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Abstract

To intensify rainfed dryland agriculture sustainably, nutrient management practices that improve soil health without compromising productivity are
needed. This study evaluated the long-term effects of fertiliser application in conjunction with the short-term application of nutrient-enriched nano-
clay biopolymer composites (NCPCs) on soil properties, nutrient dynamics and crop productivity in a rainfed rice-lentil system. The experiment was
conducted in a 38-year-old long-term fertiliser trial with the following treatments: control (no applied nutrients), 100 % recommended dose of fertiliser
(RDF) (80:40:30 kg N:P,0s:K,0 ha't), 50 % RDF, 50 % RDF+ 50 % nitrogen (N) (foliar spray), 50 % farmyard manure (FYM), 100 % FYM at 5t ha?, 50 % RDF
+50 % FYM and farmer practices as a main plot treatments, along with different NCPC treatments as subplot treatments under split plot design during
2023 and 2024. The integrated application of 50 % RDF and 50 % FYM improved soil physicochemical and biological properties and increased the
active carbon pool (30 % of the total organic carbon) and the lability index (0.97) compared to the control. The conjunctive use of 50 % RDF and 50 %
FYM produced the highest rice yield (2246 kg ha?), lentil yield (952 kg ha?) and system equivalent rice yield (5019 kg ha). The application of NCPC
resulted additive effects, such as molybdenum/Arthrobotrys oligospora-loaded composites enhanced lentil productivity, whereas potassium- and
zinc-loaded composites improved nutrient uptake. The integration of long-term organic-inorganic fertilisation with nano-enabled nutrient and
microbial delivery system improved biological functioning and system productivity of rice under rainfed conditions of the Indo-Gangetic plains.
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Introduction controlled nutrient release (6). The application of a biodegradable
starch-based polymer to nano-clay further enhances structural
stability and fertiliser use efficiency (7). In addition to serving as
nutrient carriers, biopolymers can also act as carriers of beneficial
microorganisms, which may help enhance crop stress tolerance
and disease control (8). However, very few field experiments have
been conducted on the shortterm impact of biopolymers in
rainfed rice-based cropping systems. Therefore, the present
experiment was undertaken to study the longterm effects of
fertiliser treatments and the short-term impacts of NCPC
treatments on nutrient availability, SOC dynamics, nutrient uptake
and productivity in a rainfed rice-lentil system under dry
conditions.

To meet the growing demand for food, modern agriculture relies
mostly on chemical fertilisers, however, their continuous
imbalanced application degrades the physicochemical and
biological properties of the soil (1). The long-term use of inorganic
fertilisers without organic inputs reduces soil organic carbon (SOC)
and disrupts the nutrient cycle, even though they increase short-
term yields. Farmyard manure (FYM), on the other hand, enhances
soil organic matter, aggregation, moisture retention and nutrient-
buffering capacity, thereby maintaining carbon sequestration and
productivity (2, 3). Long-term fertiliser trials are crucial for
evaluating the sustainability of cropping systems and the
evolution of soil quality (4). Large parts of the Indo-Gangetic plains
are left as rice fallows during the rabi season due to residual
moisture scarcity and nutrient losses in rainfed rice-based systems  Materials and Methods
(5). Under these conditions, lentil cultivation often faces moisture i L. .
. . I Synthesis and characterisation of the nanocomposites
stress and limited nutrient availability.
The starch-grafted nutrient- and fungus-loaded NCPC was
synthesised using the methods given in earlier study (9). The
synthesised nanocomposites were characterised using an X-ray
diffractometer (XRD).

In rainfed systems, conventional fertilisers often undergo
nutrient losses through volatilisation and leaching, leading to low
nutrient use efficiency. Superabsorbent nano-clay biopolymer
composites (NCPCs) enhance soil moisture retention and enable
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Experimental site

The experiment was conducted in a long-term fertiliser experimental
(LTFE) established under the All India Coordinated Research Project
for Dryland Agriculture at the Agricultural Research Farm of Banaras
Hindu University, Varanasi, Uttar Pradesh, India (25.25517° N,
82.98582° E and 128.93 m above sea level). The experiment was
initiated in 1985 under a rainfed rice (NDR-97)-lentil (HUL-57)
cropping system. The soil at the study site was an inceptisol
belonging to the Typic Ustrochrepts subgroup. The experimental
site is characterised by a dry tropical climate with strong seasonal
variations in temperature and precipitation. The site received an
average of 1018 mm during the two study years (2023-24 and 2024~
25), with more than 80 % of the rainfall occurring during the June-
September southwest monsoon. The cropping season was marked
by a notable water shortage, as reflected by the mean seasonal
potential evapotranspiration (PET) of approximately 1219 mm. The
minimum temperature was 18.7 °C, while the mean maximum
temperature was 31.6 °C. Winter temperatures occasionally declined
to about 10 °C, whereas summer temperatures often reached 40 °C.
Rice (NDR-97) was grown in the rainy (kharif) season (last week of
June each year) after the onset of the first rainfall, followed by lentil
(HUL-57) during the winter (rabi) season (last week of October to the
first week of November).

Field experiment

The study was conducted within an established long-term
fertiliser experiment, where each treatment plot had a gross size
of 11 x 10 m. These plots served as main plots, within which four
subplots (1 x 1.5 m) were established. Therefore, the long-term
fertiliser trial was modified into a split plot design with 8 main plot
treatments and 4 subplot treatments. The 38-year-old main plot
served as the whole plot factor in a split plot design and the different
NCPC formulation are the subplot factor. The experiment was
arranged in 3 blocks representing 3 replications. The treatment
details are presented in Table 1. Rainfed rice was directly sown after
the first rainfall shower during the last week of June to the first week
of July, with a row spacing of 20 cm and a seed rate of 35 kg ha™. The
fertiliser treatments were broadcast in the plots after land
preparation and layout, whereas NCPC the treatments were
broadcasted in plot after seed sowing. Likewise, the succeeding lentil
crop was also directly sown during last week of October to first week
of November, with a row spacing of 30 cm and seed rate of 45 kg ha™.

Table 1. Treatment details

Soil and plant sampling and analysis

Soil and plant samples (grain and straw) were collected randomly
from the treated plots. Field moist surface soil samples (0-15 cm)
were collected after the rice harvest between 2023 and 2024. A
portion of the soil sample was kept at 4 °C for examination of its
biological parameters while chemical analyses were performed on
air-dried samples. The soil samples were air dried, gently ground
and sieved through a 0.5 mm sieve before laboratory analysis for
the determination various carbon pools. Soil pH and electrical
conductivity (EC) were measured via a 1:2.5 soitto-water
suspension (10). To assess the chemical parameters of the soll,
available nitrogen (N) was determined by the alkaline potassium
permanganate (KMnOs) method (11), available phosphorus (P)
was extracted via sodium bicarbonate (0.5 M NaHCO;) and
quantified spectrophotometrically (12) and available potassium
(K) was determined via neutral N ammonium acetate and
quantified using a flame photometer (13). Similarly, diethylene
triamine penta acetic acid (DTPA)-extractable micronutrients (iron
(Fe), zinc (Zn), copper (Cu) and manganese (Mn)) were determined
via atomic absorption spectroscopy (14).

Moreover, SOC was determined by the Walkley and Black
(1934) method and the fractions of the very labile pool (VLP), labile
pool (LP), less labile pool (LLP) and nonlabile pool (NLP) of organic
carbon were examined using the modified Walkley and Black
method (15). The active carbon pools, passive carbon pools and
lability indices were calculated using the standard protocol (16).

Active pool (AP) =VLP +LP (unstable/labile)
Passive pool (PP) =LLP + NLP (stable/nonlabile)

Lability index (LI) = [(Cfrac1/TOC) x 3 + [(Cfrac2/TOC) x 2 + (Cfrac3/
TOC) x 1].

The dehydrogenase activity (17), soil microbial biomass
carbon (18), urease activity (19) and soil respiration (20) were
measured to assess the biological characteristics of the soil.

The grain and straw samples were dried in an oven for 3
days at 65 °C and grounded. The total N content of the samples
was estimated via Kjeldahl’s method (21). For estimation of other
total P and total K values, wet-acid digestion of dried grain and
straw samples was performed with a diacid mixture of HNO; and
HClO, at aratio of 4:1 (10). The total P concentration was estimated
spectrophotometrically via the vanado molybdo phosphoric

Experimental design

Split plot design

Cropping system

Rice (NDR-97) as main crop and lentil (HUL-57) as residual crop

Main plot treatments

T Control

T2 100 % RDF (80:40:30 N:P,0s:K,0 kg ha'?)

Ts 50 % RDF (40:20:15 30 N:P20s:K,0 kg ha?)

Ts 50 % RDF (soil) and 50 % N (foliar)

Ts 50 % N (FYM) (40 kg ha N through FYM)

Te 100 % N (FYM) (80 kg ha* N through FYM)

T 50 % RDF and 50 % N (FYM)

Ts Farmers practice (20 kg N ha?)

Subplot treatments

KNCPC Starch grafted NCPC superabsorbent at 100 kg ha loaded with potassium at 5 kg ha*
ZnNCPC Starch grafted NCPC superabsorbent at 100 kg ha loaded with zinc at 5 kg ha™
MoNCPC Starch grafted NCPC superabsorbent at 100 kg ha loaded with molybdenum 5 kg ha*

Arthro NCPC

NCPC loaded with Starch grafted NCPC superabsorbent at 100 kg ha* loaded with Arthrobotrys oligospora at 5 kg ha*

RDF: recommended dose of fertiliser; FYM: farmyard manure; KNCPC: potassium-loaded nano-clay biopolymer composite; ZnNCPC: zinc-
loaded nano-clay biopolymer composite; MONCPC: molybdenum-loaded nano-clay biopolymer composite; Arthro NCPC: Arthrobotrys
oligospora-loaded nano-clay biopolymer composite. N, P and K were applied through urea, diammonium phosphate (DAP) and muriate of

potash (MOP), respectively.
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yellow colour method (22). The total K concentration was
estimated via a flame photometer (23) and the total Zn
concentration was estimated via atomic absorption spectroscopy.

The nutrient uptake by the grain and straw samples was
calculated via the following formula (24):

Nutrient uptake (kg ha?) by macronutrients = Nutrient content (%)
xYield (kg ha?) x 102

Nutrient uptake (g ha') by Zn = Nutrient content (mg kg?) x Yield
(kghat)x10°

The equivalent rice yield was calculated as follows (25):

Equivalent rice yield = Lentil yield (kg ha?) x Price of lentil (Rs kg?)/
Price of rice (Rs kg?) + Rice yield (kg ha®).

Statistical analysis

The experimental data were subjected to statistical analysis via the
RStudio version 4.3.2 (R Foundation for Statistical Computing,
Vienna, Austria) package. Analysis of variance (ANOVA) and
Duncan’s multiple range test were used to compare the least
significant difference (LSD) values at p <0.05.

Results and Discussion

Characterisation of the synthesised nano-clay biopolymers
composites

Clay and synthesised biopolymer nanocomposites were
characterised through XRD. The results revealed the typical
characteristics peak (26 = 5.81° and 9.01°) of montmorillonite clay
along with other impurities such as quartz (Fig. 1). Such peak was
absent in the starch grafted K-loaded, starch grafted Zn-loaded,
starch grafted molybdenum loaded and starch grafted
Arthrobotrys oligospora-loaded nano-clay biopolymer composite
(Arthro NCPC) respectively. The absence of the typical
montmorillonite clay peak indicated the complete dispersion of
clay platelets into the polymer matrixes. Similar results of
complete dispersion of clay peak in XRD studies of synthesised
nanocomposites were corroborated by previous studies (7, 26).

Effects of long-term fertilisation and nano-clay biopolymers
composites on soil physicochemical properties

Fertiliser treatments significantly influenced soil physicochemical
properties, whereas NCPC formulations produced selective effects
(Table 2). The pH of the soil differed significantly among the fertiliser
treatments (p < 0.05), with the highest pH occurring under 50 % FYM
(6.99 £ 0.03) and the lowest occurring under 50 % recommended
dose of fertiliser (RDF) + 50 % FYM (6.51 + 0.18). The effect of NCPC
treatments was not significant, whereas the interaction effects on pH
were significant. The reduction in soil pH under integrated
fertilisation may be attributed to organic acid production during
decomposition and nitrification processes reported in longterm
studies (27, 28). Fertiliser levels had a significant effect on EC (p<
0.05), with greater EC at 100 % FYM and the lowest EC was observed
in the control treatment due to mineralisation of the organic inputs;
nevertheless, the EC was within a non-saline range (29, 30). Nitrogen
(N) availability varied dramatically among N rates (p < 0.05) and the
highest value was recorded under 100 % RDF (188 + 16.2 kg ha),
which could be attributed to the ease of obtaining N and organic
manure being more difficult to mineralise (31). Among the NCPC
treatments, the Arthro NCPC presented much greater available N (p
<0.05) because of the regulated release of moisture, which increased
the availability of nitrate over time (8) and microbial-mediated N
transformation (6, 32). The fertiliser level (p < 0.05), with the
maximum P being less than 50 % RDF + 50 % FYM, had a significant
effect because of its lower degree of fixation and greater solubility of
organic acid (27). The increased phosphorus availability was
explained by the production of organic acids and the solubilisation of
phosphorus sources that occur in native soil by microorganisms with
biopolymer composites under subplot treatments that had A
oligospora loaded (33). Available K differed significantly among
fertiliser and NCPC treatments (p < 0.05). Higher K levels were
observed in FYM-based treatments and KNCPC treatments. This
response may be related to enhance cation exchange capacity due
to addition of organic manures. Likewise, the natural calcium or
sodium ions in the montmorillonite interlayer gaps might be
replaced by the K" injected into the biopolymer. Instead of dissolving

Table 2. Impact of long-term fertilisation and nano-clay biopolymers on soil physicochemical properties (pooled data from 2023 to 2024)

Available nitrogen

Available phosphorus Available potassium

Treatments pH EC (S m™?) (kg ha'!) (kg ha'!) (kg kg)
Fertiliser treatments
Control 6.68 +0.04 70.7 £12.2¢ 120 +10.5¢ 11.2+4.87¢ 80.0 +4.07¢
100 % RDF 6.6 +0.19d° 74.7 +£17.3¢ 188 +16.2° 49.2+7.2° 93.2 +3.59%
50 % RDF 6.79 +0.13b¢ 87.1+17.4° 154 +12.7° 24.5 + 4.85¢ 87 +3.8b¢
50 % soil + 50 % foliar 6.7 +0.15% 74.1+17.44 184 +14.9° 36.6 +4.8° 85.4+4.97¢
50 % FYM 6.99+0.032 84.8 £17.2% 144 + 8.81¢ 34.7 +5.88¢ 93.8+6%
100 % FYM 6.89 +0.03% 91+19.5° 160 +12.8° 44,8 +7.08° 99.5+5.232
50 % RDF + 50 % FYM 6.51+0.18¢° 75.8 +19.8b 155+12.2° 55.7+7.26° 96.8 +4.88°
FP 6.72+£0.03¢ 82.6 + 182 122 +£11.3¢ 20 +2.95¢ 81.3+4.4¢
cv (a) 2.84% 21.33% 8.64 % 26.48 % 15.57 %
LSD (p =0.05) 0.117 13.81 7.33 5.92 7.6
NCPC treatments
KNCPC 6.74 +0.24° 77.7+16.6° 154 +25.7%° 34.5+16.4° 102.5+4.08°
ZnNCPC 6.71+0.232 79.1+20.32 152 +£22.4° 33.6+14.4° 85.9 + 4.66°
MoNCPC 6.76+0.20° 84.8+17.7° 150 +28.8° 35.2+15.7° 87.3 +4.59°
Arthro NCPC 6.74+0.21° 78.8+18.8 159 +28.7° 35+15.52 82.7+4.38°
cv (b) 1.86 % 17.58 % 7.84% 11.28% 8.39%
LSD (p =0.05) ns ns 4.86 ns 3.04
Interaction (main*sub) 0.171 ns ns 7.07 ns

RDF: recommended dose of fertiliser; FYM: farmyard manure; FP: farmers practices; KNCPC: potassium-loaded nano-clay biopolymer
composite; ZnNCPC: zinc-loaded nano-clay biopolymer composite; MONCPC: molybdenum-loaded nano-clay biopolymer composite; Arthro

NCPC: Arthrobotrys oligospora-loaded nano-clay biopolymer composite; cv: coefficient of variation; LSD: least significant difference.
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Fig. 1. X-ray diffractometer (XRD) spectra of clay and nano-clay biopolymer composite (NCPC) formulations.

instantly like commercial fertiliser, the nutrient release would be
gradual through ion-exchange with the soil solution after it has
intercalated or exfoliated (29, 34).

Effects of long-term fertilisation and nano-clay biopolymers
composites on soil micronutrients

Fertiliser treatments significantly affected DTPA-extractable
micronutrients, whereas NCPC treatments produced selective
effects (Table 3). The concentration of Zn under fertiliser treatments
varied significantly (p < 0.05). The 100 % FYM treatment had
significantly higher Zn concentration (0.372 + 0.06 g ha™) followed by
50 % RDF + 50 % FYM (0.35 + 0.06 g ha') whereas lowest was
observed under control (0.234 + 0.04 g ha?). Fertiliser treatments also
significantly influenced Cu, Mn and Fe concentrations. Higher values
of these micronutrients were generally observed in FYM-based and
integrated treatments, likely due to enhanced organic chelation and
mineralisation processes (28, 29). Nano-clay biopolymer composites
(NCPC) treatments significantly influenced Zn availability (p < 0.05),
with ZnNCPC producing highest DTPA-extractable Zn content. This

could be because Zn-loaded biopolymer nanocomposite served as a
regulated nutrient delivery system that shielded Zn from quick soil
fixation and leaching (35). However, NCPC treatments did not
significantly affect Mn and Fe concentrations. The interaction effect
was significant only between Fe and Cu, implying that there is
different mobilisation of Fe and Cu when they are managed
together. This could possibly be due to controlled release due to
NCPC formulations and better chelation offered by organic manures
that increased micronutrient availability, which is in line with the
characteristics of zincated NCPCs (36).

Effects of long-term fertilisation and nano-clay biopolymers
composites on soil biological properties

The longterm fertiliser and short-term NCPC management
significantly affected the soil biological properties, as illustrated in
Table 4. Urease activity ranged from 78.3 + 11.5 to 138.7 + 15.2 ug
NH4"N g* soil hr™. The highest activity was recorded under the 50 %
RDF + 50 % FYM treatment (138.7 + 15.2 pug pug NHs~N g? soil hr?),
followed by the 100 % FYM treatment, whereas the lowest value

Table 3. Impact of long-term fertilisation and nano-clay biopolymers on DTPA-extractable micronutrients (pooled data from 2023 to 2024)

Treatments Zinc (mg kg) Copper (mg kg) Manganese (mg kg) Iron (mg kg)
Fertiliser treatments

Control 0.234 £ 0.04¢ 1.02+£0.16° 5.51+1.66¢ 49.2 +16.3¢
100 % RDF 0.306 + 0.05¢ 1.2 +£0.21%¢ 8.27 +1.545¢ 80.5+14.8°
50 % RDF 0.269 +0.05¢ 1.09 +0.09% 7.58 +1.84¢ 67 +18.8¢
50 % soil + 50 % foliar 0.295 + 0.05¢ 1.15+0.16°¢ 8.32+1.43% 79.7+10.1°
50 % FYM 0.333+0.04° 1.19+0.19%¢ 8 +1.66" 82.2+14.1°
100 % FYM 0.372+£0.062 1.29+0.17° 9.77+1.61° 96.9+12.4°
50 % RDF + 50 % FYM 0.35+0.06° 1.2+0.26%° 8.93+1.58% 83.8+11.9°
FP 0.252 +0.04¢ 1.06 £0.13% 5.81+1.36¢ 59.7 +13.8¢%
cv (a) 12.41% 16.30 % 27.01 % 29.49 %
LSD (p <0.05) 0.022 0.11 1.24 12.9
NCPC treatments

KNCPC 0.283 +0.06° 1.19+0.21° 7.87+2.33 74.6 £22.1°
ZnNCPC 0.360% £ 0.06° 1.16+0.18%® 7.57+1.76° 72.9+20.7°
MoNCPC 0.277 +£0.06° 1.12+0.19° 7.76 £2.032 76.7+18.4°
Arthro NCPC 0.286 +0.07° 1.13+0.18% 7.9+2.19° 75.3+19°
cv (b) 11.71% 11.22% 18.19% 14.81%
LSD (p <0.05) 0.014 0.052 ns ns
Interaction (main*sub) ns 0.183 ns 17.18

DTPA: diethylene triamine penta acetic acid; RDF: recommended dose of fertiliser; FYM: farmyard manure; FP: farmers practices; KNCPC:
potassium-loaded nano-clay biopolymer composite; ZnNCPC: zinc-loaded nano-clay biopolymer composite; MONCPC: molybdenum-loaded
nano-clay biopolymer composite; Arthro NCPC: Arthrobotrys oligospora-loaded nano-clay biopolymer composite; cv: coefficient of variation;

LSD: least significant difference.
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Table 4. Impact of long-term fertilisation and nano-clay biopolymers on soil biological properties (pooled data from 2023 to 2024)

Treatments Urease Soil respiration MBC Dehydrogenase
(Mg NH,*-N g soil hr?) (ng CO. g™ hr?) (ng g soil) (ng TPFg* hr?)
Fertiliser treatments
Control 78.3+11.5¢ 16.3 +3.59 107+12.18 2.98+0.484
100 % RDF 99.9+11.6° 22.9+4.15¢ 300+ 16.6¢ 4,32 +0.77%
50 % RDF 96.5 +20.4 20.3 +3.69% 238 +11.5¢ 3.61+0.46¢
50 % soil + 50 % foliar 104.2 + 14.8%¢ 22.8+5.16 291 + 14.5¢ 4.4+0.66°
50 % FYM 103.1+£21.9¢ 25.8 +2.89% 419+23.2° 4.49 +0.66°
100 % FYM 123.1+£13.7% 29.6 £4.08* 505+ 33.8° 4.84+0.71%
50 % RDF + 50 % FYM 138.7+15.2° 26.8 £3% 362 +24.5¢ 5.43+0.66°
FP 90.5 +13.0< 18.3+3.71¢ 196 +13.8f 3.37+0.42¢
cv (a) 19.29% 14.88 % 5.84% 18.11%
LSD (p <0.05) 11.9 1.93 10.42 0.448
NCPC treatments
KNCPC 102.8 +£23.1° 21.0 +£5.36° 298 +118° 4,16 +£0.98°
ZnNCPC 98.9 £ 25.0° 21.9+5.33° 299 +121° 4,17 £0.94°
MoNCPC 103.4+21.7° 21.8+5.42° 294 £117° 4.17+1.06°
Arthro NCPC 112.0+22.6° 26.6 +4.78° 318+ 128° 4,22 +£0.92°
cv (b) 11.79 % 12.11% 3.18% 9.83%
LSD (p <0.05) 4.97 1.12 3.88 ns
Interaction (main*sub) ns ns 17.53 ns

RDF: recommended dose of fertiliser; FYM: farmyard manure; FP: farmers practices; KNCPC: potassium-loaded nano-clay biopolymer
composite; ZNnNCPC: zinc-loaded nano-clay biopolymer composite; MONCPC: molybdenum-loaded nano-clay biopolymer composite; Arthro
NCPC: Arthrobotrys oligospora-loaded nano-clay biopolymer composite; cv: coefficient of variation; LSD: least significant difference.

occurred in the control (p < 0.05). Soil respiration ranged from 16.3 to
29.6 pg CO, g* hrtand was significantly higher in FYM-based and
integrated fertiliser treatments (p < 0.05), reflecting increased
microbial metabolic activity and N mineralisation. This response
reflects enhanced microbial metabolic activity and accelerated
carbon cycling under long-term organic carbon inputs (37). Microbial
biomass carbon (MBC), which is a labile pool of organic carbon in the
soil, was found to be between 196 + 12.1 and 505+ 33.8 pg g* soil and
differed significantly between the 100 % FYM (p < 0.05) and control
treatments (38). Dehydrogenase activity was significantly higher
under the 50 % RDF + 50 % FYM treatment (p < 0.05), with values
comparable to those under 100 % FYM, whereas the lowest activity
occurred in the control. This response reflects enhanced oxidative
activity of soil microorganisms under balanced nutrient
management (27, 39). The high urease activity, soil respiration and
MBC observed in the Arthro NCPC treatment could be attributed to
the prolonged release of N, the increased soil moisture sequestration

and the stimulation of microorganisms within the fungus that are
immobilised in the clay polymer matrix (8). The interaction effect of
fertiliser and NCPC level did not significantly affect urease, soil
respiration or dehydrogenase activity, however, the interaction
effect on the biomass carbon of microbes was found to be
significant. The interaction between 100 % FYM and Arthro NCPC
significantly increased microbial activity in the soil, possibly due to
presence of large amount of metabolisable C from FYM and slow
release of A. oligosporafrom nanocomposites, thereby increasing
microbial activity in the soil (Fig. 2).

Effects of long-term fertilisation and nano-clay biopolymers
composites on nutrient uptake

Fertiliser treatments significantly influenced nutrient uptake,
whereas NCPC treatments produced selective effects (Table 5).
Compared with the control, nutrient uptake in grain and straw was
significantly greater under organic fertiliser applied either alone or in
combination with inorganic fertiliser, with the highest uptake

Table 5. Impact of long-term fertilisation and nano-clay biopolymers on nutrient uptake (pooled data from 2023 to 2024)

Nitrogen uptake (kg ha)

Phosphorus uptake (kg ha
')

Potassium uptake (kg ha) Zinc uptake (g ha)

Fertiliser treatments

Grain Straw Grain Straw Grain Straw Grain Straw
Control 22.2 +8.35 31.7+18f 3.82+1.49 6.91 +4.324 1.87 +0.74 48.5+27¢ 23.2+14.28 64.7 +40.49
100 % RDF 36.6+10.2° 68.8+16.3° 7.34+259° 13.01+4.42® 3.33+1.16¢ 106.6+27.3° 60.8+14.7° 168.8+32.9°
50 % RDF 33.1+10.1¢ 50.7+17¢ 6.08+2.08¢ 10.67+4.15° 292+1.32¢ 82.2+30.4% 48.3+12.5¢ 115.8 +30.6°
50 % soil + 50 % foliar  35.1+10.6° 65.6+16.4° 6.96+2.50° 11.02+4.15"° 3.13+1.04¢ 94.5+23.1° 57.1+18.7¢ 163.8 +47°
50 % FYM 33.9+11.5¢ 589x12.6% 597+2.04% 10.39+4.09° 3.23+1.1¢ 79.9 + 25.8¢ 46.1+14.8¢° 120.2 +33.9¢
100 % FYM 40.7 +11° 77.6+18.2° 834+257° 12.86+4.52° 3.88+1.21° 121.2+27.5° 87.7+25.9° 211.3+445°
50 % RDF + 50 % FYM 458 +12° 91.4+7.73* 897+2.72* 15.31+3.31* 4.37+1.16° 131.6 +24° 78.2+11.3° 215.8+26.5°
FP 25.2+9.77¢ 37.5+16.6¢f 5.15+2.16° 8.04+4.96¢ 2.34+0.97¢ 58.9+28.7¢ 32.4+10.5 79.2 £37.4¢
cv(a) 11.72% 27.86 % 12.27% 29.26 % 14.12% 23.22% 9.85% 22.04 %
LSD (p <0.05) 2.23 9.92 0.46 2.02 0.3 12.42 3.15 19.75
NCPC treatments
KNCPC 33.9+13.3 59.8+22.7 6.57+2.82 10.4 +4.63° 3.61+1.54° 94,5 +38.32 52.1+24.5° 128 +60°¢
ZnNCPC 34.2+10.1 60.6 £23.6 6.61+2.34 12.2+4.24° 2.96+0.96> 93.8+354% 62.4 £26.2° 169 +66.1°
MoNCPC 34+14 61+27.9 6.72+3.09 10.8 +5.47° 3.06 +1.42° 88 +40.8¢ 50.9 + 24° 134 +66.7°
Arthro NCPC 342+12.8 59.7+23.3 6.41+2.8 10.8 +5.09° 2.91+1.16° 85.4 +36.9¢ 51.5+26.9° 138 + 59
cv (b) 8.81% 14.11% 1142 % 19.86 % 16.79 % 12.76 % 9.03% 11.67%
LSD (p <0.05) ns ns ns 0.89 0.21 4.66 1.98 6.72
Interaction (main*sub) 3.66 ns 0.87 ns 0.58 16.32 5.73 25.7

RDF: recommended dose of fertiliser; FYM: farmyard manure; FP: farmers practices; KNCPC: potassium-loaded nano-clay biopolymer
composite; ZnNCPC: zinc-loaded nano-clay biopolymer composite; MONCPC: molybdenum-loaded nano-clay biopolymer composite; Arthro
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Fig. 2. Interaction between fertiliser treatments and nano-clay biopolymer composite (NCPC) formulations on microbial biomass carbon.

recorded under 50 % RDF + 50 % FYM (45.8 + 12 kg ha?) (p < 0.05).
Similar patterns were observed for phosphorus and K uptake in both
grain and straw. The increased uptake of macronutrients (N, P and
K) with or without organic fertiliser was an indication of the increased
availability of nutrients and coordinated release of nutrients through
integrated nutrient management (40, 41). Similarly, Zn uptake in
grain was also much greater in the 100 % FYM treatment (87.7 £+ 25.9
g ha?), which was better than that in the other treatments, but Zn
uptake by straw was much greater in the FYM-only or integrated
treatment than in the control, as the incorporation of FYM increased
metal solubility in soil by the formation of ligands that chelate
metals, preventing Zn fixation in soil colloids and ultimately
increasing the availability of micronutrients to plants (27). Potassium
(K)-loaded nano-clay biopolymer composite (KNCPC) and Zn-
loaded nano-clay biopolymer composite (ZnNCPC) were some of
the NCPCs that were much more effective in stimulating their
absorption in grain and straw than the other treatments were, as
indicated in Table 5). The grain and straw uptake rates of K were 3.61
+ 154 and 94.5 + 38.3 g ha™, respectively, which were much greater
than those of the control treatments. Starch-grafted K-loaded NCPC
regulates K release in soil, reducing diffusion losses and maintaining
Kavailability in synchrony with crop demand, which supports grain
filling (6, 39). Similarly, ZnNCPC markedly increased Zn uptake in
grain and straw, which might be explained by the high Zn solubility
and the increase in DTPA-Zn content under nano-clay polymer
composites (36). The interaction effects were also important for K
and Zn uptake, implying greater or complementary advantages of
fertiliser level and K- and Zn-loaded biopolymer composites.

Effects of long-term fertilisation and nano-clay biopolymers
composites on soil organic carbon (SOC) pools and lability index

The proportion of active carbon pools was higher in the 100 % FYM
and 50 % RDF + 50 % FYM treatments, accounting for approximately
30 % of total organic carbon (TOC), whereas the lowest proportion
was recorded in the control treatment (about 20 %) (Fig. 3). A high
amount of active carbon were present in the FYM-based treatment
due to higher availability of easily decomposable substrate that was

readily available (41). A significant proportion of passive carbon was
yielded by the carbon pool in all the treatments, but in the control
treatment, relatively more passive carbon was found (79 % of TOC)
than in the 100 % FYM and 50 % RDF + 50 % FYM treatments (70 % of
TOC in each case). This was a proportional growth in active carbon
pools as opposed to diminished stabilisation. The highest lability
index (LI) was observed at a ratio lower than 50 % RDF + 50 % FYM
(0.97), followed by 100 % FYM (0.81), whereas the lowest lability
index was obtained in the control treatment. The higher active
carbon pool in FYM-based and integrated treatments reflects an
increase in labile organic carbon fractions. Compared with the
control, organic-based treatment increased the pool and index of
lability, increasing microbial biomass and carbon turnover (27,42).

The increased lability index with integrated treatment also
indicated increased turnover of carbon and responsiveness of
microbes compared with those of the control. Across NCPC
treatments, the active carbon pool ranged from 26 % to 27 % of
TOC, whereas the passive carbon pool accounted for approximately
73-74% (Fig. 4). Differences among NCPC treatments were relatively
small; however, KNCPC recorded slightly high active carbon pools,
whereas MoNCPC registered showed relatively higher passive
carbon fractions. There was a small range of lability indices, from
0.90 to 0.91, within the treatments. This partially enhanced the
dynamics of labile carbon with the use of several nutrient-loaded
composites of biopolymers without considerably altering SOC
partitioning. The application of nutrient and fungus-loaded
nanocomposites demonstrated increased synchronisation of
nutrient and microbial stimulation without interference with long-
term carbon stabilisation mechanisms (8).

Effects of long-term fertilisation and nano-clay biopolymers
composites on crop yield and equivalent rice yield

Soil nutrient status is a good indicator of crop production and
system yield. Rice yield increased substantially under integrated and
organic nutrient management treatments (Fig. 5). The highest yield
was recorded under 50 % RDF + 50 % FYM, followed by 100 % FYM
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and 100 % RDF. The yield of lentils under the control treatment was
199 kg ha, whereas under the control treatment, the yield under 50
% RDF + 50 % FYM was 952 kg ha?; hence, the yield increased
significantly. The use of FYM, either alone or in combination with
inorganic fertiliser, augmented the amount of SOC and contributed
macro- and micronutrients in the soil, facilitating the mineralisation
of nutrients, facilitating their timely utilisation by crops and
stimulating the growth and activity of microorganisms, which
eventually led to improved crop yield (27). Similarly, the highest rice-
equivalent yield was reported under the combined application of
FYM and inorganic fertiliser (5019 kg ha?), whereas the lowest
equivalentrice yield was recorded under the control treatment (1775
kgha).

Organic inputs may also be used to improve soil aggregation
and nutrient retention, thereby increasing crop yield and system
productivity (2). The rice yield under different NCPC level, as
demonstrated in Fig. 6, ranged from 1727 to 1759 kg ha*, whereas
lentil yield varied greatly, ranging from 477 kg ha* under KNCPC to
the highest yield under molybdenum-loaded nano-clay biopolymer
composite (MONCPC) (787 kg ha?). Similarly, the system-equivalent
rice yield reached a maximum under the MoNCPC (4022 kg ha),
followed by the Arthro NCPC (3653 kg ha) and the lowest yield was
under the ZnNCPC (3195 kg ha?) and KNCPC (3137 kg ha?). The
higher lentil yield under MoNCPC may be attributed to the role of
molybdenum as a cofactor in N fixation enzymes, which enhances
nodulation and legume productivity (41). The enhanced equivalent
rice production under the Arthro NCPC was attributed to the
prolonged maintenance of the soil moisture and the regulation of
the worm population with time, which aided the successful
attainment of lentil production under the rainfed rice-lentil system
(8). The influence of nano-clay composites was noted to be stronger
in lentils than in rice, which suggests the role of legumes in
enhancing the productivity of the system.

Conclusion

Long-term nutrient management strategies improved soil health,
nutrient availability and productivity in rainfed rice-lentil cropping
systems. Integrated nutrient management and farmyard manure
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(FYM)-based treatment enhanced the macro- and micronutrient
availability, enzymatic activities, carbon dynamics and nutrients
uptake, resulting in higher crop yields and system productivity. The
short-term application of nutrient and fungi-loaded nano-clay
biopolymer composites (NCPC) also improved crop performance,
with potassium (K)-loaded nano-clay biopolymer composite
(KNCPC) and Zn-loaded nano-clay biopolymer composite
(ZnNCPC) increasing nutrient uptake, molybdenum-loaded nano-
clay biopolymer composite (MoNCPC) greatly increased the lentil
yield and Arthrobotrys oligospora-loaded nano-clay biopolymer
composite (Arthro NCPC), acting as a nano-enabled biofertiliser to
improve microbial activity. Combining organic-inorganic
fertilisation with nano-enabled biopolymers may enhance nutrient
use efficiency and system resilience under rainfed system. Future
research should confirm the longterm sustainability of
nanocomposites and evaluate the environmental and economic
feasibility.
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