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Abstract:
Introduction/Objective: This study evaluated the effects of Ganga sludge-based organic manures on soil nutrient
availability, growth, yield attributes, and land-use efficiency of wheat (Triticum aestivum), pea (Pisum sativum), and
their intercropping system under a humid subtropical climate.

Methods:  A field  experiment  was  conducted  using  a  randomized  block  design  with  seven  nutrient  management
treatments, comprising a conventional fertilization control and single or combined applications of Jaivik Prom, Pori
Potash,  Dharti  ka  Chaukidar,  Jaivik  Poshak,  and  Jaivik  Khad.  Growth  attributes,  Crop  Growth  Rate  (CGR),  yield
components, Land Equivalent Ratio (LER), competition indices, and correlations between soil properties and crop
performance were evaluated under sole and intercropping systems. Data were analyzed using ANOVA and LSD tests
(p ≤ 0.05).

Results:  Integrated  organic  nutrient  management  significantly  enhanced  crop  performance  compared  with
conventional fertilization. In pea, the combination of Pori Potash and Jaivik Poshak produced the highest grain yield
under both intercropping (4.67 kg plot−1) and sole cropping (6.81 kg plot−1). In contrast, Jaivik Prom combined with
Jaivik Khad markedly improved pod production and biomass. In wheat, the combined application of Pori Potash and
Jaivik Khad resulted in the highest grain yield under sole (1.71 kg plot−1) and intercropping (1.00 kg plot−1), while
Jaivik Khad alone enhanced crop growth rate, leaf area, and chlorophyll content. Pea performed better under sole
cropping, whereas wheat benefited from intercropping. LER values (1.35–2.32) confirmed superior land-use efficiency
of intercropping, and available phosphorus and potassium showed strong positive correlations with crop growth and
yield.

Discussion:  Improved  crop  performance  was  primarily  associated  with  enhanced  nutrient  availability  and
complementary interactions between wheat and pea, particularly the legume component's facilitation of nitrogen
availability.

Conclusion: The results indicate that integrated application of Ganga sludge-based organic manures, particularly
combined formulations, offers a sustainable approach for nutrient recycling, soil fertility improvement, and enhanced
productivity in organic and low-input cereal-legume systems.

Keywords: Organic manures, Ganga sludge, Wheat-pea intercropping, Nutrient availability, Land equivalent ratio,
Sustainable agriculture.
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1. INTRODUCTION
Wheat (Triticum aestivum L.) and pea (Pisum sativum

L.)  are  globally  important  cereal  and  legume  crops  that
play  a  critical  role  in  ensuring  food  and  nutritional
security.  Their cultivation,  either as sole crops or within
intercropping  systems,  has  received  considerable
attention  due  to  its  implications  for  sustainable
agricultural intensification. Intercropping, defined as the
simultaneous cultivation of two or more crops in the same
field,  represents  an  efficient  cropping  strategy  that
enhances  resource-use  efficiency,  stabilizes  yields,  and
improves  soil  health.  In  particular,  cereal-legume
intercropping  systems  have  been  widely  adopted  across
diverse agro-ecological regions, including India [1-3]. The
ecological  advantage  of  legume-based  intercropping
systems  primarily  lies  in  the  biological  nitrogen  fixation
capacity of legumes. Through symbiotic associations with
rhizobia,  legumes  such  as  peas  convert  atmospheric
nitrogen into  plant-available  forms,  thereby contributing
significantly to soil nitrogen pools. When integrated with
cereal  crops  like  wheat,  this  biological  nitrogen  input
reduces dependence on synthetic fertilizers and enhances
overall  system  productivity  [4,  5].  Such  complementary
interactions  between  component  crops  improve  nutrient
cycling, optimize resource partitioning, and contribute to
the resilience of cropping systems under nutrient-limited
conditions.

However,  the  increasing  global  demand  for  food,
driven by rapid population growth, has historically led to
an over-reliance on inorganic fertilizers to maximize crop
yields.  While  these  inputs  have  substantially  increased
agricultural  productivity,  their  prolonged  and  excessive
use  has  resulted  in  the  degradation  of  soil  quality,
including the decline of soil organic matter, disruption of
microbial communities, and deterioration of soil structure.
These  challenges  have  necessitated  a  paradigm  shift
toward sustainable nutrient  management practices,  with
increasing emphasis  on  the  use  of  organic  amendments.
Organic  manures  are  recognized  not  only  as  sources  of
essential plant nutrients but also as agents that improve
soil  physicochemical  properties,  enhance  microbial
activity,  and  promote  long-term  soil  fertility,  ultimately
leading  to  sustained  crop  productivity  [6-9].  The
agronomic effectiveness of organic amendments, however,
is  highly  dependent  on  their  origin,  composition,  and
application rates [10, 11]. In recent years, there has been
growing  interest  in  recycling  organic  wastes  from
agricultural  residues,  food  processing  industries,  and
municipal  sources  for  the  production  of  value-added
organic  fertilizers  [12].  Empirical  studies  have
demonstrated the positive  effects  of  such organic  inputs
on  soil  fertility  and  crop  performance  across  a  range  of
crops, including potato and pea [13, 14], carrot [15], red
lettuce  [16],  and  mung  bean  [17].  The  use  of  municipal
and  industrial  wastes,  particularly  sewage  sludge,  as
organic  amendments  in  agriculture  has  emerged  as  a
major  management  practice  due  to  their  high  Organic
Carbon (OC),  Nitrogen (N),  and Phosphorus (P)  content.
When properly treated, it can serve as an effective organic

amendment, contributing to soil fertility enhancement and
improved  crop  growth  [12,  18].  However,  its  agronomic
potential, particularly in diversified cropping systems such
as  cereal-legume  intercropping,  remains  insufficiently
explored.

Given the complementary benefits of intercropping and
organic nutrient management, integrating treated sewage
sludge-based organic manures into cereal-legume systems
may  provide  a  sustainable  approach  to  enhancing  crop
productivity  while  addressing  waste  management
challenges.  However,  systematic  evaluation  of  such
integrated approaches, particularly under region-specific
conditions,  is  limited.  Therefore,  the  present  study  was
designed  to  test  the  hypothesis  that  the  application  of
treated Ganga sludge-based organic manures in a wheat-
pea  intercropping  system  would  significantly  improve
growth  performance,  resource-use  efficiency,  and  yield
compared  to  conventional  practices.  The  study  aims  to
assess the combined effects of organic nutrient inputs and
intercropping on crop growth dynamics and productivity,
thereby  contributing  to  the  development  of  sustainable
and resource-efficient agricultural systems.

2. MATERIALS AND METHODS

2.1. Study Site
The  study  was  conducted  during  the  winter  season

(December–March)  of  2022–2023  at  the  experimental
farms of the Patanjali Research Institute (PRI), Haridwar,
Uttarakhand, India (29°54′49″ N, 77°59′51″ E), located in
the Upper Gangetic Plains Region (Agro-Climatic Zone I,
ICAR). The region has a humid subtropical climate (Cwa
type)  with  an  average  annual  temperature  of  23  °C  and
annual rainfall  of  1262 mm. The fertile alluvial  soils and
prevailing  climatic  conditions  support  cereal-legume
cropping systems, making the site suitable for evaluating
intercropping and organic nutrient management practices.

2.2.  Collection  and  Processing  of  Ganga  Sludge
Samples

Sludge  samples  were  collected  from  the  Sludge
Treatment  Plant  (STP)  located  in  the  Jagjeetpur  area  of
Haridwar  district,  Uttarakhand,  India.  The  collected
sludge was processed into five different organic fertilizer
products using patented technology developed by Patanjali
(Patent  application  number:  202211069280)  at  the
Patanjali  Organic  Research  Institute  (PORI).  The
processed  products  included  Jaivik  Prom,  Pori  Potash,
Dharti ka Chaukidar, Jaivik Poshak, and Jaivik Khad. Prior
to  field  application,  the  sludge-derived  fertilizers  were
analyzed for heavy metal concentrations (Cd, Pb, Cr, Ni,
As,  Hg,  Cu,  and  Zn)  following  standard  procedures.  The
concentrations of all tested elements remained below the
permissible  limits  prescribed  by  the  Fertilizer  Control
Order  (FCO),  Government  of  India,  indicating  that  the
treated  Ganga  sludge-based  products  were  environ-
mentally  safe  for  agricultural  application  [19].  These
manures were evaluated individually and in combinations
under an intercropping system to assess their effects on
growth and yield parameters of wheat and pea crops.
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2.3. Composition of Organic Fertilizer Formulations
The  organic  fertilizer  formulations  evaluated  in  the

experiment  differed  in  their  nutrient  sources  and
biological  components.  The  composition  of  the
formulations  used  in  the  respective  treatments  was  as
Jaivik Prom (Formulation containing rock phosphate and
plant  growth-promoting  bacteria  (PGPB)),  PORI  Potash
(Potassium-rich  formulation  derived  from  molasses,
containing  18%  K2O),  Dharti  ka  Chaukidar  (Formulation
based  on  Jaivik  Khad,  supplemented  with  neem  oil  and
neem  cake),  Jaivik  Khad  (Organic  manure  fortified  with
potassium-mobilizing bacteria and phosphate-solubilizing
bacteria)  and  Jaivik  Poshak  (Mycorrhiza-based  granular
biofertilizer).  Jaivik” in the product names indicates that
the  product  is  made  from  natural  ingredients  without
synthetic  chemicals  or  pesticides.

2.4. Experimental Design and Field Experimentation
Healthy and uniform seeds of wheat (PBW226 variety

sourced  from  Divya  Beej  of  Patanjali  Organic  Research
Institute) and pea (Wonder 10 produced and supplied by
Nath  Bio-Genes  (I)  Ltd.)  used  for  the  field  experiment
were  treated  before  sowing  with  a  bio-pesticide
formulation  containing  Trichoderma  viride  and
Pseudomonas  fluorescens  (5  mL  L−1  each)  by  soaking
overnight to prevent soil-borne diseases. The experiment
was  laid  out  in  a  Randomized  Block  Design  (RBD)  with
eight  treatments  and  three  independent  replications,
resulting in 24 experimental plots. Three replications were
selected to provide independent experimental units within
the  RBD and  to  account  for  field-level  spatial  variability
while  maintaining the feasibility  of  the field  experiment.
The total experimental area comprised 24 plots, with each
plot measuring 4 × 2 m (8 m2). Pea seeds were sown at a
spacing of 10 cm (seed-to-seed), whereas wheat was sown
at a seed rate of 83.5 kg/ha. Wheat and peas were planted
in a 2:1 row ratio, with two rows of wheat alternating with
one  row  of  peas.  The  treatments  consisted  of  different
organic fertilizer applications as follows: To (Control with
FYM only), T1 (Jaivik Prom 100 kg acre−1), T2 (Pori Potash
100 kg acre−1),  T3  (Dharti ka Chaukidar 10 kg acre−1),  T4

(Jaivik Poshak 7 kg acre−1), T5 (Jaivik Khad 80 kg acre−1), T6

(Jaivik Prom + Jaivik Khad at 50 + 40 kg acre−1),  and T7

(Pori Potash + Jaivik Poshak at 50 + 3.5 kg acre−1). Each
organic  manure  was  applied  at  30-day  intervals  after
sowing,  according  to  the  treatment  and  recommended
application rates. Soil moisture was maintained uniformly
at field capacity throughout the experimental period.

2.5. Measuring Variables

2.5.1. Soil Analysis
Soil  samples  were  collected  randomly  from  each

treatment  plot  at  a  depth  of  0–200  mm  at  the  time  of
harvest. The samples were placed in sterile, sealed plastic
bags  and  transported  immediately  to  the  laboratory  for
analysis. After removing plant debris and gravel, the soil
samples  were  homogenized and passed through a  2  mm
sieve.  Physicochemical  properties,  including  soil  pH,

Organic Carbon (OC), total Nitrogen (N), Phosphorus (P),
and  Potassium  (K),  were  determined  using  standard
procedures. Soil pH was measured using a pH electrode at
a soil-to-water ratio of 1:5. Total nitrogen was determined
using the Kjeldahl method, while phosphorus content was
analyzed  using  Olsen’s  method  [20].  Potassium  content
was  measured  using  a  flame  photometer.  Available
Nitrogen (AN), Phosphorus (AP), and Potassium (AK) were
analyzed at the harvest stage by the Central Laboratory,
Patanjali  Food  and  Herbal  Park  Pvt.  Ltd.  (NABL-
accredited).

2.5.2. Plant Growth and Yield Parameters
Growth and yield parameters were recorded separately

for pea and wheat crops, considering their different crop
durations.  In  pea,  growth  parameters  including  plant
height (cm), shoot biomass (g), leaf area (cm2), dry matter
accumulation (g), and chlorophyll content were measured
at 30 Days After Sowing (DAS), while yield attributes were
recorded  at  60  DAS.  In  wheat,  growth  parameters  were
recorded at 60 DAS, whereas yield attributes such as spike
length, 100-seed weight, number of seeds per spike, and
yield  per  plot  were measured at  90 DAS.  A total  of  nine
plants  were  randomly  selected  from each treatment  and
replication for recording observations. Chlorophyll content
was  determined  using  a  SPAD  meter  and  expressed  as
SPAD values.

2.5.3. Growth Indices and Intercropping Efficiency
Crop  growth  rate  (CGR)  was  calculated  using  the

following  formula  in  Eq.  (1):
CGR = (ln W2 − ln W1) / (t2 − t1) (1)

where  W1  and  W2  represent  initial  and  final  fresh
weights, respectively, and t2 − t1 denotes the time interval
in days.

The  Land  Equivalent  Ratio  (LER)  was  calculated  to
evaluate intercropping efficiency [Willey et al. 1979] using
Eq. (2):

LER = (Yₚ-IC / Yₚ-SC) + (YO-IC / YO-SC) (2)

where  Yₚ-IC  and  Yₚ-SC  represent  the  yields  of
intercropped and sole pea, respectively, and YO-IC and YO-
SC represent  the  yields  of  intercropped  and  sole  wheat,
respectively.  LER  values  greater  than  1  indicate  a  yield
advantage of intercropping over sole cropping.

Aggressivity  (A)  was  calculated  to  determine  the
dominance of one crop over the other in the intercropping
system [21] using the following Eq. (3):

A(wheat) = (Y(wheat mix) / Y(wheat sole)× Z(wheat)) −
(Y(pea mix) / Y(pea,sole) × Z(pea))

(3)

Where  Z(wheat)  and  Z(pea)  are  the  proportions  of
wheat  and pea sown in  the intercropping system.  In  the
present  study,  wheat  and  pea  were  grown  in  a  2:1  row
ratio;  therefore,  Z  (wheat)=  2/3  and  Z  (pea)  =  1/3.  A
positive  value  of  aggressivity  indicates  dominance  of
wheat  over  pea,  while  a  negative  value  indicates
dominance  of  pea  over  wheat.
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The  Competitive  Ratio  (CR)  was  calculated  to  assess
the degree of competition between the component crops
as follows [22] in Eq. (4):

CR(wheat) = LER(wheat) / LER(pea) × Zpea / Zwheat) (4)

Where: LER(wheat) = Y(wheat mix) / Y(wheat sole)

LER(pea) = Y(pea mix) / Y(pea sole)

And  Z  pea  and  Z  wheat  denote  their  respective  sown
proportions  in  the  intercropping  system.  A  CR  value
greater  than  1  indicates  that  wheat  is  more  competitive
than  pea,  whereas  a  value  less  than  1  indicates  the
opposite.

2.6. Statistical Analysis
All  data  collected  were  classified  and  processed  in

Microsoft  Excel  and  subsequently  analyzed  using  R
version  4.3.1  (R  Core  Team,  2022).  Prior  to  statistical
analysis, the assumptions of normality and homogeneity of
variance were tested. The effects of treatments, cropping
pattern,  and their  interaction on the studied parameters
were  evaluated  using  two-way  Analysis  of  Variance
(ANOVA). Whenever significant differences were detected,
mean  separation  was  performed  using  the  Least
Significant  Difference  (LSD)  test  at  the  5%  probability

level  employing  the  “agricolae”  package  [23].  Pearson's
correlation  analysis  was  performed  to  examine
relationships among variables using the “metan” package
[24]. All statistical tests were considered significant at p ≤
0.05, and the results are presented as mean ± Standard
Deviation (SD).

3. RESULTS

3.1. Soil Chemical Properties
The  application  of  organic  fertilizers  significantly

altered soil chemical properties across different cropping
systems  (Tables  1-3).  Organic  fertilizer  applications
resulted  in  a  significant  increase  in  soil  Available
Phosphorus (AP) and Available Potassium (AK) (P < 0.05).
In  all  three  systems,  AP  was  highest  under  the  T6
treatment,  while  AK  was  maximized  under  T7.  Soil
Available Nitrogen (AN) did not show significant variation
among  treatments,  although  slight  fluctuations  were
observed  depending  on  crop  type.  Similarly,  soil  Total
Nitrogen (TN), Total Phosphorus (TP), and Total Potassium
(TK) did not exhibit marked differences across treatments.
However, both total and available nutrient contents were
generally higher in treated plots compared to the control,
indicating a positive influence of organic fertilizers on soil
chemical properties.

Table 1. Variations in chemical properties of soil after application of different organic fertilizers in wheat.

Treatment TN
(g kg-1)

TP
(g kg-1)

TK
(g kg-1)

AN
(mg kg-1)

AP
(mg kg-1)

AK
(mg kg-1)

T0 4.10±0.25 0.66±0.12 81.85±0.61 192.84±10.24 215.8±9.4 1161.72±31.01
T1 2.42±0.30 0.68±0.10 82.64±1.44 195.90±11.67 287.45±13.9** 1238.06±55.79*
T2 3.26±0.12 0.69±0.21 81.96±0.84 187.76±3.12 258.8±12.9* 1568.17±32.10**
T3 3.47±0.08 0.73±0.20 83.12±0.71 184.54±15.22 224.18±15.0 1287.96±4.68**
T4 3.56±0.28 0.74±0.26 82.18±0.51 183.70±3.66 343.18±18.7** 2067.75±12.13**
T5 3.70±0.07 0.58±0.04 81.84±0.56 189.34±6.80 268.5± 4.8* 1239.63±23.32*
T6 3.40±0.26 0.55±0.01 82.59±0.88 177.96±5.60 442.12±31.0** 1309.73±30.67**
T7 3.28±0.14 0.50±0.03 83.25±0.59 182.30±3.39 288.85±8.8** 3056.71±22.67**

Note:  Data are presented as  the mean ± standard deviation (STDEV,  n = 9).  *  (p  < 0.05),  **  (p  < 0.01),  ***  (p  < 0.001).  T0 conventional  fertilization
treatment. TN, total nitrogen; TP, total phosphorus; TK, total potassium; AN, available nitrogen; AP, available phosphorus; AK, available potassium.

Table 2. Variations in soil chemical properties after application of different organic fertilizers in Pea.

Treatment TN
(g kg−1)

TP
(g kg−1)

TK
(g kg−1)

AN
(mg kg−1)

AP
(mg kg−1)

AK
(mg kg−1)

T0 4.85±0.22 0.70±0.10 82.10±0.70 210.45±9.80 225.30±10.5 1205.40±30.20
T1 3.10±0.28 0.75±0.12 82.80±1.20 220.60±10.40 310.20±12.8 1320.75±45.60
T2 3.60±0.15 0.72±0.18 82.50±0.90 205.30±5.20 275.40±11.6 1685.30±40.10
T3 3.75±0.10 0.78±0.15 83.40±0.65 198.60±12.30 240.10±14.2 1385.20±10.40
T4 3.95±0.20 0.80±0.20 82.60±0.55 200.10±4.50 365.40±16.5 2150.80±15.20
T5 4.20±0.08 0.62±0.05 82.30±0.60 208.40±6.20 280.50±6.8 1350.90±20.30
T6 3.90±0.18 0.60±0.03 82.90±0.75 195.20±5.80 460.80±28.0 1420.60±28.40
T7 3.70±0.12 0.58±0.04 83.50±0.60 198.80±4.20 300.60±9.5 3200.40±25.10

Note:  Data are presented as  the mean ± standard deviation (STDEV,  n = 9).  *  (p  < 0.05),  **  (p  < 0.01),  ***  (p  < 0.001).  T0 conventional  fertilization
treatment. TN, total nitrogen; TP, total phosphorus; TK, total potassium; AN, available nitrogen; AP, available phosphorus; AK, available potassium.
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Table 3. Variations in soil chemical properties after application of different organic fertilizers in Intercropping
(Pea + Wheat) .

Treatment TN
(g kg−1)

TP
(g kg−1)

TK
(g kg−1)

AN
(mg kg−1)

AP
(mg kg−1)

AK
(mg kg−1)

T0 4.30±0.20 0.68±0.11 82.00±0.65 200.10±8.90 220.40±9.80 1180.50±28.60
T1 2.80±0.25 0.70±0.10 82.70±1.10 205.30±9.60 295.20±11.4 1305.40±40.20
T2 3.30±0.10 0.71±0.19 82.30±0.85 190.40±4.10 265.30±10.2 1600.20±35.60
T3 3.50±0.09 0.75±0.18 83.20±0.60 188.20±11.50 235.80±13.8 1355.10±9.50
T4 3.65±0.22 0.78±0.22 82.40±0.50 190.10±3.80 350.60±17.2 2105.30±14.80
T5 3.80±0.06 0.60±0.04 82.10±0.55 195.40±5.60 275.10±5.5 1300.40±18.70
T6 3.55±0.20 0.58±0.02 82.80±0.70 185.30±4.90 430.20±25.6 1380.50±26.20
T7 3.40±0.13 0.55±0.03 83.40±0.55 188.60±3.70 295.80±8.20 3100.60±20.40

Note:  Data are presented as  the mean ± standard deviation (STDEV,  n = 9).  *  (p  < 0.05),  **  (p  < 0.01),  ***  (p  < 0.001).  T0 conventional  fertilization
treatment. TN, total nitrogen; TP, total phosphorus; TK, total potassium; AN, available nitrogen; AP, available phosphorus; AK, available potassium.

In sole cropping of Wheat (Triticum aestivum) (Table
1),  nutrient  availability  followed  a  pattern  that  was
consistent  with  fertilizer  composition.  The  highest  AP
(442.12  mg  kg−1)  was  observed  under  T6,  suggesting  a
synergistic  effect  of  combined  organic  inputs  and
microbial  activity.  Similarly,  AK  was  significantly
enhanced  under  T7  (3056.71  mg  kg−1),  reflecting  the
influence  of  potassium-rich  amendments  such  as  Pori
Potash  fertilizer.  However,  TN,  TP,  and  TK  remained
relatively  stable,  indicating  that  total  nutrient  pools  are
less responsive to short-term fertilization.

Under sole cropping of Pea (Pisum sativum) (Table 2),
comparatively  higher  TN  and  AN  values  were  recorded
than  in  wheat,  which  can  be  attributed  to  biological
nitrogen  fixation.  Available  phosphorus  and  potassium
followed trends similar to wheat, with maximum AP under
T6  and  highest  AK  under  T7.  The  enhancement  of  AP
under treatments containing biofertilizers and mycorrhizal
inputs  (T4,  T6)  indicates  improved  phosphorus
solubilization  and  uptake  efficiency.  Despite  these
increases  in  available  nutrients,  total  nutrient  fractions
remained relatively  unchanged,  suggesting  that  nutrient
transformations  occurred  primarily  within  the  available
pool.

In  the intercropping system of  wheat  and pea (Table
3),  nutrient  values were generally  intermediate between
sole  crops.  Available  nitrogen was slightly  lower than in
sole  pea  but  comparable  to  wheat,  indicating  rapid
utilization of biologically fixed nitrogen by the associated
cereal  crop.  Available  phosphorus  and  potassium  again
showed significant increases under T6 and T7 treatments,
respectively,  confirming  the  consistent  effectiveness  of
combined  organic  inputs  across  cropping  systems.  The
intercropping system demonstrated a stabilizing effect on
soil  nutrient  dynamics,  maintaining  moderate  levels  of
both  total  and  available  nutrients.

The  use  of  organic  fertilizers  led  to  notable
improvements  in  soil  nutrient  status,  particularly
increasing  AP  and  AK  levels  (Tables  1-3),  which  is
consistent with earlier findings reported in the literature.
The  increase  in  AP  can  be  attributed  to  enhanced
microbial  activity,  organic  acid  production,  and

solubilization  of  insoluble  phosphates,  especially  in
treatments  containing  rock  phosphate  and  phosphate-
solubilizing microorganisms. Similarly, the increase in AK
is linked to potassium-rich inputs and microbial-mediated
release of non-exchangeable potassium fractions.

Soil TN, TP, and TK did not show significant variation
under  different  treatments,  likely  due  to  the  slow  and
gradual release of nutrients from organic sources. Unlike
chemical fertilizers, organic amendments release nutrients
over time, resulting in limited short-term changes in total
nutrient pools. Furthermore, phosphorus mobility in soil is
generally  low  and  strongly  influenced  by  soil  properties
and  pH,  which  may  explain  the  minimal  variation  in  TP
despite significant changes in AP.

Interestingly,  soil  AN  remained  relatively  unaffected
by  treatments,  which  may  be  due  to  the  slower
mineralization  rates  of  organic  nitrogen  and  its
dependence  on  environmental  factors  such  as
temperature, moisture, and microbial activity. In contrast,
the presence of leguminous crops like Pea (Pisum sativum)
contributed  to  relatively  higher  nitrogen  availability,
although  this  effect  was  moderated  in  intercropping
systems  due  to  increased  nutrient  uptake  by  Wheat
(Triticum  aestivum).

Overall,  the  results  indicate  that  while  total  nutrient
fractions  remain  relatively  stable,  organic  fertilizer
applications  significantly  enhance  nutrient  availability,
particularly phosphorus and potassium, thereby improving
soil fertility status. The combined treatments (T6 and T7)
were  found  to  be  most  effective  across  all  cropping
systems,  highlighting  the  importance  of  integrated
nutrient  management  strategies  for  sustainable
agriculture.

3.2. Effect of Ganga Sludge-based Organic Fertilizers
on Growth Parameters of Pea and Wheat under Sole
and Intercropping Systems

The  application  of  Ganga  sludge-based  organic
fertilizers significantly influenced the growth performance
of  both  pea  and  wheat  under  sole  and  intercropping
systems  at  different  growth  stages,  i.e.,  30  DAS  for  pea
(Table  4)  and  60  DAS  for  wheat  (Table  5).  Two-way
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analysis  of  variance  revealed  that  fertilizer  treatments,
cropping pattern, and their interaction effects were highly
significant  (p  ≤  0.05)  for  all  major  growth  parameters,
including shoot biomass, root biomass, shoot length, root
length, leaf area, and chlorophyll content. These findings
clearly  indicate  that  plant  response  to  organic  nutrient
inputs was not only treatment-dependent but also strongly
modulated  by  the  cropping  system,  highlighting  the
importance  of  nutrient–crop  interaction  dynamics  in
intercropping  systems.

A detailed evaluation of pea growth parameters (Table
4)  demonstrated  that  Ganga  sludge-based  fertilizers
markedly  enhanced  plant  performance  under  both
cropping systems, although relatively higher values were
generally  recorded  under  sole  cropping.  This  trend
suggests  reduced  interspecific  competition  and  greater
availability of resources such as light, water, and nutrients
under  monocropping  conditions.  Among  the  treatments,
T6  consistently  recorded  the  highest  shoot  biomass
(17.67% in sole and 11.78% in intercropping), followed by
T5 and T7, whereas the control (T0) exhibited the lowest
values.  Root  biomass  showed  a  similar  pattern,  with  T6
and  T7  promoting  superior  below-ground  development,
indicating  improved  nutrient  acquisition  capacity.

Shoot  length  and  root  length  were  also  significantly
enhanced under fertilized treatments. The maximum shoot
length was observed in T4 (20.72 cm in sole cropping) and
T5 (17.11 cm in intercropping), while treatments T3 and
T7 exhibited greater root elongation across both systems,
reflecting  enhanced  soil  exploration.  Leaf  area,  a  key
determinant of photosynthetic efficiency, was significantly
higher  in  T5,  T6,  and  T7,  with  the  maximum  value
recorded in T5 (6.33 cm2 under intercropping), indicating

improved  canopy  development.  Chlorophyll  content
followed  a  similar  trend,  with  T5,  T6,  and  T7  exhibiting
higher  SPAD  values,  suggesting  enhanced  nitrogen
assimilation  and  photosynthetic  activity.  Overall,  T5–T7
emerged as  the  most  effective  treatments  for  promoting
pea  growth,  with  T6  showing  particular  superiority  in
biomass  accumulation.

In  contrast  to  pea,  wheat  exhibited  comparatively
better  performance  under  intercropping  conditions  for
several  growth  parameters  (Table  5),  indicating  a
complementary interaction between wheat and pea. Shoot
biomass was highest in T7 under intercropping (49.91%),
followed  by  T4  and  T1,  while  the  control  recorded  the
lowest  values.  Root  biomass  was  also  maximized  in  T7
(64.10%  in  sole  cropping),  reflecting  enhanced  root
proliferation  and  nutrient  uptake.  Shoot  length  showed
significant improvement under fertilized treatments, with
T6 (73.56 cm in sole) and T4 (75.22 cm in intercropping)
recording  the  highest  values.  Root  length  was  notably
higher  in  treatments  T3,  T4,  T5,  and  T7  under
intercropping,  indicating  improved  soil  resource
utilization.

Leaf  area  and  chlorophyll  content  further  supported
the  superior  performance  of  wheat  under  integrated
nutrient management. The highest leaf area was recorded
in T5 (36.00 cm2 in sole and 41.97 cm2 in intercropping),
while chlorophyll content was maximum in T7 under sole
cropping  (31.00  SPAD)  and  in  T5  under  intercropping
(38.41  SPAD).  The  relatively  higher  chlorophyll  content
and  biomass  under  intercropping  suggest  a  positive
facilitative  effect,  possibly  due  to  biological  nitrogen
fixation by pea,  which enhanced nitrogen availability for
wheat, thereby improving its physiological efficiency.

Table  4.  Effect  of  Ganga  sludge-based  organic  fertilizers  on  growth  parameters  of  pea  under  sole  and
intercropping  systems  (30  DAS).

Treatment Shoot biomass (%) Root Biomass (%) Shoot Length (cm)
Root Length

(cm)
Leaf area

(cm2)
Chlorophyll content

Intercropping Sole Intercropping Sole Intercropping Sole Intercropping Sole Intercropping Sole Intercropping Sole

T0 9.26±0.86 d
10.43±0.32

d
5.43±0.87 d

7.83±0.32
d

10.28±0.40 d
17.44±0.69

c
7.67±0.86 c

10.22±1.35
c

3.50±0.06 c
3.08±0.26

c
39.36±1.60 c

38.30±2.07
c

T1 11.88±0.53 ab
14.91±0.18

b
7.29±0.66 ab

15.66±7.80
a

15.00±0.53 b
20.67±1.86

a
10.44±0.48 ab

12.33±0.88
ab

4.97±0.87 ab
4.47±0.29

b
42.08±0.19 ab

39.03±1.79
bc

T2 10.78±0.62 bc
10.33±6.49

d
6.55±0.63 bc

7.81±5.02
d

14.56±0.35 bc
19.67±0.88

ab
9.78±0.08 b

11.89±1.07
ab

4.83±0.37 ab
4.49±0.60

b
39.54±0.92 bc

39.98±5.17
b

T3 11.26±0.19 abc
15.13±0.09

b
7.07±0.66 ab

12.93±0.94
b

16.11±0.68 ab
20.07±2.00

a
11.22±0.35 a

13.44±1.67
a

4.93±0.91 ab
4.76±0.12

ab
40.90±0.90 bc

38.29±1.97
c

T4 10.99±0.91 bc
14.71±1.25

b
6.96±0.34 ab

10.10±1.80
c

16.33±0.18 ab
20.72±2.43

a
9.89±0.50 b

13.11±2.17
a

4.83±0.07 ab
6.17±2.87

a
40.54±0.81 bc

39.92±5.33
b

T5 11.70±0.05 ab
15.93±0.67

ab
6.93±0.33 ab

10.60±0.39
c

17.11±0.50 a
19.44±0.39

ab
10.50±0.58 ab

11.82±1.75
ab

6.33±0.65 a
4.43±0.12

b
43.71±2.68 a

39.38±4.27
bc

T6 11.78±0.11 ab
17.67±3.22

a
7.60±0.28 a

11.35±1.02
bc

15.00±0.73 b
20.89±3.34

a
10.72±0.92 ab

13.00±1.73
a

5.03±0.80 ab
4.64±0.07

ab
43.13±0.58 a

39.77±1.27
b

T7 11.83±0.13 ab
15.46±0.08

b
7.90±0.64 a

11.65±1.78
bc

15.22±0.95 b
20.44±2.67

a
11.61±0.42 a

12.00±0.17
ab

5.63±0.64 ab
4.46±1.10

b
43.90±1.22 a

39.91±2.82
b

Note: Values represent the mean ± standard deviation (n = 9). Means followed by the same letter within a column are not significantly different according to
the LSD test at p ≤ 0.05. T0 conventional fertilization treatment; T1, T2, T3, T4, T5, T6, T7 different fertilizer treatments.



Impact of Ganga Sludge-derived Organic Nutrient 7

Table  5.  Effect  of  Ganga  sludge-based  organic  fertilizers  on  growth  parameters  of  wheat  under  sole  and
intercropping with pea after 60 days of sowing.

Treatment Shoot Biomass (%) Root Biomass (%) Shoot Length (cm) Root Length (cm) Leaf Area (cm2) Chlorophyll

Sole Intercropping Sole Intercropping Sole Intercropping Sole Intercropping Sole Intercropping Sole Intercropping

T0
35.73±3.07

d
35.78±0.44 e

37.83±6.74
d

45.38±8.50 c
57.56±4.35

d
69.78±4.03 d

8.44±0.51
d

10.11±1.07 c
15.13±8.29

d
30.36±2.96 d

15.66±6.42
d

27.96±4.72 c

T1
40.41±1.27

b
44.37±1.76 c

49.79±6.91
bc

51.96±6.13 b
70.44±2.91

bc
72.56±1.50 bc

10.56±1.35
c

14.00±4.62 ab
32.62±6.44

bc
36.84±2.27 bc

21.37±4.65
c

28.04±4.94 c

T2
40.34±0.93

b
43.14±3.63 cd

42.63±7.39
cd

47.91±2.96 bc
68.22±5.39

c
72.22±2.04 bc

12.00±2.52
b

14.22±2.22 ab
33.86±2.34

b
40.13±1.70 ab

27.78±7.56
b

32.26±4.10 b

T3
36.71±2.46

cd
39.97±2.47 d

40.48±6.50
cd

49.79±4.63 bc
69.33±2.33

bc
70.78±4.53 cd

10.11±1.35
c

14.89±0.51 a
26.79±1.54

c
32.66±3.28 cd

26.98±6.02
b

28.69±3.87 c

T4
39.54±3.08

bc
46.05±5.64 b

57.09±8.49
b

48.33±1.46 bc
72.89±1.17

ab
75.22±3.93 a

10.33±1.67
c

14.44±0.51 a
34.20±1.68

b
36.27±0.34 bc

25.90±1.74
b

28.64±3.91 c

T5
36.84±2.71

cd
41.07±5.48 cd

48.11±4.85
bc

47.51±2.21 bc
72.22±3.72

ab
73.44±1.02 b

10.89±1.26
bc

14.56±1.68 a
36.00±3.08

a
41.97±2.98 a

27.71±2.75
b

38.41±5.40 a

T6
37.65±2.78

c
43.96±3.14 c

42.83±7.85
cd

52.69±5.70 b
73.56±5.27

a
74.44±0.51 ab

10.00±1.86
c

14.00±2.65 ab
29.58±1.99

c
36.39±4.18 bc

21.91±1.28
c

28.20±2.42 c

T7
41.10±1.99

a
49.91±4.04 a

64.10±9.10
a

52.12±3.85 b
72.22±2.84

ab
74.56±5.67 ab

10.56±1.07
c

14.78±1.17 a
30.82±5.78

bc
37.37±5.04 bc

31.00±4.07
a

33.11±3.50 b

Note: Values represent the mean ± standard deviation (n = 9). Means followed by the same letter within a column are not significantly different according to
the LSD test at p ≤ 0.05. T0 conventional fertilization treatment; T1, T2, T3, T4, T5, T6, T7 different fertilizer treatments.

Fig. (1). Comparative performance of organic fertilizer treatments (T0–T7) on different growth parameters of pea (A) and wheat (B).
Color intensity represents relative performance levels across parameters.SB: Shoot biomass; RB: Root Biomass; SL: Shoot Length; RL:
Root Length; LA: Leaf Area; CHL: Chlorophyll.

The  interaction  effects  between  fertilizer  treatments
and  cropping  patterns  were  further  elucidated  through
heatmap  visualization  (Fig.  1),  which  provided  an

integrated  comparison  of  treatment  performance  across
all  growth  parameters.  The  gradation  from  lowest  to
highest response clearly demonstrated treatment-specific
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variability and reinforced the statistical findings. In pea,
T6  consistently  achieved  the  highest  category  for  shoot
biomass  and  chlorophyll  content,  along  with  high
performance in root biomass, shoot length, and leaf area.
T5  also  showed  excellent  performance,  particularly
attaining  the  highest  category  for  shoot  length  and  leaf
area, while T7 was notably superior in root biomass and
root  length.  In  wheat,  T7  emerged as  the  most  effective
treatment,  achieving  the  highest  category  for  shoot
biomass, root biomass, and chlorophyll content, whereas
T5 dominated in leaf area and chlorophyll content under
intercropping. Treatments T4 and T6 performed strongly
in  shoot  length,  while  T3  was  particularly  effective  in
enhancing  root  length.  In  both  crops,  the  control  (T0)
consistently  exhibited  the  lowest  performance  across  all
parameters,  underscoring  the  critical  role  of  nutrient
supplementation.

Collectively,  the  results  demonstrate  that  Ganga
sludge-based  organic  fertilizers  significantly  improved
growth  parameters  of  both  pea  and  wheat,  with
treatments  T5,  T6,  and  T7  consistently  outperforming
others. While pea showed relatively better growth under
sole cropping, wheat benefited more from intercropping,
indicating a complementary interaction between the two
species.  The  integration  of  optimized  organic  nutrient
inputs  with  intercropping  systems  thus  enhances  plant

growth,  resource-use  efficiency,  and  overall  system
productivity. These findings strongly support the potential
of  Ganga sludge-derived organic manures as sustainable
nutrient sources for improving crop performance and soil
fertility under diversified cropping systems.

3.3.  Effect  of  Cropping  Pattern  on  Growth
Parameters of Pea and Wheat

The  comparison  of  cropping  patterns  revealed  a
distinct  and  crop-specific  influence  on  the  growth
parameters of both pea and wheat.  In pea (Table 6,  Fig.
2), sole cropping recorded significantly higher values for
all  measured  growth  attributes  compared  to
intercropping, as indicated by different significance letters
(p  ≤  0.05).  Shoot  biomass  (14.32%)  and  root  biomass
(10.99%) were markedly higher under sole cropping than
under  intercropping  (11.18%  and  6.97%,  respectively).
Similarly, shoot length (19.92 cm) and root length (12.23
cm) were significantly greater in sole cropping compared
to intercropping (14.95 cm and 10.23 cm). Leaf area and
chlorophyll  content  also  followed  the  same  trend,  with
higher values in sole cropping (5.01 cm2 and 41.65 SPAD)
than in intercropping (4.56 cm2  and 39.32 SPAD).  These
results clearly indicate that pea growth was significantly
suppressed under intercropping conditions,  likely due to
interspecific competition for nutrients, light, and moisture
during the early growth stage.

Fig.  (2).  Effect  of  cropping  pattern  on  growth  parameters  of  pea  and  wheat.  Values  represent  mean  performance  under  sole  and
intercropping systems averaged across fertilizer treatments. SB: Shoot biomass; RB: Root Biomass; SL: Shoot Length; RL: Root Length;
LA: Leaf Area; Chl: Chlorophyll.
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Table 6. Growth parameters in pea-wheat systems across different cropping patterns.

Parameter Pea (Sole) Pea (Intercropping) Wheat (Sole) Wheat (Intercropping)

Shoot biomass (%) 14.32ᵃ 11.18ᵇ 38.54ᵇ 43.03ᵃ

Root biomass (%) 10.99ᵃ 6.97ᵇ 47.86ᵃ 49.46ᵃ

Shoot length (cm) 19.92ᵃ 14.95ᵇ 69.56ᵇ 72.88ᵃ

Root length (cm) 12.23ᵃ 10.23ᵇ 10.36ᵇ 13.88ᵃ

Leaf area (cm2) 5.01ᵃ 4.56ᵇ 29.88ᵇ 36.50ᵃ

Chlorophyll (SPAD) 41.65ᵃ 39.32ᵇ 24.79ᵇ 30.66ᵃ

Note: Means followed by different letters within each crop differ significantly at p ≤ 0.05.

In  contrast,  wheat  exhibited  improved  performance
under  intercropping  with  pea.  Intercropping  resulted  in
significantly higher shoot biomass (43.03%), shoot length
(72.88 cm), root length (13.88 cm), leaf area (36.50 cm2),
and  chlorophyll  content  (30.66  SPAD)  compared  to  sole
cropping  (38.54%,  69.56  cm,  10.36  cm,  29.88  cm2,  and
24.79 SPAD, respectively). However, root biomass did not
differ  significantly  between  sole  (47.86%)  and
intercropping  (49.46%),  indicating  a  relatively  stable
below-ground biomass allocation irrespective of cropping
system.

The  enhanced  growth  of  wheat  under  intercropping
may be attributed to complementary interactions between
wheat and pea, particularly the contribution of biological
nitrogen  fixation  by  pea,  which  improves  nutrient
availability  in  the  rhizosphere.  Conversely,  the  reduced
growth of pea under intercropping highlights its sensitivity

to  competitive  stress  imposed  by  wheat.  Overall,  the
results suggest that while sole cropping is more favorable
for  pea  growth,  wheat  benefits  significantly  from
intercropping,  indicating  a  complementary  relationship
that  can  be  exploited  to  improve  overall  system
productivity  and  resource  use  efficiency.

3.4. Crop Growth Rate (CGR)
The Crop Growth Rate  (CGR)  of  both  pea  and wheat

exhibited  substantial  variation  across  treatments  under
sole and intercropping systems, reflecting the differential
influence of nutrient composition and biological inputs on
crop  productivity.  Overall,  wheat  demonstrated
consistently  higher  CGR  values  than  pea  under
intercropping  conditions,  indicating  its  stronger  growth
potential and competitive advantage in the intercropping
system (Fig. 3).

Fig. (3). Crop Growth Rate (CGR) of pea and wheat under sole and intercropping systems across different treatments (T0–T7). Values
represent the CGR of pea (mix and sole) and wheat (mix and sole), illustrating variations in growth performance under different cropping
systems.
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Under intercropping, the highest CGR for wheat was
recorded in treatment T5 (0.209), followed by T6 (0.189).
This enhanced growth can be attributed to the balanced
and readily available nutrient supply in these treatments.
In particular,  T5 (Javik Khad),  being a source of  organic
NPK  along  with  beneficial  microbial  populations,  likely
improved  nutrient  mineralization,  soil  structure,  and
microbial  activity,  thereby  promoting  rapid  biomass
accumulation  in  wheat.  Similarly,  T6,  which  combines
organic  potassium  fertilizer  with  Javik  Khad,  may  have
further enhanced physiological processes such as enzyme
activation,  osmotic  regulation,  and  translocation  of
assimilates,  leading  to  improved  growth  rates.  The
relatively  high  CGR  under  T2  (organic  K  fertilizer)  also
highlights  the  critical  role  of  potassium  in  regulating
stomatal  activity,  photosynthesis,  and  stress  tolerance,
which  collectively  contribute  to  increased  biomass
production.

In  contrast,  pea  exhibited  comparatively  lower  CGR
under intercropping, with the highest value observed in T2
(0.0143),  followed  by  T0  and  T4  (0.012).  The  improved
performance  under  T2  may  be  linked  to  the  role  of
potassium in enhancing nodulation efficiency and nitrogen
fixation,  thereby  indirectly  supporting  pea  growth.
However, the overall reduced CGR of pea in intercropping
suggests  competitive  suppression  by  wheat,  particularly
for light, nutrients, and space.

Under sole cropping conditions, a different trend was
observed.  Pea  recorded  its  highest  CGR  in  T4  (0.435),
followed  by  T7  (0.376),  indicating  a  strong  positive
response to mycorrhizal association. The presence of VA

mycorrhiza in T4 likely enhanced phosphorus uptake, root
surface area, and water absorption, thereby significantly
improving  growth.  Similarly,  T7,  which  combines
phosphorus  fertilizer  with  mycorrhiza,  appears  to  have
created  a  synergistic  effect,  maximizing  nutrient  uptake
efficiency and plant growth.

The  contrasting  responses  between  sole  and
intercropping  highlight  the  importance  of  nutrient
interactions  and  biological  amendments  in  determining
crop performance. Treatments such as T5 and T6 proved
most effective for wheat under intercropping due to their
ability to supply balanced nutrients and enhance microbial
activity,  thereby  strengthening  wheat’s  competitive
dominance.  Conversely,  treatments involving mycorrhiza
(T4 and T7) were more beneficial for pea under sole-crop
conditions, where the absence of competition allowed full
expression of symbiotic advantages.

3.5. Effect of Ganga Sludge-based Organic Fertilizers
on Growth Parameters of Pea and Wheat under sole
and Intercropping Systems

The effect of Ganga sludge-based organic manures on
yield  attributes  of  pea  and  wheat  under  sole  and
intercropping systems is presented in Tables 7 and 8. The
results  clearly  indicate  that  organic  manure  treatments,
cropping  patterns,  and  their  interaction  significantly
influenced  all  studied  parameters.  Highly  significant
effects  (p  <  0.0001)  were  observed  for  most  traits,
demonstrating  that  both  nutrient  management  and
cropping system played a crucial role in determining crop
performance.

Table  7.  Effect  of  Ganga  sludge-based  organic  manures  on  yield  parameters  of  pea  under  inter  and  sole
cropping systems .

Factors Pods/plant (Mix) Pods/plant (Sole) Pod wt./plant (Mix) Pod wt./plant (Sole) Yield (kg) Mix Yield (kg) Sole

Treatments (T)
T0 6.22 ± 0.19ᵉ 6.56 ± 0.02ʰ 13.68 ± 0.96ᶠ 23.69 ± 1.34ʰ 1.69 ± 0.28ᶠ 2.15 ± 0.53ᶠ
T1 7.56 ± 0.84ᶜ 8.11 ± 0.48ᵍ 21.14 ± 1.96ᵉ 28.36 ± 0.97ᵍ 2.39 ± 1.01ᵉ 5.40 ± 0.29ᶜ
T2 7.11 ± 0.44ᵈ 7.56 ± 1.17ᵍ 25.92 ± 0.91ᵈ 27.73 ± 1.53ᵍ 3.13 ± 0.17ᵈ 4.23 ± 0.41ᵉ
T3 7.44 ± 0.77ᶜᵈ 9.67 ± 0.88ᶠ 25.71 ± 0.89ᵈ 32.81 ± 1.96ᵉ 2.91 ± 0.10ᵈ 5.30 ± 0.94ᶜ
T4 6.78 ± 0.51ᵉ 9.89 ± 0.44ᶠ 27.28 ± 1.14ᶜ 35.86 ± 0.28ᵈ 3.08 ± 0.13ᵈ 5.37 ± 0.20ᶜ
T5 7.56 ± 0.19ᶜ 10.67 ± 0.61ᵉ 28.49 ± 3.36ᶜ 31.65 ± 1.80ᵉ 3.22 ± 0.38ᵈ 5.27 ± 0.47ᶜ
T6 9.78 ± 0.69ᵃ 12.54 ± 0.55ᵃ 36.37 ± 2.41ᵃ 41.12 ± 1.18ᵃ 3.17 ± 0.66ᵈ 6.69 ± 0.18ᵃ
T7 8.89 ± 1.07ᵇ 11.44 ± 0.86ᵇ 29.07 ± 3.84ᵇ 36.37 ± 1.03ᶜ 4.67 ± 0.27ᵃ 6.81 ± 0.96ᵃ

Cropping Pattern (C)
Sole - 9.56 ± 0.70 - 32.20 ± 1.36 5.15 ± 0.57
Mix 7.67 ± 0.66 - 25.96 ± 2.22 - 3.03 ± 0.50

LSD Value 0.45 1.21 0.33
CV (%) 7.90% 6.31% 12.89%

T *** *** ***
C *** *** ***

T X C *** *** ***
Note:  Means ± SD followed by different  letters  differ  significantly  according to the LSD test  at  p  ≤ 0.05.  *p  <0.05;  **p  <0.01;  ***p  <0.001;  ns = not
significant.
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Table  8.  Effect  of  Ganga  sludge-based  organic  manures  on  yield  attributes  of  wheat  under  sole  and
intercropping  systems.

Factors
100-seed wt

(Sole)
100-seed wt

(Mix)
Spike length

(Sole)
Spike length

(Mix)
Seeds/spike (Sole) Seeds/spike (Mix) Yield (Sole) Yield (Mix)

Treatments (T)

T0 3.95 ± 0.02ᶜ 3.48 ± 0.46ᵈ 6.82 ± 0.70ᶜ 7.59 ± 1.15ᶜ 31.67 ± 3.38ᶜ 32.78 ± 3.36ᶜ 0.76 ± 0.03ᶜ 0.780 ± 0.079ᵈ

T1 4.34 ± 0.18ᵃ 4.26 ± 0.13ᵇ 7.15 ± 0.39ᶜ 7.71 ± 0.87ᶜ 29.44 ± 4.35ᶜ 35.89 ± 3.66ᵇ 1.23 ± 0.02ᵇ 0.835 ± 0.095ᶜ

T2 4.25 ± 0.31ᵃ 4.28 ± 0.24ᵇ 7.93 ± 0.19ᵇ 8.14 ± 0.20ᵇ 32.00 ± 4.33ᶜ 37.11 ± 2.22ᵇ 1.17 ± 0.04ᵇ 0.853 ± 0.038ᶜ

T3 4.08 ± 0.30ᵇ 4.16 ± 0.03ᵇ 7.70 ± 0.88ᵇ 8.26 ± 0.85ᵇ 36.33 ± 5.51ᵇ 41.11 ± 2.05ᵃ 0.96 ± 0.03ᶜ 0.793 ± 0.051ᵇ

T4 4.20 ± 0.24ᵇ 4.47 ± 0.20ᵃ 7.60 ± 0.38ᵇ 8.59 ± 1.01ᵇ 35.67 ± 3.53ᵇ 38.22 ± 2.52ᵇ 1.48 ± 0.02ᵃ 0.868 ± 0.080ᵃ

T5 3.99 ± 0.07ᶜ 4.50 ± 0.42ᵃ 7.99 ± 0.26ᵇ 8.92 ± 1.68ᵇ 33.78 ± 6.17ᵇ 39.11 ± 1.17ᵇ 1.24 ± 0.02ᵇ 0.795 ± 0.079ᶜ

T6 4.00 ± 0.11ᶜ 4.60 ± 0.41ᵃ 7.26 ± 1.01ᶜ 9.57 ± 1.01ᵃ 34.44 ± 5.43ᵇ 38.00 ± 4.33ᵇ 1.71 ± 0.04ᵃ 1.000 ± 0.036ᵃ

T7 3.99 ± 0.21ᶜ 4.63 ± 0.26ᵃ 7.83 ± 0.51ᵇ 9.24 ± 1.49ᵃ 35.78 ± 4.62ᵇ 39.44 ± 1.35ᵇ 1.27 ± 0.03ᵇ 0.956 ± 0.040ᶜ

Cropping Pattern (C)

Sole 4.10 ± 0.19 7.54 ± 0.61 33.64 ± 4.86 1.23 ± 0.03

Mix 4.30 ± 0.31 8.50 ± 1.13 37.71 ± 2.73 0.86 ± 0.06

LSD Value 0.24 0.83 3.62 0.05

CV (%) 6.16% 11.16% 10.94% 4.91%

T *** *** *** ***

C *** *** *** ***

T X C *** * ns **
Note:  Means ± SD followed by different  letters  differ  significantly  according to the LSD test  at  p  ≤ 0.05.  *p  <0.05;  **p  <0.01;  ***p  <0.001;  ns = not
significant

A comparative assessment revealed that the magnitude
and  direction  of  response  to  cropping  pattern  varied
distinctly between pea and wheat,  indicating differential
competitive  and  complementary  interactions  under
intercropping  conditions.  In  pea,  the  cropping  pattern
contributed  the  highest  proportion  of  variation  for  yield
parameters, particularly in number of pods per plant and
yield per plot, reflecting strong sensitivity to interspecific
competition.  In  contrast,  wheat  exhibited  comparatively
balanced  contributions  from  treatments  and  cropping
patterns,  with  treatment  effects  dominating  yield
variation,  especially  for  yield  per  plot.

In  pea,  the  sole  cropping  system  consistently
outperformed  the  intercropping  system  across  all  yield
parameters,  including  number  of  pods  per  plant,  pod
weight per plant, and total yield. The mean values further
confirmed  a  significant  reduction  in  productivity  under
intercropping, which may be attributed to competition for
light, nutrients, and space between pea and wheat plants.
The  interaction  effect  was  also  highly  significant,
suggesting  that  the  response  of  pea  to  organic  manure
treatments  varied  under  different  cropping  systems.
Among  treatments,  T6  emerged  as  the  most  superior,
recording  the  highest  yield  and  forming  a  statistically
distinct  group,  followed  by  T7,  while  the  control  (T0)
consistently exhibited the lowest performance. The lower
coefficient  of  variation  indicated  high  experimental
precision  and  reliability  of  the  observed  trends.

In contrast, wheat exhibited a reverse trend, where the
intercropping  system  significantly  enhanced  yield
attributes compared to sole cropping. Parameters such as
spike length, number of seeds per spike, and yield per plot
were higher under intercropping, suggesting a facilitative
interaction  between  wheat  and  pea.  This  improvement
may be attributed to the nitrogen-fixing ability of the pea,
which  likely  enriched  soil  nitrogen  availability,  thereby
benefiting  wheat  growth  and  grain  development.
Statistically, the analysis indicated significant differences
in  mean  values  between  the  sole  and  intercropping
systems.  The  interaction  effect  was  significant  for  most
parameters,  indicating  that  treatment  efficacy  was
influenced by cropping pattern,  although the interaction
remained  non-significant  for  the  number  of  seeds  per
spike,  suggesting  a  more  stable  response  for  this  trait.

Across  both  crops,  treatment  T6  consistently
demonstrated  superior  performance,  indicating  its
effectiveness in improving nutrient availability, soil health,
and  plant  productivity  under  both  cropping  systems.  T7
also showed comparable performance, particularly in yield
parameters,  while  lower  treatments  and  control  formed
distinct,  inferior  statistical  groups.  The  relatively  low  to
moderate CV values across parameters further confirm the
reliability  of  the  experimental  results,  although  higher
variability  in  wheat  yield  suggests  environmental  or
biological  influences.
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A  clear  contrast  emerges  when  comparing  the  two
crops: while pea productivity declines under intercropping
due  to  competitive  stress,  wheat  productivity  improves
due  to  complementary  interactions,  highlighting  the
asymmetric  nature  of  intercropping  systems.  This
indicates  that  wheat  benefits  from  the  presence  of  pea,
whereas pea experiences resource limitation when grown
together.  Such  findings  emphasize  the  importance  of
optimizing  crop  combinations  and  nutrient  management
strategies  to  balance  competition  and  facilitation  in
intercropping  systems.

3.6.  Relationship  of  Yield  with  Yield-contributing
Traits under Sole and Intercropping Systems

The  linear  regression  analysis  across  pea  and  wheat
crops  revealed  significant  variations  in  the  strength  of
association between yield and its contributing traits under
sole and intercropping systems. In pea (Fig. 4), both pods
per plant and pod weight per plant exhibited positive and
statistically  significant  relationships  with  yield  under
intercropping  conditions,  with  moderate  coefficients  of

determination (R2 = 0.2929 and 0.3604, respectively). This
indicates that these traits contributed to yield variability
to a limited extent under intercropping. However,  under
sole  cropping,  the  relationships  were  much  stronger,  as
reflected by high R2 values for pods per plant (0.6719) and
pod weight per plant (0.6604), suggesting that these traits
are major determinants of yield in sole cropping systems.

In  contrast,  wheat  showed  comparatively  weaker
associations  between  yield  and  its  contributing  traits.
Under  sole  cropping,  the  number  of  seeds  per  spike
exhibited a weak but statistically significant relationship
with yield (R2 = 0.06386), whereas spike length showed a
non-significant and very weak association (R2 = 0.03924),
indicating  minimal  influence  on  yield  (Fig.  5).  Under
intercropping,  both  traits  demonstrated  improved
relationships  with yield,  with  number of  seeds per  spike
(R2  =  0.08439)  and  spike  length  (R2  =  0.1438)  showing
statistically significant positive associations. Among these,
spike  length  emerged  as  a  relatively  better  predictor  of
yield under intercropping conditions in wheat.

Fig. (4). Linear regression relationships between yield and yield-attributing traits in pea under sole and intercropping systems: (A) pods
per plant (intercropping), (B) pod weight per plant (intercropping), (C) pods per plant (sole), and (D) pod weight per plant (sole). Each
point represents an individual observation (n = 72), and lines indicate fitted regression models.
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Fig. (5). Linear regression relationships between yield and yield-attributing traits in wheat under sole and intercropping systems: (A)
number of seeds per spike (intercropping), (B) spike length (intercropping), (C) number of seeds per spike (sole), and (D) spike length
(sole). Each point represents an individual observation (n = 72), and lines indicate fitted regression models.

Overall,  the comparative analysis indicates that yield
in pea is more strongly influenced by its yield-attributing
traits  than  in  wheat,  particularly  under  sole  cropping
conditions.  While  intercropping  tends  to  reduce  the
strength  of  trait–yield  relationships  in  pea,  it  slightly
enhances the contribution of yield components in wheat.
Nevertheless,  the  relatively  low  R2  values  observed  in
wheat  suggest  that  additional  factors,  including
environmental conditions and management practices, play
a  substantial  role  in  determining  yield  variability.  The
comparatively  lower  coefficients  of  determination
observed  in  wheat  suggest  that  grain  yield  under  the
wheat–pea  intercropping  system  is  governed  by  the
integrated influence of several interacting factors rather
than  by  any  single  yield  component.  Grain  yield  is  a
complex  quantitative  trait  resulting  from  the  combined
effects  of  morphological  attributes,  physiological
processes,  nutrient  dynamics,  and  interspecific
interactions  inherent  to  intercropping  systems.
Consequently,  individual  traits  such  as  spike  length  and
number  of  seeds  per  spike  exhibited  only  modest
independent contributions to total yield variation. Similar
patterns  have  been  reported  in  diversified  cropping

systems, where the cumulative effects of multiple factors
often  outweigh  the  influence  of  individual  yield
components.  Therefore,  the  observed  relationships
highlight the complexity of  yield formation in wheat and
indicate that multivariate approaches, including multiple
regression  or  path  coefficient  analysis,  may  further
elucidate  the  combined  contributions  of  various  yield-
determining  factors.

3.7. Land Equivalent Ratio (LER)
The intercropping advantage, as reflected by the Land

Equivalent  Ratio  (LER),  varied  markedly  among
treatments (Fig.  6).  In all  treatments,  the LER exceeded
unity,  demonstrating  a  clear  advantage  of  wheat-pea
intercropping  over  the  corresponding  sole  cropping
systems in terms of land-use efficiency. The highest total
LER was recorded under T0 (2.32), followed by T2 (1.83)
and  T7  (1.82),  indicating  greater  complementarity  and
more  efficient  utilization  of  available  resources  under
these  treatments.  Conversely,  the  lowest  LER  was
observed in T6 (1.35), although the value remained above
unity,  confirming  the  overall  superiority  of  the
intercropping  system.



14   The Open Agriculture Journal, 2026, Vol. 20 Balkrishna et al.

Fig. (6). Competition indices in wheat–pea intercropping system under different Ganga sludge-based organic manure treatments.

The  partial  LER  of  pea  ranged  from  0.44  to  0.79,
whereas that of wheat varied between 0.88 and 1.53 (Fig.
6).  The  highest  partial  LER  for  pea  was  observed  in  T0
(0.79),  followed  by  T2  (0.74)  and  T7  (0.69),  suggesting
better  adaptation  and  productivity  of  pea  under  these
treatments. In contrast, the lowest pea LER was recorded in
T1  (0.44).  Wheat  exhibited  comparatively  higher  partial
LER values than pea in most treatments, with the maximum
value recorded under T0 (1.53), followed by T3 (1.24) and
T7  (1.13).  The  lowest  wheat  LER  values  were  observed
under  T6  (0.88)  and  T4  (0.88).  The  relatively  higher
contribution of wheat to the total LER indicates that wheat
played  a  major  role  in  enhancing  overall  system
productivity, although both crops contributed positively to
the intercropping advantage.

The  Aggressivity  index  of  wheat  remained  positive
across  all  treatments,  ranging  from  0.307  to  0.745,
indicating that wheat was consistently the dominant species
in  the  wheat–pea  intercropping  system.  The  highest
aggressivity value was recorded under T0 (0.745), followed
by  T3  (0.693)  and  T1  (0.574),  suggesting  a  relatively
greater  competitive  advantage  of  wheat  under  these
treatments. The lowest aggressivity value was observed in
T4  (0.307),  indicating  a  more  balanced  competitive
interaction  between  the  component  crops.

Similarly,  the  Competitive  Ratio  (CR)  of  wheat  varied
from 0.736 to 1.148. The highest CR was recorded under T1
(1.148),  followed  by  T3  (1.131),  indicating  greater
competitive  ability  of  wheat  relative  to  pea  under  these
nutrient  regimes.  In  contrast,  the  lowest  CR  values  were
observed  in  T2  (0.736)  and  T4  (0.767),  reflecting
comparatively  balanced  competition  between  the  two
species.  Overall,  the  competition  indices  revealed  that
although wheat maintained a slight to moderate dominance
over pea in all treatments, the intercropping advantage was

primarily  associated  with  complementary  resource
utilization  and  balanced  interspecific  interactions  rather
than strong competitive suppression of the companion crop.

3.8.  Correlation  Analysis  of  Soil  Properties  and
Growth/Yield Parameters in Wheat and Pea

Pearson’s  correlation  analysis  presented  in  Fig.  (7)
reveals  distinct  yet  consistent  relationships  between  soil
chemical  properties,  plant  growth  attributes,  and  yield
parameters  in  both  wheat  and  pea  under  sole  and
intercropping  systems.  Overall,  the  results  indicate  that
nutrient  availability,  rather  than  total  nutrient  content,
plays  a  decisive  role  in  determining  crop  performance.

In  both  crops,  Available  Phosphorus  (AP)  exhibited  a
strong  positive  correlation  with  chlorophyll  content  and
yield (including pods and pod weight in pea), highlighting
its  key  role  in  photosynthesis,  reproductive  development,
and,  in  legumes,  biological  nitrogen  fixation  under  a  sole
cropping  system  (Fig.  7A  and  7B).  Similarly,  Available
Potassium  (AK)  showed  moderate  to  strong  positive
associations with growth parameters such as Shoot Biomass
(SB),  Root  Biomass  (RB),  Shoot  Length (SL),  Root  Length
(RL),  and  Leaf  Area  (LA),  reflecting  its  contribution  to
overall plant vigor and assimilate translocation. In contrast,
Available Nitrogen (AN) demonstrated negative correlations
with several growth and yield traits in both wheat and pea,
suggesting  that  excess  nitrogen  may  favor  vegetative
growth over reproductive output and, in legumes, suppress
symbiotic  nitrogen  fixation.  Furthermore,  total  nutrients
(TN,  TP,  TK)  generally  exhibited  weak  or  negative
correlations  with  most  parameters,  emphasizing  their
limited  direct  relevance  compared  to  available  nutrient
forms. Additionally, growth traits such as SL, RL, LA, and
chlorophyll  were  strongly  intercorrelated  in  both  crops,
indicating  coordinated  plant  development  that  ultimately
contributes to improved yield.
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Fig. (7). Pearson’s correlation analysis depicting the relationships between soil chemical properties and growth and yield parameters of
wheat  and  pea  under  (A)  sole  wheat,  (B)  sole  pea,  (C)  intercropped  pea  component,  and  (D)  intercropped  wheat  component.  Color
intensity indicates the strength and direction of correlation (blue = positive, red = negative), with significance levels denoted as * (p <
0.05), ** (p < 0.01), and *** (p < 0.001). TN: Total Nitrogen, TP: Total Phosphorus, TK: Total Potassium, AN: Available Nitrogen, AP:
Available Phosphorus, AK: Available Potassium, SB: Shoot Biomass, RB: Root Biomass, SL: Shoot Length, RL: Root Length, LA: Leaf Area,
Chl: Chlorophyll content, SpL: Spike Length (wheat), Seeds: Seeds per spike (wheat), Pods: Pods per plant (pea), Pod wt.: Pod weight per
plant (pea), Yield: Grain/seed yield.
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Under the intercropping system (Fig. 7C and D), both
pea and wheat components exhibited stronger and more
consistent positive correlations among growth parameters
and  yield  traits  compared  to  sole  cropping,  indicating
enhanced  resource-use  efficiency.  Traits  such  as  Shoot
Biomass (SB), Root Biomass (RB), Shoot Length (SL), Root
Length (RL), and Leaf Area (LA) were strongly interrelated
and  positively  associated  with  yield  in  both  crops.
Available Potassium (AK) showed a notably strong positive
correlation  with  yield,  while  Available  Phosphorus  (AP)
also  emerged  as  a  key  contributor,  particularly  in  the
wheat  component,  reflecting  improved  nutrient  uptake
and  physiological  performance  under  intercropping.  In
contrast,  Available  Nitrogen  (AN)  maintained  negative
correlations  with  most  growth  and  yield  parameters,
consistent with sole systems. Total nutrients (TN and TP)
continued  to  show  weak  or  negative  associations,
reinforcing their limited role compared to available forms.
Overall,  growth  parameters  were  positively  associated
with yield across all systems, with stronger relationships
in  pea  than  in  wheat.  Intercropping  enhanced  these
positive  interactions,  suggesting  improved  nutrient
utilization and system productivity, particularly driven by
available phosphorus and potassium.

4. DISCUSSION
The  present  investigation  clearly  demonstrates  that

Ganga  sludge-based  organic  fertilizers  significantly
improved soil fertility, crop growth, and productivity under
both  sole  and  wheat-pea  intercropping  systems.  The
enhancement  in  plant  performance  was  primarily
associated  with  increased  availability  of  key  nutrients,
particularly Phosphorus (AP) and Potassium (AK),  rather
than  changes  in  total  nutrient  pools,  indicating  the
dominant role of bioavailable fractions in regulating crop
productivity.

The  significant  rise  in  available  phosphorus  under
treatments  T4  (Jaivik  Poshak),  T6  (Jaivik  Prom  +  Jaivik
Khad), and T7 (Pori Potash + Jaivik Poshak) highlights the
importance of biological and organic inputs in improving P
dynamics.  Organic  amendments  release  organic  acids
during  decomposition,  which  reduce  P  fixation  and
enhance solubilization, while arbuscular mycorrhizal fungi
extend the root absorption zone and facilitate efficient P
uptake  [25].  Recent  studies  further  confirm  that
integrated  organic  nutrient  management  enhances
phosphorus availability  through microbial  mediation and
synergistic  interactions  [26-28].  The  strong  positive
correlation  observed  between  AP  and  growth/yield
parameters  in  both  crops  reflects  the  central  role  of
phosphorus in ATP synthesis, energy transfer, nucleic acid
formation, and root development. In legumes such as pea,
adequate  P  is  particularly  critical  for  nodulation  and
biological  nitrogen  fixation,  thereby  directly  influencing
reproductive development and yield [29-32].

Similarly, the higher available potassium observed in
T7 can be attributed to both direct K inputs and enhanced
microbial  solubilization.  Organic  matter  improves  soil
cation  exchange  capacity,  reducing  K  losses,  while

potassium-solubilizing  microorganisms  mobilize  non-
exchangeable  K  through  organic  acid  production  and
mineral  weathering  [33,  34].  The  strong  association
between  AK  and  growth  traits  such  as  root  biomass,
chlorophyll content, and yield is consistent with the role of
potassium in enzyme activation, osmoregulation, stomatal
function, and assimilate translocation [35-39].

In  contrast,  total  nutrient  fractions  (TN,  TP,  TK)
remained  relatively  unchanged  across  treatments,
suggesting  that  organic  fertilizers  primarily  influence
labile nutrient pools in the short term. This aligns with the
slow mineralization pattern of organic inputs and supports
the  concept  that  nutrient  availability,  rather  than  total
nutrient content, governs plant nutrition and productivity
[40-42].  The  strong  correlations  observed  between
available  nutrients  (AN,  AP,  AK)  and  growth/yield
parameters  further  confirm  that  plant  performance  is
driven by nutrient intensity (available fraction) rather than
quantity (total pool), as emphasized by Fageria et al. [43].

The  relatively  weak  or  non-significant  variation  in
available nitrogen across treatments may be due to slow
mineralization and environmental dependence of organic
N release [44]. However, higher AN in pea-based systems
reflects  the  contribution  of  biological  nitrogen  fixation
through  symbiosis  with  Rhizobium  leguminosarum,
enriching  soil  nitrogen  pools  [45-48].  The  comparatively
weaker  or  negative  correlation  of  AN  with  yield,
particularly  in  pea,  may  be  explained  by  excessive
nitrogen  promoting  vegetative  growth  at  the  expense  of
reproductive development and suppressing nodulation and
N2 fixation [49, 50].

The  superior  growth  performance  observed  under
treatments  T5,  T6,  and  T7,  reflected  in  higher  biomass,
leaf  area,  and  chlorophyll  content,  can  be  attributed  to
improved nutrient supply, enhanced microbial activity, and
better  soil  physical  properties.  Organic  amendments
promote  soil  aggregation,  water  retention,  and  root
proliferation,  thereby  enhancing  nutrient  uptake  and
photosynthetic  efficiency  [51-54].  The  strong
interrelationships among growth traits (shoot length, root
length, leaf area, and biomass) indicate coordinated plant
development  under  improved  nutrient  availability,
ultimately  leading  to  enhanced  productivity  [55].

Cropping system effects revealed that pea performed
better under sole cropping, whereas wheat benefited more
under intercropping. The reduced performance of pea in
intercropping  systems  is  attributed  to  interspecific
competition,  while  wheat  gains  from  complementary
interactions  and  nitrogen  facilitation  from  the  legume
component.  Such  cereal–legume  complementarities
enhance  nutrient-use  efficiency  and  system  productivity
[56-58].

Yield responses further support these findings. In pea,
yield was strongly governed by reproductive traits such as
pods  per  plant  and  pod  weight,  particularly  under  sole
cropping,  indicating the dominance of  sink strength and
assimilate  partitioning  in  determining  productivity  [59,
60].  Under  intercropping,  these  relationships  weakened
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due  to  competitive  interactions,  consistent  with  earlier
reports  [61,  62].  In  contrast,  wheat  showed  weaker
associations between yield and individual traits, reflecting
its  complex  yield  formation  involving  multiple  physio-
logical  processes  [63].  Slight  improvement  in  trait–yield
relationships  under  intercropping  suggests  better
resource  sharing  and  altered  plant  architecture  [64].

The  Land  Equivalent  Ratio  (LER  >  1)  across  all
treatments  confirms  the  agronomic  advantage  of
wheat–pea  intercropping  in  terms  of  land-use  efficiency
and  resource  utilization.  The  highest  total  LER  was
recorded in T2 and T7, indicating greater complementarity
and  more  efficient  exploitation  of  available  resources
under these treatments. The superior land-use efficiency
observed  in  the  wheat–pea  intercropping  system  can  be
attributed  to  ecological  complementarity  between  the
component crops. Cereals and legumes differ markedly in
their  patterns  of  resource  acquisition,  rooting
characteristics,  canopy  architecture,  and  nutrient
requirements,  enabling  them  to  utilize  environmental
resources  more  efficiently  when  grown  together  than  in
monoculture.  In  particular,  the  ability  of  peas  to  fix
atmospheric nitrogen through symbiotic association with
rhizobia  can  enhance  nitrogen  availability  in  the
rhizosphere  and  partially  benefit  the  associated  wheat
crop,  thereby  improving  overall  system  productivity.
Moreover,  differences  in  rooting  depth  and  temporal
patterns  of  nutrient  uptake  reduce  direct  interspecific
competition and promote niche differentiation, resulting in
improved  resource  capture  and  biomass  production.
Similar  mechanisms  have  been  widely  reported  in
cereal–legume  intercropping  systems,  where  increased
productivity  and  land-use  efficiency  are  primarily
associated  with  facilitative  interactions  and
complementary  resource  utilization  rather  than
competitive  exclusion  [61,  65-69].  The  comparatively
greater  contribution  of  wheat  to  the  total  LER  and  its
consistently  positive  aggressivity  values  further  suggest
that  wheat  derived  substantial  benefits  from  these
complementary  interactions  while  maintaining  only
moderate competitive dominance over pea. Similarly, the
higher  crop  growth  rates  observed  in  wheat  under
intercropping  and  in  pea  under  sole  cropping  reflect
species-specific responses to interspecific competition and
nutrient  dynamics,  likely  mediated by  improved nutrient
availability  and  enhanced  microbial  activity  in  the
rhizosphere  [70,  71].

Overall,  the  study  establishes  that  the  integrated
application  of  Ganga  sludge-based  organic  fertilizers,
particularly  T5,  T6,  and  T7,  effectively  enhances  soil
nutrient  availability,  plant  growth,  and productivity.  The
findings  further  emphasize  that  nutrient  bioavailability,
microbial  interactions,  and  cropping  system  design
collectively determine crop performance. The combination
of  organic  nutrient  management  with  cereal-legume
intercropping  emerges  as  a  sustainable  strategy  for
improving  soil  health,  optimizing  nutrient  cycling,  and
enhancing  agricultural  productivity  under  diverse  agro-
ecological conditions.

CONCLUSION
Today,  farmers  are  increasingly  seeking  sustainable

alternatives  to  chemical  fertilizers  to  enhance  crop
productivity  while  improving  soil  health  and  reducing
environmental impact. The objective of this study was to
evaluate  the  effects  of  different  Ganga  sludge-based
organic fertilizers, applied singly or in combination, on soil
chemical properties, growth parameters, yield attributes,
and land-use efficiency of wheat (Triticum aestivum), pea
(Pisum  sativum),  and  their  intercropping  system.  The
results demonstrated a significant positive influence of the
organic fertilizer treatments on soil available phosphorus
and potassium, plant growth, and yield parameters across
all  cropping  systems.  In  general,  combined  applications
produced  the  most  favorable  outcomes.  Treatments  T5
(Jaivik Khad), T6 (Jaivik Prom + Jaivik Khad), and T7 (Pori
Potash  +  Jaivik  Poshak)  consistently  showed  superior
performance  in  enhancing  nutrient  availability,  biomass
accumulation, chlorophyll content, and final yield.

The  study  clearly  revealed  contrasting  responses
between the two crops under different cropping systems.
Pea performed better under sole cropping due to reduced
interspecific  competition,  whereas  wheat  exhibited
enhanced growth and yield under intercropping with pea,
benefiting from complementary interactions and biological
nitrogen fixation by the legume. Although pea experienced
competitive suppression in the intercropping system, the
Land  Equivalent  Ratio  (LER)  values  were  substantially
greater  than  unity,  confirming  the  higher  resource-use
efficiency of the wheat–pea intercropping system. Overall,
the  integrated  use  of  Ganga  sludge-based  organic
fertilizers,  especially  T6  and  T7,  offers  a  sustainable
approach for nutrient recycling, soil fertility improvement,
and  enhanced  productivity  in  organic  farming  systems.
The present study strongly supports the adoption of Ganga
sludge-based organic nutrient management combined with
cereal-legume  intercropping  as  a  viable  strategy  for
improving  soil  health,  resource-use  efficiency,  and
agricultural productivity in organic and low-input farming
systems.

The  present  study  covers  only  a  limited  number  of
seasons, which requires further long-term multi-seasonal
exploration.  The  lasting  impact  of  Ganga  sludge-based
organic manures on all agricultural and horticultural crops
has  not  been  fully  examined,  which  requires  further
experimentation.  The  field  trials  in  different  agro-
ecological zones are also required to fully understand the
variation  in  the  performance  of  Ganga  sludge-based
organic  amendments.  Microbial  community  analysis  and
direct  measurements  of  actual  nitrogen  fixation  should
also  be  performed  in  further  studies.  Further  long-term
field  studies  are  recommended  to  evaluate  the  residual
effects,  heavy  metal  dynamics,  and  scalability  of  these
organic  fertilizers  under  diverse  agro-ecological
conditions.

AUTHORS’ CONTRIBUTIONS
The authors confirm their contributions to the paper as

follows:  A.B.:  Study  conception  and  design;  V.K.:



18   The Open Agriculture Journal, 2026, Vol. 20 Balkrishna et al.

Conceptualized the study; A.G. and N.S.:  Collected data;
V.A.:  Analysis  and  interpretation  of  results;
DrafETHICSted the manuscript; Methodological validation
and manuscript  review.  All  authors  reviewed the  results
and approved the final version of the manuscript.

LIST OF ABBREVIATIONS

ANOVA = Analysis of Variance
CV (%) = Coefficient of Variation (Percentage)
DAS = Days After Sowing
LSD = Least Significant Difference
RBD = Randomized Block Design
SD / STDEV = Standard Deviation
AK = Available Potassium
AN = Available Nitrogen
AP = Available Phosphorus
OC = Soil Organic Carbon
TK = Total Potassium
TN = Total Nitrogen
TP = Total Phosphorus
CGR = Crop Growth Rate
CHL / Chl = Chlorophyll / Chlorophyll content
CR = Competitive Ratio
LA = Leaf Area
LER = Land Equivalent Ratio
RB = Root Biomass
RL = Root Length
SB = Shoot Biomass
SC = Sole Cropping
SL = Shoot Length
SpL = Spike Length
FCO = Fertilizer Control Order
ICAR = Indian Council of Agricultural Research
NABL = National Accreditation Board for Testing

and Calibration Laboratories
PORI = Patanjali Organic Research Institute
PRF = Patanjali Research Foundation
STP = Sludge Treatment Plant

ETHICS  APPROVAL  AND  CONSENT  TO
PARTICIPATE

Not applicable.

HUMAN AND ANIMAL RIGHTS
Not applicable.

CONSENT FOR PUBLICATION
Not applicable.

AVAILABILITY OF DATA AND MATERIALS
All  data  generated  or  analyzed  during  this  study  are

included in this published article.

FUNDING
None.

CONFLICT OF INTEREST
The authors declare no conflict of interest, financial or

otherwise.

ACKNOWLEDGEMENTS
The authors express their sincere gratitude to Revered

S R J for his constant inspiration, unwavering support, and
invaluable guidance throughout the study. The authors are
also  deeply  thankful  to  the  Patanjali  Herbal  Research
Department  and  the  Patanjali  Research  Institute,
Haridwar,  India,  for  providing  the  necessary  research
facilities, technical support, and comprehensive assistance
that made this work possible. Special thanks are extended
to  PORI  for  providing  the  test  fertilizers  used  in  this
experiment.  This  work  would  not  have  been  possible
without  their  kind  cooperation  and  support.

REFERENCES
Ghosh  PK.  Growth,  yield,  competition  and  economics  of[1]
groundnut/cereal fodder intercropping systems in the semi-arid
tropics of India. Field Crops Res 2004; 88(2-3): 227-37.
http://dx.doi.org/10.1016/j.fcr.2004.01.015
Ghosh PK, Mohanty M, Bandyopadhyay KK, Painuli DK, Misra AK.[2]
Growth,  competition,  yields  advantage  and  economics  in
soybean/pigeonpea intercropping system in semi-arid tropics of
India. Field Crops Res 2006; 96(1): 90-7.
http://dx.doi.org/10.1016/j.fcr.2005.05.010
Zhou  Z,  Zhang  S,  Jiang  N,  Xiu  W,  Zhao  J,  Yang  D.  Effects  of[3]
organic  fertilizer  incorporation  practices  on  crops  yield,  soil
quality, and soil fauna feeding activity in the wheat-maize rotation
system. Front Environ Sci 2022; 10: 1058071.
http://dx.doi.org/10.3389/fenvs.2022.1058071
Berry  PM,  Sylvester-Bradley  R,  Philipps  L,  et  al.  Is  the[4]
productivity of organic farms restricted by the supply of available
nitrogen? Soil Use Manage 2002; 18(s1): 248-55.
http://dx.doi.org/10.1111/j.1475-2743.2002.tb00266.x
Ghaley  BB,  Hauggaard-Nielsen  H,  Høgh-Jensen  H,  Jensen  ES.[5]
Intercropping  of  wheat  and  pea  as  influenced  by  nitrogen
fertilization.  Nutr  Cycl  Agroecosyst  2005;  73(2-3):  201-12.
http://dx.doi.org/10.1007/s10705-005-2475-9
Ghosh  PK,  Ramesh  P,  Bandyopadhyay  KK,  et  al.  Comparative[6]
effectiveness of cattle manure, poultry manure, phosphocompost
and fertilizer-NPK on three cropping systems in vertisols of semi-
arid  tropics.  I.  Crop  yields  and  system  performance.  Bioresour
Technol 2004; 95(1): 77-83.
http://dx.doi.org/10.1016/j.biortech.2004.02.011 PMID: 15207299
Terhoeven-Urselmans  T,  Scheller  E,  Raubuch  M,  Ludwig  B,[7]
Joergensen RG. CO2 evolution and N mineralization after biogas
slurry application in the field and its yield effects on spring barley.
Appl Soil Ecol 2009; 42(3): 297-302.
http://dx.doi.org/10.1016/j.apsoil.2009.05.012
Heinze S, Raupp J, Joergensen RG. Effects of fertilizer and spatial[8]
heterogeneity in soil pH on microbial biomass indices in a long-

http://dx.doi.org/10.1016/j.fcr.2004.01.015
http://dx.doi.org/10.1016/j.fcr.2005.05.010
http://dx.doi.org/10.3389/fenvs.2022.1058071
http://dx.doi.org/10.1111/j.1475-2743.2002.tb00266.x
http://dx.doi.org/10.1007/s10705-005-2475-9
http://dx.doi.org/10.1016/j.biortech.2004.02.011
http://www.ncbi.nlm.nih.gov/pubmed/15207299
http://dx.doi.org/10.1016/j.apsoil.2009.05.012


Impact of Ganga Sludge-derived Organic Nutrient 19

term field trial of organic agriculture. Plant Soil 2010; 328(1-2):
203-15.
http://dx.doi.org/10.1007/s11104-009-0102-2
Balkrishna  A,  Sharma  N,  Gautam  AK,  Arya  V,  Khelwade  V.[9]
Enhancement of wheat (Triticum aestivum L.)  growth and yield
attributes in a subtropical humid climate through treated Ganga
sludge-based  organic  fertilizers.  Recent  Adv  Food  Nutr  Agric
2024; 15(3): 178-92. a
http://dx.doi.org/10.2174/012772574X280744240103044354
PMID: 38288818
Cen Y, Guo L, Liu M, Gu X, Li C, Jiang G. Using organic fertilizers[10]
to  increase  crop  yield,  economic  growth,  and  soil  quality  in  a
temperate farmland. PeerJ 2020; 8: e9668.
http://dx.doi.org/10.7717/peerj.9668 PMID: 32879791
Riadi S, Susanti H, Purnomo J. Effects of types and compositions[11]
of organic fertilizers in nursery growing media on the growth of
vanilla seedlings. IOSR J Agric Vet Sci 2022; 15(6): 38-45.
http://dx.doi.org/10.9790/2380-1506013845
Velasco-Muñoz  JF,  Mendoza  JMF,  Aznar-Sánchez  JA,  Gallego-[12]
Schmid A. Circular economy implementation in the agricultural
sector:  Definition,  strategies  and  indicators.  Resour  Conserv
Recycling  2021;  170:  105618.
http://dx.doi.org/10.1016/j.resconrec.2021.105618
Wazir A, Gul Z, Hussain M. Comparative study of various organic[13]
fertilizers  effect  on  growth  and  yield  of  two  economically
important crops, potato and pea. Agric Sci 2018; 9(6): 703-17.
http://dx.doi.org/10.4236/as.2018.96049
Balkrishna A, Gautam AK, Sharma N, Arya V, Khelwade V. Use of[14]
Ganga sludge as organic manures and their effect on the growth
and yield of pea (Pisum sativum). J Waste Biomass Manag 2024;
6(2): 93-8.
http://dx.doi.org/10.26480/jwbm.02.2024.93.98
Balkrishna A, Gautam AK, Sharma N, Arya V, Khelwade V. Growth[15]
and  yield  enhancement  of  carrot  (Daucus  carota  L.)  through
treated Ganga sludge-based organic fertilizers. Biol Forum Int J
2024; 16(3): 175-80. c
Masarirambi M, Hlawe M, Oseni O, Sibiya T. Effects of organic[16]
fertilizers on growth, yield, quality and sensory evaluation of red
lettuce (Lactuca sativa L.) ‘Veneza Roxa’. Agric Biol J N Am 2010;
1(6): 1319-24.
http://dx.doi.org/10.5251/abjna.2010.1.6.1319.1324
Abbas  G,  Abbas  Z,  Aslam M,  Malik  AU,  Ishaque  M,  Hussain  F.[17]
Effects of organic and inorganic fertilizers on mungbean (Vigna
radiata L.) yield under arid climate. Int Res J Plant Sci 2011; 2(4):
94-8.
Hait  S,  Tare  V.  Vermistabilization  of  primary  sewage  sludge.[18]
Bioresour Technol 2011; 102(3): 2812-20.
http://dx.doi.org/10.1016/j.biortech.2010.10.031 PMID: 21036608
Balkrishna A, Banerjee S, Ghosh S, et al. Reuse of sewage sludge[19]
as  organic  agricultural  products:  An  efficient  technology-based
initiative. Appl Environ Soil Sci 2024; 2024: 1-16.
http://dx.doi.org/10.1155/2024/1433973
Brar BS, Singh K, Toor AS, Dhaliwal SS. Analytical techniques in[20]
soils, plants, seeds, fertilizers and water: Practical manual (Soils
435). Ludhiana: Punjab Agricultural University 2017.
Liu  X,  Rahman  T,  Song  C,  et  al.  Relationships  among  light[21]
distribution, radiation use efficiency and land equivalent ratio in
maize-soybean  strip  intercropping.  Field  Crops  Res  2018;  224:
91-101.
http://dx.doi.org/10.1016/j.fcr.2018.05.010
Uddin MKB, Naznin S, Kawochar MA, Choudhury RU, Awal MA.[22]
Productivity of wheat and peanut in intercropping system. J Expt
Biosci 2014; 5: 19-26.
de  Mendiburu  F.  Package  ‘agricolae’.  2023.  Available  from:[23]
https://cran.r-project.org/web/packages/agricolae/agricolae.pdf
Olivoto T, Lúcio ADC. metan: An R package for multi‐environment[24]
trial analysis. Methods Ecol Evol 2020; 11(6): 783-9.
http://dx.doi.org/10.1111/2041-210X.13384
Smith SE, Read DJ. Mycorrhizal symbiosis. (3rd ed.), San Diego:[25]
Academic Press 2008.

Pang  F,  Li  Q,  Solanki  MK,  Wang  Z,  Xing  YX,  Dong  DF.  Soil[26]
phosphorus transformation and plant uptake driven by phosphate-
solubilizing microorganisms. Front Microbiol 2024; 15: 1383813.
http://dx.doi.org/10.3389/fmicb.2024.1383813 PMID: 38601943
García-Berumen JA, Flores de la Torre JA, de los Santos-Villalobos[27]
S,  Espinoza-Canales  A,  Echavarría-Cháirez  FG,  Gutiérrez-
Bañuelos  H.  Phosphorus  dynamics  and  sustainable  agriculture:
The  role  of  microbial  solubilization  and  innovations  in  nutrient
management. Curr Res Microb Sci 2025; 8: 100326.
http://dx.doi.org/10.1016/j.crmicr.2024.100326 PMID: 39687549
Benmrid  B,  Ghoulam  C,  Zeroual  Y,  Kouisni  L,  Bargaz  A.[28]
Bioinoculants as a means of increasing crop tolerance to drought
and  phosphorus  deficiency  in  legume-cereal  intercropping
systems.  Commun  Biol  2023;  6(1):  1016.
http://dx.doi.org/10.1038/s42003-023-05399-5 PMID: 37803170
Raghothama KG. Phosphate acquisition. Annu Rev Plant Physiol[29]
Plant Mol Biol 1999; 50(1): 665-93.
http://dx.doi.org/10.1146/annurev.arplant.50.1.665  PMID:
15012223
Vance CP, Uhde-Stone C, Allan DL. Phosphorus acquisition and[30]
use: Critical adaptations by plants for securing a nonrenewable
resource. New Phytol 2003; 157(3): 423-47.
http://dx.doi.org/10.1046/j.1469-8137.2003.00695.x  PMID:
33873400
Tang  X,  Zhang  C,  Yu  Y,  Shen  J,  van  der  Werf  W,  Zhang  F.[31]
Intercropping  legumes  and  cereals  increases  phosphorus  use
efficiency; a meta-analysis. Plant Soil 2021; 460(1-2): 89-104.
http://dx.doi.org/10.1007/s11104-020-04768-x
Luo  Y.  Improving  wheat  yield  and  phosphorus  use  efficiency[32]
through  optimized  phosphorus  management.  Agronomy  2023;
13(3): 928.
http://dx.doi.org/10.3390/agronomy13030928
Goda  DA,  El-Gamal  EH,  Rashad  M,  Abdel-Fattah  YR.  The[33]
optimization of calcareous soil cation exchange capacity via the
feather hydrolysate and N-P fertilizers integration. Sci Rep 2025;
15(1): 4676.
http://dx.doi.org/10.1038/s41598-025-86941-9 PMID: 39920173
Babar S, Baloch A, Qasim M, et al. Unearthing the soil-bacteria[34]
nexus to enhance potassium bioavailability for global sustainable
agriculture:  A  mechanistic  preview.  Microbiol  Res  2024;  288:
127885.
http://dx.doi.org/10.1016/j.micres.2024.127885 PMID: 39236472
Pettigrew  WT.  Potassium  influences  on  yield  and  quality[35]
production for  maize,  wheat,  soybean and cotton.  Physiol  Plant
2008; 133(4): 670-81.
http://dx.doi.org/10.1111/j.1399-3054.2008.01073.x  PMID:
18331406
Xu X. Effects of potassium levels on plant growth, accumulation[36]
and distribution of carbon and nitrogen, and enzyme activities in
wheat. PLoS One 2020; 15(6): e0233624.
http://dx.doi.org/10.1371/journal.pone.0233624 PMID: 32516307
Yuan  J,  Wang  J,  Ye  J,  et  al.  Long-term  organic  fertilization[37]
enhances  potassium  uptake  and  yield  of  sweet  potato  by
expanding  soil  aggregates-associated  potassium  stocks.  Agric
Ecosyst  Environ  2023;  358:  108701.
http://dx.doi.org/10.1016/j.agee.2023.108701
Nawaz A, Qamar ZU, Marghoob MU, Imtiaz M, Imran A, Mubeen[38]
F.  Contribution  of  potassium  solubilizing  bacteria  in  improved
potassium assimilation and cytosolic K+/Na+ ratio in rice (Oryza
sativa L.) under saline-sodic conditions. Front Microbiol 2023; 14:
1196024.
http://dx.doi.org/10.3389/fmicb.2023.1196024 PMID: 37711698
Yang M, Zhou D, Hang H, et al. Effects of balancing exchangeable[39]
cations  Ca,  Mg,  and  K  on  the  growth  of  tomato  seedlings
(Solanum  lycopersicum  L.)  based  on  increased  soil  cation
exchange  capacity.  Agronomy  2024;  14(3):  629.
http://dx.doi.org/10.3390/agronomy14030629
Brady NC, Weil RR. The nature and properties of soils. (11th ed.).[40]
Upper Saddle River, NJ: Prentice Hall 1996; pp. 662-710.

http://dx.doi.org/10.1007/s11104-009-0102-2
http://dx.doi.org/10.2174/012772574X280744240103044354
http://www.ncbi.nlm.nih.gov/pubmed/38288818
http://dx.doi.org/10.7717/peerj.9668
http://www.ncbi.nlm.nih.gov/pubmed/32879791
http://dx.doi.org/10.9790/2380-1506013845
http://dx.doi.org/10.1016/j.resconrec.2021.105618
http://dx.doi.org/10.4236/as.2018.96049
http://dx.doi.org/10.26480/jwbm.02.2024.93.98
http://dx.doi.org/10.5251/abjna.2010.1.6.1319.1324
http://dx.doi.org/10.1016/j.biortech.2010.10.031
http://www.ncbi.nlm.nih.gov/pubmed/21036608
http://dx.doi.org/10.1155/2024/1433973
http://dx.doi.org/10.1016/j.fcr.2018.05.010
https://cran.r-project.org/web/packages/agricolae/agricolae.pdf
http://dx.doi.org/10.1111/2041-210X.13384
http://dx.doi.org/10.3389/fmicb.2024.1383813
http://www.ncbi.nlm.nih.gov/pubmed/38601943
http://dx.doi.org/10.1016/j.crmicr.2024.100326
http://www.ncbi.nlm.nih.gov/pubmed/39687549
http://dx.doi.org/10.1038/s42003-023-05399-5
http://www.ncbi.nlm.nih.gov/pubmed/37803170
http://dx.doi.org/10.1146/annurev.arplant.50.1.665
http://www.ncbi.nlm.nih.gov/pubmed/15012223
http://dx.doi.org/10.1046/j.1469-8137.2003.00695.x
http://www.ncbi.nlm.nih.gov/pubmed/33873400
http://dx.doi.org/10.1007/s11104-020-04768-x
http://dx.doi.org/10.3390/agronomy13030928
http://dx.doi.org/10.1038/s41598-025-86941-9
http://www.ncbi.nlm.nih.gov/pubmed/39920173
http://dx.doi.org/10.1016/j.micres.2024.127885
http://www.ncbi.nlm.nih.gov/pubmed/39236472
http://dx.doi.org/10.1111/j.1399-3054.2008.01073.x
http://www.ncbi.nlm.nih.gov/pubmed/18331406
http://dx.doi.org/10.1371/journal.pone.0233624
http://www.ncbi.nlm.nih.gov/pubmed/32516307
http://dx.doi.org/10.1016/j.agee.2023.108701
http://dx.doi.org/10.3389/fmicb.2023.1196024
http://www.ncbi.nlm.nih.gov/pubmed/37711698
http://dx.doi.org/10.3390/agronomy14030629


20   The Open Agriculture Journal, 2026, Vol. 20 Balkrishna et al.

e  P,  Sarkar  S,  Maji  PK.  A  review  on  slow-release  fertilizer:[41]
Nutrient  release  mechanism  and  agricultural  sustainability.  J
Environ Chem Eng 2024; 12(4): 113211.
http://dx.doi.org/10.1016/j.jece.2024.113211
Zhu X,  Ros GH, Xu M, et  al.  Long-term impacts  of  mineral  and[42]
organic  fertilizer  inputs  on nitrogen use efficiency for  different
cropping  systems  and  site  conditions  in  Southern  China.  Eur  J
Agron 2023; 146: 126797.
http://dx.doi.org/10.1016/j.eja.2023.126797
Fageria NK, Baligar VC, Jones CA. Growth and mineral nutrition[43]
of field crops. (3rd ed.), Boca Raton, FL: CRC Press 2011.
http://dx.doi.org/10.1201/b10160
Martínez-Alcántara B, Martínez-Cuenca MR, Bermejo A, Legaz F,[44]
Quiñones A. Liquid organic fertilizers for sustainable agriculture:
Nutrient  uptake  of  organic  versus  mineral  fertilizers  in  citrus
trees. PLoS One 2016; 11(10): e0161619.
http://dx.doi.org/10.1371/journal.pone.0161619 PMID: 27764099
Ladha  JK,  Peoples  MB,  Reddy  PM,  et  al.  Biological  nitrogen[45]
fixation  and  prospects  for  ecological  intensification  in  cereal-
based cropping systems. Field Crops Res 2022; 283: 108541.
http://dx.doi.org/10.1016/j.fcr.2022.108541 PMID: 35782167
Ashworth AJ, West CP, Allen FL, et al. Biologically fixed nitrogen[46]
in  legume  intercropped  systems:  Comparison  of  nitrogen-
difference and nitrogen-15 enrichment techniques. Agron J 2015;
107(6): 2419-30.
http://dx.doi.org/10.2134/agronj14.0639
Kebede E. Contribution, utilization, and improvement of legumes-[47]
driven biological nitrogen fixation in agricultural systems. Front
Sustain Food Syst 2021; 5: 767998.
http://dx.doi.org/10.3389/fsufs.2021.767998
Gungaabayar A, Jha A, Warkentin T, Knight D, Penner G, Biligetu[48]
B.  Forage  yield  and  biological  nitrogen  fixation  of  pea–cereal
intercrops for hay production. Agron J 2023; 115(2): 607-19.
http://dx.doi.org/10.1002/agj2.21270
Sinclair  TR,  Vadez  V.  The  future  of  grain  legumes  in  cropping[49]
systems. Crop Pasture Sci 2012; 63(6): 501-12.
http://dx.doi.org/10.1071/CP12128
Iannetta  PPM,  Young  M,  Bachinger  J,  et  al.  A  comparative[50]
nitrogen  balance  and  productivity  analysis  of  legume  and  non-
legume  supported  cropping  systems.  Front  Plant  Sci  2016;  7:
1700.
http://dx.doi.org/10.3389/fpls.2016.01700 PMID: 27917178
Liu  Y,  Lan  X,  Hou  H,  Ji  J,  Liu  X,  Lv  Z.  Multifaceted  ability  of[51]
organic fertilizers to improve crop productivity and abiotic stress
tolerance: Review and perspectives. Agronomy 2024; 14(6): 1141.
http://dx.doi.org/10.3390/agronomy14061141
Kumawat  A,  Kumar  D,  Shivay  YS,  et  al.  Long-term  impact  of[52]
biofertilization  on  soil  health  and  nutritional  quality  of  organic
basmati rice in a typic ustchrept soil of India. Front Environ Sci
2023; 11: 1031844.
http://dx.doi.org/10.3389/fenvs.2023.1031844
Food and Agriculture Organization of the United Nations (FAO).[53]
International Network on Soil Fertility and Fertilizers Soil health
as  a  prerequisite  for  crop  production:  the  relevance  of  organic
fertilizers.  2024.  Available  from:
https://www.fao.org/fileadmin/user_upload/GSP/INSOILFER/first_
webinar/Webinar_report_January_2024.pdf
Balkrishna  A,  Gautam  AK,  Sharma  N,  Arya  V,  Khelwade  V.[54]
Response of black wheat to combined organic and bio-fertilizers
under field conditions. Current Agronomy 2025; 54(2): 142-51.
http://dx.doi.org/10.2478/cag-2025-0012
Evans LT. Crop evolution, adaptation and yield. Cambridge, UK:[55]
Cambridge University Press 1993.
Peoples  MB,  Li  X,  Kirkegaard  JA,  et  al.  Integrating  legumes  to[56]

enhance  cereal  production:  The  relative  inputs  of  fertiliser
nitrogen and legume biological nitrogen fixation in major wheat
and maize producing countries. Plant Soil 2026; 8: 1-47.
http://dx.doi.org/10.1007/s11104-025-08245-1
Fuchs  K,  Kraus  D,  Houska  T,  et  al.  Intercropping  legumes[57]
improves  long  term  productivity  and  soil  carbon  and  nitrogen
stocks  in  sub-Saharan  Africa.  Glob  Biogeochem  Cycles  2024;
38(10)e2024GB008159
http://dx.doi.org/10.1029/2024GB008159
Zhao Y, Tian Y, Li X, et al. Nitrogen fixation and transfer between[58]
legumes  and  cereals  under  various  cropping  regimes.
Rhizosphere  2022;  22:  100546.
http://dx.doi.org/10.1016/j.rhisph.2022.100546
Hay RKM. Harvest index: a review of its use in plant breeding and[59]
crop physiology. Ann Appl Biol 1995; 126(1): 197-216.
http://dx.doi.org/10.1111/j.1744-7348.1995.tb05015.x
Padhy AK, Singh A, Chaurasia S, Parida SK, Tripathi K, Bhatia S.[60]
Key  determinants  of  seed  size  for  enhancing  genetic  gain  in
legumes. Plant Cell Environ 2025; •••: pce.15632.
http://dx.doi.org/10.1111/pce.15632 PMID: 40405821
Lithourgidis  AS,  Dordas  CA,  Damalas  CA,  Vlachostergios  DO.[61]
Annual  intercrops:  an  alternative  pathway  for  sustainable
agriculture.  Aust  J  Crop  Sci  2011;  5(4):  396-410.
Huang C, Liu Q, Li X, Zhang C. Effect of intercropping on maize[62]
grain  yield  and  yield  components.  J  Integr  Agric  2019;  18(8):
1690-700.
http://dx.doi.org/10.1016/S2095-3119(19)62648-1
Fischer RA. Wheat physiology: a review of recent developments.[63]
Crop Pasture Sci 2011; 62(2): 95-114.
http://dx.doi.org/10.1071/CP10344
Bedoussac  L,  Justes  E.  Dynamic  analysis  of  competition  and[64]
complementarity for light and N use to understand the yield and
the protein content of a durum wheat–winter pea intercrop. Plant
Soil 2010; 330(1-2): 37-54.
http://dx.doi.org/10.1007/s11104-010-0303-8
Willey  RW.  Intercropping-its  importance  and  research  needs  1[65]
Competition  and  yield  advantages.  Farnham  Royal,  UK:
Commonwealth  Agricultural  Bureaux  1979.
Hauggaard-Nielsen H, Jørnsgaard B, Kinane J, Jensen ES. Grain[66]
legume–cereal  intercropping:  The  practical  application  of
diversity,  competition  and  facilitation  in  arable  and  organic
cropping  systems.  Renew  Agric  Food  Syst  2008;  23(1):  3-12.
http://dx.doi.org/10.1017/S1742170507002025
Li C, Hoffland E, Kuyper TW, et al. Syndromes of production in[67]
intercropping impact yield gains. Nat Plants 2020; 6(6): 653-60.
http://dx.doi.org/10.1038/s41477-020-0680-9 PMID: 32483328
Demie DT, Döring TF, Finckh MR, van der Werf W, Enjalbert J,[68]
Seidel  SJ.  Mixture  ×  genotype  effects  in  cereal/legume
intercropping.  Front  Plant  Sci  2022;  13:  846720.
http://dx.doi.org/10.3389/fpls.2022.846720 PMID: 35432405
Chen P, Feng L, Yang F, Raza MA. Editorial: Ecological, efficient[69]
and low-carbon cereal-legume intercropping systems. Front Plant
Sci 2023; 14: 1273675.
http://dx.doi.org/10.3389/fpls.2023.1273675 PMID: 37692440
Bhattacharya U, Naskar MK, Venugopalan VK, et al. Implications[70]
of minimum tillage and integrated nutrient management on yield
and soil health of rice-lentil cropping system – being a resource
conservation  technology.  Front  Sustain  Food  Syst  2023;  7:
1225986.
http://dx.doi.org/10.3389/fsufs.2023.1225986
Xu J, Li Y, Li L. A comprehensive review of the effects of organic[71]
amendments on soil health and fertility: Mechanisms, greenhouse
gas  emissions,  and  implications  for  sustainable  agriculture.
Agronomy  2025;  15(12):  2705.
http://dx.doi.org/10.3390/agronomy15122705

DISCLAIMER: Please note that this article is currently in the 'Early view' stage and is not the final 'Version of Record'. While it has
been accepted, copy-edited, and formatted, however, it is still undergoing proofreading and corrections by the authors. Therefore,
the text may still change before the final publication. Although 'Early view' may not have all bibliographic details available, the DOI
and the year of online publication can still be used to cite them. The article title, DOI, publication year, and author(s) should all be
included in the citation format. Once the 'Final Version of Record' becomes available the 'Early view' will be replaced by that.

http://dx.doi.org/10.1016/j.jece.2024.113211
http://dx.doi.org/10.1016/j.eja.2023.126797
http://dx.doi.org/10.1201/b10160
http://dx.doi.org/10.1371/journal.pone.0161619
http://www.ncbi.nlm.nih.gov/pubmed/27764099
http://dx.doi.org/10.1016/j.fcr.2022.108541
http://www.ncbi.nlm.nih.gov/pubmed/35782167
http://dx.doi.org/10.2134/agronj14.0639
http://dx.doi.org/10.3389/fsufs.2021.767998
http://dx.doi.org/10.1002/agj2.21270
http://dx.doi.org/10.1071/CP12128
http://dx.doi.org/10.3389/fpls.2016.01700
http://www.ncbi.nlm.nih.gov/pubmed/27917178
http://dx.doi.org/10.3390/agronomy14061141
http://dx.doi.org/10.3389/fenvs.2023.1031844
https://www.fao.org/fileadmin/user_upload/GSP/INSOILFER/first_webinar/Webinar_report_January_2024.pdf
https://www.fao.org/fileadmin/user_upload/GSP/INSOILFER/first_webinar/Webinar_report_January_2024.pdf
http://dx.doi.org/10.2478/cag-2025-0012
http://dx.doi.org/10.1007/s11104-025-08245-1
http://dx.doi.org/10.1029/2024GB008159
http://dx.doi.org/10.1016/j.rhisph.2022.100546
http://dx.doi.org/10.1111/j.1744-7348.1995.tb05015.x
http://dx.doi.org/10.1111/pce.15632
http://www.ncbi.nlm.nih.gov/pubmed/40405821
http://dx.doi.org/10.1016/S2095-3119(19)62648-1
http://dx.doi.org/10.1071/CP10344
http://dx.doi.org/10.1007/s11104-010-0303-8
http://dx.doi.org/10.1017/S1742170507002025
http://dx.doi.org/10.1038/s41477-020-0680-9
http://www.ncbi.nlm.nih.gov/pubmed/32483328
http://dx.doi.org/10.3389/fpls.2022.846720
http://www.ncbi.nlm.nih.gov/pubmed/35432405
http://dx.doi.org/10.3389/fpls.2023.1273675
http://www.ncbi.nlm.nih.gov/pubmed/37692440
http://dx.doi.org/10.3389/fsufs.2023.1225986
http://dx.doi.org/10.3390/agronomy15122705

	[1. INTRODUCTION]
	1. INTRODUCTION
	2. MATERIALS AND METHODS
	2.1. Study Site
	2.2. Collection and Processing of Ganga Sludge Samples
	2.3. Composition of Organic Fertilizer Formulations
	2.4. Experimental Design and Field Experimentation
	2.5. Measuring Variables
	2.5.1. Soil Analysis
	2.5.2. Plant Growth and Yield Parameters
	2.5.3. Growth Indices and Intercropping Efficiency

	2.6. Statistical Analysis

	3. RESULTS
	3.1. Soil Chemical Properties
	3.2. Effect of Ganga Sludge-based Organic Fertilizers on Growth Parameters of Pea and Wheat under Sole and Intercropping Systems
	3.3. Effect of Cropping Pattern on Growth Parameters of Pea and Wheat
	3.4. Crop Growth Rate (CGR)
	3.5. Effect of Ganga Sludge-based Organic Fertilizers on Growth Parameters of Pea and Wheat under sole and Intercropping Systems
	3.6. Relationship of Yield with Yield-contributing Traits under Sole and Intercropping Systems
	3.7. Land Equivalent Ratio (LER)
	3.8. Correlation Analysis of Soil Properties and Growth/Yield Parameters in Wheat and Pea

	4. DISCUSSION
	CONCLUSION
	AUTHORS’ CONTRIBUTIONS
	LIST OF ABBREVIATIONS
	ETHICS APPROVAL AND CONSENT TO PARTICIPATE
	HUMAN AND ANIMAL RIGHTS
	CONSENT FOR PUBLICATION
	AVAILABILITY OF DATA AND MATERIALS
	FUNDING
	CONFLICT OF INTEREST
	ACKNOWLEDGEMENTS
	REFERENCES


