


Assessment of Potassium Fractions in the Northern Laterite Soils of Kerala : Mediated by the Influence of Potassium Solubilising Fungi and Insoluble Potassium Sources.


ABSTRACT
Potassium (K) deficiency is a major constrain in the highly weathered and leached laterite soils of Kerala developed under humid tropics which limit the release of readily available K. Soil samples were collected from ten representative locations of northern laterites to understand the distribution of K fractions and to identify the soil having highest non available K reserves. Available K values ranged between 68.32- 425.04 kg ha-1, water soluble K value from 13.88-85.568 kg ha-1, exchangeable K from 51.408-339.472 kg ha-1 and the non exchangeablenon-exchangeable K (nitric acid soluble K ) ranged between 27.104-138.208 kgha-1 with the highest non exchangeablenon-exchangeable K observed from Madikkai region. The predominance of nitric acid soluble K indicated the presence of a substantial amount of reserve K in the soil. An incubation study was conducted using the soil having highest non exchangeablenon-exchangeable K to assess the solubilization potential of K solubilizing fungus: Piriformospora indica along with insoluble sources such as mica and feldspar. The treatments including T1 - soil alone, T2 - Soil + P. indica, T3 - Soil + P. indica + mica, T4 – Soil+ P. indica + feldspar. From the results it was evident that the treatments containing mica and feldspar in combination with P. indica demonstrated a consistent and significant increase in the readily available K fractions and in the soil solution. Enhanced mobilization of non-exchangeable K along with mineral amendment treatments, confirmed the dissolution of non-exchangeable K reserves through the production of organic and inorganic acids mediated by the fungus P. indica.
1. INTRODUCTION
Potassium (K) is the seventh most abundant element in the Earth’s crust, constituting nearly 2.1-2.3% (Schroeder,1978; Wedepohl,1995). Being an essential element K plays a crucial role in wide array of biochemical and physiological processes in plants such as the synthesis of starch, cellular enzyme activation, and enhancing the use efficiency of nitrogen (N) and phosphorus (P). An adequate amount of K nutrition improves the tolerance to biotic and abiotic stresses and also influence the yield and quality of crops (Epstein and Bloom, 2005; Brady and Neil, 2012)
In soil, K exist in different pools as soil solution K, exchangeable K, non - exchangeable K and structural or lattice K, of these only the water soluble and exchangeable fraction of K representing approximately 2% of the total soil K are readily available for plant uptake, while nearly 98% K remains bound within structural or non-exchangeable forms (Pal et al., 1999).
Continuous depletion of soil K due to imbalanced fertilization particularly through inadequate or absence of K inputs has been reported to shift the nutrient supplying capacity of soils towards inherent K reserves to meet crop demands. Bilias and Barbaryianinans (2017) highlighted that removal of K from cropping systems mostly exceed the external soil applications, and the exchangeable pool becomes depleted and thereafter compensatory release from non exchangeablenon-exchangeable K increases. This disturbs the equilibrium among soil solution K ⇌ exchangeable K ⇌ non exchangeable K resulting in the net flux of K+ in the reverse direction. Consequently, substantial amount of non exchangeablenon-exchangeable K is released to compensate the losses from the solution and exchangeable pools. Due to slow weathering rate of minerals like mica and feldspar, the structural K pool plays a minimal role in facilitating plant nutrition (Sanyal ,2014).
Plants absorb K directly from the soil solution as K+ (Sparks,1987) and rapid replenishment from the exchangeable pool occur through reversible cation exchange reactions involving H3O+, NH4+, Ca2+ and Mg2+ from the soil solution and K+ that is retained on non specificnon-specific sites  such as planar surfaces of layer silicate minerals, negatively charged sites on organic matter (Sparks and Huang ,1985; Bourg and Sposito, 2011; Bell et al., 2021).
According to the Royal Commission on agriculture, most of the Indian soils are considered adequate in K, however lateritic soils exist as a notable exception. Stewart (1947) observed that the red and lateritic soils of India are inherently low in both available K and total K reserves. While illite dominant soils often contain medium levels of available K but possess high K reserves, vertisols with smectitic clays exhibit high available K yet relatively low in reserve K (Sekhon et al., 1992). Despite the inherent variability, K receives disproportionately low attention in Indian fertilizer use contributing only about ten percent of the total fertilizer consumption (Majumdar et al., 2017). The nutrient management system in India is mainly N driven followed by P and very less for K, leading to a declining fertilizer response and low nutrient use efficiency (Sanyal et al., 2014; Majumdar et al., 2016; Pathak, 2010). 
In the humid tropical environment of Kerala, laterization is the dominant pedogenic process involving silica leaching, or4y 90% of the uplands in Kerala are covered by lateritic soils which are acidic in nature, highly weathered and prone to leaching. These soils possess low cation exchange capacity due to the dominance of Kaolinite type low activity clays and lack substantial K bearing primary minerals, resulting in an inherently low to medium K availability. Heavy rainfall further accelerates the leaching of basic cations, including K. Unlike P, K is not strongly fixed in lateritic soils. However, the limited mineralogical K reserves and prevailing climatic conditions necessitate frequent and split applications of K fertilizers to sustain crop productivity. Hence, exploration of K status in laterite soils and the mechanisms governing its release from different K pools would require immediate attention
Moreover, it becomes imperative to examine the behaviour of different forms of K in lateritic soil and to identify sustainable strategies for mobilizing the non exchangeablenon-exchangeable pools. K solubilizing microorganisms (KSM) have gained attention in recent years. The KSM can convert the insoluble or mineral K form into soluble forms in soil by making them available for the plants (Zeng et al.,  2012, 2012). It was shown that Aspergillus niger showed the highest K solubilization and acid production by utilizing potassium aluminosilicate and K feldspar as insoluble source of K (Prajapati et al., 2012). Piriformospora indica is a novel endophytic fungus belonging to the order sebacinales, which is obtained by Prof. Ajeet varma, from the thar desert, characterized by the formation of pear shaped chlamydospores (Verma et al., 1998). Co inoculation of P. indica with host plants resulted in the enormous uptake of phosphorus and nitrogen from the soil (Anith et al.,2015).
In this context, soil characterization and incubation study, were conducted in the northern laterite soils of Kerala (Agro Ecological Unit 11) to study the distribution of soil K fractions and evaluate the solubilization potential of P. indica using insoluble K sources. This approach provides insights into the contribution of structural, non exchangeablenon-exchangeable and solution K pools towards plant available K under lateritic soil condition.
2. MATERIALS AND METHODS
2.1 Collection of soil samples
Soil was collected from different locations of AEU 11 northern laterites of Kerala, India. Ten representative soil samples were collected from different locations of AEU 11 including Madikkai, Kinanoor and Kayyur- Cheemeni. The collected samples were air dried, gently crushed and passed through a 2mm sieve before storing in airtight containers. These samples were analyzed to determine the physical and chemical properties and various K fractions.
2.2 Analysis of soil samples
Available nutrients were analysed using standard procedures. Water soluble K was extracted using distilled water in the ratio of 1:5 and filtered. Filtrate were analyzed using flame photometer (Jackson,1967). Available K was determined by extraction with neutral normal ammonium acetate in the ratio (5:1) (Jackson ,1973). Exchangeable K was obtained from taking the difference between available K and water solublewater-soluble K (Dhilion et al., 1985). Nitric acid soluble K was determined by boiling the soil with HNO3 in the ratio of 1:10 and filtered. Filtrate was made up to 100ml and analyzed using flame photometer as described by Pratt (1982).
2.3 Incubation study 
An incubation study was conducted at the College of Agriculture, Padannakkad using soil which contained the highest amount of non-available K. Five kilograms of soils were filled in earthen pots arranged in a Completely Randomised Design (CRD) with four treatments and five replications.
The treatments consisted of T1 – Control (Soil only), T2- Soil + P. indica, T3—Soil + P. indica+ mica, T4 – soil +P. indica + feldspar. The fungal inoculum of P. indica was harvested from 15 day old cultures and multiplied in sterile potting mixture for one week before application. Proper irrigation was given to maintain optimum moisture. The incubation period was 45 days, and soil samples were collected at 15, 30 and 45 days. The collected soil was shade dried , sieved and analyzed for different K pools; available K, exchangeable K, and nitric acid soluble K following standard procedures.
2.4 Statistical Analysis
The significance of the treatment effect was assessed by comparing the F values between treatment means, along with the critical difference (C. D) and the standard error of the mean using the R based statistical application GRAPES 
3. RESULT AND DISCUSSION
3.1 Soil properties
Table 1 : The data of different soil properties obtained from the soil analysis are presented 

	Location
	Available K (kg ha-1 )
	Water soluble K
(kg ha-1)
	Nitric acid soluble K 
(kg ha-1) 
	Exchangeable K
(kg ha-1)

	11.1
	68.32
	16.91
	32.48
	51.40

	11.2
	80.86
	13.88
	37.63
	66.97

	11.3
	84.67
	18.36
	138.20
	66.30

	11.4
	108.86
	25.87
	43.45
	82.99

	11.5
	184.01
	18.14
	53.31
	165.87

	11.6
	166.32
	21.28
	51.74
	145.02

	11.7
	83.21
	24.41
	27.10
	58.8

	11.8
	77.28
	19.6
	47.93
	57.68

	11.9
	137.42
	83.88
	68.54
	53.52

	11.10
	425.04
	85.56
	80.86
	339.47

	Range
	68.32 - 425.04
	13.88 - 85.56
	27.10 - 138.20
	51.40 - 339.47

	Mean
	141.601
	32.793
	58.128
	108.805

	SD
	101.824
	26.177
	30.759
	85.710





Fig 1. Soil K fraction status of northern laterite soil (AEU 11)

3.1.1 Potassium fractions
Available potassium 
The analysis of the soil samples collected from AEU 11 revealed considerable spatial variation in available K (Fig 1). The average available K content was 141.6016 kg ha⁻¹, indicating a moderate availability across the region. The highest value was observed at Kayyur- Cheemeni (425.04 kg ha-1), while Madikkai recorded the lowest (68.32 kg ha⁻¹). The variation in K status in laterite soils might be due to the cultural practices, application of fertilizers, organic manures and other inputs (Patil et al., 2018). The highest value from Kayyur Cheemeni suggest the better K supplying capacity of soil, due to presence of high organic matter or less leaching. Similar observation was obtained by Laxminarayana et al., (2011).
Water soluble potassium 
Among the locations within AEU 11, Kayyur Cheemeni recorded the highest water solublewater-soluble K (Fig 1) of 85.56 kg ha-1 whereas Madikkai region had recorded the lowest at 13.88 kg ha-1. The average was marked as 32.79 kg ha-1.  This variability reflects differences in soil moisture dynamics and fertilizer inputs, as water-soluble K depletes quickly in intensively cropped laterites. According to Gurumurthy (1981) soil solution K is significantly lowered during crop growth, and the steep decrease in water-soluble K content is due to its inability to replenish immediately.
Nitric acid soluble potassium
Nitric acid soluble K reflects the non availablenon-available form of K in soil. The nitric acid soluble potassium (Fig 1) ranges from 27.10- 138.20 kg ha⁻¹. Madikkai which had recorded the lowest available and water soluble K, marked the highest nitric acid soluble K, whereas Kayyur Cheemeni exhibited the lowest. This inverse relationship indicates that the soil with low immediate K availability may possess substantial quantities of K locked in structural forms such as illite or weathering mica. Earlier studies have shown a strong correlation between non exchangeable K and clay-bound potassium-bearing mineral (Abou taleb et al., 2010).
Exchangeable potassium
The average exchangeable potassium in the AEU 11 was 108.80 kg ha-1. Kayyor- Cheemeni (339.47 kg ha-1) recorded the highest (Fig 1) and lowest values in Madikkai (51.40 kg ha-1) from the 10 locations. According to Guzel et al., (2006) the exchangeable K was positively correlated with organic matter and clay content, indicating the amount and surface area of exchange complexes.  
3.2 Release pattern of potassium fractions
The incubation study was conducted using the soil collected from the AEU 11 in which the highest non available K was identified. The release pattern of potassium fractions; available K, water soluble K, exchangeable K and non exchangeablenon-exchangeable K (nitric acid soluble K) was monitored across 15,30 and 45 days of incubation.
Table 2. Effect of treatments on the available potassium of northern laterite soil.
	Treatment
	Available K (kg ha-1)

	
	15th day
	30th day
	45th day

	   T1 
	65.52
	68.32
	79.712

	T2
	99.56
	138.65
	197.00

	T3
	140
	177.07
	231.90

	T4
	153.21
	201.26
	297.48

	SE(M)
	2.039
	2.442
	2.18

	CD
	6.651
	7.964
	7.109



Table 3. Effect of treatments on water soluble potassium of northern laterite soil.
	Treatment
	Water soluble K (kg ha-1)

	
	15th day
	30th day
	45th day

	 T1 
	22.17
	23.29
	22.51

	T2
	25.76
	29.56
	31.92

	T3
	27.55
	33.71
	44.68

	T4
	29.12
	31.58
	37.85

	SE(M)
	0.485
	0.438
	0.475

	CD
	1.583
	1.43
	1.55






Table 4. Effect of treatments on nitric acid soluble potassium of northern laterite soil.
	Treatment
	Nitric acid soluble K (kg ha-1)

	
	15th day
	30th day
	45th day

	T1
	87.95
	78.47
	71.08

	T2
	118.27
	97.66
	65.37

	T3
	221.15
	156.37
	120.12

	T4
	210.87
	134.84
	107.74

	SE(M)
	2.506
	2.342
	1.32

	CD
	8.171
	7.638
	4.306



Table 5. Effect of treatments on exchangeable potassium of northern laterite soil.
	Treatment
	Exchangeable  K (kg ha-1)

	
	15th day
	30th day
	45th day

	T1
	43.34
	54.54
	70.22

	T2
	73.80
	109.08
	165.08

	T3
	125.66
	143.36
	197.59

	T4
	110.88
	169.68
	233.74

	SE(M)
	1.718
	1.979
	2.207

	CD
	5.604
	6.454
	7.196
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Fig 2. Effect of treatments on different fractions of potassium:  i) Available potassium (kg ha-1) ii) Water soluble potassium (kg ha-1) iii) Nitric acid soluble potassium (kg ha-1) iv) Exchangeable potassium (kg ha-1)
3.2.1 Available K 
The result indicated a progressive increase in available K (Fig 2) across all treatments during the incubation period. On the 15th day, treatment T3 (153.21 kg ha⁻¹) recorded the highest available K, followed by T4 (140.00 kg ha ¹). At the 30th day, treatment T4 (201.26 kg ha-1) proved superior, and T1 (68.32 kg ha-1) the least effective. Similar trend was also observed on the 45th day of incubation, wherein treatment T4 (271.6 kg ha-1) recorded the highest K and treatment T1 (71.79 kg ha-1) recorded the lowest. The consistent superior performance of T4 can be attributed to the contribution of K-bearing minerals like mica and feldspar, enabling a steady release of K over time.
3.2.2 Water soluble K
The water soluble K fraction (Fig 2) showed noticeable variation among the four treatments. On the 15th day, treatment T4 (29.12 kg ha-1) recorded the highest, along with T3 (27.55 kg ha-1), which was on par and treatment T1 (22.17 kg ha-1) showed the least effective. On the 30th day, it was shown that the treatment T3 (33.71 kg ha-1) showed superior effects over other treatments and the least was T1 (23.29 kg ha-1). This trend continued throughout the 45th day wherein treatment T3 (33.71 kg ha-1) was highest and the least was recorded in treatment T1 (23.29 kg ha-1). Soil solution K is one of the readily available forms of K for the rapid uptake by plants and microbes. The level of water-soluble K is generally low in soil unless application of K fertilizers is being done. The persistent low values in T1 signify the result. Application of insoluble sources such as mica and feldspar along with P. indica resulted in the availability of water soluble K. The soil solution K content invariably depend upon the degree of replenishment of K from the non exchangeablenon-exchangeable sites of K (Srinivasarao et al., 2017)
3.2.3 Nitric acid soluble K
The nitric acid soluble K showed notable difference among treatments due to the addition of K bearing minerals such as mica and feldspar. On the 15th day, T3 (221.15 kg ha⁻¹) recorded the highest release, whereas T1 (87.95 kg ha⁻¹) showed the least. By the 30th day, T4 (156.37 kg ha⁻¹) showed maximum nitric acid–soluble K release, while T1 (78.47 kg ha⁻¹) remained the lowest. The 45th day results revealed that T3 (120.12 kg ha⁻¹) continued to release the highest amount of this resistant fraction, followed by moderate release in other treatments, with T1 (71.08 kg ha⁻¹) maintaining consistently low. The treatments containing mica (T3) and feldspar (T4) along with P. indica ensured a continuous supply of K through slow mineral dissolution, supporting the cumulative decrease in non exchangeablenon-exchangeable K . According to Liu et al., 2002: Liu  et al., 2012, KSM have been reported to ooze organic acids, siderophores and hydrogen ions resulting in the solubilisation of K from minerals such as illite, K feldspar and mica. The insoluble K sources such as mica, muscovite and biotite feldspar are converted to inorganic soluble forms by the K solubilising bacteria through the release of organic and inorganic acids (Bahadur et al., 2014). In a study Sekhon et al., (1992) stated that the amount of release of non exchangeablenon-exchangeable K is related to mineralogical composition of soils. As the prinicipalprincipal K bearing minerals in Indian soil include K feldspar and mica. Mica supplies more K to plants and soil than K feldspar.
3.2.4 Exchangeable K
Treatments integrated with P. indica significantly enhanced the release of exchangeable K (Fig 2) from insoluble mica and feldspar. On the 15th day T3 (125.66 kg ha-1) showed a remarkable increase in Ex. K, while T1 (43.34 kg ha-1) recorded the least. On the 30th day T4 (169.68 kg ha-1) registered the superior treatment and the lowest value in T1 (54.54 kg ha-1). At the 45th day T4 (233.74 kg ha-1) remained the highest Ex. K release, followed by T3 (167.21 kg ha-1) which was statistically on par with T2 (165.08 kg ha-1). The presence of K feldspar, along with minerals such as illite and smectite, acts as K buffer. Enhanced weathering of these minerals through agricultural practices releases substantial amounts of K, making it available for plant uptake. The application of feldspar and KSB amplifies this process, thereby increasing the pool of exchangeable K (Saleem et al., 2022)
4. Conclusion	Comment by SureshBabu Ganapa: Pls restrict conclusion points to only findings of this study in one paragraph
The soil characterization across northern lateritic soils of Kerala (AEU 11) clearly demonstrated the K-deficient nature of northern laterite soil. Analysing the results, it was revealed that although the available and water-soluble K fractions remained low to medium, the soil substantially possess reserves of non exchangeablenon-exchangeable K, particularly in locations such as Madikkai. This is evident with earlier findings that the kaolinite dominant lateritic soil, where limited mineralogical K reserves, intense weathering and leaching restrict the immediately available K pool despite having moderate fixed K content.
The incubation study further demonstrated the variations in the release behaviour of different K fractions under the influence of Piriformospora indica and insoluble K bearing minerals. The treatments integrated with mica and feldspar along with P. indica enhanced the availability of K when compared with the control, indicating an effective solubilisation in exchangeable and non exchangeable forms of K.
 The study indicated that P. indica mediated solubilisation not only improves the availability of K but also facilitates the gradual release of non exchangeable K, thereby contributing to a longterm nutrient supplying capacity of the soil. Thus, incorporation of K solubilising fungi along with native insoluble mineral sources presents a promising, ecofriendly approach and an efficient strategy to reduce the reliance on conventional fertilizers.
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Ac. K (kg/ha)




K pools status

WSK	16.911999999999999	13.888	18.367999999999999	25.872	18.143999999999998	21.28	24.416	19.600000000000001	83.888000000000005	85.567999999999998	AK	68.319999999999993	80.864000000000004	84.671999999999997	108.864	184.01599999999999	166.32	83.215999999999994	77.28	137.42400000000001	425.04	EXK	51.408000000000001	66.975999999999999	66.304000000000002	82.992000000000004	165.87200000000001	145.02000000000001	58.8	57.68	53.526000000000003	339.47199999999998	NSK	32.479999999999997	37.631999999999998	138.208	43.456000000000003	53.311999999999998	51.744	27.103999999999999	47.936	68.543999999999997	80.864000000000004	Sampling locations


Potassium fractions(kg/ha)




Water soluble K

T1	15th day	30th day	45th day	22.175999999999998	23.295999999999999	22.512	T2	15th day	30th day	45th day	25.76	29.568000000000001	31.92	T3	15th day	30th day	45th day	27.552	33.712000000000003	44.688000000000002	T4	15th day	30th day	45th day	29.12	31.584	37.856000000000002	Intervals of sampling


Ws. K (kg/ha)







