in third cycle (TC3). DHA, dehydrogenase; ACP, acid phosphatase, β-GLU, β-glucosidase, total bacteria (BT), total fungi (FT), and ammonifying bacteria (AB). 
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Table 1. Description of production cycles.






Table 1. Description of production cycles.





	Production Cycle
	Transplant
	Last Harvest





	Tomato cycle 0 (TC0) *
	2 February 2017
	6 July 2017



	Tomato cycle 1 (TC1)
	22 August 2017
	30 January 2018



	Tomato cycle 2 (TC2)
	6 February 2018
	10 July 2018



	Tomato cycle 3 (TC3)
	22 August 2018
	25 February 2019







* Data not included in this study.
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Table 2. Total yield of tomato (kg m−2) in three cycles (TC1; TC2; TC3), as a function of fertilization treatment: mineral fertigation (FertControl), goat manure applied at 3 kg m−1 (OrgControl), fresh vegetal residue applied at 4 kg m−1 (CropRes), compost applied at 3 kg m−1 (Comp), and vermicompost applied at 3 kg m−1 (VermiComp).
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Treatments

	
TC1

	
TC2

	
TC3






	
FertControl

	
4.86

	
7.51

	
a

	
5.44

	
a




	
OrgControl

	
5.38

	
6.35

	
b

	
4.53

	
c




	
CropRes

	
5.32

	
7.23

	
a

	
4.74

	
bc




	
Comp

	
5.21

	
7.46

	
a

	
5.24

	
ab




	
VermiComp

	
5.31

	
6.88

	
ab

	
5.28

	
ab




	

	
ns

	
*

	
*








* Different letters in the same column indicate significant differences between treatments, according to the LSD test (p ≤ 0.05); ns: not significant.
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Table 3. N-NO3− and K+ content in fresh petiole sap of tomato for two cycles (TC2; TC3) as a function of fertilization treatment: mineral fertigation (FertControl), goat manure applied at 3 kg m−1 (OrgControl), fresh vegetal residue applied at 4 kg m−1 (CropRes), compost applied at 3 kg m−1 (Comp), and vermicompost) applied at 3 kg m−1 (VermiComp).
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Cycle

	
DAT

	
FertControl

	
OrgControl

	
CropRes

	
Comp

	
Vermicomp




	
N-NO3−






	
TC2

	
111

	
1729 b

	
1327 c

	
1189 c

	
1288 c

	
1994 a




	
126

	
1428 a

	
1374 b

	
874 c

	
1205 bc

	
1016 bc




	
141

	
1705 a

	
1352 a

	
1808 a

	
1831 a

	
1339 a




	
Mean

	
1621 a

	
1351 a

	
1290 a

	
1441 a

	
1450 a




	
TC3

	
101

	
1696 a

	
1033 b

	
1321 ab

	
1721 a

	
1362 ab




	
118

	
1918 b

	
2286 ab

	
2359 b

	
2858 a

	
1965 b




	
151

	
2093 a

	
1938 a

	
1438 b

	
2053 a

	
2057 a




	
Mean

	
1902 a

	
1752 a

	
1706 a

	
2211 a

	
1795 a




	

	

	
K+




	
TC2

	
111

	
3925 b

	
3732 b

	
3926 b

	
3918 b

	
4959 a




	
126

	
3147 a

	
2935 a

	
3188 a

	
3031 a

	
3031 a




	
141

	
4117 a

	
2586 c

	
3663 b

	
3395 b

	
4066 a




	
Mean

	
3730 ab

	
3048 b

	
3592 ab

	
3448 ab

	
4019 a




	
TC3

	
101

	
3843 c

	
5185 a

	
4439 bc

	
5160 a

	
4555 b




	
118

	
4279 c

	
4814 b

	
4999 b

	
5426 a

	
4438 c




	
151

	
3425 c

	
3592 ab

	
3951 a

	
3626 ab

	
3504 b




	
Mean

	
3849 b

	
4530 a

	
4451 a

	
4737 a

	
4166 ab








DAT (days after transplanting). Different letters in the same raw indicate significant differences between treatments according to the least significant difference (LSD) test (p ≤ 0.05).
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Table 4. Concentration of total bacteria (BT), total fungi (FT), and ammonifying bacteria (AB) expressed in colony-forming units (CFU) g−1 log10, in the rhizosphere in third cycle (TC3) as a function of fertilization treatment: mineral fertigation (FertControl), goat manure applied at 3 kg m−1 (OrgControl), fresh vegetal residue applied at 4 kg m−1 (CropRes), compost applied at 3 kg m−1 (Comp), and vermicompost applied at 3 kg m−1 (VermiComp).






Table 4. Concentration of total bacteria (BT), total fungi (FT), and ammonifying bacteria (AB) expressed in colony-forming units (CFU) g−1 log10, in the rhizosphere in third cycle (TC3) as a function of fertilization treatment: mineral fertigation (FertControl), goat manure applied at 3 kg m−1 (OrgControl), fresh vegetal residue applied at 4 kg m−1 (CropRes), compost applied at 3 kg m−1 (Comp), and vermicompost applied at 3 kg m−1 (VermiComp).





	

	
BT

	
FT

	
AB






	
FertControl

	
5.68

	
b

	
3.90

	
a

	
3.00

	
b




	
OrgControl

	
5.66

	
b

	
2.45

	
b

	
7.31

	
a




	
CropRes

	
7.48

	
ab

	
2.82

	
b

	
7.37

	
a




	
Comp

	
7.60

	
a

	
2.52

	
b

	
7.48

	
a




	
VermiComp

	
6.36

	
ab

	
2.70

	
b

	
7.43

	
a








Different letters indicate significant differences between treatments at the 95% confidence level (p ≤ 0.05; Fisher’s LSD).
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