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Abstract
Soil potassium (K) occurs in multiple fractions, but the effects of integrated nutrient management (INM) on K dynamics remain 
poorly characterised in calcareous alluvial soils of the middle Indo-Gangetic Plains (IGP). A field experiment was conducted in an 
ongoing rice–wheat cropping system (RWCS) at Dr Rajendra Prasad Central Agricultural University (RPCAU), Pusa, Bihar, to 
evaluate eight nutrient management treatments involving nitrogen, phosphorus and potassium (NPK) fertilisation, cereal residue 
recycling, green manuring and Pusa Decomposer (PD) application on soil K fractions and crop productivity. Treatments combining 
cereal  residue  and  green  manure  with  residue  decomposer  (T5)  recorded  the  highest  water-soluble  potassium  (WSK) 
(7.26 mg kg-1), exchangeable potassium (EK) (64.39 mg kg-1), 1 hr tetraphenylboron-extractable potassium (TBK) (2002.96 mg kg-1) 
and  1  hr  non-exchangeable  potassium  extracted  using  sodium  tetraphenylboron  (NEKNaTPB)  (1931.31  mg  kg-1).  Residue 
decomposer application enhanced labile and kinetically accessible K within corresponding treatment pairs. At the same time, 168 hr 
non-exchangeable potassium (NEK), lattice potassium (LK) and total potassium (TK) remained statistically unchanged, indicating 
limited alteration of stable K reserves over four years. Rice and wheat grain and straw yields were highest under treatments 
receiving greater proportions of inorganic N and P (T1, T6 and T7), whereas T4 and T5 produced lower yields despite higher labile K. 
Labile K fractions were positively inter-correlated, with the strongest association between 1 hr TBK and 1 hr NEK ( r = 0.82, 
p ≤0.001), whereas soil K fractions showed weak and non-significant relationships with crop yield. However, nutrient management 
enhanced labile K pools without significantly altering stable K reserves or explaining yield variation. Recycling cereal residue with a 
decomposer, together with 25 % substitution of fertiliser N, may sustain rice–wheat productivity while improving labile K availability 
in calcareous soil.
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1. Introduction
Potassium (K) is an essential  macronutrient governing 
plant  enzyme  activation,  osmoregulation  and 
photosynthate translocation, making it indispensable for 
productivity in intensive cereal-based cropping systems 
(1). In the rice–wheat cropping system (RWCS) of the 
Indo-Gangetic Plains (IGP), K removal by high-yielding 
varieties  often  exceeds  fertiliser  replenishment.  This 

drives  progressive  mining  of  native  K  reserves  and 
threatens  long-term  soil  fertility  (2).  The  problem  is 
compounded by the  long-standing perception  that  the 
alluvial soils of the region are inherently K-rich because of 
their micaceous minerals. This perception has historically 
discouraged  adequate  K  fertilisation  relative  to  actual 
crop demand (3, 4).
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Unlike nitrogen (N)  and phosphorus (P),  soil  K 
exists  across  several  operationally  distinct  fractions: 
water-soluble  potassium  (WSK),  exchangeable 
potassium (EK), non-exchangeable potassium (NEK) and 
lattice  or  structural  potassium  (LK),  each  differing 
markedly in availability, mobility and rate of replenishment 
(5). While WSK and EK together form the immediately 
plant-available pool, the non-exchangeable fraction held 
at  the  wedge  and  interlayer  positions  of  2  :  1  clay 
minerals such as illite and mica functions as a critical 
buffering reservoir, capable of sustaining crop K uptake 
once the labile pools are depleted (6). Conventional soil 
testing commonly relies on neutral  ammonium acetate 
(NH₄OAc)-extractable  K  as  an  indicator  of  readily 
available (water-soluble and exchangeable) K, but this 
measurement does not capture the contribution of non-
exchangeable K reserves to crop K supply.  Kinetic  K 
fractions obtained from time-dependent extraction can be 
more  sensitive  than  single-point  measurements  to 
changes in K-supplying capacity under different nutrient 
management  practices  (7).  However,  this  relationship 
remains  inadequately  understood  in  the  calcareous 
alluvial  soils  of  the  middle  IGP,  where  several  soil 
properties  may  constrain  K  availability  and  release 
kinetics. High pH and free  calcium carbonate (CaCO₃) 
maintain a calcium ion (Ca² ) and magnesium ion (Mg² )-⁺ ⁺
dominated exchange complex, so K  must compete with⁺  
divalent cations and its activity relative to them stays low 
(8). Calcium ion can displace K  from outer exchange⁺  
sites, giving an initial rapid release, which is followed by a 
slower, diffusion-controlled release of NEK (9). The clay 
fraction is dominated by micaceous and illitic minerals, 
which hold most of the reserve K in interlayer and edge 
sites and release it slowly as solution K falls (10). The 
combined effect of these properties on K supply under 
integrated  nutrient  management  (INM) has  not  been 
characterised in these soils.

Many long-term K-fractionation studies have been 
conducted on non-calcareous soils such as Alfisols, red 
soils and Mollisols (5, 6, 11, 12), whereas the calcareous 
soils of Bihar, which are moderately to strongly alkaline 
with low organic carbon, may behave differently (8, 13). 
Such  soils  are  widespread  across  the  middle  IGP. 
However,  systematic  investigation  is  scarce  for 
continuous RWCS in  this  region.  In  particular,  little  is 
known about how different combinations of inorganic K, 
cereal  residue  recycling,  green  manuring  and  residue 
decomposer application influence the sequential K pools, 
from the labile WSK fraction to the structural LK reserve.

Sole reliance on inorganic fertilisation, despite its 
demonstrated short-term yield benefits, has increasingly 
been questioned for its limited capacity to sustain long-
term soil  K  balance and build  the NEK reserve (14). 
Integrated  nutrient  management,  combining  chemical 
fertilisers  with  organic  amendments  such  as  crop 
residues  and  green  manures,  offers  a  promising 
alternative. Cereal residues are relatively rich in K, which 
occurs mainly in soluble, non-structural forms within plant 
tissues. Consequently, much of this K is released rapidly 
during residue decomposition,  unlike mineral  K,  which 

equilibrates  more  gradually  with  the  soil  exchange 
complex (14). Green manuring with leguminous biomass 
such as Sesbania aculeata (Willd.) Pers. (Dhaincha) can 
contribute K and organic inputs and has been reported to 
improve soil organic carbon (SOC), microbial activity and 
cation-exchange  capacity  (2).  However,  residue 
decomposition under field conditions is often slow and 
incomplete, particularly under submerged rice culture or 
under  high-pH  soil  conditions,  limiting  the  synchrony 
between K release and crop demand. Microbial residue 
decomposers, such as the Pusa Decomposer (PD), have 
been  proposed  to  accelerate  this  breakdown  and 
associated  nutrient  mineralisation,  yet  their  specific 
influence  on  soil  K  fractionation  remains  largely 
unexplored  (15).  Moreover,  crop  yield  under  a  given 
nutrient regime is influenced not only by soil K availability 
but also by K release dynamics and the overall balance of 
other essential nutrients, particularly N and P.

Against this background, the present study was 
undertaken in an ongoing field experiment on calcareous 
soil  at Pusa, Bihar, to evaluate the effect of inorganic 
fertilisers, cereal residue recycling, green manuring and 
residue decomposer application on soil K fractions and 
crop productivity under a continuous RWCS. The specific 
objectives  were:  (i)  to  quantify  treatment  effects  on 
different soil  K fractions;  (ii)  to evaluate the impact of 
inorganic and organic sources on crop yield; and (iii) to 
examine  the  relationship  between  these  soil  K 
parameters  and  rice–wheat  yield  components.  We 
hypothesised  that  organic  inputs,  particularly  when 
combined with a residue decomposer,  would increase 
WSK, EK and kinetically accessible K more than sole 
mineral  fertilisation,  whereas  LK  and  TK,  which  are 
closely tied to soil mineralogy, would show little response 
over the short term. We further hypothesised that INM 
would alter rice and wheat yields and that any association 
between soil K fractions and yield would differ among K 
pools  and  management  regimes  instead  of  being 
uniformly positive.

2. Materials and Methods
Experimental site and location
The study was conducted in an ongoing field experiment 
established in kharif 2021 at Pusa Farm, Dr Rajendra 
Prasad Central  Agricultural  University (RPCAU), Pusa, 
Bihar, in highly calcareous soil. The experimental soil was 
sandy loam in texture. The experimental site is located at 
25°58’52.32”  N  latitude and  85°40’30.16”  E  longitude, 
with an altitude of 52 m above mean sea level (AMSL). 
The initial soil  of the experimental site was alkaline in 
nature, with a pH of 8.3 and had an electrical conductivity 
(EC)  of  0.48  dS  m-1 at  25  °C,  indicating  non-saline 
conditions.  The  SOC  content  was  0.41  %.  The 
experimental soil was low in available N (127.9 kg N ha-1) 
and P (17.8 kg phosphorus pentoxide (P₂O₅) ha-1) but 
was medium in available K (134.27 kg potassium oxide 
(K₂O) ha-1).
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Experimental details
The  experiment  comprised  8  treatments  laid  out  in  a 
randomised block design (RBD) with 3 replications, giving 
24 plots in total. Blocks were established to account for 
spatial  heterogeneity  in  the  field.  Each  plot  measured 
4 × 3 m (12 m²), so the plots covered 288 m² in total, 
excluding  bunds  and  channels.  Rice  (cv.  Rajendra 
Bhagwati)  and  wheat  (cv.  DBW-252)  were  grown  in 
rotation throughout the experimental period. Fertiliser N, 
P₂O₅ and K₂O were applied to both rice and wheat crops 
according to the respective treatment levels, using urea, 
single  superphosphate  (SSP)  and  muriate  of  potash 
(MOP),  with  120 :  60 :  40 kg ha-1 N,  P₂O₅ and K₂O 
representing the 100 % recommended dose of fertilisers 
(RDF). The experimental treatment details are presented 
in Table 1.
Table  1. Treatment  details  of  different  nutrient  management 
practices under the rice–wheat cropping system (RWCS)

Treatments Treatment details

T1: 100 % RDF

T2: 50 % RDF + 50 % N (CR)

T3: T2 + RD

T4: 50 % N (CR) + 50 % N (GM)

T5: T4 + RD

T6: 75 % RDF + 25 % N (CR)

T7: T6 + RD

T8: Absolute control

CR: cereal  residue;  GM: green manure (Sesbania aculeata); 
RD:  residue  decomposer  (Pusa  Decomposer);  RDF: 
recommended dose of fertilisers; N: nitrogen.

Rice was established by transplanting seedlings at 
a spacing of 20 × 15 cm, whereas wheat was grown under 
line sowing/direct-seeded conditions with 20 cm spacing 
between rows. Dhaincha (S. aculeata) seed, obtained from 
the  Directorate  of  Seed,  RPCAU,  Pusa,  Bihar,  was 
broadcast at 40 kg ha-1 in a separate nursery field to raise 
green  manure.  The  harvested  green  biomass  was 
chopped into approximately 5 cm pieces and incorporated 
into the soil before rice transplanting and wheat sowing. 
Rice and wheat residues were collected, chopped into 5 
cm pieces and recycled in the next crop. Rice residue was 
applied as surface mulch in wheat. Wheat residue was 
incorporated into the soil before the following rice crop. The 
application rates of rice and wheat residues and green 
manure (S. aculeata) were determined according to their 
mean N concentration and the N requirement of  each 
treatment. The four-year average nutrient composition of 
the organic materials is presented in Table 2, while the 
cumulative quantities of wheat residue, rice residue and 
green  manure  incorporated  or  returned  under  each 
treatment during the four rice–wheat cycles are given in 
Table 3. The corresponding cumulative amounts of N, P 
and  K  contributed  by  these  organic  sources  over  the 
experimental period are presented in Table 4. The cereal 
residue decomposer used in the study was PD, developed 
by the Division of Microbiology, ICAR–Indian Agricultural 
Research Institute (IARI),  New Delhi.  The decomposer 

was prepared and applied according to the prescribed All 
India Coordinated Research Project (AICRP) formulation 
protocol. During the cropping period, hand weeding was 
carried out as and when required to maintain effective 
weed control. In the rabi wheat crop, broad-leaved weeds, 
including  Chenopodium album L.,  were  controlled  with 
2,4-D  ethyl  ester  (38  %  EC;  Weedmar  38,  Dhanuka 
Agritech Ltd.) applied post-emergence at 0.8 kg a.i. ha-1 

(product rate 2.1 L ha-1) in 500 L ha-1 of water at 30–35 
days after sowing, using a knapsack sprayer with a flat-fan 
nozzle.  The  same herbicide,  dose,  spray  volume  and 
timing were applied to all plots, so weed management did 
not differ among treatments.
Table  2. Four-year  average  nutrient  concentration  of  cereal 
residues and green manure used in the experiment

Source N (%) P (%) K (%)

Cereal residue (Wheat) 0.50 0.11 1.11

Cereal residue (Rice) 0.60 0.13 1.49

Green manure (Sesbania aculeata) 2.70 0.20 1.40

N: nitrogen; P: phosphorus; K: potassium.

Table 3. Cumulative amount  of  added organic  sources over 
four years

Treatments
Wheat 
residue 

(t)

Rice 
residue 

(t)

Green 
manure 

(dry 
matter, t)

Total 
organic 
material 

(t)

T1: 100 % RDF - - - -
T2: 50 % RDF + 
50 % N (CR) 48.5 40.0 - 88.5

T3: T2 + RD 48.5 40.0 - 88.5
T4: 50 % N (CR) + 
50 % N (GM) 48.5 40.0 17.8 106.3

T5: T4 + RD 48.5 40.0 17.8 106.3
T6: 75 % RDF + 
25 % N (CR) 24.2 20.0 - 44.2

T7: T6 + RD 24.2 20.0 - 44.2
T8: Absolute control - - - -

CR: cereal  residue;  GM: green manure (Sesbania aculeata); 
RD:  residue  decomposer  (Pusa  decomposer);  RDF: 
recommended dose of fertilisers.

Table 4. Cumulative nutrient  inputs  through organic sources 
over four years

Treatments N (kg ha-1) P (kg ha-1) K (kg ha-1)
T1: 100 % RDF - - -
T2: 50 % RDF + 50 % N (CR) 482.5 105.3 1,134.3
T3: T2 + RD 482.5 105.3 1,134.3
T4: 50 % N (CR) + 50 % N 
(GM)

963.9 141.0 1,383.9

T5: T4 + RD 963.9 141.0 1,383.9
T6: 75 % RDF + 25 % N (CR) 241.2 52.7 567.2
T7: T6 + RD 241.2 52.7 567.2
T8: Absolute control - - -

CR: cereal residue; GM: green manure (Sesbania aculeata); RD: 
residue  decomposer  (Pusa  decomposer);  RDF:  recommended 
dose of fertilisers; N: nitrogen; P: phosphorus; K: potassium.
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Soil sampling and analysis
After completion of four rice–wheat cropping cycles, soil 
samples were collected from the 0–15 cm soil depth at the 
end of wheat harvest during 2024–25 using a soil auger. 
The samples were air-dried, gently ground and passed 
through a 2 mm sieve before analysis. Available K was 
determined  by  extraction  with  1  N  neutral  NH₄OAc 
following  the  method  described  in  (16).  Total  K  was 
determined  by  wet  digestion  of  soil  samples  with 
hydrofluoric acid (HF) and perchloric acid (HClO₄) (17). 
Water soluble potassium was determined in a 1 : 5 soil-to-
water suspension by shaking for 2 hr followed by 16 hr of 
equilibration (18). Exchangeable potassium was calculated 
as  the  difference  between  NH₄OAc-extractable  K 
(available  K)  and WSK (19).  Sodium tetraphenylborate 
(NaTPB)-extractable  K  (TBK)  was  determined  at  two 
extraction  intervals,  i.e.,  1  and  168  hr,  to  characterise 
kinetically  distinct  fractions of  soil  K release.  The 1 hr 
extraction was used to determine 1 hr TBK following the 
tetraphenylborate-based  extraction  procedure  (20,  21), 
whereas the 168 hr extraction was conducted following the 
extraction period to determine 168 hr TBK (22). Sodium 
tetraphenylborate -extractable non-exchangeable K was 
calculated by subtracting NH₄OAc-extractable K from the 
corresponding TBK value. The K released at 1 hr after this 
subtraction was designated as 1 hr NEKNaTPB and referred 
to  as  the  plant-accessible  NEK  fraction  following  the 
interpretation reported in early results (21), whereas the 
corresponding value at 168 hr was designated as 168 hr 
NEKNaTPB and  referred  to  as  potentially  available  illite-
associated  K  following  the  interpretation  reported  in 
previous  results  (23).  Lattice  K  was  calculated  as  the 
difference between total K and the sum of water-soluble, 
exchangeable and 168 hr non-exchangeable K fractions 
(19).  All  K  fractions  were  expressed  as  milligram per 
kilogram (mg kg-1) soil.

Grain and straw yield
At physiological maturity, crops were harvested from the 
net  plot  area,  sun-dried and threshed.  The grains and 
straw  were  cleaned,  weighed  separately  and  the 
respective yields were expressed as quintals per hectare 
(q ha-1).

Statistical analysis
Data from all observations were compiled and analysed 
by  analysis  of  variance  (ANOVA)  appropriate  to  a 
randomised block design, using SAS version 9.4 (SAS 
Institute  Inc.,  Cary,  NC,  USA)  (24).  Treatment  effects 
were tested by the F-test and the critical difference (CD) 
at the 5 % probability level (p ≤0.05) was used to identify 
significant differences among treatment means. Duncan’s 
multiple range test (DMRT) was used to group treatment 
means  into  homogeneous  subsets  and  to  rank  the 
treatments.  Pearson’s  correlation  coefficients  were 
calculated among soil K fractions and yield components 
(n = 24) and the graphs and the correlation matrix were 
prepared in R version 4.6.1 (25).

3. Results
Potassium fractions
Water-soluble potassium 

Water-soluble  K differed significantly  among treatments 
(Table 5). It ranged from 5.12 mg kg-1 in T8 to 7.26 mg kg-1 

in T5 and T5 was statistically at par with T4 (6.53 mg kg-1) 
and T3 (6.41 mg kg-1). T5 was 41.8 % higher than T8. In the 
pairs differing only in decomposer application (T3 vs T2, T5 

vs T4, T7 vs T6), WSK was numerically higher with the 
decomposer, but the differences were not significant.

Table 5. Impact of different nutrient management practices on soil potassium fractions under rice-wheat cropping system (RWCS)

Treatments
WSK

(mg kg-1)
EK

(mg kg-1)

NaTPB-K (TBK) 
(mg kg-1)

NEKNaTPB (mg kg-1) LK
(mg kg-1)

Total K 
(mg kg-1)

1 hr TBK 168 hr TBK 1 hr NEKNaTPB 168 hr NEKNaTPB

T1: 100 % RDF 5.46cd 42.74de 1188.09d 4569.53a 1139.89d 4521.33a 12315.75a 16885.28a

T2: 50 % RDF + 50 % N 
(CR) 6.26bc 55.79bc 1644.95bc 4845.04a 1582.90bc 4782.99a 12490.80a 17335.84a

T3: T2 + RD 6.41abc 58.98abc 1695.27abc 4890.38a 1629.88bc 4824.99a 12535.60a 17425.98a

T4: 50 % N (CR) + 50 % N 
(GM) 6.53ab 61.92ab 1833.08ab 4922.96a 1764.63ab 4854.51a 12580.25a 17503.21a

T5: T4 + RD 7.26a 64.39a 2002.96a 4977.51a 1931.31a 4905.86a 12625.50a 17603.01a

T6: 75 % RDF + 25 % N 
(CR) 5.64bcd 50.61cd 1454.38cd 4739.20a 1398.13cd 4682.95a 12460.15a 17199.35a

T7: T6 + RD 5.67bcd 53.05c 1580.22bc 4762.94a 1521.50bc 4704.22a 12510.30a 17273.24a

T8: absolute control 5.12d 38.85e 1268.67d 4649.23a 1224.70d 4605.26a 12420.45a 17069.68a

CR: cereal residue; GM: green manure; RD: residue decomposer; WSK: water-soluble potassium; EK: exchangeable potassium; 
TBK: NaBPh4-extractable potassium (tetraphenylborate extraction); 1 hr NEKNaTPB: plant accessible non-exchangeable potassium; 
168 hr NEKNaTPB: potentially available illite potassium; LK: lattice potassium; Total K: total potassium.
Means followed by the same letter do not differ significantly (p ≤0.05) based on Duncan’s multiple range test.
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Exchangeable potassium 

Exchangeable K differed significantly among treatments, 
from 38.85 mg kg-1 in T8 to 64.39 mg kg-1 in T5 (Table 5). 
T5 was statistically at par with T4 (61.92 mg kg-1) and T3 

(58.98 mg kg-1) and 65.7 % higher than T8. EK in T1 (42.74 
mg kg-1) was at par with T6 but significantly lower than in 
T2, T3, T4 and T5. In the pairs differing only in decomposer 
application  (T3 vs  T2,  T5 vs  T4,  T7 vs  T6),  EK  was 
numerically higher with the decomposer (by 5.7 %, 4.0 % 
and 4.8 %), but the differences were not significant.

Sodium tetraphenylboron-extractable potassium 

Sodium  tetraphenylboron-extractable  K  (1  hr  TBK) 
differed  significantly  among  treatments,  from 
1188.09 mg kg-1 in T1 to 2002.96 mg kg-1 in T5 (Table 5). 
T5 was statistically at par with T4 (1833.08 mg kg-1) and 
T3 (1695.27 mg kg-1) and 57.9 % higher than T8. T1 and 
T8  did not differ significantly. In the pairs differing only in 
decomposer application (T3 vs T2, T5 vs T4, T7 vs T6), 1 hr 
TBK was numerically higher with the decomposer, but the 
differences were not significant. The 168 hr TBK (4569.53 
to  4977.51 mg kg-1)  did  not  differ  significantly  among 
treatments.

Non-exchangeable potassium 

The 1 hr NEK differed significantly among treatments, from 
1139.89 mg kg-1 in T1 to 1931.31 mg kg-1 in T5 (Table 5). 
T5 was at par with T4 (1764.63 mg kg-1), significantly higher 
than all other treatments and 57.7 % higher than T8. T1 and 
T8 did not differ significantly. The decomposer pairs (T3 vs 
T2, T5 vs T4, T7 vs T6) showed numerically higher 1 hr NEK 
with the decomposer (2.9 %, 9.4 % and 8.8 %), but the 
differences were not significant. The 168 hr NEK (4521.33 
to  4905.86  mg  kg-1)  did  not  differ  significantly  among 
treatments. NEK was calculated as TBK-(EK + WSK), so 
TBK and NEK are not independent.

Lattice potassium 

The  LK  content  ranged  from  12315.75– 
12625.50 mg kg-1, with all treatments belonging to the 
same statistical group (Table 5). Numerically, T5 recorded 
the highest LK content (12625.50 mg kg-1), followed by T4 

(12580.25 mg kg-1) and T3 (12535.60 mg kg-1).

Total potassium 

Total potassium content did not vary significantly among 
treatments (Table 5). The TK concentration ranged from 
16885.28–17603.01  mg  kg-1,  representing  a  relatively 
narrow numerical variation of approximately 4.3 %. T5 

recorded  the  highest  numerical  TK  concentration 
(17603.01 mg kg-1), whereas T1 had the lowest numerical 
value (16885.28 mg kg-1). Although numerical differences 
were observed among treatments, none of the treatments 
differed significantly from the others.

Yield
Rice grain and straw yield

The treatments significantly influenced the grain and 
straw  yields  of  rice  (Fig.  1a,  b).  Rice  grain  yield 

ranged from 29.1 q ha-1 in T8 to 53.5 q ha-1 in T7. The 
highest  rice  grain  yield  was  recorded  under  T7 

(53.5  q  ha-1),  which  was statistically  at  par  with  T1 

(53.1 q ha-1) and T6 (46.7 q ha-1). Compared with the 
absolute control (T8), T7 increased rice grain yield by 
83.8 %, while T1 and T6 showed increases of 82.5 % 
and 60.5 %, respectively. Treatments T3  (45.5 q ha-1) 
and  T2 (44.2  q  ha-1)  exhibited  intermediate  yields, 
whereas T4 (37.6 q ha-1) and T5 (38.8 q ha-1) recorded 
comparatively lower values.

Rice  straw  yield  varied  significantly  from 
36.7 q ha-1 in  T8 to 65.2 q ha-1 in  T7.  Treatment  T7 

recorded the highest straw yield and was statistically at 
par with T1 (64.7 q ha-1) and T6 (59.1 q ha-1). Relative to 
T8, the rice straw yield increased by 77.7 % in T7, 76.3 % 
in  T1 and  61.0  %  in  T6.  The  remaining  treatments 
recorded intermediate straw yields, with T4 (47.2 q ha-1) 
showing the lowest value among the treated plots.

Wheat grain and straw yield

Wheat  grain  yield  ranged  from  26.5  q  ha-1 in  T8 to 
50.2 q ha-1 in T7  (Fig. 1c). The maximum yield under T7 

(50.2  q  ha-1)  was  statistically  comparable  with  T1 

(49.7  q  ha-1),  whereas  T6 (44.6  q  ha-1)  recorded  a 
significantly lower yield. Compared with T8, T7 increased 
wheat grain yield by 89.4 %, followed by T1 (87.5 %) and 
T6 (68.3 %).

Wheat  straw  yield  was  highest  under  T7 

(68.9  q  ha-1),  followed  by  T1 (68.3  q  ha-1)  and  T6 

(65.1 q ha-1),  whereas the lowest value was recorded 
under T8 (37.1 q ha-1). T7 increased wheat straw yield by 
85.7 % over T8 and was statistically comparable with T1 

and T6, whereas T3 and T2 recorded significantly lower 
straw yields than T7 (Fig. 1d).

4. Discussion
Labile potassium pools 
Water soluble potassium and EK were higher under T4 

and T5, which received all their N through green manure 
and cereal residue, than under T1 (100 % RDF) or T8 

(absolute control). Relative to T8, T5 increased WSK to 
7.26  mg  kg-1 (+41.8  %)  and  EK  to  64.39  mg  kg-1 

(+65.7 %). This suggests that organic additions can quickly 
replenish  the  plant-available  K  pool.  Treatments  that 
recycled more plant biomass would be expected to return 
more K to the soil, while the chemical form of K in plant 
tissues  facilitates  its  rapid  release  during  residue 
decomposition. Most K in plant cells is present as K  in the⁺  
vacuole and cytoplasm and, unlike N or P, is not bound in 
proteins  or  nucleic  acids  (26).  When  microbial 
decomposition ruptures cell membranes, K  may enter the⁺  
soil  solution  directly,  without  enzymatic  mineralisation. 
Together, a larger K return and a fast release route could 
explain the higher WSK and EK under T4 and T5. This 
pattern is consistent with reports of  K enrichment from 
organic amendments in rice–wheat systems and INM in 
the IGP (1, 2, 14).
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Fig. 1. Effect of different nutrient management practices. a: rice grain yield; b: rice straw yield; c: wheat grain yield; d: wheat straw 
yield.
RDF: recommended dose of fertilisers; N: nitrogen; T1: 100 % RDF; T2: 50 % RDF + 50 % N (cereal residue); T3: T2 + residue 
decomposer; T4: 50 % N (cereal residue) + 50 % N (green manure); T 5: T4 + residue decomposer; T6: 75 % RDF + 25 % N (cereal 
residue); T7: T6 + residue decomposer; T8: absolute control.
Bars topped by the same letter do not differ significantly (p ≤0.05) according to Duncan’s Multiple Range Test.

The way K is retained after residue decomposition 
also needs attention in this calcareous soil.  Such soils 
contain  abundant  exchangeable  Ca²  and  Mg² ,  which⁺ ⁺  
compete  strongly  with  K  for  exchange  sites  and  K⁺  
released into solution may therefore move towards less 
accessible  or  fixed  positions.  Decomposing  residues, 
however,  produce  humic  and  other  polycarboxylic 
substances with carboxyl and phenolic groups. These can 
raise cation exchange capacity  at  higher pH and bind 
divalent cations, which may free negative sites to hold K⁺ 
(27).  This could explain why the gain in EK under T5 

(65.7 % over the absolute control) was larger than the gain 
in WSK (41.8 % over the absolute control: a larger share of 
the released K may have been held on exchange sites and 
not in the mobile, leaching-prone solution phase typical of 
free-draining calcareous alluvial soils).

T2 and T3 had higher WSK and EK than T6 and T7, 
even though T6 and T7 received a larger share of mineral 
RDF. T2 and T3 were designed to replace more crop N 
with residue than T6 and T7, so they presumably received 
more residue biomass and residue-derived K. Over four 
years, the amount of organic material recycled therefore 
appears to have influenced the labile K pool more than 
the proportion of mineral fertiliser. Within each matched 

pair,  the  decomposer  treatments  showed  numerically 
higher WSK and EK than the corresponding treatments 
without  the  decomposer,  although  these  pairwise 
differences were not statistically significant. The organic 
and mineral sources were the same within a pair, so the 
difference may reflect faster release of K already present 
in the residues, not extra K supply. A likely route is that 
the decomposer provides enzymes that degrade lignin, 
cellulose  and  hemicellulose,  removing  the  cell-wall 
barriers that retain K within intact residue pieces (28).

Sodium  tetraphenylboron-extractable  and  non-
exchangeable potassium
Treatment effects were confined to the rapidly releasable 
component of soil K. They were significant for 1 hr TBK 
and 1 hr  NEK but  were absent  at  168 hr.  The 1 hr 
extraction  is  considered  to  release  K  associated  with 
frayed-edge and wedge-zone positions at the periphery 
of partially weathered mica and illite particles (21). These 
positions lie between fully exchangeable planar sites and 
fully occluded interlayer sites and they respond to short-
term  changes  in  solution  K  concentration  (10).  The 
separation  among  treatments  at  this  interval  was 
pronounced. T5 recorded 2002.96 and 1931.31 mg kg-1 
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for 1 hr TBK and 1 hr NEK, against 1188.09 and 1139.89 
mg kg-1 in T1. This suggests that treatments with greater 
K supply replenished the peripheral, kinetically accessible 
K pool. It agrees with the general observation that higher 
cumulative K input, whether from fertiliser, crop residues 
or manure, tends to produce larger short-term kinetic K 
fractions (5, 14).

T1 (100 % RDF) recorded the lowest numerical 
1 hr TBK and 1 hr NEK of all 8 treatments, lower even 
than T8.  Sole mineral fertilisation supplies adequate N 
and P and supports the highest crop growth and hence K 
demand, among the fertilised treatments, but it supplies 
considerably  less  K  than  residue  recycling.  In  that 
situation, sustained crop uptake may draw preferentially 
on the wedge-zone and frayed-edge reserve to bridge 
the gap between fertiliser-supplied K and crop demand, 
because  this  reserve  is  the  most  readily  accessible 
source once the exchangeable pool has been depleted 
by root uptake (10). Under T8, severely N- and P-limited 
growth probably kept K demand low, so this reserve may 
have  remained  comparatively  undisturbed  despite 
receiving no external K. The pattern therefore appears to 
reflect the combined influence of K supply and crop K 
demand over the experimental period.

The  absence  of  a  treatment  effect  at  168  hr 
suggests that the maximum operationally extractable NEK 
pool, which represents K held deeper in the interlayer and 
in ditrigonal cavities between opposing siloxane sheets, 
was relatively resistant to management over four years 
(29).  This  is  consistent  with  the  biphasic  K  release 
commonly reported for 2 : 1 clay minerals, where rapid 
release from external and wedge-zone sites is followed by 
much slower release from deeper interlayer positions. The 
slow phase is  controlled mainly  by  diffusion  along the 
mineral–solution  concentration  gradient  and  by  the 
structure of the interlayers, which makes it less responsive 
to short- and medium-term differences in nutrient inputs 
(22, 23, 30). This is particularly relevant in a calcareous 
soil, where K may be strongly fixed in deeper interlayer 
sites, especially in the presence of mica or illite. The 168 hr 
fraction can therefore be regarded as a relatively stable, 
long-term potentially available NEK pool.

Lattice and total potassium
Lattice  K  and  TK  did  not  differ  significantly  among 
treatments.  Lattice  K  ranged  narrowly  from 
12315.75–12625.50  mg  kg-1 and  TK  from 16885.28–
17603.01  mg  kg-1,  despite  contrasting  nutrient 
management. This stability is expected because lattice K 
is held within the crystal structure of primary K-bearing 
minerals such as feldspars and unweathered mica. It is 
released only through mineral weathering and structural 
alteration,  which  operate  on  pedogenic  rather  than 
agronomic timescales (31). This pool is therefore far less 
responsive  to  short-term  management  than  the 
exchangeable  and  non-exchangeable  fractions  and  it 
behaves as a slowly cycling reserve that needs long-term 
differential  management  before  a  change  becomes 
measurable.

The results agree with long-term experiments in 
which labile K fractions responded readily to fertiliser and 
organic  inputs  while  the  mineral-associated  K reserve 
changed slowly (32). In a 42-year fertilisation trial on a red 
soil, labile and non-exchangeable K shifted significantly 
while LK stayed comparatively stable and appreciable 
changes in the stable K pools became evident only under 
prolonged  management  (5).  A  seven-year  rice–wheat 
experiment  likewise  showed  that  LK  remained  the 
dominant K fraction, although residue retention and green 
manuring eventually raised LK together with the other 
fractions (10). Sustained K inputs or continued K removal 
can eventually modify mineral-associated K reserves and 
the  overall  K-supplying  capacity  of  a  soil  (11).  The 
absence of a significant treatment effect on LK in this 
four-year study therefore does not mean that the pool is 
unaffected by management. It more likely indicates that 
the duration of contrasting management was too short to 
produce  a  detectable  change  in  this  large,  slowly 
changing reservoir.

The  non-significant  variation  in  TK  can  be 
explained in the same way. Total  K integrates readily 
cycling and structurally bound forms, so differences in 
management are expressed first  in the exchangeable, 
non-exchangeable and other kinetically active pools and 
not in the TK inventory.  Long-term rice–wheat studies 
support this, showing that management can substantially 
alter  individual  K  fractions  while  LK  remains  a  large 
proportion of TK (12).

Grain and straw yield
Yield trends differed from those of the K fractions. T4 and 
T5  had the highest WSK, EK and kinetic K fractions, yet 
their rice and wheat yields were lower than those of T1, T6 

and T7. Potassium availability therefore does not appear 
to have limited yield in these treatments. Because T4 and 
T5 received all their N from organic sources, slower and 
less synchronised N release relative to crop demand is a 
plausible explanation. Cereal residues generally have a 
high C : N ratio and can cause temporary microbial N 
immobilisation  after  incorporation  (33).  Microbes  use 
available soil N for their own growth during decomposition 
and net N mineralisation begins only once the residue 
C  :  N  ratio  becomes  sufficiently  narrow  (34).  Green 
manure,  with  its  lower  C :  N  ratio,  mineralises  more 
readily and rapidly than cereal residue. The combined 
application of both in T4 and T5 nonetheless represents a 
wider average C : N input than mineral fertiliser and the 
resulting mineralisation–immobilisation dynamics may not 
have matched the sharp early-season N demand of rice 
and wheat during tillering and crown-root establishment.

This is consistent with a 15-year rice–wheat INM 
trial, in which organic sources with higher N concentration 
(green manure, farmyard manure and leguminous residue) 
sustained  significantly  higher  straw  yield  than  cereal-
residue-based management with lower N concentration. 
That result links the N quality and release timing of the 
organic source to realised yield in RWCS (35).  In this 
alkaline, calcareous soil, P availability may have added to 
the  constraint,  since  phosphate  released  from  organic 
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mineralisation or applied as fertiliser is prone to fixation as 
poorly soluble calcium phosphates at high pH. That would 
further limit the P available for early crop establishment 
under treatments with organic sources only (36).

T7 achieved yields statistically comparable to T1 

(100 % RDF). In this treatment, the 75 % RDF supplied 
readily available N and P at critical growth stages and the 
residue component supplemented it.  This is consistent 
with  the  broader  principle  that  INM meets  the  crop’s 
immediate  N  requirement  through  inorganic  fertiliser, 
while  the  accompanying  organic  inputs  contribute  to 
longer-term  nutrient  cycling  and  soil  fertility.  Such  an 
approach also allows residues with a wide C : N ratio to 
be  incorporated  without  greatly  disrupting  the  match 
between nutrient release and crop demand (37). Partial 
substitution with a decomposer, as in T7, may therefore 
enhance  the  K-supplying  capacity  of  the  soil  while 
avoiding  the  yield  reduction  associated  with  complete 
replacement of mineral N by organic sources.

Correlation analysis
Pearson’s correlation analysis was used to examine the 
relationships among soil K fractions and rice–wheat yield 
(Fig. 2). Water soluble K was positively correlated with EK 
and 1 hr TBK (r = 0.75 for both, p ≤0.001) and with 1 hr 
NEK (r = 0.67, p ≤0.001). Exchangable K was positively 
correlated with 1 hr TBK (r = 0.77,  p ≤0.001) and 1 hr 
NEK (r =  0.72,  p ≤0.001).  The  strongest  association 
among the soil K variables was between 1 hr TBK and 
1  hr  NEK  (r =  0.82,  p ≤0.001),  but  this  should  be 
interpreted with caution because NEK is calculated as the 
difference between TBK and available K, so the two are 
analytically related.  Correlations involving 168 hr TBK, 
168 hr NEK, LK and TK were generally weak and mostly 
non-significant.  The  exceptions  were  the  positive 
correlations  between  168  hr  NEK and  LK (r =  0.46, 
p ≤0.05)  and  between  1  hr  NEK  and  168  hr  NEK 
(r = 0.43,  p ≤0.05). These relationships are consistent 
with a dynamic equilibrium among soil K pools, in which 
WSK and EK are replenished by K released from less 
available  pools,  depending  on  soil  mineralogy  and 
chemistry (38).

Fig. 2. Pearson correlation matrix among soil potassium fractions and rice-wheat yield (n = 24).
WSK: water-soluble potassium; EK: exchangeable potassium; 1 hr TBK: NaTPB-extractable potassium released after 1 hr; 168 hr 
TBK: cumulative NaTPB-extractable potassium released after 168 hr; 1 hr NEK: plant-accessible non-exchangeable potassium;  168 
hr NEK: potentially available illite potassium; LK: lattice potassium; Total K: total potassium. Values represent Pearson’s correlation 
coefficients (r). *, *** indicate significance at  p ≤0.05 and  p ≤0.001, respectively; values without asterisks are not significant (p > 
0.05).
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The four yield components (rice grain, rice straw, 
wheat  grain  and  wheat  straw)  were  positively 
intercorrelated (r = 0.66–0.85,  p ≤0.001), indicating that 
grain  and straw production responded similarly  to  the 
nutrient  management  treatments.  The  correlations 
between soil K fractions and yield, however, were weak 
and not significant. Rice grain yield showed no significant 
correlation with any K fraction (r = −0.23–0.05) and wheat 
grain  yield  was  weakly  correlated  with  them 
(r = 0.04–0.13). Rice straw yield showed weak negative 
correlations  with  several  fractions,  including  LK 
(r =  −0.27)  and  wheat  straw  yield  ranged  from 
r = −0.20–0.14. None of these was significant (p >0.05). 
The variation in yield across treatments could therefore 
not be explained by the measured soil K fractions alone. 
These  weak  relationships  suggest  that  yield  was 
influenced by factors beyond soil K status, such as the 
timing  and  supply  of  N  and  P,  mineralisation  and 
immobilisation of nutrients and how well nutrient release 
matched  crop  demand.  Crop  residues  affect  nutrient 
cycling  through  decomposition  and  temporary 
immobilisation of N and P (39) and combining organic 
sources  with  chemical  fertilisers  can  alter  nutrient 
availability  and productivity  RWCS (37).  The higher K 
fractions under some treatments should therefore not be 
taken as evidence of greater immediate K availability or 
yield  potential.  Soil  K  fractions  are  better  interpreted 
together  with  crop  K  uptake,  K-release  kinetics,  K 
balance and the supply of other nutrients. This matters in 
intensive  cropping,  where  continued  removal  without 
adequate K replenishment can shift the balance between 
readily available and reserve K pools (31).

The interpretations in this study should be viewed 
in light of certain limitations. K input, crop K uptake and K 
balance were not quantified and soil properties such as 
cation  exchange  capacity (CEC),  humic  fractions, 
mineralogy,  residue  C  :  N  ratio  and  N  and  P 
mineralisation  were  not  measured.  The  mechanisms 
discussed above are therefore hypotheses based on the 
treatment design and the literature. Longer-term studies 
including K budgets, X-ray diffraction (XRD) analysis and 
N and P dynamics are needed to confirm them.

5. Conclusion
Integrating cereal residue, green manure and the residue 
decomposer significantly increased labile and kinetically 
accessible  soil  potassium  (K)  compared  with  sole 
inorganic  fertilisation.  The  decomposer  consistently 
raised these fractions in every matched treatment pair. 
However, 168 hr tetraphenylboron-extractable potassium 
(TBK), 168 hr non exchangeable potassium (NEK), lattice 
potassium  (LK)  and  total  potassium  (TK)  were 
unchanged, suggesting that four years was too short to 
alter these slowly cycling reserves. Yields were highest 
where  more  nitrogen  (N)  and  phosphorus  (P)  were 
supplied  inorganically  and  no  soil  K  fraction  was 
significantly correlated with yield, so yield may have been 

influenced more by N and P supply than by soil K status. 
Applying 75 % recommended dose of fertilisers (RDF) 
with 25 % of fertiliser N substituted through cereal residue 
and  the  decomposer  produced  yields  that  were  not 
significantly different from those under 100 % RDF under 
the  present  experimental  conditions,  while  improving 
exchangeable potassium (EK), 1 hr TBK and 1 hr NEK. 
Based on these results, partial substitution of fertiliser N 
with cereal residue plus a residue decomposer may be 
suitable  for  rice–wheat  systems on  similar  calcareous 
alluvial soils, subject to validation under longer-term and 
multi-location conditions.  This practice produced yields 
that  were  not  significantly  different  from  those  under 
100 % RDF while improving the labile K status. Complete 
replacement  of  mineral  N with organic sources is  not 
advisable, as it lowered yields. Because the study covers 
four years at one site, multi-location, longer-term trials in 
the calcareous soils of the middle Indo-Gangetic Plains 
(IGP),  with  K budgets and mineralogical  analysis,  are 
needed to confirm the mechanisms underlying these K 
fraction responses before broader recommendations can 
be formulated.

Acknowledgements
The authors would like to thank Dr.  Rajendra Prasad 
Central Agricultural University, Pusa, Bihar, India for the 
providing  support  through  research  facilities  and 
manpower.

Authors’ contributions
Conceptualisation was carried out by DN and SNS. The 
methodology  was  developed  by  DN,  SNS  and  VK. 
Formal analysis and investigation were performed by DN, 
SNS and VK. The original draft was prepared by DN, 
SNS and VK. Resources were provided by SNS and VK. 
Supervision and data curation were undertaken by SNS, 
VK, SKS, D, HS and RS. All  authors have read and 
approved the final manuscript.

Compliance with ethical standards

Conflict of interest

Authors do not have any conflict of interests to declare.

Ethical issues

None

Declaration  of  Generative  AI  and  AI-Assisted 
Technologies in the Writing Process
During the preparation of  this  work,  the authors used 
QuillBot for grammar correction and language editing to 
improve the clarity and readability of the manuscript. After 

https://doi.org/10.14719/pst.18084


Plant Science Today  |  2026  |  Volume 13(sp9)  |  Page 10

© The Author(s) 2026. Creative Commons CC BY 4.0. Published by Horizon e-
Publishing Group.

https://doi.org/10.14719/pst.18084

using  this  tool,  the  authors  reviewed  and  edited  the 
content as necessary and take full responsibility for the 
content of the publication. 

References
1. Nath CP, Dutta A, Hazra KK, Kumar N, Praharaj CS, Kumar 

M, et al. Influence of legume diversification and fertilization on 
soil  potassium  pools  under  distinct  cropping  system 
ecologies: insight from 14-years study. Front Sustain Food 
Syst.  2025;9:1660079. 
https://doi.org/10.3389/fsufs.2025.1660079

2. Walia SS, Dhaliwal SS, Gill RS, Kaur T, Kaur K, Randhawa 
MK,  et  al.  Improvement  of  soil  health  and  nutrient 
transformations  under  balanced fertilization  with  integrated 
nutrient management in a rice-wheat system in Indo-Gangetic 
Plains  –  A  34-year  research  outcome.  Heliyon. 
2024;10(4):e25113. 
https://doi.org/10.1016/j.heliyon.2024.e25113

3. Pal DK, Srivastava P, Durge SL, Bhattacharyya T. Role of 
weathering of fine-grained micas in potassium management 
of  Indian  soils.  Appl  Clay  Sci.  2001;20(1-2):39–52. 
https://doi.org/10.1016/S0169-1317(01)00044-8

4. Sarkar  GK,  Debnath  A,  Chattopadhyay  AP,  Sanyal  SK. 
Depletion  of  soil  potassium under  exhaustive  cropping  in 
Inceptisol  and  Alfisol.  Commun  Soil  Sci  Plant  Anal. 
2014;45(1):61–72. 
https://doi.org/10.1080/00103624.2013.848880

5. Das D, Dwivedi BS, Datta SP, Datta SC, Meena MC, Agarwal 
BK, et al. Potassium supplying capacity of a red soil from 
eastern India after forty-two years of continuous cropping and 
fertilization.  Geoderma.  2019;341:76–92. 
https://doi.org/10.1016/j.geoderma.2019.01.041

6. Aman H, Ghosh AK, Panda D, Pradhan C, Mahapatra P, 
Paul R, et al.  Changes in clay mineral composition and soil 
potassium pools under 50 years of soybean–wheat cropping 
in  an  Alfisol.  J  Plant  Nutr  Soil  Sci.  2025;188(4):712–22. 
https://doi.org/10.1002/jpln.12023

7. Das D, Nayak AK, Thilagam VK, Chatterjee D, Shahid M, 
Tripathi  R,  et  al.  Measuring  potassium  fractions  is  not 
sufficient to assess the long-term impact of fertilization and 
manuring  on  soil's  potassium  supplying  capacity.  J  Soils 
Sediments.  2018;18:1806–20. 
https://doi.org/10.1007/s11368-018-1922-6 

8. Ghosh S, Mondal G, Chakraborty S, Banerjee S, Kumar S, 
Basu R, et al. Geogenic perspectives on potassium dynamics 
and  plant  uptake:  insights  from  natural  and  submerged 
conditions across different soil types with machine learning 
predictions.  Front  Soil  Sci.  2025;5:1539477. 
https://doi.org/10.3389/fsoil.2025.1539477

9. Jalali M, Zarabi M. Kinetics of nonexchangeable-potassium 
release and plant response in some calcareous soils. J Plant 
Nutr  Soil  Sci.  2006;169(2):196–204. 
https://doi.org/10.1002/jpln.200521772

10. Sparks DL, Huang PM. Physical chemistry of soil potassium. 
In: Potassium in Agriculture. Madison, Wisconsin: American 
Society  of  Agronomy;  1985.  p.  201–76. 
https://doi.org/10.2134/1985.potassium.c9

11. Liao YL, Zheng SX, Nie J, Xie J, Lu YH, Qin XB. Long-term 
effect of fertiliser and rice straw on mineral composition and 
potassium adsorption in a reddish paddy soil. J Integr Agric. 
2013;12(4):694–710.  https://doi.org/10.1016/S2095-
3119(13)60288-9

12. Singh M, Ram S, Wanjari RH, Sharma P. Balance and forms 
of potassium under rice–wheat system in a 40-year-old long-
term experiment on Mollisols of Pantnagar. J Indian Soc Soil 
Sci.  2014;62(1):38–44.  https://indianjournals.com/api/article-
view/jisss-62-1-005 

13. Prabha S, Prasad SS, Chandan SK. Correlation study of soil 
properties on various forms of potassium in soils of North 
Bihar. J Pharmacogn Phytochem. 2020;9(1):2147–52. 

14. Sharma S, Singh P, Ali HM, Siddiqui MH, Iqbal J. Tillage, 
green manuring and crop residue management impacts on 
crop  productivity,  potassium use  efficiency  and  potassium 
fractions  under  rice-wheat  system.  Heliyon. 
2023;9(7):e17828. 
https://doi.org/10.1016/j.heliyon.2023.e17828

15. Aravindharajan STM, Shukla L, Vijaysri D, Singh SK, Kumar 
R,  Kumar R,  et  al.  Comparative paddy straw degradation 
potential  of  psychrotrophic  fungal  consortia  and  Pusa 
Decomposer at low temperatures. Bioresour Technol Rep. 
2025;102314. https://doi.org/10.1016/j.biteb.2025.102314

16. Hanway JJ, Heidel H. Soil analysis methods as used in Iowa 
State College Soil  Testing Laboratory.  Iowa State College 
Agric Bull. 1952;57:1–31.

17. Jackson ML. Soil Chemical Analysis. New Delhi: Prentice Hall 
of India Pvt. Ltd.; 1973.

18. Black CA. Methods of Soil Analysis. Part I and II. Madison, 
Wisconsin: American Society of Agronomy, Inc.; 1965.

19. Jackson ML. Soil Chemical Analysis. New Delhi: Prentice Hall 
of India Pvt. Ltd.; 1967. 498 p.

20. Jackson BLJ. A modified sodium tetraphenylboron method for 
the routine determination of reserve-potassium status of soil. 
N  Z  J  Exp  Agric.  1985;13(3):253–62. 
https://doi.org/10.1080/03015521.1985.10426091  

21. Carey  PL,  Metherell  AK.  Rates  of  release  of  non-
exchangeable potassium in New Zealand soils measured by 
a  modified sodium tetraphenylboron method.  N Z J  Agric 
Res.  2003;46:185–97. 
https://doi.org/10.1080/00288233.2003.9513546

22. Cox  AE,  Joern  BC,  Brouder  SM,  Gao  D.  Plant-available 
potassium  assessment  with  a  modified  sodium 
tetraphenylboron method. Soil Sci Soc Am J. 1999;63:902–
11. https://doi.org/10.2136/sssaj1999.634902x

23. Bilias F, Barbayiannis N. Potassium availability: an approach 
using  thermodynamic  parameters  derived  from  quantity-
intensity  relationships.  Geoderma.  2019;338:355–64. 
https://doi.org/10.1016/j.geoderma.2018.12.026

24. Gomez KA, Gomez AA. Statistical Procedures for Agricultural 
Research. 2nd ed. New York: John Wiley & Sons; 1984.

25. R Core Team. R: A Language and Environment for Statistical 
Computing.  Vienna,  Austria:  R  Foundation  for  Statistical 
Computing; 2026. https://doi.org/10.32614/R.manuals 

26. Sardans J, Peñuelas J. Potassium control of plant functions: 
ecological  and  agricultural  implications.  Plants. 
2021;10(2):419. https://doi.org/10.3390/plants10020419

27. Guo  XX,  Liu  HT,  Wu  SB.  Humic  substances  developed 
during  organic  waste  composting:  formation  mechanisms, 
structural  properties  and  agronomic  functions.  Sci  Total 
Environ.  2019;662:501–10. 
https://doi.org/10.1016/j.scitotenv.2019.01.137

28. Hemati A, Nazari M, Asgari Lajayer B, Smith DL, Astatkie T. 
Lignocellulosics in plant cell wall and their potential biological 
degradation.  Folia  Microbiol.  2022;67(5):671–81. 
https://doi.org/10.1007/s12223-022-00974-5 

https://doi.org/10.1007/s12223-022-00974-5
https://doi.org/10.1016/j.scitotenv.2019.01.137
https://doi.org/10.3390/plants10020419
https://doi.org/10.32614/R.manuals
https://doi.org/10.1016/j.geoderma.2018.12.026
https://doi.org/10.2136/sssaj1999.634902x
https://doi.org/10.1080/00288233.2003.9513546
https://doi.org/10.1080/03015521.1985.10426091
https://doi.org/10.1016/j.biteb.2025.102314
https://doi.org/10.1016/j.heliyon.2023.e17828
https://indianjournals.com/api/article-view/jisss-62-1-005
https://indianjournals.com/api/article-view/jisss-62-1-005
https://doi.org/10.1016/S2095-3119(13)60288-9
https://doi.org/10.1016/S2095-3119(13)60288-9
https://doi.org/10.2134/1985.potassium.c9
https://doi.org/10.1002/jpln.200521772
https://doi.org/10.3389/fsoil.2025.1539477
https://doi.org/10.1007/s11368-018-1922-6
https://doi.org/10.1002/jpln.12023
https://doi.org/10.1016/j.geoderma.2019.01.041
https://doi.org/10.1080/00103624.2013.848880
https://doi.org/10.1016/S0169-1317(01)00044-8
https://doi.org/10.1016/j.heliyon.2024.e25113
https://doi.org/10.3389/fsufs.2025.1660079
https://doi.org/10.14719/pst.18084


Plant Science Today  |  2026  |  Volume 13(sp9)  |  Page 11

© The Author(s) 2026. Creative Commons CC BY 4.0. Published by Horizon e-
Publishing Group.

https://doi.org/10.14719/pst.18084

29. Rich  CI.  Mineralogy  of  soil  potassium.  In:  The  Role  of 
Potassium  in  Agriculture.  Madison,  Wisconsin:  American 
Society  of  Agronomy;  1968.  p.79–108. 
https://doi.org/10.2134/1968.roleofpotassium.c5

30. Cox AE, Joern BC, Roth CB. Nonexchangeable ammonium 
and potassium determination in soils with a modified sodium 
tetraphenylboron method. Soil Sci Soc Am J. 1996;60:114–20. 
https://doi.org/10.2136/sssaj1996.03615995006000010019x

31. Römheld V, Kirkby EA. Research on potassium in agriculture: 
needs  and  prospects.  Plant  Soil.  2010;335(1):155–80. 
https://doi.org/10.1007/s11104-010-0520-1 

32. Dutta D,  Meena AL,  Ghasal  PC, Bhanu C, Choudhary J, 
Fagodiya RK, et al. Assessing potassium availability and Q/I 
relationship  under  long-term  fertilization  strategies  in  rice 
based  cropping  systems  of  Upper  Indo-Gangetic  Plain  of 
India.  Soil  Tillage  Res.  2026;261:107140. 
https://doi.org/10.1016/j.still.2026.107140

33. Gao Y, Liang A, Zhang Y, McLaughlin N, Zhang S, Chen X, 
et al. Dynamics of microbial biomass, nitrogen mineralization 
and crop uptake in response to placement of maize residue 
returned to Chinese Mollisols over the maize growing season. 
Atmosphere.  2021;12(9):1166. 
https://doi.org/10.3390/atmos12091166

34. Chaves B, Redin M, Giacomini SJ, Schmatz R, Léonard J, 
Ferchaud F, et al. The combination of residue quality, residue 
placement  and  soil  mineral  N  content  drives  C  and  N 
dynamics  by  modifying  N  availability  to  microbial 
decomposers.  Soil  Biol  Biochem.  2021;163:108434. 
https://doi.org/10.1016/j.soilbio.2021.108434

35. Bhardwaj  AK,  Malik  K,  Chejara  S,  Rajwar  D,  Narjary  B, 
Chandra P. Integration of organics in nutrient management 
for rice-wheat system improves nitrogen use efficiency via 
favorable soil biological and electrochemical responses. Front 
Plant  Sci.  2023;13:1075011. 
https://doi.org/10.3389/fpls.2022.1075011

36. Adnan  M,  Fahad  S,  Saleem  MH,  Lal  R.  Sustainable 
phosphorus management in calcareous soils: problems and 
prospects.  J  Plant  Nutr.  2025;48(13):2179–200. 
https://doi.org/10.1080/01904167.2025.2477269

37. Fontaine S, Abbadie L, Aubert M, Barot S, Bloor JM, Derrien 
D, et al. Plant–soil synchrony in nutrient cycles: learning from 
ecosystems  to  design  sustainable  agrosystems.  Glob 
Change  Biol.  2024;30(1):e17034. 
https://doi.org/10.1111/gcb.17034

38. Zhao S, He P, Qiu S, Jia L, Liu M, Jin J, et al. Long-term 
effects  of  potassium  fertilization  and  straw  return  on  soil 
potassium levels and crop yields in north-central China. Field 
Crops  Res.  2014;169:116–22. 
https://doi.org/10.1016/j.fcr.2014.09.017

39. Celi  L,  Said-Pullicino  D,  Bol  R,  Lang  F,  Luster  J. 
Interconnecting  soil  organic  matter  with  nitrogen  and 
phosphorus  cycling.  In:  Multi-scale  Biogeochemical 
Processes  in  Soil  Ecosystems:  Critical  Reactions  and 
Resilience  to  Climate  Changes.  2022.  p.51–77. 
https://doi.org/10.1002/9781119480419.ch3

Additional information
Peer review: Publisher thanks the Sectional Editor and anonymous 
reviewers for their contribution to the peer review of this work.
Reprints & permissions information: Available at 
https://horizonepublishing.com/journals/index.php/PST/open_access_policy.
Publisher’s Note: Horizon e-Publishing Group remains neutral with regard 
to jurisdictional claims in published maps and institutional affiliations.
Indexing: See 
https://horizonepublishing.com/journals/index.php/PST/indexing_abstracting.
Copyright: © The Author(s). This is an open-access article distributed under 
the Creative Commons Attribution License CC BY 4.0.
Publisher information: Plant Science Today is published by Horizon e-
Publishing Group with support from Empirion Publishers Private Limited, 
Thiruvananthapuram, India.

https://horizonepublishing.com/journals/index.php/PST/indexing_abstracting
https://horizonepublishing.com/journals/index.php/PST/open_access_policy
https://doi.org/10.1002/9781119480419.ch3
https://doi.org/10.1016/j.fcr.2014.09.017
https://doi.org/10.1111/gcb.17034
https://doi.org/10.1080/01904167.2025.2477269
https://doi.org/10.3389/fpls.2022.1075011
https://doi.org/10.1016/j.soilbio.2021.108434
https://doi.org/10.3390/atmos12091166
https://doi.org/10.1016/j.still.2026.107140
https://doi.org/10.1007/s11104-010-0520-1
https://doi.org/10.2136/sssaj1996.03615995006000010019x
https://doi.org/10.2134/1968.roleofpotassium.c5
https://doi.org/10.14719/pst.18084

	Abstract
	1. Introduction
	3. Results
	Conflict of interest
	Ethical issues
	Declaration of Generative AI and AI-Assisted Technologies in the Writing Process


