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Abstract

:

Soil acidity is an important soil factor affecting crop growth and development. This ultimately limits crop productivity and the profitability of farmers. Soil acidity increases the toxicity of Al, Fe, H, and Mn. The abundance of Al and Fe ions in weathered soils has been implicated in P fixation. To date, limited research has attempted to unravel the use of charcoal with the incorporation of sago (Metroxylon sagu) bark ash to reduce P fixation. Therefore, an incubation study was conducted in the Soil Science Laboratory of Universiti Putra Malaysia Bintulu Sarawak Campus, Malaysia for 90 days to determine the optimum amounts of charcoal and sago bark ash that could be used to improve the P availability of a mineral acidic soil. Charcoal and sago bark ash rates varied by 25%, whereas Egypt rock phosphate (ERP) rate was fixed at 100% of the recommendation rate. Soil available P was determined using the Mehlich 1 method, soil total P was extracted using the aqua regia method, and inorganic P was fractionated using the sequential extraction method based on its relative solubility. Other selected soil chemical properties were determined using standard procedures. The results reveal that co-application of charcoal, regardless of rate, substantially increased soil total carbon. In addition, application of 75% sago bark ash increased soil pH and at the same time, it reduced exchangeable acidity, Al3+, and Fe2+. Additionally, amending acidic soils with both charcoal and sago bark ash positively enhanced the availability of K, Ca, Mg, and Na. Although there was no significant improvement in soil Mehlich-P with or without charcoal and sago bark ash, the application of these amendments altered inorganic P fractions in the soil. Calcium-bound phosphorus was more pronounced compared with Al-P and Fe-P for the soil with ERP, charcoal, and sago bark ash. The findings of this study suggest that as soil pH decreases, P fixation by Al and Fe can be minimised using charcoal and sago bark ash. This is because of the alkalinity of sago bark ash and the high affinity of charcoal for Al and Fe ions to impede Al and Fe hydrolysis to produce more H+. Thus, the optimum rates of charcoal and sago bark ash to increase P availability are 75% sago bark ash with 75%, 50%, and 25% charcoal because these rates significantly reduced soil exchangeable acidity, Al3+, and Fe2+.
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1. Introduction


Phosphorus is an essential nutrient which serves as a component of many key plant structural compounds and as a catalyst in the conversion of numerous biochemical reactions in plants. It induces the development of reproductive organs in plants, promotes root growth, and enhances crop quality and maturation through accretion, transfer, and release of energy in several cellular metabolic processes during degradation and biosynthesis [1,2,3]. Phosphorus availability is limited in soils, especially in acidic soils such as highly weathered ultisols and oxisols. This limitation is mainly because of the abundance of Al and Fe resulting from high weathering of the soils’ minerals [4,5]. These acidic cations tend to convert P in the soil solution to water-insoluble Fe-P and Al-P. These water insoluble Fe-P and Al-P compounds are not readily available for plant uptake [6,7]. Orthophosphates in soil solution react with Fe and Al species to form amorphous Fe-P and Al-P compounds, and these reactions can decrease P availability [8,9]. Phosphorus is mostly accessible to plants at a soil pH of between slightly acidic and neutral (6.5 to 7) [10,11]. The total soil P content usually ranges from 50 to 3000 mg kg−1 (existing in organic and inorganic forms). However, only a small proportion of the total P (usually <1%) is available for plant uptake [10,12]. This is because in acidic soils, P is fixed by the active forms of Al and Fe oxides and hydroxides, whereas in alkaline soils, P reacts with Ca to form insoluble phosphate compounds [13,14].



As a solution for P fixation, farmers tend to apply a large amount of P fertilisers to saturate the capacity of P sorption and to also ensure that there is sufficient available P for plant uptake [15]. Excessive use of P fertilisers is not only uneconomical, but it also has adverse effects on the environment. First, P fertilisers are largely derived from rock phosphate, which is a non-renewable resource and major deposits are only found in a few countries [16,17]. Second, applications of P fertilisers to soils with high P sorption capacity can be inefficient because P largely accumulates in the soil in sparingly soluble forms [18]. Third, when soils are saturated with P, the excess P has a greater potential to enter water bodies through soil erosion [19], surface runoff, and leaching [20]. The losses of P through these processes lead to eutrophication and water quality deterioration [21,22]. To this end, studies have been conducted to improve P availability using lime [23,24,25]. Liming is the conventional method to improve soil pH so as to solubilise Al and Fe to release fixed P [26,27]. However, liming is an expensive soil conditioning approach because it is not practical for farmers to apply higher rates of lime frequently. Furthermore, over-liming causes calcium phosphate formation [28], a reaction which also causes P to be fixed or makes P unavailable for optimum plant use.



In developing countries, the forestry and agricultural sectors play important roles in their socio-economic development. This has resulted in the exponential production of wood residues. As an example, the Malaysian timber industry generates approximately 3.4 million m3 of annual wood residues, such as sawdust, wood chips, bark, slab, and other raw materials, with a standard 55% recovery rate [29]. Approximately 43% of the total tree volume remains in the forest during logging operations, 13% of the sawdust is produced in the sawmill industry and 53% of the logs are discarded as waste during processing into plywood [30]. Therefore, the timber industry typically converts these wastes into charcoal, briquettes, or pellets.



Furthermore, Sarawak, Malaysia is currently one of the largest exporters of sago products in the world, with annual exports of approximately 25,000 to 40,000 tonnes to Peninsular Malaysia, Japan, Taiwan, and Singapore [31,32]. Nevertheless, it is expected that this value will increase every year, corresponding to the global demand, and will consequently increase the amount of waste produced. During the processing of sago starch, three major by-products are generated, namely sago trunk bark, fibrous pith residue, also known as hampas, and wastewater. It is estimated that for every tonne of sago flour produced, 0.75 tonnes of sago bark waste are created [33]. Sago bark waste is commonly incinerated for power generation in sago mills, deposited directly into nearby rivers, or left for natural degradation outside sago mills [34]. Annually, approximately 20,000 tonnes of sago bark are discarded from Malaysia’s sago industry [35].



To ameliorate P fixation and to maximise the exploitation of agro-industrial waste as higher value-added products, charcoal and sago bark ash can be used as soil amendments. The application of soil amendments such as biochar, compost, and manures have been reported to improve soil chemical properties and particularly enhancing P availability via a reduction in P sorption sites [36,37,38]. Addition of these amendments to soils can promote soil fertility and crop productivity, improve soil aggregation and structure, increase pH buffering capacity, cation exchange capacity, soil water retention, bioavailability of immobile nutrients, and carbon sequestration [39,40,41].



The highly porous structure of charcoal is resilient to biotic degradation, and this enables it to serve as a carbon storage medium in ecosystems for a long time [42,43]. The abundance of pores in charcoals enable air retention, hence creating an aerobic condition in the soil [44]. Moreover, these pores are able to adsorb toxic substances such as phenolics, Al, and Fe ions, thus avoiding the inhibition of fine roots and hyphae of arbuscular mycorrhizae and ectomycorrhizae development [45,46,47,48]. In addition, the pores indirectly improve nutrient retention through adsorbing and holding water [49,50,51]. Charcoal can also neutralise soil pH, which is essential for crop production in acidic soils [46,50,52].



Similarly, ash can neutralise the acidity of soils because of the presence of neutralising compounds such as calcite (CaCO3), fairchildite (K2Ca(CO3)2), lime (CaO), and magnesium oxide (MgO) [53,54]. Demeyer et al. [55] specified that high concentrations of P, Ca, Mg, and K in wood ash is valuable for soils which are naturally low in nutrients. In addition, wood ash increases basic cation saturation in forest soils [56,57,58]. Ferriero et al. [59] found that the concentrations of trace elements such as Mn, Zn, and B increased with the application of wood ash. Moreover, ash is reported to enhance microbial activity in the soil, which may favour nutrient availability [55].



It was hypothesised that combined application of charcoal and sago bark ash at the correct amount will be able to increase P availability, at the same time fixing Al and Fe ions. The research question to be addressed in this study is how much charcoal and sago bark ash are needed to unlock fixed P by Al and Fe ions. The implications of including charcoal and sago bark ash as soil amendments is not only an attempt to develop new practices that could put agro-industrial wastes to good use, but also to provide a deeper understanding on the mechanism involves in mitigating high P fixation of acidic soils. A holistic understanding of the relationships and interactions of the various P pools in soils and the numerous factors that influence P availability is essential for optimising P management and improving P use efficiency. Therefore, this study was focused on optimising charcoal and sago bark ash to increase P availability in acidic soils.




2. Materials and Methods


2.1. Soil Sampling, Preparation, and Selected Physico-Chemical Analyses


The soil (Bekenu Series, Typic Paleudults) used in this study was taken from an uncultivated secondary forest of Universiti Putra Malaysia Bintulu Sarawak Campus (UPMKB) on geographical coordinate of 3°12′20″ N, 113°04′20″ E (Figure 1). This soil was selected because it is commonly cultivated with different crops in Malaysia although it is characterised by high P-fixing because of high Al and Fe contents. The area has an elevation of 27.3 m, an annual rainfall of 2993 mm, a mean temperature of 27 °C, and a relative humidity of approximately 80%. The soil was randomly sampled with specifications of 1 m length × 1 m width at depth of 0–20 cm using a shovel. Ten sacks of soil were sampled, each containing approximately 10 kg of soil. Thereafter, the soil was air-dried, crushed manually, and sieved through a 2 mm sieve.



The soil was analysed for soil bulk density using the coring method [60]. Soil texture was determined using the hydrometer method [61]. Soil pH in water and KCl and electrical conductivity (EC) were determined at a ratio of 1:2.5 (soil:distilled water/KCl) using a digital pH meter and EC meter [62]. Soil total carbon was calculated as 58% of the organic matter determined using the loss on ignition method [63]. Total N was determined using the Kjeldhal method [64]. The soil cation exchange capacity (CEC) was determined using the leaching method [65] followed by steam distillation [64]. Soil exchangeable acidity, H+, and Al3+ were determined using the acid-base titration method [66].



Soil total P was extracted using the aqua regia method [67]. The aqua regia solution was prepared by mixing concentrated HCl and concentrated HNO3 at a ratio of 3:1. A 2 g sample of soil was weighed and placed into a 250 mL conical flask, after which 20 mL of aqua regia solution was added. Thereafter, the suspension was heated on a hot plate until the solution turned clear. The suspension was filtered using into a 100 mL volumetric flask and diluted to the required volume with distilled water. Soil available P and exchangeable cations (K+, Ca2+, Mg2+, Na+, Mn2+, and Fe2+) were extracted using the Mehlich No.1 double acid method [68]. The double acid solution (mixture of 0.05 M HCl and 0.025 M H2SO4) was prepared by mixing 4.12 mL of concentrated HCl with 1.40 mL of concentrated H2SO4 in a 1000 mL volumetric flask and diluted to the required volume with distilled water. A 5 g sample of soil was weighed and placed into a plastic vial, after which 20 mL of double acid solution was added. Afterwards, the suspension was shaken at 180 rpm for 10 min. The suspension was filtered into a plastic vial using filter paper. Series of extractants were used to fractionate pools of inorganic P following the sequential extraction method described by Kuo [69]. Loosely soluble P (Sol-P) was removed using 1 M NH4Cl. Aluminium-bound P (Al-P) was separated from iron-bound P (Fe-P) using 0.5 M NH4F at a pH of 8.2, then Fe-P was removed using 0.1 M NaOH. Reductant soluble P (Red-P) was extracted using 0.3 M sodium citrate (Na3C6H5O7), 1 M sodium bicarbonate (NaHCO3), and sodium dithionate (Na2S2O4). Calcium-bound P (Ca-P) was extracted using 0.25 M H2SO4, whereas for occluded P (Occl-P), 0.1 M NaOH was used.



Soil total P, Mehlich-P, and inorganic P concentration were determined using UV-VIS Spectrophotometer (Perkin Elmer Lambda 25, Waltham, MA, USA) at 882 nm wavelength after a blue colour was developed using the molybdenum blue method [70]. Acid molybdate stock solution (Reagent A) and ascorbic acid stock solution (Reagent B) were prepared for the blue colour development procedure. A standard P solution (standard solution 1) and standard solution 2 were prepared and used to prepare working solutions ranging from 0 to 0.6 ppm. In this process, 1 to 6 mL of standard solution 2 was pipetted into a 50 mL volumetric flask containing 8 mL of Reagent B and diluted to the required volume with distilled water. Afterwards, 8 mL of Reagent B was pipetted into a different 50 mL volumetric flask, after which the sample was added depending on the intensity of the blue colour to be developed. The solution was diluted to the required volume with distilled water. Soil exchangeable cations were determined using atomic absorption spectrometry (AAS) (Analyst 800, Perkin Elmer, Norwalk, CT, USA). The physico-chemical properties of the soil used in this present study were within the range reported by Paramananthan [71], except for soil texture. The selected physico-chemical properties of the soil are summarised in Table 1. The percentages of the inorganic P fractions in the soil before the incubation study are summarised in Table 2, where the order of the P fraction was Fe-P > Occl-P > Al-P > Ca-P > Red-P > Sol-P.




2.2. Charcoal and Sago Bark Ash Characterisation


The charcoal used in this study was obtained from Pertama Ferroalloys Sdn Bhd, Bintulu, Sarawak, Malaysia, whereas the sago bark ash was purchased from Song Ngeng Sago Industries, Dalat, Sarawak, Malaysia. Afterwards, the amendments were analysed for pH in water and in KCl, EC [62], available P [68,70], and exchangeable K+, Ca2+, Mg2+, Na+, and Fe2+ [68]. The results of these analyses are presented in Table 3.




2.3. Incubation Set Up


A laboratory incubation study was conducted in the Soil Science Laboratory of UPMKB. A 1 kg sample of soil (from the 2 mm bulked soil sample) was weighed in a polypropylene container. Egypt rock phosphate, charcoal, and sago bark ash were added and thoroughly mixed according to the treatment evaluated in this present study. The samples were moistened to 60% of moisture content based on the soil field capacity. The lids of the polypropylene containers were perforated to allow good aeration. The samples were incubated at room temperature (26 °C) for 30, 60, and 90 days. The recommended rate of the P fertiliser used was 60 kg P2O5 ha−1 (214 kg ha−1 ERP). This rate was based on the standard recommendation for maize (Zea mays L.) cultivation [72]. Maize was chosen as the test crop because of its sensitivity, which can reflect nutrient recovery, uptake, and efficiency and rapid response towards nutrient deficiency. The rate at which the fertilisers were applied in the incubation study was scaled down to a per plant basis (based on planting density of 27,777 plants ha−1), which was equivalent to 7.7 g of ERP plant−1. The amounts of the amendments used were deduced from the literature (charcoal [73,74] and sago bark ash [75,76,77]) where 10 and 5 t ha−1 equivalent to 51.4 and 25.7 g, respectively, in 1 kg of soil per container. The charcoal and sago bark ash rates were varied by 25%, whereas the ERP rate was fixed at 100% of the recommendation rate in all treatments except for T1 (no ERP applied). The treatments evaluated in this present study are summarised as follows:




	T1:

	
Soil only




	T2

	
Soil + ERP




	T3

	
Soil + ERP + 51.4 g charcoal




	T4

	
Soil + ERP + 25.7 g sago bark ash




	T5

	
Soil + ERP + 51.4 g charcoal + 25.7 g sago bark ash




	T6:

	
Soil + ERP + 38.6 g charcoal + 19.3 g sago bark ash




	T7:

	
Soil + ERP + 25.7 g charcoal + 19.3 g sago bark ash




	T8:

	
Soil + ERP + 12.9 g charcoal + 19.3 g sago bark ash




	T9:

	
Soil + ERP + 38.6 g charcoal + 12.9 g sago bark ash




	T10:

	
Soil + ERP + 25.7 g charcoal + 12.9 g sago bark ash




	T11:

	
Soil + ERP + 12.9 g charcoal + 12.9 g sago bark ash




	T12:

	
Soil + ERP + 38.6 g charcoal + 6.4 g sago bark ash




	T13:

	
Soil + ERP + 25.7 g charcoal + 6.4 g sago bark ash




	T14:

	
Soil + ERP + 12.9 g charcoal + 6.4 g sago bark ash










2.4. Experimental Design and Statistical Analysis


The treatments were arranged in a completely randomised design (CRD) with three replications. Normality test was used to determine if the data set is well-modelled by a normal distribution. Analysis of variance (ANOVA) was used to detect treatment effects, whereas treatments means were compared using Tukey’s Studentized range (HSD) test at p ≤ 0.05. The statistical software used was Statistical Analysis System (SAS) version 9.4.





3. Results


3.1. Effects of Amending Egypt Rock Phosphate with Charcoal and Sago Bark Ash on Selected Soil Chemical Properties


The effects of treatments on soil total carbon (TC) at 30, 60, and 90 days of incubation (DAI) are presented in Figure 2. There was no significant difference in TC for T1 and T2, regardless of incubation period. The treatment with the sago bark ash alone (T4) demonstrated lower contribution towards TC. At 30 DAI, the effects of T3, T5, and T12 on TC were similar but significantly higher than those of T1, T2, T4, T6, T7, T8, T9, T10, T11, T13, and T14. Although T5 had higher content of TC, the effect was not significantly different compared to T9 at 60 DAI and T3 and T12 at 90 DAI. Throughout the incubation study, the TC of the treatments with 25% charcoal (T8, T11, and T14) was, similar irrespective of the amount of sago bark ash used.



Figure 3 and Figure 4 suggest that the treatments without soil amendments (T1 and T2) had significantly lower pH compared with the treatments with the soil amendments (T3, T4, T5, T6, T7, T8, T9, 10, T11, T12, T13, and T14). At 30 and 60 DAI, the soil pH for T5 was significantly higher than other treatments with charcoal and sago bark ash. At 90 DAI, the effect of the treatment with sago bark ash alone (T4) on soil pH was not significantly different compared to the treatments with the combined use of charcoal and sago bark ash at 100% (T5) and the combination of charcoal and sago bark ash at 75% (T6). Among the treatments with the soil amendments, the treatment with charcoal alone (T3) had lower soil pH, regardless of incubation period.



The interaction between the time of incubation and treatment significantly affected soil exchangeable acidity (Figure 5). Among the treatments, T1 recorded the highest soil exchangeable acidity followed by T2. Soil exchangeable acidity increased as the amount of sago bark was reduced from 100% to 75%, 50%, and 25%. Throughout the incubation study, the effect of the treatment with charcoal alone at the rate of 100% (T3) on soil exchangeable acidity was not significantly different compared to treatment with the combination of charcoal at 75%, 50%, and 25% and sago bark ash at 25% (T12, T13, and T14). A similar trend was also found in soil exchangeable Al3+ (Figure 6). Soil exchangeable Al3+ of soil alone (T1) and ERP alone (T2) were significantly higher than those with charcoal and sago bark ash. Between T1 and T2, T2 demonstrated significantly lower soil exchangeable Al3+. Regardless of the incubation period, soil exchangeable Al3+ for the treatment with sago bark ash alone (T4) was not significantly different compared to the treatments with charcoal and sago bark ash.



The effects of treatments on soil exchangeable H+ are demonstrated in Figure 7. Soil exchangeable H+ for T1 was significantly higher than those of T2, T3, T4, T5, T6, T7, T8, T9, T10, T11, T12, T13, and T14 at 30, 60, and 90 DAI. In addition, soil exchangeable H+ of T1 increased with time. There was no significant difference in soil exchangeable H+ for the soil with ERP, charcoal, and sago bark ash, irrespective of incubation time.



Among the treatments, T1 had the highest soil exchangeable Fe2+ at 30, 60, and 90 DAI (Figure 8). Upon application of charcoal and sago bark ash, soil exchangeable Fe2+ reduced. There was no significant difference in soil exchangeable Fe2+ between T2 and T3, irrespective of incubation time.



Figure 9 demonstrates that the application of charcoal and sago bark ash increased soil exchangeable K+. Treatment five had significantly higher soil exchangeable K+ compared with other treatments which were amended with charcoal and sago bark ash. The effects of the treatment with sago bark alone (T4) on soil exchangeable K+ was similar to those of T6, T7, and T8 at 30 DAI and T6 at 90 DAI. At 60 and 90 DAI, soil exchangeable K+ decreased as the rate of sago bark ash reduced from 75% to 50% and 25%. The treatment with charcoal alone (T3) showed a low contribution towards soil exchangeable K+.



Exchangeable Ca2+ increased when charcoal and sago bark ash were applied to the soil (Figure 10). Treatment one had the lowest soil exchangeable Ca2+. The effect of T2 on soil exchangeable Ca2+ was significantly higher compared with T1 although this treatment had no charcoal and sago bark ash. There was no significant difference in soil exchangeable Ca2+ of T2 and T3 at 60 and 90 DAI. Among the treatments with the soil amendments, the soil exchangeable Ca2+ values of T8 and T12 were higher than those of T4, T5, T6, T9, T10, T11, and T13 at 30 DAI and T13 at 90 DAI. However, at 60 DAI, the effects of the soil with charcoal and sago bark ash on exchangeable Ca2+ were similar.



Soil exchangeable Mg2+ of the treatments with ERP and soil amendments (T2, T3, T4, T5, T6, T7, T8, T9, T10, T11, T12, T13, and T14) were improved compared with the treatment without ERP and soil amendments (T1) (Figure 11). At 30 DAI, the effect of T2 on soil exchangeable Mg2+ was similar to those of T13 and T14. There was no significant difference in soil exchangeable Mg2+ between T2 and T3 at 60 and 90 DAI. Additionally, at 60 and 90 DAI, soil exchangeable Mg2+ contents increased significantly following the introduction of sago bark ash alone (T4) or combined application with charcoal (T5, T6, T7, T8, T9, T10, T11, T12, T13, and T14) compared with the treatment with charcoal alone (T3).



Throughout the incubation study, T1 showed the lowest soil exchangeable Na+ compared with other treatments (Figure 12). The effects of T2 and T3 on soil exchangeable Na+ were similar but significantly lower than those of T4, T5, T6, T7, T8, T9, T10, T11, T12, T13, and T14. There was no significant difference in soil exchangeable Na+ for the treatments with 25% sago bark ash (T12, T13, and T14), regardless of the rate of charcoal used and incubation period. Although soil exchangeable Na+ decreased when the rate of sago bark ash was reduced by 25%, with time, soil exchangeable Na+ increased.



The interaction between time of incubation and treatment significantly affected soil CEC (Figure 13). At 30 DAI, the soil CEC of T2 and T7 were similar but significantly lower compared with T5, T8, T9, and T13. Although T5 showed the highest soil CEC at 60 DAI, the effect was not significantly different compared to T1, T2, T3, T4, T8, T9, T10, T11, T12, and T13. At 90 DAI, soil CEC of T2 was significantly higher than those of T9, T10, T11, T12, and T13 but significantly lower compared with T3.




3.2. Effects of Amending Egypt Rock Phosphate with Charcoal and Sago Bark Ash on Soil Total Phosphorus and Mehlich-Phosphorus


Irrespective of treatment, soil total P increased with increasing incubation period (Figure 14). Treatment one showed the lowest soil total P compared with the treatments with ERP, charcoal, and sago bark ash. At 30 DAI, soil total P of the treatment with ERP alone (T2) was significantly lower compared with T3, T5, and T12. However, this trend was not consistent throughout the incubation study. At 60 DAI, the soil total P of T6, T11, and T14 were similar but significantly higher than those of T2, T3, and T12. Towards the end of the incubation study (90 DAI), the soil total P values of the treatments were not significantly different except for T1. The treatment with charcoal alone (T3) demonstrated lower soil total P at 60 and 90 DAI compared with 30 DAI.



Soil Mehlich-P demonstrated a different trend compared with soil total P (Figure 15). Regardless of incubation period, soil Mehlich-P of T1 was the lowest among the treatments. The effects of the treatments with ERP, charcoal, and sago bark ash (T2, T3, T4, T5, T6, T7, T8, T9, T10, T11, T12, T13, and T14) on soil Mehlich-P were higher at 30 DAI, decreased at 60 DAI, and recovered at 90 DAI. At 30 DAI, there was no significant difference in soil Mehlich-P between T2 and the treatments with ERP, charcoal, and sago bark ash. Soil Mehlich-P of T2 was significantly lower than those of T9 and T11 but significantly higher compared with T3 at 60 DAI. At 90 DAI, the effects of T2, T6, T12, and T13 on soil Mehlich-P were similar but higher than those of T3, T5, and T7.




3.3. Effects of Amending Egypt Rock Phosphate with Charcoal and Sago Bark Ash on Soil Inorganic Phosphorus Fractions


Figure 16 demonstrates that Sol-P increased following the addition of P to the soil. However, application of ERP alone (T2) had lower Sol-P compared with T5, T6, and T13 at 30 DAI, T4 and T5 at 60 DAI, and T4, T5, T6, T7, T8, and T11 at 90 DAI. Although T3 and T4 represents charcoal alone and sago bark ash alone, their effects on Sol-P were similar to those of the soil with both charcoal and sago bark ash, irrespective of incubation time. It was noticed that, at 90 DAI, the Sol-P fraction was slightly lower than at 60 DAI.



The result in Figure 17 demonstrates that the addition of ERP increased the Al-P fraction. Aluminium-bound P for the treatment with ERP alone (T2) was significantly lower compared with T4 and T11 at 30 DAI. However, at 60 DAI, the effect of T2 on Al-P was significantly higher than those of T3, T6, T7, T9, T12, and T13 at 60 DAI. Additionally, the increase in Al-P of T2 was detected at 90 DAI, where T2 had higher Al-P compared with T3, T5, T6, T7, T8, T9, T10, T11, T12, T13, and T14.



An appreciable amount of P was also fixed by Fe (Figure 18). Regardless of the incubation period, T1 demonstrated a lower Fe-P fraction compared with the treatments with ERP. There was no significant difference in Fe-P for T2 and T4, T7, T8, and T14 at 30 DAI, T8 at 60 DAI, and T11 at 90 DAI. Iron-bound P for the treatments with charcoal and sago bark ash decreased at 90 DAI.



Regardless of treatment, the fixation of P as Red-P was not consistent throughout the incubation study (Figure 19). With time, T9, T10, and T11 increased the Red-P fraction, whereas fluctuation was noticed for other treatments. At 30 DAI, the effect of T2 on Red-P fraction was similar to T3 and T5 but significantly higher than those of T4, T6, T7, T8, T9, T10, T11, T12, T13, and T14. Reductant soluble P of T2 was significantly higher compared with T8, T9, and T11 at 60 DAI, and T11 at 90 DAI.



The results further reveal that Ca-P increased with the application of ERP (Figure 20). There were no significant differences in Ca-P for the soil with ERP alone (T2) and soil with charcoal and sago bark ash at 30, 60, and 90 DAI.



At 30 DAI, Occl-P of T11 was higher than those of T2, T3, T4, T5, T6, T7, T8, T9, T10, and T12 (Figure 21). However, the trend changed at 60 DAI, where T3 was significantly higher compared with T2, T4, T7, T9, T10, T11, T12, T13, and T14. Regardless of treatment, Occl-P fraction was uniform towards the end of incubation study (90 DAI), with almost all treatments with ERP making no significant difference.




3.4. Percentages of Soil Inorganic Phosphorus Distribution by Treatment after Thirty, Sixty, and Ninety Days of Incubation


The initial inorganic P speciation of the soil used in this present study was in the order of Fe-P (67%) > Occl-P (12%) > Al-P (11%) > Ca-P (7%) > Red-P (3%) > Sol-P (Table 2). Although the order differed from that recorded in a study carried out by Hasbullah et al. [78]—Fe-P (68%) > Al-P (13%) > Red-P (10%) > Occl-P (7%) > Ca-P (2%) > Sol-P—both findings are consistent with that reported by Bidin [79], who mentioned that Fe-P is dominant in Malaysian soils, with an average of 79%.



The percentages of inorganic P following the application of ERP, charcoal, and sago bark ash are summarised in Figure 22 and Figure 23. The proportions of Sol-P and Red-P were limited compared with other fractions, despite the addition of ERP to the soil. Previous findings (Figure 16) showed that Sol-P ranged from 0.05 to 1.67 mg kg−1. The distribution of Red-P was only significant in the soil alone (T1), whereas for the other treatments, the amount was negligible because throughout the incubation study, the maximum amount of Red-P was 0.97 mg kg−1 (Figure 19). Irrespective of incubation time, T1 had Fe-P which was more than half of the soil inorganic P fractions (ranging from 64% to 80%). As ERP was applied to the soil, Ca-P became dominant (>74%), replacing Fe-P. Additionally, treatments with ERP, charcoal, and sago bark ash demonstrated a significant reduction in Al-P and Fe-P, from 88% to approximately 13% at 30 DAI, 86% to approximately 14% at 60 DAI, and 81% to approximately 15% at 90 DAI. The fixation of P in Occl-P of T1 was observed to increase from 4% in 30 DAI to 7% in 60 DAI, and 10% in 90 DAI, whereas for the other treatments, the distribution of Occl-P was within the range of 3% to 6%, irrespective of the incubation time and the rates of charcoal and sago bark ash used.





4. Discussion


4.1. Selected Soil Chemical Properties at Thirty, Sixty, and Ninety Days of Incubation


The sago bark ash alone treatment (T4) had a lower effect on TC because C in the sago bark volatilised during combustion to produce ash [55]. Carbon is mostly present in ash in negligible quantities or is even absent. The increase in TC of the soil with charcoal could be attributed to the relatively high C content in the charcoal. According Phounglamcheik et al. [80], the C content in charcoal ranges between 84.0 and 92.1%, but it has a low O, H, and N content. Phonphuak and Thiansem [81] also described charcoal as an amorphous C in the form of highly porous microcrystalline graphite. The increase in the soil pH following the incorporation of charcoal and sago bark ash was due to the basic nature of these amendments (Table 3). However, the charcoal alone treatment had lower soil pH compared with the treatments with sago bark ash because sago bark ash has a substantial number of neutralising compounds and base cations. Etiegni and Campbell [53] indicated that hydroxides of Ca, Mg, and K are the main contributors to the soluble alkalinity in wood ash. Their reaction with H+ in the soil solution can form CO2 + H2O and this leads to an increase in pH. The slight increase in the soil pH for T2 suggests that dissolution of Ca and Mg from the applied ERP might have contributed to the increase in soil pH.



The reductions in soil exchangeable acidity, Al3+, and Fe2+ for the treatments with charcoal and sago bark ash are related to the increase in soil pH. This finding is consistent with the findings of previous studies which also reported that decrease in exchangeable Al3+ and Fe2+ was directly related with the improvement in soil pH [78,82,83]. This was possible because the hydroxyl ions formed from the dissolution of the CaO, MgO, K2O, and NaOH in the ash neutralise the protons in the soil solution and those bound on the cation exchange sites in the soil [84]. The release of the base cations displaced the protons, Al3+, and Fe2+ occupying the cation exchange site. In addition, the reduction can be associated with the adsorption of Al and Fe by the charcoal complexion sites. This also suggests that charcoal is able to reduce Al and Fe solubility by replenishing the functional groups (for example, carboxylic and phenolic) of humic substances. The increase in soil exchangeable H+ of T1 at 30, 60, and 90 DAI was due to further hydrolysis of Al3+ resulting in an increase in the amount of H+. The releasing of H+ was not consistent in this study because there were no plants to contribute to H+ removal through uptake of nutrients.



The increase in the exchangeable base cations in the soil with the charcoal and sago bark ash is related to the inherent K, Ca, Mg, and Na contents of these amendments. Ammonium acetate extraction for the wood ash by Ohno and Erich [85] revealed 48% of total Mg, 40% of total K, and 5.7% of total P at pH 3.0, whereas Meiwes [86] reported 81% of total Ca, 57% of total Mg, 34% of total K, and 20% of total P at pH 4.2. Glaser et al. [50] stated that application of charcoal which has ash adds free bases such as K, Ca, and Mg to the soil indirectly provide readily accessible nutrients for plant growth. Moreover, the addition of these base cations to the soil contributes to soil acidity regulation and binding of exchangeable Al and Fe in the soil [87,88]. Although there was an improvement in the soil exchangeable cations, the inconsistency in the soil CEC could be associated with the chemical stability of the charcoal and sago bark ash.




4.2. Total Phosphorus and Mehlich-Phosphorus at Thirty, Sixty, and Ninety Days of Incubation


The increase in soil P availability irrespective of treatment could be attributed to mineralisation of organic P in soil [89]. Treatment one had the lowest soil total P and Mehlich-P because there was no addition of mineral P and most of the P ions in the soil were fixed by Al and Fe ions. The lower soil total P value of the treatment with charcoal alone at 60 and 90 DAI indicates that without the sago bark ash, the use of charcoal alone increased soil total P over a short period and the effect lasted for 30 days. The trend of the soil Mehlich-P was different from the soil total P because not all of the soil total P was converted into available form. Some of it was held by the soil particles and organic matter by means of weak outer-sphere mechanisms via anion exchange [90]. The increase in soil Mehlich-P at 30 DAI might be because of the readily available P released by ERP. At 60 DAI, the soil Mehlich-P decreased because some of the added P was fixed by Al and Fe ions. Recovery of the soil Mehlich-P at 90 DAI suggests that fixed P ions were released into soil solution either through dissolution or desorption reactions as a result of the increase in soil pH. This observation corroborates the findings of Demeyer et al. [55] who demonstrated that P contents in soils are not significantly increased following amendment with wood ash. Comparative studies of P uptake by corn have shown that ash is substantially less effective than P fertilisers [91]. These results confirm the conclusions obtained from the chemical characterisation information on wood ash, because wood ash P is weakly soluble and a large portion of the dissolved P is likely to be immobilised in the soil [92].




4.3. Soil Inorganic Phosphorus Fractions at Thirty, Sixty, and Ninety Days of Incubation


The P recovery of the P fractions depends on the P added to the soil, suggesting that an external source of inorganic P is necessary to increase their pool size. The increase in Sol-P for the treatments with charcoal and sago bark ash compared with soil alone and ERP alone is partly related to the readily soluble P released by the charcoal and sago bark ash through mineralisation and dissolution, respectively. However, at 90 DAI, the Sol-P fraction was slightly lower than at 60 DAI because some of the soil solution P might be converted into labile P form as a response to maintain equilibrium of P pools in the soil. The decrease in Al-P and Fe-P following the application of charcoal could be attributed to the production of organic acids during the decomposition of organic material, which temporarily bind to the oxides or hydroxides on the surfaces of clay particles. In addition, sago bark ash as a liming material increases soil pH to reduce the solubility of Al and Fe ions. These chemical reactions prevent P ions from being precipitated with Al and Fe ions. The increase in the Ca-P fraction for the treatments with ERP could be associated with the relatively high concentrations of Ca in this rock phosphate because rock phosphates are generally made up of calcium apatite, which considerably increase Ca-P fraction in soils [93]. The distribution of Red-P was not consistent throughout the incubation study, and this is related to redox reactions involved during the extraction process. The contribution of Occl-P to plant-available P is limited because it is inert to reactions with the soil solution.




4.4. Percentages of Soil Inorganic Phosphorus Distribution after Incubation


In acidic soils, P sorption is generally attributed to hydrous oxides of Fe and Al and to (1:1) clays. The dominance of Fe-P fraction of soil alone (T1) is related to lower pH, higher content of Fe, and the weathering processes of soils. These results corroborated findings on acidic soils where Fe-P contributed the largest proportion of inorganic P [94]. However, following the application of ERP, Ca-P in soils increased significantly because of the relatively high Ca in ERP. This result agrees with the studies of Hongqing et al. [93] and Hasbullah [95], who compared inorganic P speciation of soils with TSP and rock phosphate. The findings demonstrate that dissolution of water soluble fertiliser (TSP) in acidic soils produced Al-P and Fe-P, whereas the application of rock phosphate resulted in Ca-P. This occurs because of incomplete dissolution of rock phosphates. Additionally, the higher content of Ca-P in soils with ERP suggests that rock phosphate dissolved slowly to ensure that it supplies P steadily to plants compared with TSP, which dissolves rapidly. The increase in soil pH explains the low recovery of the Al-P and Fe-P fractions for the soil with ERP, charcoal, and sago bark ash. Moreover, the reduction in these fractions is believed to be associated with the precipitation of exchangeable and soluble Al and Fe as well as insoluble Al and Fe hydroxides on the negatively charged functional groups on charcoal’s surfaces. The increase in Occl-P for soil alone suggests that without the incorporation of soil amendments, the occlusion of adsorbed P becomes severe because more adsorbed P is physically encapsulated by secondary minerals such as Al and Fe oxyhydroxides, which are essentially inaccessible to plants because they are inert.





5. Conclusions


Co-application of charcoal and sago bark ash with ERP affects inorganic P speciation in soils. Calcium-bound P is more pronounced compared with Al-P and Fe-P in soils with ERP, charcoal, and sago bark ash because these soil amendments are able to increase soil pH, and at the same time, they reduce exchangeable acidity, exchangeable Al, and exchangeable Fe. Additionally, amending acidic soils with charcoal and sago bark ash improves the availability of base cations. Although soil Mehlich-P was not significantly improved with charcoal and sago bark ash, the fact that these soil amendments were able to reduce soil acidity indicates that P fixation by Al and Fe could be solved with the continued use of the amendments to build soil organic matter, which are reputed for improving soil available P with time. Therefore, the findings of this study suggest that the optimum rates of charcoal and sago bark ash to minimise P fixation by Al and Fe are 75% sago bark ash with 75%, 50%, and 25% charcoal. The use of sago bark ash at the rate of 100% is not recommended because it might increase soil salinity and sodicity. Incorporation of sago bark ash with charcoal is essential because charcoal has a high affinity for Al and Fe and its negatively charged surfaces can chelate Al and Fe to free the phosphate ions.
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Figure 1. Aerial view of location where soil was sampled for incubation study in Universiti Putra Malaysia Bintulu Sarawak Campus, Malaysia. 
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Figure 2. Effects of treatments on soil total carbon after thirty, sixty, and ninety days of incubation, where T1: soil alone, T2: Egypt rock phosphate alone, T3: Egypt rock phosphate + 100% charcoal, T4: Egypt rock phosphate + 100% sago bark ash, and T5: Egypt rock phosphate + 100% charcoal + 100% sago bark ash, T6: Egypt rock phosphate + 75% charcoal + 75% sago bark ash, T7: Egypt rock phosphate + 50% charcoal + 75% sago bark ash, T8: Egypt rock phosphate + 25% charcoal + 75% sago bark ash, T9: Egypt rock phosphate + 75% charcoal + 50% sago bark ash, T10: Egypt rock phosphate + 50% charcoal + 50% sago bark ash, T11: Egypt rock phosphate + 25% charcoal + 50% sago bark ash, T12: Egypt rock phosphate + 75% charcoal + 25% sago bark ash, T13: Egypt rock phosphate + 50% charcoal + 25% sago bark ash, and T14: Egypt rock phosphate + 25% charcoal + 25% sago bark ash. Means with different letter(s) within the same incubation period indicate significant differences between treatments according to Tukey’s HSD test at p ≤ 0.05, i.e., a > b > c. Bars represent the mean values ± SE. 
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Figure 3. Effects of treatments on soil pH in water after thirty, sixty, and ninety days of incubation, where T1: soil alone, T2: Egypt rock phosphate alone, T3: Egypt rock phosphate + 100% charcoal, T4: Egypt rock phosphate + 100% sago bark ash, and T5: Egypt rock phosphate + 100% charcoal + 100% sago bark ash, T6: Egypt rock phosphate + 75% charcoal + 75% sago bark ash, T7: Egypt rock phosphate + 50% charcoal + 75% sago bark ash, T8: Egypt rock phosphate + 25% charcoal + 75% sago bark ash, T9: Egypt rock phosphate + 75% charcoal + 50% sago bark ash, T10: Egypt rock phosphate + 50% charcoal + 50% sago bark ash, T11: Egypt rock phosphate + 25% charcoal + 50% sago bark ash, T12: Egypt rock phosphate + 75% charcoal + 25% sago bark ash, T13: Egypt rock phosphate + 50% charcoal + 25% sago bark ash, and T14: Egypt rock phosphate + 25% charcoal + 25% sago bark ash. Means with different letter(s) within the same incubation period indicate significant differences between treatments according to Tukey’s HSD test at p ≤ 0.05, i.e., a > b > c. Bars represent the mean values ± SE. 
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Figure 4. Effects of treatments on soil pH in potassium chloride after thirty, sixty, and ninety days of incubation, where T1: soil alone, T2: Egypt rock phosphate alone, T3: Egypt rock phosphate + 100% charcoal, T4: Egypt rock phosphate + 100% sago bark ash, and T5: Egypt rock phosphate + 100% charcoal + 100% sago bark ash, T6: Egypt rock phosphate + 75% charcoal + 75% sago bark ash, T7: Egypt rock phosphate + 50% charcoal + 75% sago bark ash, T8: Egypt rock phosphate + 25% charcoal + 75% sago bark ash, T9: Egypt rock phosphate + 75% charcoal + 50% sago bark ash, T10: Egypt rock phosphate + 50% charcoal + 50% sago bark ash, T11: Egypt rock phosphate + 25% charcoal + 50% sago bark ash, T12: Egypt rock phosphate + 75% charcoal + 25% sago bark ash, T13: Egypt rock phosphate + 50% charcoal + 25% sago bark ash, and T14: Egypt rock phosphate + 25% charcoal + 25% sago bark ash. Means with different letter(s) within the same incubation period indicate significant differences between treatments according to Tukey’s HSD test at p ≤ 0.05, i.e., a > b > c. Bars represent the mean values ± SE. 
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Figure 5. Effects of treatments on soil exchangeable acidity after thirty, sixty, and ninety days of incubation, where T1: soil alone, T2: Egypt rock phosphate alone, T3: Egypt rock phosphate + 100% charcoal, T4: Egypt rock phosphate + 100% sago bark ash, and T5: Egypt rock phosphate + 100% charcoal + 100% sago bark ash, T6: Egypt rock phosphate + 75% charcoal + 75% sago bark ash, T7: Egypt rock phosphate + 50% charcoal + 75% sago bark ash, T8: Egypt rock phosphate + 25% charcoal + 75% sago bark ash, T9: Egypt rock phosphate + 75% charcoal + 50% sago bark ash, T10: Egypt rock phosphate + 50% charcoal + 50% sago bark ash, T11: Egypt rock phosphate + 25% charcoal + 50% sago bark ash, T12: Egypt rock phosphate + 75% charcoal + 25% sago bark ash, T13: Egypt rock phosphate + 50% charcoal + 25% sago bark ash, and T14: Egypt rock phosphate + 25% charcoal + 25% sago bark ash.. Means with different letter(s) within the same incubation period indicate significant differences between treatments according to Tukey’s HSD test at p ≤ 0.05, i.e., a > b > c. Bars represent the mean values ± SE. 
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Figure 6. Effects of treatments on soil exchangeable aluminium ions after thirty, sixty, and ninety days of incubation, where T1: soil alone, T2: Egypt rock phosphate alone, T3: Egypt rock phosphate + 100% charcoal, T4: Egypt rock phosphate + 100% sago bark ash, and T5: Egypt rock phosphate + 100% charcoal + 100% sago bark ash, T6: Egypt rock phosphate + 75% charcoal + 75% sago bark ash, T7: Egypt rock phosphate + 50% charcoal + 75% sago bark ash, T8: Egypt rock phosphate + 25% charcoal + 75% sago bark ash, T9: Egypt rock phosphate + 75% charcoal + 50% sago bark ash, T10: Egypt rock phosphate + 50% charcoal + 50% sago bark ash, T11: Egypt rock phosphate + 25% charcoal + 50% sago bark ash, T12: Egypt rock phosphate + 75% charcoal + 25% sago bark ash, T13: Egypt rock phosphate + 50% charcoal + 25% sago bark ash, and T14: Egypt rock phosphate + 25% charcoal + 25% sago bark ash.. Means with different letter(s) within the same incubation period indicate significant differences between treatments according to Tukey’s HSD test at p ≤ 0.05, i.e., a > b > c. Bars represent the mean values ± SE. 
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Figure 7. Effects of treatments on soil exchangeable hydrogen ions after thirty, sixty, and ninety days of incubation, where T1: soil alone, T2: Egypt rock phosphate alone, T3: Egypt rock phosphate + 100% charcoal, T4: Egypt rock phosphate + 100% sago bark ash, and T5: Egypt rock phosphate + 100% charcoal + 100% sago bark ash, T6: Egypt rock phosphate + 75% charcoal + 75% sago bark ash, T7: Egypt rock phosphate + 50% charcoal + 75% sago bark ash, T8: Egypt rock phosphate + 25% charcoal + 75% sago bark ash, T9: Egypt rock phosphate + 75% charcoal + 50% sago bark ash, T10: Egypt rock phosphate + 50% charcoal + 50% sago bark ash, T11: Egypt rock phosphate + 25% charcoal + 50% sago bark ash, T12: Egypt rock phosphate + 75% charcoal + 25% sago bark ash, T13: Egypt rock phosphate + 50% charcoal + 25% sago bark ash, and T14: Egypt rock phosphate + 25% charcoal + 25% sago bark ash. Means with different letter(s) within the same incubation period indicate significant differences between treatments according to Tukey’s HSD test at p ≤ 0.05, i.e., a > b > c. Bars represent the mean values ± SE. 
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Figure 8. Effects of treatments on soil exchangeable ferrous ions after thirty, sixty, and ninety days of incubation, where T1: soil alone, T2: Egypt rock phosphate alone, T3: Egypt rock phosphate + 100% charcoal, T4: Egypt rock phosphate + 100% sago bark ash, and T5: Egypt rock phosphate + 100% charcoal + 100% sago bark ash, T6: Egypt rock phosphate + 75% charcoal + 75% sago bark ash, T7: Egypt rock phosphate + 50% charcoal + 75% sago bark ash, T8: Egypt rock phosphate + 25% charcoal + 75% sago bark ash, T9: Egypt rock phosphate + 75% charcoal + 50% sago bark ash, T10: Egypt rock phosphate + 50% charcoal + 50% sago bark ash, T11: Egypt rock phosphate + 25% charcoal + 50% sago bark ash, T12: Egypt rock phosphate + 75% charcoal + 25% sago bark ash, T13: Egypt rock phosphate + 50% charcoal + 25% sago bark ash, and T14: Egypt rock phosphate + 25% charcoal + 25% sago bark ash. Means with different letter(s) within the same incubation period indicate significant differences between treatments according to Tukey’s HSD test at p ≤ 0.05, i.e., a > b > c. Bars represent the mean values ± SE. 
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Figure 9. Effects of treatments on soil exchangeable potassium ions after thirty, sixty, and ninety days of incubation, where T1: soil alone, T2: Egypt rock phosphate alone, T3: Egypt rock phosphate + 100% charcoal, T4: Egypt rock phosphate + 100% sago bark ash, and T5: Egypt rock phosphate + 100% charcoal + 100% sago bark ash, T6: Egypt rock phosphate + 75% charcoal + 75% sago bark ash, T7: Egypt rock phosphate + 50% charcoal + 75% sago bark ash, T8: Egypt rock phosphate + 25% charcoal + 75% sago bark ash, T9: Egypt rock phosphate + 75% charcoal + 50% sago bark ash, T10: Egypt rock phosphate + 50% charcoal + 50% sago bark ash, T11: Egypt rock phosphate + 25% charcoal + 50% sago bark ash, T12: Egypt rock phosphate + 75% charcoal + 25% sago bark ash, T13: Egypt rock phosphate + 50% charcoal + 25% sago bark ash, and T14: Egypt rock phosphate + 25% charcoal + 25% sago bark ash. Means with different letter(s) within the same incubation period indicate significant differences between treatments according to Tukey’s HSD test at p ≤ 0.05, i.e., a > b > c. Bars represent the mean values ± SE. 
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Figure 10. Effects of treatments on soil exchangeable calcium ions after thirty, sixty, and ninety days of incubation, where T1: soil alone, T2: Egypt rock phosphate alone, T3: Egypt rock phosphate + 100% charcoal, T4: Egypt rock phosphate + 100% sago bark ash, and T5: Egypt rock phosphate + 100% charcoal + 100% sago bark ash, T6: Egypt rock phosphate + 75% charcoal + 75% sago bark ash, T7: Egypt rock phosphate + 50% charcoal + 75% sago bark ash, T8: Egypt rock phosphate + 25% charcoal + 75% sago bark ash, T9: Egypt rock phosphate + 75% charcoal + 50% sago bark ash, T10: Egypt rock phosphate + 50% charcoal + 50% sago bark ash, T11: Egypt rock phosphate + 25% charcoal + 50% sago bark ash, T12: Egypt rock phosphate + 75% charcoal + 25% sago bark ash, T13: Egypt rock phosphate + 50% charcoal + 25% sago bark ash, and T14: Egypt rock phosphate + 25% charcoal + 25% sago bark ash. Means with different letter(s) within the same incubation period indicate significant differences between treatments according to Tukey’s HSD test at p ≤ 0.05, i.e., a > b > c. Bars represent the mean values ± SE. 
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Figure 11. Effects of treatments on soil exchangeable magnesium ions after thirty, sixty, and ninety days of incubation, where T1: soil alone, T2: Egypt rock phosphate alone, T3: Egypt rock phosphate + 100% charcoal, T4: Egypt rock phosphate + 100% sago bark ash, and T5: Egypt rock phosphate + 100% charcoal + 100% sago bark ash, T6: Egypt rock phosphate + 75% charcoal + 75% sago bark ash, T7: Egypt rock phosphate + 50% charcoal + 75% sago bark ash, T8: Egypt rock phosphate + 25% charcoal + 75% sago bark ash, T9: Egypt rock phosphate + 75% charcoal + 50% sago bark ash, T10: Egypt rock phosphate + 50% charcoal + 50% sago bark ash, T11: Egypt rock phosphate + 25% charcoal + 50% sago bark ash, T12: Egypt rock phosphate + 75% charcoal + 25% sago bark ash, T13: Egypt rock phosphate + 50% charcoal + 25% sago bark ash, and T14: Egypt rock phosphate + 25% charcoal + 25% sago bark ash. Means with different letter(s) within the same incubation period indicate significant differences between treatments according to Tukey’s HSD test at p ≤ 0.05, i.e., a > b > c. Bars represent the mean values ± SE. 
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Figure 12. Effects of treatments on soil exchangeable sodium ions after thirty, sixty, and ninety days of incubation, where T1: soil alone, T2: Egypt rock phosphate alone, T3: Egypt rock phosphate + 100% charcoal, T4: Egypt rock phosphate + 100% sago bark ash, and T5: Egypt rock phosphate + 100% charcoal + 100% sago bark ash, T6: Egypt rock phosphate + 75% charcoal + 75% sago bark ash, T7: Egypt rock phosphate + 50% charcoal + 75% sago bark ash, T8: Egypt rock phosphate + 25% charcoal + 75% sago bark ash, T9: Egypt rock phosphate + 75% charcoal + 50% sago bark ash, T10: Egypt rock phosphate + 50% charcoal + 50% sago bark ash, T11: Egypt rock phosphate + 25% charcoal + 50% sago bark ash, T12: Egypt rock phosphate + 75% charcoal + 25% sago bark ash, T13: Egypt rock phosphate + 50% charcoal + 25% sago bark ash, and T14: Egypt rock phosphate + 25% charcoal + 25% sago bark ash.. Means with different letter(s) within the same incubation period indicate significant differences between treatments according to Tukey’s HSD test at p ≤ 0.05, i.e., a > b > c. Bars represent the mean values ± SE. 
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Figure 13. Effects of treatments on soil cation exchange capacity after thirty, sixty, and ninety days of incubation, where T1: soil alone, T2: Egypt rock phosphate alone, T3: Egypt rock phosphate + 100% charcoal, T4: Egypt rock phosphate + 100% sago bark ash, and T5: Egypt rock phosphate + 100% charcoal + 100% sago bark ash, T6: Egypt rock phosphate + 75% charcoal + 75% sago bark ash, T7: Egypt rock phosphate + 50% charcoal + 75% sago bark ash, T8: Egypt rock phosphate + 25% charcoal + 75% sago bark ash, T9: Egypt rock phosphate + 75% charcoal + 50% sago bark ash, T10: Egypt rock phosphate + 50% charcoal + 50% sago bark ash, T11: Egypt rock phosphate + 25% charcoal + 50% sago bark ash, T12: Egypt rock phosphate + 75% charcoal + 25% sago bark ash, T13: Egypt rock phosphate + 50% charcoal + 25% sago bark ash, and T14: Egypt rock phosphate + 25% charcoal + 25% sago bark ash. Means with different letter(s) within the same incubation period indicate significant differences between treatments according to Tukey’s HSD test at p ≤ 0.05, i.e., a > b > c. Bars represent the mean values ± SE. 
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Figure 14. Effects of treatments on soil total phosphorus after thirty, sixty, and ninety days of incubation, where T1: soil alone, T2: Egypt rock phosphate alone, T3: Egypt rock phosphate + 100% charcoal, T4: Egypt rock phosphate + 100% sago bark ash, and T5: Egypt rock phosphate + 100% charcoal + 100% sago bark ash, T6: Egypt rock phosphate + 75% charcoal + 75% sago bark ash, T7: Egypt rock phosphate + 50% charcoal + 75% sago bark ash, T8: Egypt rock phosphate + 25% charcoal + 75% sago bark ash, T9: Egypt rock phosphate + 75% charcoal + 50% sago bark ash, T10: Egypt rock phosphate + 50% charcoal + 50% sago bark ash, T11: Egypt rock phosphate + 25% charcoal + 50% sago bark ash, T12: Egypt rock phosphate + 75% charcoal + 25% sago bark ash, T13: Egypt rock phosphate + 50% charcoal + 25% sago bark ash, and T14: Egypt rock phosphate + 25% charcoal + 25% sago bark ash. Means with different letter(s) within the same incubation period indicate significant differences between treatments according to Tukey’s HSD test at p ≤ 0.05, i.e., a > b > c. Bars represent the mean values ± SE. 






Figure 14. Effects of treatments on soil total phosphorus after thirty, sixty, and ninety days of incubation, where T1: soil alone, T2: Egypt rock phosphate alone, T3: Egypt rock phosphate + 100% charcoal, T4: Egypt rock phosphate + 100% sago bark ash, and T5: Egypt rock phosphate + 100% charcoal + 100% sago bark ash, T6: Egypt rock phosphate + 75% charcoal + 75% sago bark ash, T7: Egypt rock phosphate + 50% charcoal + 75% sago bark ash, T8: Egypt rock phosphate + 25% charcoal + 75% sago bark ash, T9: Egypt rock phosphate + 75% charcoal + 50% sago bark ash, T10: Egypt rock phosphate + 50% charcoal + 50% sago bark ash, T11: Egypt rock phosphate + 25% charcoal + 50% sago bark ash, T12: Egypt rock phosphate + 75% charcoal + 25% sago bark ash, T13: Egypt rock phosphate + 50% charcoal + 25% sago bark ash, and T14: Egypt rock phosphate + 25% charcoal + 25% sago bark ash. Means with different letter(s) within the same incubation period indicate significant differences between treatments according to Tukey’s HSD test at p ≤ 0.05, i.e., a > b > c. Bars represent the mean values ± SE.



[image: Agronomy 11 01803 g014]







[image: Agronomy 11 01803 g015 550] 





Figure 15. Effects of treatments on soil Mehlich-phosphorus after thirty, sixty, and ninety days of incubation, where T1: soil alone, T2: Egypt rock phosphate alone, T3: Egypt rock phosphate + 100% charcoal, T4: Egypt rock phosphate + 100% sago bark ash, and T5: Egypt rock phosphate + 100% charcoal + 100% sago bark ash, T6: Egypt rock phosphate + 75% charcoal + 75% sago bark ash, T7: Egypt rock phosphate + 50% charcoal + 75% sago bark ash, T8: Egypt rock phosphate + 25% charcoal + 75% sago bark ash, T9: Egypt rock phosphate + 75% charcoal + 50% sago bark ash, T10: Egypt rock phosphate + 50% charcoal + 50% sago bark ash, T11: Egypt rock phosphate + 25% charcoal + 50% sago bark ash, T12: Egypt rock phosphate + 75% charcoal + 25% sago bark ash, T13: Egypt rock phosphate + 50% charcoal + 25% sago bark ash, and T14: Egypt rock phosphate + 25% charcoal + 25% sago bark ash. Means with different letter(s) within the same incubation period indicate significant differences between treatments according to Tukey’s HSD test at p ≤ 0.05, i.e., a > b > c. Bars represent the mean values ± SE. 
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Figure 16. Effects of treatments on loosely soluble phosphorus after thirty, sixty, and ninety days of incubation, where T1: soil alone, T2: Egypt rock phosphate alone, T3: Egypt rock phosphate + 100% charcoal, T4: Egypt rock phosphate + 100% sago bark ash, and T5: Egypt rock phosphate + 100% charcoal + 100% sago bark ash, T6: Egypt rock phosphate + 75% charcoal + 75% sago bark ash, T7: Egypt rock phosphate + 50% charcoal + 75% sago bark ash, T8: Egypt rock phosphate + 25% charcoal + 75% sago bark ash, T9: Egypt rock phosphate + 75% charcoal + 50% sago bark ash, T10: Egypt rock phosphate + 50% charcoal + 50% sago bark ash, T11: Egypt rock phosphate + 25% charcoal + 50% sago bark ash, T12: Egypt rock phosphate + 75% charcoal + 25% sago bark ash, T13: Egypt rock phosphate + 50% charcoal + 25% sago bark ash, and T14: Egypt rock phosphate + 25% charcoal + 25% sago bark ash. Means with different letter(s) within the same incubation period indicate significant differences between treatments according to Tukey’s HSD test at p ≤ 0.05, i.e., a > b > c. Bars represent the mean values ± SE. 
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Figure 17. Effects of treatments on aluminium-bound phosphorus after thirty, sixty, and ninety days of incubation, where T1: soil alone, T2: Egypt rock phosphate alone, T3: Egypt rock phosphate + 100% charcoal, T4: Egypt rock phosphate + 100% sago bark ash, and T5: Egypt rock phosphate + 100% charcoal + 100% sago bark ash, T6: Egypt rock phosphate + 75% charcoal + 75% sago bark ash, T7: Egypt rock phosphate + 50% charcoal + 75% sago bark ash, T8: Egypt rock phosphate + 25% charcoal + 75% sago bark ash, T9: Egypt rock phosphate + 75% charcoal + 50% sago bark ash, T10: Egypt rock phosphate + 50% charcoal + 50% sago bark ash, T11: Egypt rock phosphate + 25% charcoal + 50% sago bark ash, T12: Egypt rock phosphate + 75% charcoal + 25% sago bark ash, T13: Egypt rock phosphate + 50% charcoal + 25% sago bark ash, and T14: Egypt rock phosphate + 25% charcoal + 25% sago bark ash. Means with different letter(s) within the same incubation period indicate significant differences between treatments according to Tukey’s HSD test at p ≤ 0.05, i.e., a > b > c. Bars represent the mean values ± SE. 






Figure 17. Effects of treatments on aluminium-bound phosphorus after thirty, sixty, and ninety days of incubation, where T1: soil alone, T2: Egypt rock phosphate alone, T3: Egypt rock phosphate + 100% charcoal, T4: Egypt rock phosphate + 100% sago bark ash, and T5: Egypt rock phosphate + 100% charcoal + 100% sago bark ash, T6: Egypt rock phosphate + 75% charcoal + 75% sago bark ash, T7: Egypt rock phosphate + 50% charcoal + 75% sago bark ash, T8: Egypt rock phosphate + 25% charcoal + 75% sago bark ash, T9: Egypt rock phosphate + 75% charcoal + 50% sago bark ash, T10: Egypt rock phosphate + 50% charcoal + 50% sago bark ash, T11: Egypt rock phosphate + 25% charcoal + 50% sago bark ash, T12: Egypt rock phosphate + 75% charcoal + 25% sago bark ash, T13: Egypt rock phosphate + 50% charcoal + 25% sago bark ash, and T14: Egypt rock phosphate + 25% charcoal + 25% sago bark ash. Means with different letter(s) within the same incubation period indicate significant differences between treatments according to Tukey’s HSD test at p ≤ 0.05, i.e., a > b > c. Bars represent the mean values ± SE.



[image: Agronomy 11 01803 g017]







[image: Agronomy 11 01803 g018 550] 





Figure 18. Effects of treatments on iron-bound phosphorus after thirty, sixty, and ninety days of incubation, where T1: soil alone, T2: Egypt rock phosphate alone, T3: Egypt rock phosphate + 100% charcoal, T4: Egypt rock phosphate + 100% sago bark ash, and T5: Egypt rock phosphate + 100% charcoal + 100% sago bark ash, T6: Egypt rock phosphate + 75% charcoal + 75% sago bark ash, T7: Egypt rock phosphate + 50% charcoal + 75% sago bark ash, T8: Egypt rock phosphate + 25% charcoal + 75% sago bark ash, T9: Egypt rock phosphate + 75% charcoal + 50% sago bark ash, T10: Egypt rock phosphate + 50% charcoal + 50% sago bark ash, T11: Egypt rock phosphate + 25% charcoal + 50% sago bark ash, T12: Egypt rock phosphate + 75% charcoal + 25% sago bark ash, T13: Egypt rock phosphate + 50% charcoal + 25% sago bark ash, and T14: Egypt rock phosphate + 25% charcoal + 25% sago bark ash. Means with different letter(s) within the same incubation period indicate significant differences between treatments according to Tukey’s HSD test at p ≤ 0.05, i.e., a > b > c. Bars represent the mean values ± SE. 
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Figure 19. Effects of treatments on reductant soluble phosphorus after thirty, sixty, and ninety days of incubation, where T1: soil alone, T2: Egypt rock phosphate alone, T3: Egypt rock phosphate + 100% charcoal, T4: Egypt rock phosphate + 100% sago bark ash, and T5: Egypt rock phosphate + 100% charcoal + 100% sago bark ash, T6: Egypt rock phosphate + 75% charcoal + 75% sago bark ash, T7: Egypt rock phosphate + 50% charcoal + 75% sago bark ash, T8: Egypt rock phosphate + 25% charcoal + 75% sago bark ash, T9: Egypt rock phosphate + 75% charcoal + 50% sago bark ash, T10: Egypt rock phosphate + 50% charcoal + 50% sago bark ash, T11: Egypt rock phosphate + 25% charcoal + 50% sago bark ash, T12: Egypt rock phosphate + 75% charcoal + 25% sago bark ash, T13: Egypt rock phosphate + 50% charcoal + 25% sago bark ash, and T14: Egypt rock phosphate + 25% charcoal + 25% sago bark ash. Means with different letter(s) within the same incubation period indicate significant differences between treatments according to Tukey’s HSD test at p ≤ 0.05, i.e., a > b > c. Bars represent the mean values ± SE. 
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Figure 20. Effects of treatments on calcium-bound phosphorus after thirty, sixty, and ninety days of incubation, where T1: soil alone, T2: Egypt rock phosphate alone, T3: Egypt rock phosphate + 100% charcoal, T4: Egypt rock phosphate + 100% sago bark ash, and T5: Egypt rock phosphate + 100% charcoal + 100% sago bark ash, T6: Egypt rock phosphate + 75% charcoal + 75% sago bark ash, T7: Egypt rock phosphate + 50% charcoal + 75% sago bark ash, T8: Egypt rock phosphate + 25% charcoal + 75% sago bark ash, T9: Egypt rock phosphate + 75% charcoal + 50% sago bark ash, T10: Egypt rock phosphate + 50% charcoal + 50% sago bark ash, T11: Egypt rock phosphate + 25% charcoal + 50% sago bark ash, T12: Egypt rock phosphate + 75% charcoal + 25% sago bark ash, T13: Egypt rock phosphate + 50% charcoal + 25% sago bark ash, and T14: Egypt rock phosphate + 25% charcoal + 25% sago bark ash. Means with different letter(s) within the same incubation period indicate significant differences between treatments according to Tukey’s HSD test at p ≤ 0.05, i.e., a > b > c. Bars represent the mean values ± SE. 
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Figure 21. Effects of treatments on occluded phosphorus after thirty, sixty, and ninety days of incubation, where T1: soil alone, T2: Egypt rock phosphate alone, T3: Egypt rock phosphate + 100% charcoal, T4: Egypt rock phosphate + 100% sago bark ash, and T5: Egypt rock phosphate + 100% charcoal + 100% sago bark ash, T6: Egypt rock phosphate + 75% charcoal + 75% sago bark ash, T7: Egypt rock phosphate + 50% charcoal + 75% sago bark ash, T8: Egypt rock phosphate + 25% charcoal + 75% sago bark ash, T9: Egypt rock phosphate + 75% charcoal + 50% sago bark ash, T10: Egypt rock phosphate + 50% charcoal + 50% sago bark ash, T11: Egypt rock phosphate + 25% charcoal + 50% sago bark ash, T12: Egypt rock phosphate + 75% charcoal + 25% sago bark ash, T13: Egypt rock phosphate + 50% charcoal + 25% sago bark ash, and T14: Egypt rock phosphate + 25% charcoal + 25% sago bark ash. Means with different letter(s) within the same incubation period indicate significant differences between treatments according to Tukey’s HSD test at p ≤ 0.05, i.e., a > b > c. Bars represent the mean values ± SE. 
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Figure 22. Percentages of soil inorganic phosphorus distribution in T1, T2, T3, T4, T5, T6, and T7 after thirty, sixty, and ninety days of incubation, where T1: soil alone, T2: Egypt rock phosphate alone, T3: Egypt rock phosphate + 100% charcoal, T4: Egypt rock phosphate + 100% sago bark ash, T5: Egypt rock phosphate + 100% charcoal + 100% sago bark ash, T6: Egypt rock phosphate + 75% charcoal + 75% sago bark ash, and T7: Egypt rock phosphate + 50% charcoal + 75% sago bark ash. 






Figure 22. Percentages of soil inorganic phosphorus distribution in T1, T2, T3, T4, T5, T6, and T7 after thirty, sixty, and ninety days of incubation, where T1: soil alone, T2: Egypt rock phosphate alone, T3: Egypt rock phosphate + 100% charcoal, T4: Egypt rock phosphate + 100% sago bark ash, T5: Egypt rock phosphate + 100% charcoal + 100% sago bark ash, T6: Egypt rock phosphate + 75% charcoal + 75% sago bark ash, and T7: Egypt rock phosphate + 50% charcoal + 75% sago bark ash.



[image: Agronomy 11 01803 g022]







[image: Agronomy 11 01803 g023 550] 





Figure 23. Percentages of soil inorganic phosphorus distribution in T8, T9, T10, T11, T12, T13, and T14 after thirty, sixty, and ninety days of incubation, where T8: Egypt rock phosphate + 25% charcoal + 75% sago bark ash, T9: Egypt rock phosphate + 75% charcoal + 50% sago bark ash, T10: Egypt rock phosphate + 50% charcoal + 50% sago bark ash, T11: Egypt rock phosphate + 25% charcoal + 50% sago bark ash, T12: Egypt rock phosphate + 75% charcoal + 25% sago bark ash, T13: Egypt rock phosphate + 50% charcoal + 25% sago bark ash, and T14: Egypt rock phosphate + 25% charcoal + 25% sago bark ash. 
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Table 1. Selected physico-chemical properties of the soil used in incubation study.
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Property

	

	
Value Obtained

	
Standard Range *






	
pH (water)

	

	
4.61

	
4.6–4.9




	
pH (KCl)

	

	
3.95

	
3.8–4.0




	
EC (µS cm−1)

	

	
35.10

	
NA




	
Bulk density (g cm−1)

	

	
1.25

	
NA




	
Total carbon (%)

	

	
2.16

	
0.57–2.51




	
Total N (%)

	

	
0.08

	
0.04–0.17




	
Total P (mg kg−1)

	

	
23.65

	
NA




	
Available P (mg kg−1)

	

	
1.13

	
NA




	
CEC

	
cmol kg−1

	
4.67

	
3.86–8.46




	
Exchangeable acidity

	
1.15

	
NA




	
Exchangeable Al3+

	
1.02

	
NA




	
Exchangeable H+

	
0.13

	
NA




	
Exchangeable K+

	
0.06

	
0.05–0.19




	
Exchangeable Ca2+

	
0.02

	
0.01




	
Exchangeable Mg2+

	
0.22

	
0.07–0.21




	
Exchangeable Na+

	
0.03

	
0.01




	
Exchangeable Mn2+

	
0.01

	
NA




	
Exchangeable Fe2+

	
1.09

	
NA




	
Soil texture

	

	
Sand (%): 71.9

	
Sand (%): 72–76




	
Silt (%): 13.5

	
Silt (%): 8–9




	
Clay (%): 14.6

	
Clay (%): 16–19




	
Sandy loam

	
Sandy clay loam








Note: * Standard range subjected to the soil development by Paramananthan [71]; NA: not available; Available P: P that was extracted using Mehlich 1 method (Mehlich-P).
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Table 2. Percentages of inorganic phosphorus speciation in soil before incubation study.






Table 2. Percentages of inorganic phosphorus speciation in soil before incubation study.





	Inorganic Phosphorus
	Percentage (%)





	Loosely soluble phosphorus (Sol-P)
	0



	Aluminium bound phosphorus (Al-P)
	11



	Iron bound phosphorus (Fe-P)
	67



	Reductant soluble phosphorus (Red-P)
	3



	Calcium bound phosphorus (Ca-P)
	7



	Occluded phosphorus (Occl-P)
	12



	Total
	100
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Table 3. Selected chemical properties of charcoal and sago bark ash.






Table 3. Selected chemical properties of charcoal and sago bark ash.





	
Property

	

	
Charcoal

	
Sago Bark Ash






	
pH (water)

	

	
7.74

	
9.99




	
pH (KCl)

	

	
7.31

	
9.66




	
EC (dS m−1)

	

	
0.27

	
5.75




	
Available P (mg kg−1)

	

	
31.25

	
55.83




	
Exchangeable K+

	
cmol kg−1

	
3.67

	
23.33




	
Exchangeable Ca2+

	
11.71

	
16.77




	
Exchangeable Mg2+

	
3.37

	
3.57




	
Exchangeable Na+

	
0.43

	
1.51




	
Exchangeable Fe2+

	
0.15

	
0.03








Note: Available P: P that was extracted using Mehlich 1 method (Mehlich-P).
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