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Abstract

:

Sandy-textured soil infertility poses a problem for sustainable crop cultivation. This problem is usually dealt with by the addition of chemical fertilizers, which are expensive and can cause serious environmental issues if not managed well. A better alternative to improve and manage sandy soil infertility is the use of organic amendments produced from agro-wastes. This two (2)-year field study was conducted in a sandy-textured soil grown with black pepper to evaluate mainly the effects of chemical fertilizer, fermented plant and fruit juices, compost, and biochar on soil properties and morpho-physiological characteristics and yield of black pepper. Generally, the results indicated that the combination of fermented fruit juice, compost, and biochar was comparable to and in some cases better than chemical fertilizer in terms of soil physical, chemical, and biological properties as well as crop performance. These findings were even more pronounced in the second year of measurements. There were strong positive relationships between soil N and pepper leaf chlorophyll content and between soil microbes and soil respiration. The findings showed that these soil amendments produced from agro-wastes are a good alternative to the use of chemical fertilizers on sandy soils to improve soil fertility and productivity and the yield of black pepper sustainably.
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1. Introduction


Predominantly sandy-textured soils are not considered very suitable for agricultural crop production, especially for crops that are easily stressed by soils with poor water-holding capacities [1,2]. Sandy-textured soils are fragile and require significant resources for sustainable management when used for crop agriculture. They are poor in nutrients, have low cation exchange capacity (CEC), poor water-holding capacity, high bulk density, poor nutrient retention, lack structure, are low in organic matter content, and have minimal microbial life. These characteristics pose a challenge for sustainable crop production, especially soil fertility improvement, which is an important aspect of healthy soils [3,4,5,6,7].



The application of chemical fertilizers or organic amendments to such soil are options available for ameliorating the poor fertility status of sandy soils [8,9,10]. However, the problem with continuous and excessive use of inorganic or chemical fertilizers is the danger they pose to the environment, especially to our rivers and water sources if these fertilizers leach or runoff, which is often the case. This happens because many inorganic or chemical fertilizers are readily soluble or volatile and are easily leached through the soil, washed over land surface, or changed into forms that escape into the atmosphere [11,12,13,14,15]. Chemical fertilizers have also been shown to degrade soils with significant deleterious effects on soil life [16,17,18,19].



To overcome this problem, the use of organic fertilizers or amendments produced from agricultural wastes has been advocated, as they are less of a danger compared with chemical fertilizers due to their slow release characteristics, less losses to the environment if managed well, and improvements in soil life. Various studies have shown that organic amendments, when applied to sandy and other textured soils, significantly improve soil fertility, crop performance, and yields [7,8,16,20,21].



Black pepper (Piper nigrum L.), which will simply be referred to as pepper in the rest of this paper, is a significant economic crop to smallholders in Sarawak, Malaysia, and there are extensive sandy-textured soil areas grown with this crop. Smallholders are usually disadvantaged in their capability to purchase fertilizer and other inputs for their crops, which has caused declining pepper yields to farmers and even abandoning of farms [22]. The use of organic fertilizers which they can readily produce using the agricultural waste products from their farms is worth trying for the possible benefits to their farm sustainability.



It is against this background that chemical NPK fertilizer and organic amendments produced from farm wastes were used in this field study to evaluate mainly their effects on: (i) sandy soil properties and (ii) morpho-physiological characteristics and yield of pepper.




2. Materials and Methods


2.1. Experimental Site


This 30-month study was carried out at Kampung Serayan Hilir, Sematan, Sarawak, Malaysia, in a four-year-old black pepper (Piper nigrum var. Kuching) farm sized approximately 0.5 hectares. The farm had uniform and healthy fruit-bearing mature pepper vines aged four years. The soil at the farm belongs to Miri Series [23], which is a sandy, isohyperthermic, strongly cemented Typic Haplorthod. Due to its sandy nature and very poor fertility status, soils of the Miri Series are considered to be not suitable for agriculture and best left under their natural vegetation [24].




2.2. Experimental Design and Treatments


The experiment was conducted using a randomized complete block design (RCBD) with five treatments, each replicated three times, resulting in a total of 15 plots each having 5 vines. The treatments used in this study were: (i) T1—NPK as a control, (ii) T2—Fermented Plant Juice (FPJ), (iii) T3—Fermented Plant Juice incorporated with biochar and compost (FPJBC), (iv) T4—Fermented Fruit Juice (FFJ), and (v) T5—Fermented Fruit Juice incorporated with biochar and compost (FFJBC). The details of the treatments are shown in Table 1. The application rates for T2, T3, T4, and T5 were adapted from Zamara and Calub [25] and the Malaysian Pepper Board [26]. The FPJ and FFJ were prepared monthly to ensure that only fresh batches of fermented juices were used. From the onset of the experiment, FPJ and FFJ were applied once a month. The composition and the chemical and biological characteristics of the fermented juices, biochar, and compost were reported in [27], wherein the results showed that the fermented juices contain important microbes that can solubilize P and K for crop use. The plant waste compost contained far higher amounts of N, P, and K compared with the fermented juices and biochar. The control treatment application, which was a compound chemical fertilizer (NPK—12:12:17), was performed based on the recommendation of [26,28] and the details are shown in Table 2.




2.3. Soil Physical, Chemical and Biological Analysis


Soil samples were obtained from the plots for two assessment years (2017 and 2018) which were used for physical, chemical, and biological characterization using known laboratory analytical procedures. For the physical analysis, soil bulk density, porosity, and texture were determined using the methods described in [29]. For the chemical analysis, soil pH in 1 M KCl and H2O were determined using soil samples with a KCl and water (w/v) ratio of 1:2.5 respectively [29]. The electrical conductivity was measured using a conductance meter (WS SMEC 300, Spectrum Technologies, Chicago, IL, USA) that was standardized with 0.01 and 0.1 M KCl. The soil cation exchange capacity (CEC) was determined using the ammonium acetate (leaching) method [30]. Soil organic carbon was determined using loss on ignition method [29]. Soil total N was determined using the micro-Kjeldahl method [31]. Soil available P was determined using Bray I method [29]. The double acid method [29] was used to extract the exchangeable K, Ca, Mg, and Na in soil followed by Atomic Absorption Spectrophotometry (AAS AA-7700, Shimadzu Corporation, Kyoto, Japan) measurements. For the biological analysis, total microorganisms count and yeast-mold were determined using the dilution method [29].




2.4. Soil Respiration Measurements


To measure carbon mineralization by microorganisms or soil respiration, a LI6400-09 soil chamber connected to an LI-6400 portable photosynthesis system (LI-COR Inc., Lincoln, NE, USA), following the method of DiCristina and Germino [32]. Collars with a height of 4.4 cm and a diameter of 11 cm were inserted into the soil for measuring soil respiration. Concurrently, soil temperature readings were recorded by inserting a thermocouple probe into the soil at a depth of four cm. Morning soil respiration and soil temperature were measured at the end of the harvesting period.




2.5. Pepper Plant Physiological, Morphological and Yield Measurements


Before the annual harvest of the pepper berries, measurement of pepper net photosynthesis rate (A), leaf stomatal conductance rate (gs), transpiration rate (E), normalized difference vegetation index (NDVI), foliar chlorophyll concentration, and the length of fruit spike and leaf area index (LAI) was performed. Fresh berry yield was recorded during the harvesting months.



2.5.1. Pepper Leaves Gas Exchange Rates Measurements


Gas exchange measurements were carried out on newly matured leaves with the same orientation and same layer in the crown (middle bottom). Measurements of net photosynthesis on area basis (A) (µmol CO2 m−2s−1), leaf stomatal conductance (gs) (mol H2O m−2s−1), and transpiration rate (E) (mmol H2O m−2s−1) of five different leaves per treatment were monitored using a LICOR 6400 XT (LICOR Inc., Lincoln, NE, USA) infrared gas analyzer (IRGA). Light intensity (Photosynthetically active radiation, PAR) within the sampling chamber was set at 1500 µmol m−2s−1 using an LI-6400-02B LED light source (LI-COR). Carbon dioxide flow into the chamber was maintained at a concentration of 400 µmol mol−1 using a LI-6400-01 CO2 mixer (LI-COR). The humidity flow into the chamber was fixed at 500 µmol s−1, and desiccant mid-range between scrub and bypass. Statistical assessment was carried out on gas exchange parameters at between 1100 to 1300 h, which was the diurnal period when photosynthetic rates would be maximal [32].




2.5.2. Pepper Foliar Chlorophyll Concentration and NDVI


Foliar chlorophyll concentration was determined using the MC-100 chlorophyll meter (Apogee Inst., Logan, UT, USA). The NDVI was recorded using an NDVI meter (CM1000, Spectrum, FieldScout, Aurora, IL, USA). Readings were recorded when newly matured leaves with the same orientation and same layer in the crown (middle bottom) were attached to the tree.




2.5.3. Average Length of Fruit Spike Measurements


Average length of fruit spike was measured on 20 selected fruit spikes per vine, using a digital Vernier caliper (CD-15CX, Mitutoyo, Kawasaki, Japan) in millimeters up to two decimal places.




2.5.4. Leaf Area Index Measurements


The leaf area index (LAI) of the pepper vines was measured non-destructively and rapidly at a given time by using the LAI-2200 Plant Canopy Analyzer (LI-COR Inc., Lincoln, NE, USA). This indirect estimation of LAI was based on the difference in light interception above and below the canopy of the pepper plant [33]. Subsequently, the LAI-2200 PCA computed the LAI for a canopy from the ratios of a reference reading above the canopy and the readings beneath the canopy. Each LAI value was obtained by analyzing the estimates of LAI from a set of five randomly allocated sampling positions under the canopy. The measurements were conducted under cloudy conditions or during the early morning when sky brightness was uniform.




2.5.5. Fresh Berry Yield Determination


Fresh berries yields were obtained from two harvesting seasons, within the months of March to September, in 2017 and 2018. The average yield was calculated based on the weight of fresh berries per kilogram per vine per year.





2.6. Statistical Analysis


The data were analyzed using one-way analysis of variance (ANOVA) with the SPSS software (version 15). Tukey’s Honest Significance Difference (HSD) Test, at α = 0.05 level of significance, was performed to compare the treatment means. The relationships between soil respiration and soil microorganism count (bacteria, actinomycetes, and fungi) were obtained using regression analysis. The relationships between pepper foliar chlorophyll and soil total N, pepper NDVI and soil total N, and pepper photosynthesis rate and soil total N were also obtained using regression analysis.





3. Results


3.1. Selected Physicochemical Properties of Miri Series


Selected physical and chemical properties of the Miri series (Typic Haplorthods) are presented in Table 3. The physical properties indicate that it is a well-drained soil. Its chemical properties indicate that it is less fertile and this is consistent with the Soil Survey Staff report [23].



Paramananthan [24] stated that because of the sand content and drainage problems (excessive) of the Miri series, most of the areas that are occupied by this soil series have very poor kerangas forest or secondary vegetation. Due to its high sand content and very poor fertility status, the Miri series is not suitable for agriculture and is best left for natural vegetation. Despite the high available P content of this soil as shown in Table 3, the fertility of this soil is considered poor due to low CEC, TOC, total N and exchangeable K, Ca, and Mg. The low pH of this can compound this problem by making nutrients unavailable for plant uptake. The proportions of sand, silt, and clay of the Miri series are 76%, 9%, and 15%, respectively, which is a sandy loam soil.




3.2. Effects of Treatments on Soil Physical and Chemical Properties


The effects of different amendments on the sandy soil’s bulk density and porosity in 2017 and 2018 are presented in Table 4. The results indicate that with the exception of the the soil treated with NPK fertilizer, soil bulk density was low in 2017. In 2018, the fermented juices with compost and biochar (FPJBC and FFFJBC) treatments showed the lowest bulk densities compared with the fermented juices-only treatments (FPJ and FFJ) and chemical fertilizer (NPK). Results for soil porosity were similar to those of the soil bulk density in which FPJBC and FFJBC showed higher soil porosity compared with FPJ, FFJ, and NPK.



The soil pH, EC, and CEC results are also shown in Table 4. The pHwater represents the acidity of the soil solution, while pHKCl indicates the acidity of the soil solution plus the reserve acidity of the soil colloids. For this reason, the pHKCl is always more acidic than pHwater. Based on the pHwater results in year 2017 and 2018, significantly high values were obtained for the mixture of fermented juices, compost, and biochar treatments (FFJBC and FPJBC), followed by the soils amended only with fermented juices (FPJ and FFJ). The lowest pHwater for both years resulted from the control treatment (NPK). A similar trend was observed for pHKCl. These results indicate that addition of biochar and compost to fermented juices can reduce soil pH, as observed for FPJBC and FFJBC. The higher soil pH associated with the biochar and compost treatments might be partly due to their chemical properties. It was reported by Sulok et al. [27] that the pH of the biochar was 10.1 and that of the compost was 7.82. The results in Table 4 indicate that the EC for the chemical fertilizer treatment (NPK) was significantly higher than that for the organic amendments in 2017 and 2018. These results suggest that application of NPK chemical fertilizer increases soil EC. In 2017, soil CEC was significantly improved by the fermented juices combined with biochar and compost treatments (FPJBC and FFJBC) as compared with the NPK fertilizer and fermented juices only (FPJ and FFJ). In 2018, a similar pattern was observed in which the organic amendments, particularly those which contained a combination of fermented juices, compost, and biochar, showed significantly higher CEC than the soil treated with NPK fertilizer.



The effects of the different organic amendments on soil OC, total N, C/N ratio, available P and exchangeable K, Ca, Na and Mg are presented in Table 5. In 2017 and 2018, OC of the soils treated with a combination of fermented juices, biochar, and compost (FPJBC and FFJBC) were significantly higher than those treated with NPK fertilizer and fermented juices only (FPJ and FFJ). These results suggest that the application of biochar and compost increases the soil OC. Regardless of the year, total N of soil treated with NPK fertilizer was significantly higher than those for all the organic amendments (FPJ, FPJBC, FFJ, and FFJBC) (Table 5). Although FPJ, FPJBC, FFJ, and FFJBC increased N by 0%, 9%, 10%, and 33%, respectively, the increase was almost within the typical 0.14% total N content of the Miri series soil. However, the N increases caused by FPJ, FPJBC, FFJ, and FFJBC were significantly lower compared with that of NPK. The inorganic fertilizer used for the mature pepper vines cultivation was NPK 12:12:17 compound fertilizer, which had higher N than the organic amendments used in this study. In contrast, the total N of the fermented plant juice, fermented fruit juice, biochar, and compost were 0.29%, 0.22%, 0.21%, and 1.12%, respectively [27].



The soil C/N ratio results in 2017 and 2018 were similar. Soils treated with a combination of fermented juices, biochar, and compost showed higher C/N ratios in 2017 (FPJBC = 19.05 and FFJBC = 20.89) and 2018 (FPJBC = 19.30 and FFJBC = 18.73). In 2017, the soil treated with only fermented plant juice (FPJ) and fermented fruit juice (FFJ) resulted in C/N ratios of 12.19 and 16.72, respectively, whereas in 2018, the C/N ratios of FPJ and FFJ were 7.55 and 9.26, respectively. Irrespective of the year, C/N ratios of the NPK fertilizer treatments were the lowest. In 2017, except for FPJ, soil-available P was significantly higher for the fermented juices with biochar and compost treatments in comparison with NPK fertilizer treatment (Table 5). However, in 2018, the NPK-treated plots showed higher soil-available P, followed by those treated with a combination of fermented juices, biochar, and compost (FPJBC and FFJBC) and fermented juices only (FPJ and FFJ). The higher soil-available P for the FPJBC and FFJBC treatments compared with FPJ and FFJ could be attributed to the presence of biochar and compost in the FPJBC and FFJBC treatments.



The results for the soil-exchangeable bases (K, Ca, Na, and Mg) for the various treatments for 2017 and 2018, as shown in Table 5, indicate a similar pattern for soil-exchangeable K in 2017 and 2018 wherein treatments NPK, FPJBC, and FFJBC showed significantly higher values followed by treatments FFJ and FPJ. The results suggest that the application of fermented juices, biochar, and compost increased soil K, although the content was comparable to that of the NPK fertilizer treatment. The soil-exchangeable Ca results also revealed a similar pattern. In 2017, the soil Ca was higher for NPK, FPJBC, and FFJBC, whereas in 2018, it was higher in the soils treated with a combination of fermented juices, biochar, and compost (FPJBC and FFJBC) followed by the NPK and fermented juices-treated plots (FPJ and FFJ). The results for soil-exchangeable Na revealed a different trend. In 2017 and 2018, soil exchangeable Na and Mg were higher in the NPK-treated plots than in the plots treated with organic amendments.




3.3. Effects of Treatments on Soil Microbes, Temperature and Respiration


Soil temperature, soil respiration, and soil microbial counts for the various treatments are shown in Table 6. In 2017, the soil temperature in relation to treatments was in the descending order of: NPK > FFJ > FPJBC > FFJBC > FPJ with mean values of 32.56 > 29.78 > 28.58 > 29.91 > 27.38 °C, respectively. In 2018, the soil temperature values in descending order were: 31.57 > 29.21 > 29.02 > 28.55 > 28.45 °C for NPK > FFJ > FPJ > FPJBC > FFJBC, respectively. These results indicate that the soils with organic treatments, especially those with biochar and compost, were cooler compared with those treated with NPK fertilizer.



Based on the soil respiration results for 2017 and 2018, treatments FPJBC and FFJBC resulted in higher values followed by the fermented juices-only treatments (FPJ and FFJ) and NPK fertilizer treatment. These results suggest that soil CO2 efflux increased with application of biochar, composts, and the fermented juices. The results indicate that higher soil respiration results were congruent with the results for soil microorganisms (bacteria, actinomycetes, and fungi) counts (Table 6). In 2017, the bacteria count in a 1 g of dry soil was higher for the combination of fermented juices, biochar, and compost treatments (FPJBC and FFJBC) followed by the fermented juices-only (FPJ and FFJ) and NPK fertilizer treatments. In 2018, the combination of fermented juices, biochar, and compost treatments (FPJBC and FFJBC) showed the highest bacteria count, followed by fermented juices-only (FPJ and FFJ), and NPK fertilizer treatments. Almost similar patterns were observed for actinomycetes and fungi counts wherein the soils treated with organic amendments especially those with biochar and compost were significantly higher than that of the NPK fertilizer.



Regression analysis revealed a strong relationship between soil respiration and soil microorganisms (bacteria, actinomycetes, and fungi). The relationship between soil respiration and soil bacteria count is shown in Figure 1. The relationship was best described by a quadratic equation line with R2 = 0.87. The results indicate a significant positive relationship between the two factors with increase in soil respiration as soil bacteria count increases. A total of 87% of the variation in soil respiration is explained by the quadratic relationship with soil bacterial count.



Similarly, the relationship between soil respiration and soil actinomycetes count was significant with R2 = 0.92 (Figure 2). The relationship between the two was best described by an exponential equation. The results indicate a significant relationship between the two factors with a slow initial increase in soil respiration followed by a rapid increase in soil respiration as soil actinomycetes count increases. A total of 92% of the variation in soil respiration is explained by the exponential relationship with soil actinomycetes count.



The relationship between soil respiration and soil fungi count was significant with R2 = 0.86 (Figure 3). The relationship between the two factors was best described by a quadratic equation, suggesting that soil respiration increased with increasing soil fungi count, but there was a time threshold where the fungi activities caused a reduction in soil respiration. The variation (86%) in soil respiration is explained by the quadratic relationship with soil fungi count.




3.4. Pepper Physiological Characteristics


The effects of the organic amendments on foliar chlorophyll concentration, NDVI, photosynthetic rate (A), leaf stomatal conductance rate (gs), and transpiration rate (E) of pepper grown on a sandy soil for a period of two years are presented in Table 7. Foliar chlorophyll concentration was higher for NPK fertilizer than for all the organic amendments. The NDVI results in 2017 in ascending order were: 0.82 < 0.85 < 0.89 < 0.90 < 0.95, for treatments FFJ < FFJBC < FPJ < FPJBC < NPK, respectively. In 2018, however, FPJBC and FFJBC showed significantly higher foliar chlorophyll values followed by the fermented juicesalone (FPJ and FFJ) and NPK fertilizer treatments. At the end of this study, the fermented juices, fermented juices combined with biochar, and compost improved the NDVI of the pepper.



The pepper leaves gas exchange results shown in Table 7 indicate similar patterns with pepper photosynthesis, stomatal conductance, and transpiration rates. In 2017, the pepper vines’ photosynthesis, stomatal conductance, and transpiration in the NPK treatment plots were higher than that for the organic amended plots. In 2018, the NPK-treated plots and combination of fermented juices with biochar and compost amendments (FPFBC and FFJBC) resulted in significantly higher pepper plants gas exchange rates compared with those treated with fermented juices only (FPJ and FFJ). It is worth noting that both biochar and compost amendments were essentially the cause of the higher gas exchange rates in FPJBC and FFJBC.



The relationship between foliar chlorophyll concentration of pepper plants and soil total N are shown in Figure 4. The positive linear relationship suggests that foliar chlorophyll concentration increases with increasing soil total N. A total of 53% of the variation in leaf chlorophyll content is explained by the linear relationship with soil total N.



On the other hand, there was a negative relationship between pepper NDVI and soil total N, with R2 = 0.42, as shown in Figure 5. The relationship between the two factors was best described by a quadratic regression, with 42% of the variation in NDVI explained by this quadratic relationship with soil total N. The weak relationship was due to the high pepper NDVI values for the soils treated with a mixture of fermented juices with biochar and compost (FPJBC and NPK). At the same time, soil total N for FPJBC and FFJBC was lower than that of NPK, resulting in a low determination coefficient (R2) value for the relationship.



The photosynthesis rate of pepper plants and soil total N showed a weak relationship with R2 = 0.35 (Figure 6). The relationship between the two factors was best described by a quadratic equation, with 35% of the variation in photosynthesis rate explained by the quadratic relationship with soil total N.




3.5. Pepper Morphological Characteristics and Fresh Berry Yield


The average fruit spike lengths of the pepper treated with organic soil amendments and NPK fertilizer are shown in Figure 7. In 2017, all the organic amendments showed significantly lower fruit spike length compared with that for the NPK fertilizer treatment.



However, in 2018, the fermented fruit juice combined with biochar and compost treatment (FFJBC) resulted in the highest fruit spike length (11.42 cm), followed by fermented plant juice combined with biochar and compost treatment (FPJBC = 10.93 cm), chemical fertilizer treatment (NPK = 9.49 cm), fermented fruit juice-only treatment (FFJ = 8.51 cm), and fermented plant juice-only treatment (FPJ = 7.84 cm). These results also indicate that from 2017 to 2018, the length of the pepper fruit spikes for treatments NPK, FPJ, and FFJ were reduced by 26%, 30%, and 21%, respectively.



The average leaf area indexes (LAI) of the pepper vines for the organic soil amendments and the NPK treatment are presented in Figure 8. NPK treatment resulted in the highest LAI (7.79) in 2017 followed by FFJBC (6.63), FPJBC (6.57), FPJ (6.32), and FFJ (5.93). Similar results were obtained in 2018, whereby the NPK fertilizer treatment maintained the highest LAI values compared with those of the organic soil amendments. The LAI for the NPK treatment increased by 8% (2017 to 2018), whereas FPJ, FPJBC, FFJ, and FFJBC (organic amendments) increased LAI by 1%, 4%, 12%, and 3%, respectively, from 2017 to 2018.



Fresh berry yields in 2017 and 2018 for the different soil treatments are shown in Figure 9. In 2017, fresh berry yields in ascending order were: 10.47 < 10.59 < 10.63 < 10.94 < 11.78 kg for FFJ < FFJBC < FPJ < FPJBC < NPK, respectively. A different trend was observed in 2018, whereby fresh berry yields in ascending order were: 8.43 < 8.90 < 11.36 < 12.46 < 12.56 kg for FFJ < FPJ < NPK < FPJBC < FFJBC, respectively. These findings suggest that from 2017 to 2018, the fresh berry yields of NPK, FPJ, and FFJ reduced by 4%, 6%, and 20%, respectively, for the fermented juices-only treatment applications. However, the fresh berry yields of FPJBC and FFJBC increased by 14% and 19%, respectively.





4. Discussion


4.1. Soil Physical and Chemical Properties


The International Biochar Initiative [34] reported that the effects of biochars and composts on soil bulk density and porosity occur regardless of biochar type, duration of study, and soil type, but sandy soils appear to be more responsive to biochar application than soils with higher clay content. These results were consistent with a study carried out by Javaid and Bajwa [35], who also reported that because of the ability of beneficial microorganisms to form highly permeable humus from decomposed plant materials, soil bulk density is reduced significantly in compost-treated soils. Furthermore, [36,37] documented that biochar and low-density organic matter of compost, when mixed with mineral soils, were able to increase porosity and at the same time decrease overall soil weight and bulk density. In a report by [38], they stated that bulk density of mineral soils of 1.1 to 1.5 g/cm3 (bulk density) in surface horizons are generally ideal for pepper cultivation as this range enables the crop’s roots to extend their scavenging for available nutrients and water.



Generally, the results (Table 4) showed that the combination of fermented juices, compost, and biochar significantly improved soil pH, EC, and CEC. This finding is consistent with a study by [35] who posited that decomposition of organic matter by beneficial microorganisms induced by incorporation of biochar and compost can increase soil pH. Additionally, Tedersoo and Smith [39] found that biochar and compost provide an environment or habitat that is favorable for microbial communities to multiply and, thus, increase decomposition of organic matter. The increase in soil pH in this study might otherwise be attributed to biochar alone as it has a high ash content (5.22%), as reported in [27]. The NPK fertilizer increased soil EC (Table 4) because chemical fertilizers are relatively high in N and Na, which are salts and are water soluble [40]. Sanchez et al. [41] found that soil pH and EC are inversely related and they suggested that soils with higher pH will be low in EC. Cation exchange capacity is one of the most important indicators of soil fertility, more specifically for nutrient retention to prevent or minimize leaching of cations from soil which reduces crop uptake [42]. The fermented juices with biochar and compost significantly improved CEC, indicating improved retention of non-acidic cations principally because of the cation holding ability of the biochar and composts through their carboxylic, phenolic, and alcoholic functional groups [43,44]. Nigussie et al. [45] found that the use of biochar-compost mixture in soils can lead to improved physico-chemical properties, particularly that of CEC, pH, and bulk density. In a related study, [46] also revealed that biochar-compost amendments increased CEC because of the rich functional groups associated with organic compounds, such as humic, fulvic, oxazlic, and malic acids, among others. According to [47], soil organic matter contributes between 20% and 70% to the CEC of many soils. In absolute terms, CEC of organic matter varies from 300 to 1400 cmolc kg−1 and it is higher than the CEC of any inorganic material. In a similar study, [48] observed that besides improved soil CEC, soil TOC was highest following biochar and compost application. Moreover, a study by [49] on a sandy soil showed that soil total C was high in oil palm plantations supplied with fresh organic matter from plant parts. Ho et al. [49] added that soil TOC was the dominant contributor of soil CEC, suggesting that maintaining sufficient levels of soil total C during cropping is vital for sustaining soil and crop productivity. Beneficial effects of biochar and compost on soil physico-chemical properties was also reported by [46], who found that increase in C and P retention was due to the formation of organic coating in co-composted biochar, resulting in entrapment or adsorption of dissolved nutrients.



As expected, soil total N of the NPK plots was high (Table 5), indicating the high availability of ready-to-be-released nutrients such as N, P, and K in the chemical fertilizer [50]. In terms of available nutrients, [40] described chemical fertilizers (compound) as being superior to organic fertilizers because in the latter the bulk of P and N are in organic form and are only released as the organic amendments decompose with time. Amlinger et al. [47] noted that a significant amount of organic N in composts is not readily available, but can be mineralized and subsequently taken up by plants or immobilized, denitrified, and/or leached. Nonetheless, organic soil amendments have their advantages in that they can be used as soil conditioners to enhance availability of nutrients in soils which are relatively poor in nutrients [25,51,52]. Ho et al. [49] also encouraged the application of organic materials such as composts for farming practices on sandy soils as the organic matter could be another source of nutrients such as N, P, and K in oil palm, pepper, and other crop cultivation. At the end of this study, the lowest and highest C/N ratios were observed for NPK fertilizer treatment and the combination of fermented juices with biochar and compost treatments (FPJBC and FFJBC). Sanchez et al. [41] opined that the low C/N ratio of the soils with inorganic fertilizers was partly due to high mineral-N contents resulting from N fertilizer inputs. On the other hand, the soils with biochar and compost treatments showed higher C/N ratios because of high C in these materials [42]. Doran and Zeiss [53] and Rajkovich et al. [54] revealed that N immobilization occurs when an organic amendment with high C/N ratio is introduced to soils because of competition between microbes and plants for soil N. Suhaimee et al. [55] added that when organic amendments with high C/N ratios were added to soils, they decompose slowly because the microbes need to find more N from other sources and this leads to higher C/N ratios or lower N in soils.



Soil-available P was higher in the NPK-treated plots, although it is well known that sandy soils have poor nutrient retention capability as the dissolved P derived from the inorganic fertilizers leaches downward into the spodic horizon or is lost through surface runoff [49]. However, the results for soil-available P in this study are consistent with those of [40], who stated that after taking into account nutrients removal as yield and those stored within the pepper plants, the surplus of NPK fertilizers applied in pepper farms results in higher soil-available P in the soil. Nonetheless, [49] attributed the higher soil-available P to the application of organic amendments due to their ability to retard P losses in sandy soils. Ho et al. [49] added that application of manures in sandy soils reduces P fixation but this practice increases the available P pool because of the release of organic acids and other microbial products that modified soil pH during decomposition. The mixture of fermented juices, biochar, and compost also improved soil-available P because of the P-solubilizing microorganisms [25]. Zimmermann [56] used biochar and compost to enhance the effectiveness of the phosphate-solubilizing microbes in the soils because these amendments served as habitat and food source for them.



The higher availability of K for the chemical fertilizer treatment was due to the 12:12:17 NPK content in the fertilizer. Paulus [28] stated that in fertilizing mature pepper vines, compound fertilizer (12:12:17) is most suitable because of the availability of higher K and trace elements such as Na and Mg which are readily taken up by the pepper vines. The increase in soil K contents following the application of fermented juices, biochar, and compost was most likely due to the interaction between the beneficial microorganisms in the fermented juices with the biochar and compost. It was reported in [27] that the fermented juices were composed of beneficial microorganisms such as Bacillus sp., Sporosarcina sp., and Aspergillus sp. which are able to convert insoluble K into soluble K for crop use. In a study reported by [25], it was also mentioned that soils with co-composted biochar and inoculated with beneficial microbes such as K solubilizers can increase soil-exchangeable K. Other factors which might have contributed to the higher soil-exchangeable K, Ca, and Mg were related to the favorable properties of the biochar and compost. Lehmann et al. [43] stated that biochars are not only soil conditioners which are able to increase CEC, but they could also serve as fertilizers. As biochar contain ash which releases base cations such as K, Ca, and Mg into the soil solution, their liming effects improve soil pH and nutrients availability for crop growth and development [44]. Previous studies suggest that the fertilizing effect of K in biochar is critical for increasing soil-exchangeable K and promoting crop growth [57,58,59]. Agegnehu et al. [60] reported that depending on the organic materials used and compost-processing conditions, composts contain significant amounts of valuable plant macro and micro-nutrients, such as P, K, Ca, and Cu, Zn, Fe, respectively. Thus, a well-processed compost can be used as an organic multi-nutrient fertilizer to increase soil nutrients [47]. Abideen et al. [61] documented that biochar, in combination with compost, can function as an ion exchange matrix and can bind high amounts of cations. The higher soil Ca following biochar and compost application might be due to the ash content of the biochar. The biochar used in this study had an ash content of 5.22% whereas its Ca content was 6977 mg/kg [27]. In a similar study, [38,43] attributed high Ca and K contents in sandy soils to the ash in biochar.




4.2. Soil Microbes, Temperature and Respiration


The reduced soil temperature for fermented juices, biochar, and compost treatment in Table 6 was not in agreement with those reported by [53], who stated that application of compost rather increased soil temperature by decreasing water evaporation from the soil surface. Javaid and Bajwa [35] added that with increasing dry weight of composts, microbial activity can also contribute to high soil temperature. However, in a similar study on a sandy soil, [61] discovered that applying biochar increased soil porosity to cause more heat losses to the atmosphere, thus reducing soil temperature. Furthermore, [62] mentioned that the application of biochars can reduce heat entering soils as well as heat loss which caused lower soil temperature in soils with biochars than without biochars or other similar organic amendments. Nigussie et al. [45] also found that the temperature of soils amended with biochars decreased slightly compared with those without biochars, a further confirmation that biochar carbon has a buffering effect on change in soil temperature. The results show that the combined organic amendments of fermented juices, biochar and compost can also increase soil carbon efflux or carbon mineralization by microorganisms. Abideen et al. [61] reported significant increase in soil respiration in soils with biochar and compost because the amendments stimulated beneficial microbes-soil interaction. Abideen et al. [61] also found that the application of compost-biochar mixture to soils increases the adsorptive soil surface for nutrients and it also stimulates microbial colonization resulting in increased soil carbon efflux.



Other studies have also revealed that soil amendments such as biochar and compost improved bacterial communities of sandy soils [44], water infiltration [63], nutrient and water retention capacity [64], and soil aeration and respiration [34]. Higa [51] and Khaliq et al. [65] reported that one of the most important effects of biochar and compost use is the promotion of soil biology. Many organisms exists within the soil ranging from large, visible organisms to organisms which can only be viewed under a powerful microscope. These organisms perform a wide range of functions, which are major contributions to what is considered normal and healthy soil [66]. It is reasonable to suggest that these organisms play essential roles in the soil ecosystem, however, their effectiveness depends on a supply of available carbon [42]. The results of our study showed that biochar and compost have a stimulation effect on the soil microbial community (bacteria, actinomycetes, and fungi) from the fermented juices as well as in the soil-born micro biota of soils. A study by [67] reported that a biochar and compost mixture increased soil microbial activities more than in chemically fertilized soils. They also noticed that microbial activity indicators, such as soil respiration, were 2.5 times greater in biochar-compost-amended soils compared with soils without such amendment, because the organic matter of compost in particular serves as food for microorganisms. Sharma et al. [68] conducted a similar experiment on the long-term effects of organic amendments such as fermented juices, biochar, and compost on soil biological activities and concluded that microbial activities were enhanced in biochar-compost-treated field plots. In their trial, soil respiration was enhanced in the organic plots compared with non-organic plots because the organic plots had higher counts of soil bacteria, actinomycetes, and fungi. Moreover, the functional diversity of soil microorganisms and their efficiency or effectiveness to metabolize organic carbon sources was increased in the organically fertilized systems with highest values recorded in the biochar-compost soils. Talaat et al. [52] and Adugna [42] concluded that two fractions of organic matter are responsible for the level of microbial activity in general: (i) easily degradable organic compounds (labile organic matter pool) may increase microbial activity and biomass, and (ii) a persistent increase of microbial biomass depends on a constant enhancement of stable organic matter which is particularly promoted by the addition of compost.




4.3. Pepper Physiological Characteristics


The chlorophyll content of plant leaves is a practical indicator for both potential photosynthetic productivity and general plant vigor. This is related to N concentration in green plants and serves as a measure of the response of crops to N fertilizer application and soil nutrient status [69]. The high soil N effect on chlorophyll content in this study was significant in that chlorophyll content was considerably higher with the inorganic fertilizer application than with the organic amendments. As expected, pepper foliar chlorophyll content was higher in the NPK plots, as the fertilizer itself contained high amounts of readily available nutrient N which contributed to the formation of chloroplasts and the accumulation of chlorophyll in the pepper plants [40,70]. Soil-available N might also have been utilized by the pepper vines to produce nucleic acids and proteins, which are essential for chlorophyll development [71]. Ghasemzadeh and Jaafar [72] opined that soils with high N availability can cause higher N uptake by the plants, as indicated by the darker green coloration of the leaves. On the contrary, even with high soil-total N, the NDVI in the NPK plots was lower than that in the fermented juices with biochar and compost-amended plots. High pepper NDVI in the fermented juices with biochar and compost plots, even under limited N conditions, could be attributed to improved soil bulk density and aeration, which are important contributing factors for good plant NDVI development [73]. Paulus and Anyi [38] were of the opinion that having soils with ideal bulk density is vital, as it will facilitate the pepper roots’ ability to expand and scavenge for enough available nutrients and water. Although pepper growth performance is generally poor on sandy soils because of leaching of nutrients [49], this study revealed that gas exchange rates were higher for the NPK plots and fermented fruit juices with biochar and compost plots. According to [40], the most recommended fertilizer for pepper is the compound fertilizer, as it provides essential nutrients such as N, P, and K to promote better photosynthesis rates in pepper.



Sanchez et al. [41] stated that high soil N could be utilized by the plants and this is indicated in high photosynthetic activity, vigorous vegetative growth, and the dark green color of leaves. Nevertheless, for the soils amended with fermented juices with biochar and compost, different soil factors might have contributed to the higher pepper gas exchange rates in those plots, instead of soil-total N alone. McGrath and Henry [73] reported that incorporation of biochar and compost consistently decreased bulk density to below-root restricting thresholds, resulting in improved photosynthesis, stomatal conductance, and transpiration rates of plants. Furthermore, [38] mentioned that because improved bulk density enables roots to explore for water and nutrients, gas exchange rates of pepper increase and this is reflected in growth and yield. As both stomatal conductance and transpiration rates are direct indicators of plant water status [32], it was assumed that the soil porosity, which influences availability of moisture, had a significant impact on the two physiological traits of the pepper in this study. Contrary to what has been reported in the literature, soil total N did not affect the pepper NDVI and photosynthesis rates and this suggests that other soil factors contributed to the high photosynthetic activity in the soils with low total N. Some of these factors could be soil bulk density and porosity, because these factors significantly affect photosynthesis rates, as previously discussed. This is in agreement with [73], who stated that when soils are well drained, less compacted, and aerated, plant roots find it easier to absorb nutrients and water. Following biochar and compost application to soils, these amendments increased the plant photosynthetic rate and productivity in soils with enough available water and improved soil bulk density [36,38,61,68]. This observation was further confirmed by the higher stomatal conductance and transpiration rates (Table 7), as these variables are direct indicators of plant water status [32].




4.4. Pepper Morphological Characteristics and Fresh Berry Yield


Although the productivity of pepper on marginal soils, such as sandy soils, is poor because of their low nutrient-holding capability [28], the results in Table 5 suggest otherwise. Tanaka et al. [74] attributed the extensive loss of soil moisture in pepper farms to clean-weeding, which causes periodical removal of the soil organic layer in the pepper farms. This predicament partly explains the significant reduction of pepper fruit spike length and fresh berry yield for the treatments with NPK fertilizer and fermented juices only (Figure 6 and Figure 8). Although the highest LAI of the pepper resulted from the NPK-fertilized plots (Figure 7), the inability of the soils to hold moisture is a concern as the soil-available water is likely to percolate downward through the soil profile into the spodic horizon or be lost through surface runoff. In a similar study, [49] reported that maintaining an ample supply of organic C is crucial for sustaining soil moisture retention in sandy soils.



The positive effects of introducing fermented juices with biochar and compost on the yield of pepper, especially in the second year of this study, were consistent with our hypothesis that application of organic amendments can improve fresh berry yield of pepper. The lower pepper yields of FPJBC and FFJBC in the first year were similar to the finding of [60], who also observed that crop yield after biochar and compost application were mostly lower compared with that with mineral fertilizers, especially in the first year of application of the afore-stated organic amendments. This can be further explained by the slow release of nutrients, especially, N, P, and K, during mineralization of the biochar and composts. The positive effects of biochar and composts on the physical, chemical, and biological properties of soils, especially sandy soils, and plant productivities should not, however, be discounted [46,47,75]. Long-term field trials have suggested that incorporating biochar and composts into soils equalizes the effects of annual/seasonal fluctuations with regard to water, air, and heat balance of the soils as well as improves the availability of plant nutrients and crop yield [64,76,77]. Agegnehu et al. [46] attributed yield improvement to the improved nutrient and water-retention capacity with biochar and compost amendments, although other mechanisms cannot be discounted. In a similar study, [62] reported that the yield increase recorded in plants grown in biochar and compost-amended soils could be associated with increase in soil pH which, in essence, results in higher availability of nutrients such as Ca, Mg, K, Na, and P. Moreover, [52] stated that through the actions of some beneficial microbes such as P and K solubilizers, biochar and compost increased the available form of nutrients for optimum uptake by plants.



Generally, the results of this study suggest that the fermented juices with biochar and compost have better effects on the yield performance of pepper grown on the Miri series (sandy soil). Mensah and Frimpong [62] also showed that biochar can be a useful amendment in improving crop yield in dry, nutrient-poor, and acidic soils. They concluded that organic amendments application is, therefore, crucial in farming systems, considering that approximately 30% of the world’s soils are acidic, with more than 50% being arable lands.





5. Conclusions


The combined use of fermented juices with biochar and compost in mature pepper vines cultivation on sandy soils improved the physical (bulk density and porosity), chemical (pH, EC, CEC, TOC, C/N ratio, exchangeable K, and exchangeable Ca), and biological (soil temperature, soil respiration, and soil microorganism count such as bacteria, actinomycetes, and fungi) properties. Strong positive relationships were also found between soil respiration and soil microorganisms (bacteria, actinomycetes, and fungi) counts. The fermented juices with biochar and compost showed favorable results for NDVI and gas exchange rates, such as photosynthesis, stomatal conductance, and transpiration. Only pepper foliar chlorophyll and soil-total N were positively related, that is, foliar chlorophyll concentration increased with increasing soil total N. There were weak relationships between soil total N and the pepper vines’ NDVI or photosynthesis rate. The fermented juices with biochar and compost improved pepper fruit spike length and fresh berry yield relative to the existing practice of using NPK fertilizers. The findings show that these soil amendments produced from agro-wastes are a good alternative to the use of chemical fertilizers on sandy soils to improve soil fertility and productivity, and the yield of black pepper sustainably.
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Figure 1. Relationship between soil bacteria count and soil respiration. 
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Figure 2. Relationship between soil actinomycetes count and soil respiration. 
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Figure 3. Relationship between soil fungi count and soil respiration. 
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Figure 4. Relationship between foliar chlorophyll concentration of pepper plants and soil total N. 
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Figure 5. Relationship between normalized difference vegetation index (NDVI) of pepper plants and soil total N. 
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Figure 6. Relationship between photosynthetic rates of pepper leaves and soil total N. 
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Figure 7. Average length of pepper fruit spike in 2017 and 2018 for different soil amendments. Treatments are: NPK compound fertilizer as control, Fermented Plant Juice (FPJ), Fermented Plant Juice incorporated with biochar and compost (FPJBC), Fermented Fruit Juice (FFJ and Fermented Fruit Juice incorporated with biochar and compost (FFJBC). Note. Bars (representing the means) with same letters within a year are not statistically different using Tukey’s at p > 0.05 probability level. 
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Figure 8. Average Leaf Area Index (LAI) of pepper vines in 2017 and 2018 for different soil amendments. Treatments are: NPK compound fertilizer as control, Fermented Plant Juice (FPJ), Fermented Plant Juice incorporated with biochar and compost (FPJBC), Fermented Fruit Juice (FFJ and Fermented Fruit Juice incorporated with biochar and compost (FFJBC) Note. Bars (representing the means) with same letters within a year are not statistically different using Tukey’s at p > 0.05 probability level. 
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Figure 9. Average fresh berry yields of pepper in year 2017 and 2018 for different soil amendments. Treatments are: NPK compound fertilizer as control, Fermented Plant Juice (FPJ), Fermented Plant Juice incorporated with biochar and compost (FPJBC), Fermented Fruit Juice (FFJ), and Fermented Fruit Juice incorporated with biochar and compost (FFJBC). Note. Bars (representing the means) with same letters within a year are not statistically different using Tukey’s at p > 0.05 probability level. 
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Table 1. Description of treatments, composition, and rates of application.






Table 1. Description of treatments, composition, and rates of application.





	Treatment
	Description
	Composition
	Rate of Application





	T1

(NPK)
	Control
	NPK 12:12:17
	Standard recommended rate as shown in Table 2



	T2

(FPJ)
	Fermented Plant Juice (FPJ)
	1 kg of water spinach, Chinese mustard, black pepper leaves, tapioca leaves, 1 kg molasses
	200 mL of FPJ in 16 litres of water per month per 100 vines



	T3

(FPJBC)
	Fermented Plant Juice incorporated with biochar and compost (FPJBC)
	FPJ, palm kernel shell biochar, and plant waste compost
	200 mL of FPJ in 16 litres of water per month per 100 vines. 1 kg of biochar applied per vine per year. 3.5 kg compost applied per vine every 3 months



	T4

(FFJ)
	Fermented Fruit Juice (FFJ)
	1 kg banana, papaya, pumpkin, and pepper berries, 1 kg molasses
	200 mL of FFJ in 16 litres of water per month per 100 vines



	T5

(FFJBC)
	Fermented Fruit Juice incorporated with biochar and compost (FFJBC)
	FFJ, palm kernel shell biochar and plant waste compost
	200 mL of FFJ in 16 litres of water per month per 100 vines. 1 kg of biochar applied per vine per year. 3.5 kg compost applied per vine every 3 months
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Table 2. Chemical fertilizer application rates for mature pepper vines.
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Month after Planting

	
Compound

Chemical Fertilizer

	
Quantity per Vine (g)






	
September

	
12:12:17:2 + TE *

	
500




	
October

	
12:12:17:2 + TE

	
500




	
November

	
12:12:17:2 + TE

	
250




	
December

	
12:12:17:2 + TE

	
250




	
Total for third year and above

	
1500 g








* TE = Trace Elements.
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Table 3. Selected physical and chemical properties of Miri series (Typic Haplorthods).
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	Property
	Value Obtained





	BD (g/cm3)
	1.40



	Porosity (%)
	39.20



	Sand (%)
	76



	Silt (%)
	9



	Clay (%)
	15



	Soil texture
	Sandy loam



	pH (water)
	4.08



	EC (dS/m)
	2.3



	CEC (cmol(+)/kg)
	8.06



	TOC (%)
	1.32



	Total N (%)
	0.14



	C/N Ratio
	9.43



	Available P (mg/kg)
	144



	Exchangeable K (cmol(+)/kg)
	0.13



	Exchangeable Ca (cmol(+)/kg)
	0.57



	Exchangeable Na (cmol(+)/kg)
	0.32



	Exchangeable Mg (cmol(+)/kg)
	0.19







Note: BD = Bulk density, EC = Electrical conductivity, CEC = Cation Exchange Capacity, TOC = Total Organic Carbon, N = Nitrogen, P = Phosphorus, K = Potassium, Ca = Calcium, Na = Sodium, Mg = Magnesium.
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Table 4. Treatments effects on soil bulk density, porosity, pH, electrical conductivity (EC), and Cation Exchange Capacity (CEC) for two years of observation.
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Treatment

	
Year

	
Bulk Density

(g cm−3)

	
Porosity (%)

	
pHwater

	
pHKCl

	
EC

(dS/m)

	
CEC

(cmol(+)/kg)






	
NPK

	
2017

	
1.38 ±

0.03 a

	
52.08 ±

2.81 a

	
4.06 ±

0.23 c

	
3.58 ±

0.40 c

	
2.30 ±

0.38 a

	
11.69 ±

0.39 c




	
FPJ

	
1.33 ±

0.07 ab

	
50.19 ±

1.21 b

	
4.59 ±

0.16 b

	
4.02 ±

0.28 b

	
1.40 ±

0.22 b

	
11.99 ±

0.42 c




	
FPJBC

	
1.32 ±

0.06 b

	
49.81 ±

1.53 b

	
4.50 ±

0.18 b

	
4.18 ±

0.27 b

	
1.30 ±

0.27 b

	
12.77 ±

0.31 b




	
FFJ

	
1.33 ±

0.04 b

	
49.62 ±

0.85 b

	
4.55 ±

0.17 b

	
4.16 ±

0.19 b

	
1.50 ±

0.24 b

	
11.77 ±

0.49 c




	
FFJBC

	
1.21 ±

0.05 b

	
50.11 ±

0.85 b

	
5.08 ±

0.24 a

	
4.52 ±

0.20 a

	
1.40 ±

0.28 b

	
15.26 ±

0.47 a




	
NPK

	
2018

	
1.42 ±

0.05 a

	
46.41 ±

1.86 b

	
4.03 ±

0.24 d

	
3.29 ±

0.42 d

	
2.71 ±

0.25 a

	
10.71 ±

0.99 c




	
FPJ

	
1.31 ±

0.09 a

	
50.41 ±

3.53 b

	
4.64 ±

0.15 c

	
3.80 ±

0.15 c

	
1.30 ±

0.17 b

	
11.73 ±

0.65 b




	
FPJBC

	
1.13 ±

0.19 b

	
57.41 ±

7.28 a

	
5.07 ±

0.13 b

	
4.10 ±

0.06 b

	
1.21 ±

0.26 b

	
11.88 ±

0.70 b




	
FFJ

	
1.34 ±

0.09 a

	
49.28 ±

3.43 b

	
4.47 ±

0.20 c

	
3.62 ±

0.22 c

	
1.27 ±

0.31 b

	
11.05 ±

1.49 bc




	
FFJBC

	
1.11 ±

0.10 b

	
58.21 ±

3.87 a

	
5.32 ±

0.16 a

	
4.86 ±

0.22 a

	
1.19 ±

0.25 b

	
15.97 ±

0.85 a








Note. Treatments are: NPK compound fertilizer as control, Fermented Plant Juice (FPJ), Fermented Plant Juice incorporated with biochar and compost (FPJBC), Fermented Fruit Juice (FFJ), and Fermented Fruit Juice incorporated with biochar and compost (FFJBC) (mean + S.D., n = 15). Means with the same superscript within rows are not statistically different using Tukey’s at p > 0.05 probability level.
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Table 5. Treatments effects on soil total organic carbon (TOC), total nitrogen (N), C/N ratio, available phosphorus (P), exchangeable potassium (K), exchangeable calcium (Ca), exchangeable sodium (Na), and exchangeable magnesium (Mg).
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Treatment

	
Year

	
TOC

	
Total N

	
C/N Ratio

	
Available P

	
Exch. K

	
Exch. Ca

	
Exch. Na

	
Exch. Mg




	

	

	
(%)

	
(%)

	
-

	
(mg/kg)

	
(cmol(+)/kg)






	
NPK

	
2017

	
0.80 ±

0.08 c

	
0.40 ±

0.10 a

	
2.09 ±

0.45 c

	
123.67 ±

15.18 b

	
0.88 ±

0.18 a

	
0.69 ±

0.10 a

	
0.63 ±

0.07 a

	
0.35 ±

0.10 a




	
FPJ

	
0.93 ±

0.09 c

	
0.11 ±

0.11 b

	
12.19 ±

4.84 b

	
88.33 ±

6.08 c

	
0.31 ±

0.13 c

	
0.44 ±

0.07 b

	
0.17 ±

0.03 b

	
0.22 ±

0.06 c




	
FPJBC

	
1.47 ±

0.08 a

	
0.10 ±

0.05 b

	
19.05 ±

10.96 ab

	
167.00 ±

13.71 a

	
0.82 ±

0.18 a

	
0.74 ±

0.09 a

	
0.15 ±

0.03 bc

	
0.28 ±

0.06 b




	
FFJ

	
1.24 ±

0.28 b

	
0.09 ±

0.05 b

	
16.72 ±

11.35 ab

	
165.01 ±

10.29 a

	
0.46 ±

0.09 b

	
0.53 ±

0.15 b

	
0.12 ±

0.04 cd

	
0.32 ±

0.02 ab




	
FFJBC

	
1.56 ±

0.08 a

	
0.08 ±

0.03 b

	
20.89 ±

7.02 a

	
156.50 ±

13.49 a

	
0.80 ±

0.09 a

	
0.65 ±

0.12 a

	
0.10 ±

0.04 d

	
0.28 ±

0.04 b




	
NPK

	
2018

	
0.75 ±

0.09 b

	
0.53 ±

0.09 a

	
1.46 ±

0.15 c

	
202.07 ±

31.35 a

	
0.90 ±

0.06 a

	
0.71 ±

0.11 b

	
0.72 ±

0.04 a

	
0.42 ±

0.06 a




	
FPJ

	
0.70 ±

0.06 b

	
0.11 ±

0.04 b

	
7.55 ±

2.99 b

	
78.95 ±

10.41 d

	
0.31 ±

0.03 c

	
0.40 ±

0.04 c

	
0.12 ±

0.02 bc

	
0.21 ±

0.04 d




	
FPJBC

	
2.06 ±

0.28 a

	
0.11 ±

0.02 b

	
19.30 ±

3.87 a

	
179.93 ±

8.06 b

	
0.89 ±

0.05 a

	
0.82 ±

0.06 a

	
0.14 ±

0.03 b

	
0.25 ±

0.03 cd




	
FFJ

	
0.85 ±

0.07 b

	
0.10 ±

0.02 b

	
9.26 ±

1.78 b

	
101.62 ±

5.66 c

	
0.39 ±

0.02 b

	
0.46 ±

0.06 c

	
0.10 ±

0.03 c

	
0.29 ±

0.05 bc




	
FFJBC

	
2.06 ±

0.23 a

	
0.12 ±

0.02 b

	
18.73 ±

4.93 a

	
175.55 ±

7.45 b

	
0.90 ±

0.05 a

	
0.81 ±

0.06 a

	
0.12 ±

0.03 bc

	
0.30 ±

0.05 b








Note. Treatments are NPK compound fertilizer as control, Fermented Plant Juice (FPJ), Fermented Plant Juice incorporated with biochar and compost (FPJBC), Fermented Fruit Juice (FFJ and Fermented Fruit Juice incorporated with biochar and compost (FFJBC) (mean + S.D., n = 15). Means with same letter superscript within rows are not statistically different using Tukey’s at p > 0.05 probability level.
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Table 6. Treatments effects on soil temperature, soil respiration, and bacteria, actinomycetes and fungi counts.
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Treatment

	
Year

	
Soil Temperature (°C)

	
Soil Respiration (µmolm−2s−1)

	
Bact. in 1 g of Dry Soil

(×106 Cells/g)

	
Actino. in 1 g of Dry Soil (×103 Cells/g)

	
Fungi in 1 g of Dry Soil (×103 Cells/g)






	
NPK

	
2017

	
32.56 ±

0.76 a

	
2.20 ±

0.25 c

	
10.33 ±

2.85 d

	
25.33 ±

2.61 b

	
4.07 ±

2.05 c




	
FPJ

	
27.38 ±

0.54 d

	
4.87 ±

0.16 b

	
14.73 ±

2.19 c

	
31.67 ±

1.76 a

	
6.93 ±

1.98 b




	
FPJBC

	
28.58 ±

0.72 c

	
6.11 ±

0.26 a

	
18.67 ±

2.35 b

	
34.20 ±

2.40 a

	
12.13 ±

2.40 a




	
FFJ

	
29.78 ±

1.24 b

	
4.99 ±

0.13 b

	
13.40 ±

2.17 c

	
33.87 ±

3.54 a

	
4.27 ±

4.36 c




	
FFJBC

	
27.91 ±

0.48 cd

	
5.96 ±

0.30 a

	
24.13 ±

2.80 a

	
33.67 ±

2.55 a

	
13.00 ±

6.17 a




	
NPK

	
2018

	
31.57 ±

0.03 a

	
1.87 ±

0.08 d

	
7.13 ±

2.03 d

	
19.93 ±

3.33 d

	
3.20 ±

1.78 b




	
FPJ

	
29.02 ±

0.02 c

	
3.64 ±

0.17 b

	
16.27 ±

3.45 b

	
32.67 ±

5.49 bc

	
4.80 ±

3.95 b




	
FPJBC

	
28.55 ±

0.03 d

	
6.81 ±

0.35 a

	
24.00 ±

2.42 a

	
38.73 ±

1.79 a

	
11.93 ±

1.93 a




	
FFJ

	
29.21 ±

0.10 b

	
2.91 ±

0.19 c

	
11.13 ±

3.25 c

	
29.07 ±

3.52 c

	
5.00 ±

1.93 b




	
FFJBC

	
28.45 ±

0.04 e

	
6.67 ±

0.34 a

	
26.00 ±

1.07 a

	
36.47 ±

5.36 ab

	
15.20 ±

4.78 a








Note. Treatments are NPK compound fertilizer as control, Fermented Plant Juice (FPJ), Fermented Plant Juice incorporated with biochar and compost (FPJBC), Fermented Fruit Juice (FFJ), and Fermented Fruit Juice incorporated with biochar and compost (FFJBC) (mean + S.D., n = 15). Means with same letter superscript within rows are not statistically different using Tukey’s at p > 0.05 probability level.
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Table 7. Treatments effects on Normalized Difference Vegetation Index (NDVI), foliar chlorophyll concentration, photosynthetic rate (A), leaf stomatal conductance rate (gs and transpiration rate (E).
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Treatment

	
Year

	
Chlorophyll (µmol per m2 of Leaf)

	
NDVI

	
Photosynthesis (A) (µmol CO2

m−2s−1)

	
Conductance (gs) (mol H2O

m−2s−1)

	
Transiration (E) (mmol H2O

m−2s−1)






	
NPK

	
2017

	
85.33 ±

2.72 a

	
0.95 ±

0.04 a

	
9.78 ±

0.51 a

	
0.26 ±

0.03 a

	
3.78 ±

0.16 a




	
FPJ

	
80.21 ±

2.31 b

	
0.89 ±

0.04 bc

	
8.24 ±

0.45 b

	
0.18 ±

0.02 bc

	
2.78 ±

0.16 b




	
FPJBC

	
81.62 ±

2.25 b

	
0.90 ±

0.03 ab

	
7.97 ±

0.33 b

	
0.16 ±

0.03 c

	
2.14 ±

0.19 c




	
FFJ

	
79.89 ±

4.86 b

	
0.82 ±

0.06 c

	
8.25 ±

0.34 b

	
0.19 ±

0.03 b

	
3.58 ±

0.20 a




	
FFJBC

	
81.36 ±

1.69 b

	
0.85 ±

0.05 c

	
8.10 ±

0.33 b

	
0.14 ±

0.05 c

	
2.31 ±

0.33 c




	
NPK

	
2018

	
89.71 ±

4.67 a

	
0.86 ±

0.03 b

	
13.48 ±

1.81 a

	
0.24 ±

0.02 a

	
4.29 ±

0.34 a




	
FPJ

	
82.53 ±

1.64 c

	
0.85 ±

0.03 b

	
9.56 ±

1.93 b

	
0.11 ±

0.06 c

	
2.17 ±

1.08 c




	
FPJBC

	
85.44 ±

1.58 b

	
0.89 ±

0.02 a

	
12.52 ±

0.94 a

	
0.20 ±

0.06 ab

	
3.93 ±

0.78 ab




	
FFJ

	
83.53 ±

1.59 bc

	
0.86 ±

0.03 b

	
10.09 ±

2.19 b

	
0.17 ±

0.07 b

	
3.22 ±

1.14 b




	
FFJBC

	
85.47 ±

1.70 b

	
0.89 ±

0.02 a

	
13.16 ±

1.48 a

	
0.24 ±

0.02 a

	
4.25 ±

0.24 a








Note. Treatments are: NPK compound fertilizer as control, Fermented Plant Juice (FPJ), Fermented Plant Juice incorporated with biochar and compost (FPJBC), Fermented Fruit Juice (FFJ and Fermented Fruit Juice incorporated with biochar and compost (FFJBC) (mean + S.D., n = 15). Means with same superscript within rows are not statistically different using Tukey’s at p > 0.05 probability level.
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