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Abstract

Sustaining soil fertility in the rice-wheat cropping system (RWCS) is increasingly challenging due to continuous fertiliser use, declining soil
organic carbon (SOC) and nutrient imbalances. Integrated nutrient management (INM), which combines organic and inorganic sources, offers
a viable approach to restoring soil health and maintaining crop yields. This study evaluated the effects of vermicompost (VC) and mineral
fertiliser combinations on soil properties, crop performance and profitability under RWCS in Punjab, India. A randomised block field
experiment with 12 VC-recommended dose of fertiliser (RDF) combinations was conducted. Vermicompost-fertilisers integration significantly
enhanced SOC and available nitrogen (N), phosphorous (P) and potassium (K) and reduced bulk density compared to control or sole fertiliser.
The treatment 10 t ha* VC + 100 % RDF recorded the highest grain yield (6.88 t ha™ in rice and 5.41 t ha? in wheat) along with the maximum
benefit-cost ratio (1.84). Enhanced microbial activity further improved soil quality by accelerating organic matter decomposition and
mineralising nutrients, boosting the availability of N, P and micronutrients. A diverse microbial community creates stable aggregates,
enhancing soil structure, aeration and water retention. This nutrient synchronisation aligned nutrient release with crop demand, promoting
root development, consistent growth and improved soil fertility over time. Overall, partial substitution of mineral fertilisers with VC enhanced
nutrient-use efficiency, economic returns and soil resilience, thereby supporting sustainable intensification of RWCS.
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Introduction Vermicompost (VC), a biologically stabilised organic
amendment produced through earthworm-mediated
decomposition, has gained attention for its multifunctional role in
restoring soil fertility (6). In addition to supplying macro- and
micronutrients, VC contains humic substances and biologically
active compounds that enhance microbial activity, enzyme-
mediated nutrient cycling and soil structural stability (7, 8). Recent
studies suggest that VC preferentially influences labile and
particulate SOC pools, which are important indicators of short- to
medium-term carbon stabilisation and soil resilience, yet these
effects remain underexplored in intensive cereal rotations (9).

Sustaining and enhancing productivity in intensive cereal rotations
such as the rice-wheat cropping system (RWCS) remains a global
priority, as this system underpins the food security of nearly 400
million people across South Asia (1, 2). Over the past five decades,
productivity gains in RWCS have largely depended on high-yielding
varieties, irrigation and sustained application of chemical fertilisers.
However, this fertiliser-driven intensification has accelerated
nutrient mining, depletion of soil organic carbon (SOC),
deterioration of soil aggregation and the emergence of secondary
and micronutrient deficiencies (3, 4). These challenges threaten
both yield stability and the long-term ecological sustainability of Integrated nutrient management (INM), which combines
RWCS, highlighting the need for nutrient management strategies organic amendments with mineral fertilisers, is widely recognised

that simultaneously address productivity, soil carbon dynamicsand ~ for improving nutrient-use efficiency and sustaining yields in
farm profitability (5). RW(CS (10-12). Long-term experiments in the Indo-Gangetic plains

have shown that substituting 25-50 % of mineral nitrogen,
phosphorous and potassium (NPK) with organic inputs such as VC
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can maintain productivity while enhancing soil biological health
(3, 13). However, much of the available evidence primarily focuses
on SOC or yield responses, providing limited understanding of how
INM alters specific SOC fractions, system-level carbon balance and
residual effects across rice-wheat rotations.

Moreover, although VC-based INM is often promoted as a
climate-smart approach, quantitative assessments linking SOC
fractionation with carbon positivity and economic performance
remain scarce, particularly under the semi-arid, high-input
conditions of Punjab’s RWCS (13). Existing economic analyses are
frequently crop-specific and short-term, overlooking carry-over
benefits, input savings and yield stability at the rotation scale, which
ultimately governs farmer adoption decisions (12, 14).

Therefore, the novelty of the present study lies in its
integrated, system-level evaluation of VC-based INM under RWCS in
Punjab, India. Specifically, this study (i) quantifies the effects of
graded vermicompost-recommended dose of fertiliser (VC-
RDF) combinations on SOC fractions and soil biological indicators,
rather than focusing only on total SOC; (i) evaluates system
productivity and profitability across both rice and wheat seasons,
thereby capturing residual and cumulative effects; and (jii) assesses
whether VC integration enhances carbon positivity and economic
efficiency under region-specific soil and climatic conditions. We
hypothesise that partial substitution of mineral fertilisers with VC
will not only sustain yields but also improve SOC stabilisation and
benefit-cost ratios, thereby offering a scientifically robust and
economically viable pathway for sustainable intensification of
RWCS.

Materials and Methods
Site-specific agro-climatic context and environmental baseline

The field experiment was conducted during consecutive cropping
seasons (kharif and rabi) on a sandy loam soil, at the Soil Science
Research Farm of the School of Agriculture, Lovely Professional
University, Phagwara, Punjab, India, located at 31°24' N latitude and
75°59" E longitude and situated at 232 m above mean sea level
(AMSL). Sandy loam, a dominant soil type of central Punjab and is
characterised by low organic carbon content and moderate
nutrient-holding capacity, which directly influences nutrient
dynamics and crop response under the RWCS.

The region experiences a semi-arid subtropical climate
characterised by hot summers and cool winters. The mean annual
rainfall is approximately 720 mm, of which nearly 75-80 % is
received during the monsoon season (June-September). The mean
maximum and minimum temperatures during the rice-growing
season were 35.8 °C and 25.2 °C, respectively, whereas during the
wheat-growing season they averaged 226 °C and 84 °C.
Meteorological data were recorded daily from the adjacent
agrometeorological observatory.

Experimental framework, design protocol and treatment
application

Table 1 displays the initial physical and chemical parameters of the
study area. The experiment was laid out in a randomised block
design (RBD) with 12 treatments and 3 replications. Each plot
measured 5 x 4 m with 0.5 m buffer space between plots and 1 m
between replications to prevent nutrient contamination. The
treatments consisted of varying combinations of VC and RDF, T, -

Table 1. Initial soil profile and physico-chemical attributes

Soil properties Values
Sand (%) 62.67
Silt (%) 531
Clay (%) 32.02
Textural class Sandy loam
Bulk density (g cm) 1.51
Water holding capacity (%) 42.96
Porosity (%) 32.37
pH (1:2.5 w/v) 791
EC (dS m?) 0.28
Organic carbon (%) 0.52
Available N (kg ha) 196.2
Available P (kg ha?) 11.01
Available K (kg ha?) 168.12
Total organic carbon (%) 1.21

EC: electrical conductivity; N: nitrogen; P: phosphorus; K: potassium.

Control (no fertiliser, no VC), T, - 100 % RDF, T, -VC alone (VC at 5t ha
1, T,-5tha'VC+50% RDF, T5-5tha®VC+75%RDF, Ts-5tha*VC
+100 % RDF, T, - 10 tha*VC+50 % RDF, T, - 10t ha' VC + 75 % RDF,
T,-10tha®VC+100% RDF, T,,- 15t ha' VC +50 % RDF, T,, - 15t ha
VC+75%RDF, T,,-15tha*VC+100% RDF.

Nitrogen was applied through urea (46 % N), phosphorous
(P) through single superphosphate (16 % P,0s) and potassium (K)
through muriate of potash (60 % K,0). Vermicompost (VC) was
obtained from a certified on-farm unit and prepared using a mixture
of crop residues and cow dung decomposed by the earthworm
Eisenia fetida. It contained approximately 1.5% N, 0.9% P, 1.2 %K
and 15.3 % organic carbon on a dry weight basis.

Crop management and cultural operations
Rice (Oryzasatival.)

The rice variety “PR-126”, commonly cultivated in the region,
was transplanted during the last week of June with a spacing of
20 x 15 cm. Seedlings were raised in a nursery for 25 days prior to
transplanting. Half of the N and the full doses of P and K were
applied as basal before transplanting, while the remaining N was
top-dressed in two equal splits at tillering and panicle initiation
stages. Standing water of 5-7 cm depth was maintained until
grain filling, followed by field drainage before harvest.

Wheat (Triticum aestivumL.)

The succeeding wheat crop (variety PBW 222) was sown after the
harvest of rice during the second week of November, with a row
spacing of 22.5 cm. Half of the N and the full P and K were applied as
basal at sowing, while the remaining N was top-dressed at the
crown root initiation and booting stages. Standard agronomic and
plant protection practices were followed to maintain uniform crop
growth across all treatments. Irrigation management was carefully
implemented in the rice-wheat cropping system to achieve
optimum crop performance while promoting efficient water use.
During the kharif season, rice fields were maintained under shallow
submergence (2-5 cm) for the initial one to two weeks after
transplanting to ensure proper crop establishment. During the
vegetative stage, irrigation was scheduled following the alternate
wetting and drying (AWD) approach, in which irrigation was applied
after the water level receded to approximately 15 cm below the soil
surface and was subsequently restored to about 5 cm. However,
during the critical reproductive phases from panicle initiation to
flowering, continuous shallow flooding (2-5 cm) was maintained to
avoid moisture stress. The fields were drained 7-10 days prior to
harvest to facilitate uniform maturity and ease of harvesting,
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During the rabi season, wheat was irrigated judiciously
with four to six irrigations, providing a total water input of
approximately 400-450 mm. Particular emphasis was placed on
timely irrigation at critical growth stages, with the first and most
crucial irrigation applied at the crown root initiation stage (20-25
DAS), followed by irrigations at tillering (40-45 days), jointing or
stem elongation (60-65 days), flowering (85-90 days) and the milk
stage (100-105 DAS). This stage-specific irrigation scheduling
ensured adequate soil moisture availability throughout the crop
growth cycle.

Sampling for soil and plant analysis

Composite soil samples (0-15 cm) were collected before the
initiation of the experiment and after each crop harvest. The
samples were air-dried, sieved (2 mm) and analysed for soil pH by
pH meter (1:2.5 soil-water suspension) (15), electrical conductivity
(EC) by EC meter, organic carbon by wet oxidation method (16),
available N from alkaline potassium permanganate method (17),
available P from Olsen method (18) and available K from
ammonium acetate method (15).

Plant growth parameters, including plant height and
number of tillers m?, were recorded at key phenological stages. At
maturity, grain and straw yields were recorded from a net plot
area of 4 m?, adjusted to 14 % moisture content and expressed in
tonnes per hectare.

Economic analysis

The economic viability of the treatments was evaluated using a
standard cost-benefit analysis. The total cost of cultivation
included expenses on seed, land preparation, irrigation, labour,
fertilisers, vermicompost and other inputs. Gross returns were
calculated based on the prevailing minimum support prices
(MSPs) for rice and wheat grains along with the market rates for
straw.

The benefit-cost ratio (BCR) was computed using the following
formula:
Net returns

BCR= —
Cost of cultivation

Where:

Net return (R ha?) = (Grain yield x Market price) + (Straw
yield x Market price)

Total cost of cultivation (% ha?) = All variable costs incurred
for each treatment.

Statistical analysis

Data from both rice and wheat seasons were analysed using
analysis of variance (ANOVA) appropriate for an RBD. Treatment
means were compared using the least significant difference (LSD)
test at the 5 % probability level (p < 0.05). Statistical analysis was
performed using the R statistical software (version 4.3).

Results and Discussion
Soil properties and organic carbon dynamics

The analysis of post-harvest soil properties revealed significant
variations in soil fertility and physical characteristics in response to
different combinations of VC and mineral fertilisers under the rice-
wheat cropping system (Table 2). Among all treatments, the
highest SOC value (0.68 %) was recorded in (Tw and Ti)(15 t hat
VC +75 % RDF, 15 t ha VC + 100 % RDF) while the lowest SOC was
observed in the control (T,; 040 %), representing a net
improvement of about 70.5 %. This rise in SOC indicates the
significant role of organic amendments in supplying labile and
recalcitrant carbon pools that promote aggregate stability and
carbon sequestration (10, 5). The humic and fulvic fractions in VC
enhance microbial proliferation, enzymatic activity and
humification processes, leading to better stabilisation of organic
carbon within the soil matrix (19).

Similarly, available N ranged from 185 kg ha'* (T,) to 245 kg
ha* (T,,: 15 t ha VC + 100 % RDF), with an average increase of
approximately 24.5 % over the control. This improvement can be
attributed to the slow and sustained mineralisation of VC-derived
organic N, which complements the rapid availability from mineral
fertilisers and ensures balanced nutrient supply across growth
stages (11). The gradual N release from vermicompost also
minimises volatilisation losses and enhances N-use efficiency (19).
Available P improved from 13.6 kg ha' in T, to 21.3 kg ha' in T,,
corresponding to a 57 % increase over the control. This
improvement resulted from enhanced phosphate solubilisation
through the production of organic acids and microbial
metabolites in VC that chelate iron (Fe*) and aluminium (A ions,
thereby reducing P fixation in the alkaline soils of Punjab (20, 21).

Available K also increased significantly, ranging from 160
kg ha' in T, to a maximum of 196 kg ha? in T,,, reflecting a 22 %
improvement over the control. The higher K content under
integrated treatments can be attributed to the weathering of K-
bearing minerals and the release of exchangeable K facilitated by

Table 2. Synergistic effects of vermicompost and mineral fertilisers on soil properties

Available N Available P Available K Bulk density o
Treatments SOC (%) (kg ha) (kg ha) (kg ha) (Mg m*) pH EC (dSm™)
T, 0.40 185 13.6 160 1.49 8.12 0.24
T, 0.45 200 15.1 168 1.46 8.05 0.26
T, 0.49 208 16.0 172 1.44 8.02 0.27
T, 0.52 214 17.2 176 1.42 7.98 0.28
Ts 0.55 220 18.0 180 1.40 7.95 0.29
T 0.58 226 18.8 184 1.39 7.92 0.30
T, 0.61 232 19.5 187 1.38 7.89 0.31
T 0.64 237 20.1 190 1.37 7.87 0.32
Ty 0.66 242 20.7 193 1.36 7.85 0.33
Tio 0.67 243 21.0 194 1.35 7.84 0.33
T, 0.68 244 21.2 195 1.35 7.83 0.34
Ti2 0.68 245 21.3 196 1.35 7.83 0.34
SEM+ 0.014 2.90 0.32 2.05 0.007 0.011 0.007
LSD (p =0.05) 0.04 8.2 0.9 5.8 0.02 0.03 0.02

SOC: soil organic carbon; EC: electrical conductivity; N: nitrogen; P: phosphorus; K: potassium LSD: least significant difference; SEM: standard

error of the mean.
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organic acid production and microbial exudates (8, 13). The
cumulative improvements in available N, P and K demonstrate
the synergistic effect of VC and mineral fertilisers in maintaining a
dynamic equilibrium between nutrient mineralisation and
immobilisation.

The bulk density (BD) of soil declined significantly from
1.49 Mg m®in T, to 1.35 Mg m?in T,,-T,,, indicating improved
soil porosity and structural stability. This reduction in BD is
associated with increased incorporation of organic matter,
microbial  polysaccharide activity and formation of
macroaggregates that improve aeration and root penetration
(22). A corresponding decrease in soil pH from 8.12 (T,) to 7.83
(T,,) under integrated treatments indicates partial neutralisation
of alkalinity by weak organic acids formed during VC
decomposition, improving micronutrient solubility and overall
nutrient buffering capacity (23).

In contrast, EC values showed a slight but non-critical
increase from 0.24 dS m? (T,) to 0.34 dS m* (T,,). The slight
increase in EC observed in treatments with higher VC and fertiliser
rates likely resulted from greater mineralisation and accumulation
of soluble nutrient ions, though all values remained well below the
salinity hazard threshold (< 2 dS m?) (24). Collectively, these
findings confirm that integrated VC + RDF treatments enhanced
soil chemical fertility while simultaneously improving physical
structure and maintaining salinity within permissible limits.

Overall, the integrated application of VC and mineral
fertilisers substantially improved soil fertility and physical health
by enhancing SOC and nutrient availability while decreasing bulk
density and moderating soil pH. The balanced nutrient release
from organic and inorganic sources created a synergistic effect
that optimised soil quality without inducing salinity or alkalinity
problems. These results corroborate findings from long-term
integrated nutrient management (INM) studies conducted
highlighting that partial substitution of chemical fertilisers with
organic manures like VC enhances nutrient-use efficiency, soil
carbon sequestration and long-term sustainability of intensive
cropping systems (4, 25).

Crop growth and yield attributes
Rice crop

Growth and yield attributes of rice were markedly influenced by
different VC and fertiliser combinations under the rice-wheat
system (Table 3). The results revealed that integrated nutrient
treatments significantly enhanced plant height, tiller production,
panicle length and yield components compared to the control

and sole fertiliser applications. Plant height ranged from 88.2 cm
in the control (T,) to a maximum of 109.7 cm in the 10 t ha® VC +
100 % RDF treatment (T,), representing a 24 % increase. The
improvement in plant stature may be attributed to balanced
nutrient supply and the growth-promoting substances present in
VG, such as auxins, gibberellins and humic acids, which stimulate
cell elongation and tiller vigour (19, 25).

Tillers hill* followed a similar trend, increasing from 9.1
(T,) to 14.0 (T,), reflecting improved tiller initiation and survival.
This enhancement is likely attributed to sustained N
mineralisation and improved soil aeration resulting from higher
organic matter inputs, which support continuous nutrient
availability and rhizosphere microbial activity (11). Panicle
length increased from 21.0 cm in the control to 24.8 cm in T,
with no significant gains beyond that level. The lengthening of
panicles under INM indicates better translocation of assimilates
from source to sink organs and improved reproductive
development (26).

Grain yield exhibited a pronounced response to combined
nutrient application, ranging from 3.48t ha* in T, to a maximum of
6.88 t ha' in Ty, corresponding to a 97 % increase over the control
and a 25.8 % increase over the sole RDF treatment (T,). The yield
enhancement under Ty resulted from the synergistic effects of
organic and inorganic nutrient sources that improved nutrient-use
efficiency, soil microbial biomass and root physiological activity
(22,27). The continuous nutrient release from VC maintained plant
nutrient supply during grain filling, reducing spikelet sterility and
improving sink strength (28).

Straw yield followed a similar trend, increasing from 4.10
t ha' in T, to 741 t ha' in T,, reflecting enhanced biomass
accumulation. The significant increase in total dry matter under
integrated treatments is consistent with earlier reports from long-
term Indo-Gangetic studies, where VC combined with chemical
fertilisers improved both yield and carbon assimilation efficiency
in rice (10, 24). Beyond 10 t ha VC, no substantial yield gain was
observed (T,,-T;,), indicating a saturation threshold likely due to
nutrient immobilisation or suboptimal N:P:K ratios in excessive
organic inputs (5).

Overall, the integrated application of 10 t ha™ VIC + 100 %
RDF (T,) proved most effective in enhancing rice growth and yield
performance. These results emphasised that VC, when used in
combination with mineral fertilisers, provides a synchronised
nutrient supply that enhances physiological efficiency, promotes
root development and ensures higher grain productivity (23, 25).

Table 3. Growth dynamics and yield performance of rice under integrated nutrient regimes

Treatments Plant height (cm) Tillers hill? Panicle length (cm) Grain yield (t ha?) Straw yield (t ha?)
T, 88.2 9.1 21.0 3.48 4.10
T, 97.5 11.5 22.4 5.10 5.85
T, 94.3 10.7 22.1 4,76 5.49
T, 100.1 12.0 23.2 5.54 6.15
Ts 103.0 12.8 235 5.91 6.56
T 105.2 13.0 23.8 6.15 6.79
T, 104.1 13.2 24.0 6.28 6.87
T 107.8 13.6 24.3 6.58 7.12
T, 109.7 14.0 24.8 6.88 7.41
To 106.3 13.3 242 6.42 6.95
T 108.0 13.7 24.5 6.70 7.19
Ty, 108.5 13.9 246 6.74 7.25
SEM+ 0.94 0.21 0.18 0.067 0.099
LSD (p <0.05) 2.65 0.6 0.5 0.19 0.28

LSD: least significant difference; SEM: standard error of the mean.
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Wheat crop

Wheat growth and vyield attributes responded significantly to
integrated applications of VC and mineral fertilisers under the rice-
wheat system (Table 4). Plant height increased from 74.3 ¢cm (T,)
t092.4 cm (T,), @ 24 % rise, due to the synergistic effect of balanced
nutrient supply and improved soil physical properties reflecting
improved nutrient availability and hormonal stimulation from VC-
derived humic substances (29).

Effective tillers m? increased from 248 (T,) to 329 (T,), a
24.6 % this can be attributed to the steady N release from VC that
complements mineral N and reduces losses through leaching or
volatilisation, ensuring nutrient availability throughout the
vegetative phase (21). A higher tiller count under integrated
fertilisation indicates better physiological efficiency and a more
robust source-sink balance (30). Spike length increased from 9.3 to
10.9 cm, while grains spike™ improved to 37-48, respectively, due
to balanced nutrient uptake and improved floret fertility (14).

Grain yield increased from 3.15 t ha* (T,) to 5.41 t ha* (T,),
representing a 72 % gain, while straw yield rise by 48 % (3.94-5.86 t
ha?). Yield improvement was associated with increased tiller
density, nutrient-use efficiency and photosynthetic activity (29).
Beyond 10 t ha? VC, yield plateaued, possibly due to temporary N
immobilisation at high organic inputs (31). Overall, the treatment
of 10 t ha™ VC + 100 % RDF (T,) achieved the highest productivity,
confirming that VC-fertiliser integration optimises soil fertility,
plant growth and yield stability (28).

The yield advantage under integrated treatments is likely
due to enhanced synchronisation of nutrient release and plant
demand, leading to improved nutrient use efficiency (NUE) and

reduced losses through leaching and volatilisation. The gradual
mineralisation of nutrients from VC maintained nutrient
availability during the later growth stages, ensuring continuous
plant uptake and improved grain filling

Economic analysis and benefit-cost ratio (BCR)

The economic evaluation of the RWCS revealed that INM
significantly improved profitability (Table 5). The total cultivation
cost increased with higher VC rates, primarily due to the cost of
procurement, transportation and labour associated with organic
manure handling. However, these costs were offset by
substantial gains in productivity and market returns, particularly
when VC was applied in combination with chemical fertilisers.

Among all treatments, T, (10 t ha® VC + 100 % RDF)
recorded the highest gross return (3158800 ha) and net return
(72300 ha?), with a benefit.cost (B:C) ratio of 1.84,
demonstrating superior economic efficiency. In contrast, the
lowest profitability was observed in the control (T,), where gross
return was only 80700 ha and B:C = 1.48, due to low crop yield
and low resource-use efficiency. Treatments with partial
substitution of fertilisers (Ts-Tg) showed 15-25 % higher net
returns than sole RDF (T,), emphasising that integrating organic
and inorganic nutrient sources enhances system productivity
and profitability.

Although higher VC levels (15 t ha?) marginally improved
yield, the accompanying rise in input cost reduced the net
benefit, lowering the B:C ratio to 1.61-1.72, this aligns with the
findings diminishing economic returns beyond 10 t ha' of
organic input in north-western India (29). The greater
profitability at moderate VC rates can be attributed to the

Table 4. Growth dynamics and yield performance of wheat under integrated nutrient regimes

Plant height Effective Spike length . _— 1000-grain Grain yield Straw yield
Treatments (cm) g tillers m? (cm) Grains spike weight (g) (tha?) (tha?)
T, 74.3 248 9.3 37 39.5 3.15 3.94
T, 82.1 283 9.8 42 40.8 4.32 5.00
T, 80.2 272 9.6 40 40.3 4.08 4.83
T, 84.5 295 10.1 43 41.5 4.56 5.15
Ts 87.2 308 10.4 45 41.9 4.89 5.37
T 88.9 314 10.6 46 42.3 5.08 5.52
T, 89.5 318 10.7 46 42.6 5.15 5.59
T 91.1 324 10.8 47 43.0 5.28 5.72
Ty 92.4 329 10.9 48 43.3 5.41 5.86
Tio 91.5 321 10.8 47 43.0 5.24 5.74
T, 92.0 325 10.9 48 43.2 5.35 5.80
Ti2 92.2 327 10.9 48 43.2 5.37 5.82
SEM+ 0.74 3.47 0.11 0.64 0.21 0.060 0.099
LSD (p =0.05) 2.10 9.8 0.3 1.8 0.6 0.17 0.28

LSD: least significant difference; SEM: standard error of the mean.

Table 5. Profitability and input-output economics

Treatments Total cost (% ha?) Gross return (% ha) Net return (% ha?) Benefit:cost ratio
T, 54500 80700 26200 1.48
T, 65800 122600 56800 1.86
T, 70200 114200 44000 1.63
T, 72400 128700 56300 1.77
Ts 74600 136800 62200 1.83
T 76800 142400 65600 1.85
T, 80000 145800 65800 1.82
T 83300 152900 69600 1.83
T, 86500 158800 72300 1.84
Tio 90900 156400 65500 1.72
T 94200 157000 62800 1.67
T 97600 157600 60000 1.61
SEM+ - 1397 990 0.018
LSD (p <0.05) - 3950 2800 0.05

LSD: least significant difference; SEM: standard error of the mean.
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synergistic effects of nutrient availability, improved soil structure
and microbial activity that enhance fertiliser-use efficiency (3).

Overall, the integration of 10 t ha® VC with 100 % RDF
proved most profitable, which confirmed that balanced organic-
inorganic nutrient management not only sustains yields but also
maximises farm income through reduced dependency on costly
chemical fertilisers and improved soil fertility over time (13, 24).

Conclusion

The integration of vermicompost (VC) with mineral fertilisers
significantly improved soil fertility, crop performance and
profitability in the rice-wheat system. The treatment of 10 t ha?
VC + 100 % recommended dose of fertiliser (RDF) produced the
highest yields and economic returns, performing comparably to
higher VC doses but at a lower cost. These outcomes reaffirm the
potential of integrated nutrient management (INM) to reduce
reliance on synthetic inputs while maintaining productivity and
profitability.

This approach aligns with the principles of climate-smart
agriculture, offering pathways to improve soil resilience, enhance
nutrient cycling and mitigate carbon emissions through organic
matter recycling (32, 33). The results are consistent with climate-
smart nutrient management principles, as VC additions support
soil organic carbon (SOC) buildup and improve soil resilience.
These findings suggest that vermicompost-based INM practices
can be promoted as a sustainable strategy for enhancing
productivity and soil health in intensively cultivated rice-wheat
systems.
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