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Fig 1 a.  Change in Total P (ppm)  as influenced by  applied organic inputs            b.  Change in available P (ppm)  as influenced by  applied organic inputs  



Phosphorus Mineralization Dynamics in Acidic Eastern Himalayan Soils: Implications for Sustainable Tribal Agriculture
Abstract

The sustainable livelihood of the indigenous populations residing in the Eastern Himalayas can be maintained through traditional management practices utilizing locally available organic resources. However, knowledge gaps exist regarding nutrient management, particularly phosphorus (P), in acidic hill soils. Additionally, data on the P mineralization (Pmin) rates of various organic sources used in the area are lacking. To address this gap, an incubation study with the aim to determine the kinetics and rate of P mineralization of different local organic sources of North East region of India was conducted with various treatments, including Farm Yard Manure (FYM) (T1), poultry manure (T2), pig manure (T3), and vermi-compost (T4), applied at a rate of 120 kg N/ha equivalent in a Completely Randomized Design replicated four times. Observations were made at 10-days interval over a period of 100 Days Of Incubation (DOI). Results indicated that the highest Pmin rate was observed in T2 (6.66%) > T3 (6.54%) > T4 (6.37%) > T1 (5.74%) compared to the control (T0). Pmin rates positively correlated with soil attributes such as pH (0.86*), EC ( 0.75*), CEC (0.95*) and negatively with SOC ( -0.99*). First-order kinetics revealed the highest Pmin with T2 (R2= 0.96) while second-order kinetics indicated highest for T3 (R2 =0.61). The pattern of Pmin rate showed a gradual increase starting from 20 DOI onwards. Notably, pig manure (T3) exhibited the highest mineralization rate during the initial period, specifically between 10-30 DOI. It is concluded that high Pmin rates were recorded between 50-90 DOI, with the peak occurring recorded at 70 DOI with T2.
Key words: Organic sources, Phosphorus, mineralisation, Eastern Himalayas.
Introduction:
The Eastern Himalayas, outspread from the Kaligandaki Valley in Nepal to northwest Yunnan in China encompassing Bhutan, the eight North East Indian states, part of Tibet and Myanmar spreads over around 52.5 Million Hectares (Mha) (Sharma et al., 2007). The region is categorized within agro-climatic Zone II, specifically identified as the Eastern Himalayan Agro-climatic region by the Planning Commission of the Government of India in 1989. This region encompasses five distinct agro-climatic zones, including alpine areas (>3,500 m above Mean Sea Level(MSL)), temperate sub-alpine regions(1,500-3,500m above MSL), sub-temperate zones(1,000-1,500m above MSL), mid-tropical hill areas (200- 1,000 m above MSL), and mid-tropical plains (<200 meters above MSL) (Majumder et al.,2011, Sharma et al.,2023). Amidst this geographical and cultural diversity, a recurring motif emerges in the form of a tribal population engaged in agriculture, navigating the contours of a landscape characterized by high annual rainfall (>250 cm) and a rich biodiversity. This tribal populace, deeply entrenched in traditional ecological knowledge, lends an organic allure to cultivation practices, accentuating the region's potential for robust organic agriculture. Yet, within this agricultural scenario, the challenge surfaces in the context of productivity under organic farming. The synchronization of nutrients release and their uptake by crop plants in organic farming is very diffcult and challenging, especially in paddy growing hilly regions of Eastern Himalayas.The success of organic farming, involving the utilization of  organic resources such as animal manure, compost, and plant residue as natural fertilisers depends on the kinetics and rate of mineralization of the organic sources used as a source of nutrition (Kalita et al.,2023). Phosphorus (P),a crucial element influencing cell division and tissue formation in crops (Havlin et al., 2005) is deficent in acid soil. About 40–60% of global arable land is acidic soil particularly prevalent in tropical and subtropical regions (Cheng et al., 2011; Balemi et al., 2012). The P availability is affected by soil organic matter, pH, and presence of exchangeable and soluble elements such as Aluminium (Al), Iron (Fe), and Calcium (Ca). Organic sources as amendments proves instrumental in activating Al-P and Fe-P in neutral and acidic soils (Grzyb et al. 2020). The sustainability of traditional agricultural practices among Eastern Himalayan tribal communities depends on understanding the phosphorus mineralization rates of local organic sources. Thus, we undertake a study to assess the kinetics and mineralization rates of Phosphorus of various organic sources, hypothesizing that different organic sources have distinct impacts on mineralization rates and kinetics, with no apparent correlation between soil properties and phosphorus mineralization rates.
2. Materials and method: 

 2.1 Study site:
The experimental site of College of Post-Graduate Studies in Agricultural Sciences (CPGS-AS) is located at 910 18ˊ to 920 18ˊ E longitudes and 250 40ˊ to 260 20ˊ N latitude with an altitude of 950 m above sea level. It experiences a subtropical humid climate with high rainfall and cold winters. The monsoon season starts in June, with high humidity and low sunshine hours. The area receives 2617.10 mm mean annual rainfall with a good amount of pre-monsoon showers during March–May, with high humidity (above 80%) and low sunshine hours. The maximum temperature goes up to 35°C in July–August and the minimum falls to 5°– 6°C during the first week of January. The soil belongs to taxonomy Typic kandihumultis (Kalita et al. 2023). The experimental site topographically represents the mid hills of Eastern Himalaya, and classify accordingly as inter mountainous valley and hills and mountains.  
2.2 Soil sample collection and processing
A systematic random soil sampling at 0-15 cm depth is used for preparing a bulk soil sample from CPGS-AS research farm. The samples are processed as per protocol and analysed for texture by International Pipette method (International Society of Soil Science, 1929) , pH1:2.5 and EC1:2.5 (Jackson,1958), Soil Organic Carbon (SOC) by wet oxidation method (Walkley and Black,1934),CEC,(Page,1982), Water Soluble Carbon(WSC) (McGill,1986). WSC is extracted by shaking soil with deionized water at the ratio of 1:2 on an end-over-end shaker at 20℃ for 1 hour and centrifuged.Total phosphorus, (Koenig and Johnson,1942), and available phosphorus (Bray,1945). Initial soil properties are presented in Table 1.
Table 1: Initial soil properties:
	Soil properties 
	Value

	Texture 

	Sand (%)
	42.6

	Silt (%)
	9.56

	Clay (%)
	39.67

	Soil pH
	4.73

	Soil EC(dSm/m)
	0.11

	CEC (milliequivalence/100g)
	11.01

	Soil Organic Carbon (%)
	1.31

	Total Phosphorus (ppm) 
	101

	Available Phosphorus (ppm) 
	5.75


2.3 Incubation study:
An incubation study of 100 days was carried out under control condition (moisture at field capacity and temperature at 25±20C in a BOD incubator. 40g of  soil in 50 ml capacity centrifuge tube is treated with treatments such as no organic manure (T0) (control), Farm Yard Manure (T1), Poultry manure (T2), Pig manure (T3) and  Vermicompost (T4) applied at the rate of 120kg N/ha to ensure the supply of equal amount of Phosphorus from all the four sources(Table 2). The experiment is replicated four times in a Completely Randomized Design (CRD) and observations are recorded at every 10 days interval, i.e. 0, 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 days of incubation (DOI). The samples at every interval are immediately processed and analysed (Table 3). 
Table 2: Quantity of organic sources applied(mg/kg): 
	Treatment
	Quantity of Organic source (mg/kg)

	FYM (T1)
	29.01

	Poultry manure (T2)
	41.81

	Pig manure (T3)
	28.89

	Vermicompost (T4)
	32.98


Table 3: Initial Available P (mg/kg), Total P (%), Organic carbon (%), water soluble carbon (%) and C:P ratio of different organic sources.
	Treatment
	Available P(mg /kg)
	Total P (%)
	Organic Carbon (%)
	Water Soluble Carbon (%)
	C:P

	FYM (T1)
	28.89 
	0.44
	1.2
	0.035
	0.9

	Poultry manure (T2)
	29.01 
	0.82
	26.1
	0.10
	31.82

	Pig manure (T3)
	41.81 
	1.32
	26.8
	0.29
	20.3

	Vermicompost (T4)
	32.98 
	0.46
	23
	0.032
	50


2.4 Determination of Phosphorus mineralization (Pmin) rate: 


The P mineralization rate (Masunga et al., 2016) is calculated at every 10 days interval up till 100 days using the equation as follows:
P mineralization rate (%) = [(MNAmended – MNControl)/Total nutrient applied] x 100

Where, MN is the Total phosphorus present in soil. 
2.5 Phosphorus kinetics in soil:

The change in rate of mineralizable nitrogen is estimated as (dP/dT) and fitted to the kinetic equations: 

First order kinetics equation (Hosseinpur and Pashamokhtari, 2008)




ln (P0 – Pt) = d – k1t 

Second order kinetics equation



1/pt = 1/p0 + k2t           

Where, P0 is the amount of P (mg kg–1) released at equilibrium, Pt is the amount of P (mg kg–1) released at time t (hour) and n is the number of measurements. The k1and k2 are the constants of first and second-order kinetics, respectively. 
2.6 Statistical analysis:

The one-way ANOVA and Duncan Multiple Rang Test (DMRT) test is performed to compare the means and determine sigificant effect of organic sources in MS-Excel 2010 and Web Agri Stat Package (WASP) version 2.0. Pearson correlation carry out  to know relationship between soil properties and phosphorus mineralisation rate.
3. RESULTS AND DISCUSSION: 
3.1 Phosphorus  releasing pattern:
Figure 1a illustrates the dynamic pattern of Total Phosphorus (TP) release throughout the 100 DOI. At 10 DOI, T3 exhibited the highest TP content (214.50 ppm), significantly exceeding the control (T0) by 20.55%. This initial surge can be attributed to the readily available labile P fraction present in pig manure, likely derived from its higher overall P content (1.32% as shown in Table 2) compared to other amendments. T2 followed closely with 205.40 ppm TP. Beyond 30 DOI, T2 displayed a sustained release of TP, surpassing T3, T4, and T1. However, a gradual decline was observed in later stages (beyond 50 DOI). This trend suggests the mineralization of more recalcitrant P fractions in T2, followed by their gradual immobilization or utilization by soil microbes. This highlights the complex interplay between P mineralization and microbial P immobilization.In contrast, T3 showcased a rapid initial release followed by a plateau, potentially due to the depletion of readily available P. Interestingly, T3 maintained a consistently higher TP content compared to T1 and T4 throughout the incubation, possibly reflecting its intermediate P degradability. This suggests the presence of a larger pool of moderately labile P in pig manure compared to farmyard manure and vermicompost.T4 and T1 exhibited the lowest overall TP release, potentially due to their lower initial P content (as shown in Table 3) and presence of more complex organic P forms requiring longer decomposition times. These organic P forms might be categorized as recalcitrant P, necessitating longer incubation periods or specific microbial communities for efficient mineralization. These findings align with previous studies by Islas-Espinoza et al. (2014) and Dey et al. (2019) who reported similar patterns of initial P release followed by a decline or plateau. This initial rise can be attributed to the mineralization of labile P fractions, while the subsequent decrease may be due to microbial P immobilization or fixation by soil particles. The overall TP content observed during the incubation period was significantly higher compared to the initial values (0 DOI). This increase highlights the potential of organic sources as amendments, particularly poultry manure in this case, to enhance soil P availability, especially in acidic hill soils where P fixation can be a significant challenge.
As illustrated in Figure 1b, a progressive increase in available P was observed throughout the 100 DOI. This rise, ranging from an initial level of 5.75 ppm (T0) at 0 DOI to a maximum of 9.55 ppm (T2) at 80 DOI, underscores the multifaceted impact of organic source additions on soil P dynamics (Sharpley et al., 1981).Particularly noteworthy is the significant enhancement of available P content observed with T3 compared to other treatments across the incubation period. This pronounced effect in T3 can be attributed to a confluence of well-established mechanisms like the Microbial mineralization and solubilization. Decomposition of organic matter by soil microbial communities facilitates the release of low-molecular-weight organic acids (Chen et al., 2011). These organic acids act as potent chelators, forming complexes with soil phosphates and promoting their dissolution from recalcitrant mineral phases (Haynes, 1980). This process, termed phosphatesolubilization, transforms previously unavailable P fractions into available forms readily accessible for plant uptake (Tarafdar & Marschner, 1974). Studies have shown that the magnitude of this effect can be significant, with organic acid-induced P solubilization reaching up to 30-50% of the total soil P content (Chen et al., 2011). Additionally, modification of soil pH aided by decomposition of organic sources is typically observed within the range of 0.2-0.5 units (Xu et al., 2010). This shift in soil chemistry alters the surface charge characteristics of soil particles, leading to a net negative charge at higher pH values. Consequently, the electrostatic attraction between negatively charged phosphate ions (PO43-) and soil particles weakens, resulting in reduced P adsorption onto these surfaces (Barrow, 1983). Additionally, complex formation between P and metal cations like Al3+ and Fe3+, prevalent in acidic soils, is diminished at higher pH values (Lindsay, 1979). This combined effect leads to a greater pool of available P in the soil solution, potentially increasing plant P uptake efficiency. Moreover, organic molecules released during organic matter decomposition can compete with P for adsorption sites on soil surfaces (Ameloot et al., 2006). This competitive adsorption phenomenon facilitates the desorption of previously bound P, thereby increasing its availability in the soil solution. Studies have shown that the extent of this competition can be substantial, with organic matter additions leading to a desorption of up to 20-30% of the sorbed soil P (Ameloot et al., 2006). These findings corroborate previous research by Hazarika et al. (2021), who documented a positive impact of organic amendments, particularly pig manure (T3), on soil P availability in acidic hill soils. Similarly, Iyamuremye et al. (1996) demonstrated the efficacy of organic inputs in reducing P adsorption by soil particles and complex formation with soil minerals, leading to enhanced P availability in amended soils.
3.2 Rate of phosphorus mineralisation (Pmin): 

Figure 2 depicts intriguing patterns in phosphorus mineralization (Pmin) rates across 
various organic amendments. Notably, Pmin values ranged from 3.95% in T1 to a significantly higher 9.54% in T2 over the 100 DOI.A closer examination reveals a general upward trend in Pmin for soils treated with organic sources, exhibiting a gradual increase from 20 DOI onwards. Interestingly, T3 displayed the highest initial mineralization rate (10-30 DOI). This initial surge can be attributed to the inherent composition of pig manure, characterized by a higher total phosphorus (P) content and a lower C/P ratio. This unique combination facilitates a rapid and enhanced release of plant-available P, potentially due to the presence of readily decomposable organic P fractions and a lower microbial demand for carbon (C) during initial decomposition (Tian et al., 2004).Conversely, T1 exhibited the lowest and most consistent Pmin rate throughout the incubation. This outcome likely stems from its lower total P content and higher C/P ratio. The interplay of these factors appears to influence the mineralization pattern, resulting in a slower and sustained release of P, as observed by Ghosh et al. (2018) in similar studies.The multifaceted nature of organic sources becomes further evident when considering the influence of water-soluble carbon (WSC) on Pmin rates. Notably, the Pmin rate in T3 and T2  exhibited a positive correlation with the percentage of Water Soluble Carbon(WSC). This finding aligns with established knowledge that readily available C sources can stimulate microbial activity, leading to a faster mineralization of organic P compounds (Ameloot et al., 2006). The WSC fraction provides readily available energy for microbial communities, facilitating the breakdown of complex organic matter and the subsequent release of P.
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                    Fig 2: Phosphorus mineralisation(Pmin) rate
3.3 Kinetics of phosphorus mineralisation: 

The dynamic changes in the rate of Mineralizable Phosphorus were most pronounced for T3 throughout the entire incubation period. At 30 days of incubation (DOI), T2 (0.14 mg/kg/day) and T4 (13 mg/kg/day) demonstrated comparable rates. However, over the entire incubation duration, these values exhibited a continuous increase only up to 40 DOI, beyond which the rate of change in mineralizable phosphorus diminished. This decline might be attributed to the rapid utilization of mineralized phosphorus earlier in the incubation period. Subsequently, the immobilized phosphorus may become available for mineralization due to the turnover of the microbial population in the subsequent period.

The kinetics, as presented in Table 4, revealed that the first-order kinetic equation was more suitable than the second order for determining the Phosphorus mineralization rate (Pmin rate) of the four locally available organic inputs employed during incubation. Soil Po, derived from microorganisms, plant, or animal residues, can undergo recycling by microbial biomass or stabilization in the mineral phase of the soil (Oehl et al., 2004). The Po values varied across treatments, with T2 (1.14 ppm) leading, followed by T4 (1.12 ppm), T3 (1.08 ppm), and T1 (1.05 ppm). Additionally, the k values ranged from 0.10 (T3), 0.10 (T2), 0.09 (T1), to 0.08 (T4), indicating that T2 exhibited the highest P mineralization rate among the treatments. This suggests the superior efficacy of T2 in facilitating phosphorus release over the incubation period.

Table 4: Kinetics of Phosphorus  mineralization of different organic sources:
	 Parameters
	 kinetic equation
	Treatments

	 
	 
	T1
	T2
	T3
	T4

	P cumumlative 
	1st order kinetic 
	81.26
	93.2
	84.86
	86.58

	
	2nd order kinetic
	81.2575


	93.2


	84.855


	86.575

	P0 (ppm)
	1st order kinetic 
	1.05

	1.14

	1.08
	1.12

	
	2nd order kinetic
	0.1123
	0.1196
	0.119
	0.1143

	K (ug/g/day) (kinetic constant) 
	1st order kinetic 
	86.575


	0.09
	0.10
	0.08

	
	2nd order kinetic
	-0.0132
	-0.0126
	-0.0132
	-0.0126

	 R2(Coefficient of determination)
	1st order kinetic 
	0.94
	0.96
	0.95
	0.95

	
	2nd order kinetic
	0.60
	0.62
	0.61
	0.61



3.4 Correlation studies : 

A comprehensive correlation study was conducted to explore the relationship between the mineralization rate of phosphorus and various soil attributes, including pH, electrical conductivity (EC), cation exchange capacity (CEC), and organic carbon, throughout different days of incubation up to 100 days of incubation (DOI).

The outcomes presented in Table 5 reveal noteworthy correlations between pH and Pmin rate (r=0.76*, 0.85*, 0.86*) during the 50 to 70 DOI period. This significant and positive correlation suggests that an increase in pH in acidic soil is associated with a substantial and sustained elevation in the mineralization rate. The microbial metabolism of organic inputs, supported by extracellular enzymes, is influenced by soil pH. Moreover, at higher soil pH levels, the connection between organic components and clays is disrupted, augmenting the mineralizable fractions of nitrogen and phosphorus (Curtin et al., 1998).

Soil electrical conductivity was found to exert a positive and significant influence on Pmin rate during the 50 to 90 DOI timeframe (r=0.74* at 70, 80, and 90 DOI; r=0.71* at 50 DOI; and r=0.75* at 60 DOI). This implies that an EC value range of 0.3 dS/m onwards favors greater mineralization. An increased soil EC facilitates a higher release of ions into the soil solution, enhancing plant uptake. This is consistent with previous findings by Roy and Kashem (2014) and Srinivasan et al. (2016).

A positive and significant relationship between Pmin rate and CEC was observed from 40 to 90 DOI (r=0.90* to -0.98*). This suggests that within the range of CEC values, there is a more extensive exchange of cations with the solution, making nutrients available for plant uptake. The association indicates increased nutrient mineralization, improved buffering capacity, and higher soil fertility. Soils with higher CEC retain nutrient cations, releasing them into the soil solution through deprotonation brought about by Ca2+, thereby enhancing the Pmin rate. This aligns with the findings of Magdoff and Amadon (1980), Lourenzi et al. (2011), and Awale et al. (2017).

Conversely, a negative and significant influence of soil organic carbon (SOC) on Pmin rate was observed from 50 to 90 DOI. This can be attributed to the decline in organic carbon content over time due to microbial consumption, coupled with an increase in Pmin rates. These results corroborate the findings of Borgohain et al. (2019).
Table 5: Influence of soil attributes on Pmin rate during incubation:
	Pmin rate
	pH
	EC
	CEC
	OC

	10 DOI
	0.68
	0.26
	0.93
	-0.7

	20 DOI
	0.64
	0.33
	0.94
	-0.76

	30 DOI
	0.68
	0.55
	0.92
	-0.54

	40 DOI
	0.67
	0.7
	0.95* 
	-0.57

	50 DOI
	0.76* 
	0.71* 
	0.98* 
	-1.0* 

	60 DOI
	0.84* 
	0.75* 
	0.90* 
	-0.95* 

	70DOI
	0.86* 
	0.74* 
	0.93* 
	-0.88* 

	80 DOI
	0.81
	0.74* 
	0.96* 
	-0.97* 

	90 DOI
	0.71
	0.74* 
	0.96* 
	-0.97* 

	100 DOI
	0.65
	0.67
	0.43
	-0.6


4. CONCLUSION : 

It is concluded that the FYM from forest waste (T1) is the lowest nutrient suppling source(7.40ppm ), gradually increasing the nutrient supply curve from 0 DOI and attaining a maximum at 70 DOI. The poultry (T2) and pig (T3) manure are the best option for nutrient sources for  obtaining highest release of mineral phosphorus . Positive  and significant relationship was found between Pmin rate and pH(r=0.88*,0.98*) EC(r=71*,75*) ,CEC(r=0.95*,0.98*), SOC(r=-0.88*-0.99**).The Pmin rate of organic inputs is well predicted with first order kinetics (R2= 0.96). Pmin rates were enhanced by the use of T2 , followed by T3 throughout the entire period of incubation . These findings support the potential of organic sources as a sustainable strategy to manage soil P dynamics and enhance its availability for plant growth in agricultural ecosystems. It may be suggestive of the fact that the combination of pig/poultry manure with FYM may be the best solution for enhacing crop production . However, future research efforts could help explore the long-term persistence of these effects and their potential influence on crop yield and nutrient use efficiency necessary for nutrient and land management program
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