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Abstract
Background  Wheat productivity is frequently constrained by the slow turnover of soil organic matter (OM), 
which limits nutrient mineralization and reduces their bioavailability to plants. In this context, the present study 
was conducted to assess the effects of different OM sources on wheat growth, phenological attributes, yield 
attributes, chlorophyll content and soil physicochemical properties, with a focus on improving sustainable nutrient 
management strategies for improving wheat productivity and soil health.

Results  A field experiment was conducted over two consecutive winter seasons (2022–2023 and 2023–2024) at The 
University of Agriculture, Peshawar-Pakistan. The experimental design comprised two factors: (i) OM sources supplying 
120 kg N/ha, including no residue (control), farmyard manure (FYM), compost, and wheat crop residues; and (ii) 
decomposition-enhancing materials (DM), namely control, Bio-organic phosphate (100 kg/ha), Bio-aab at the rate of 
25 L ha− 1 (microbial biofertilizer), and humic acid at the rate of 15 kg ha− 1 was applied as leonardite-derived granular 
humic acid containing 70% humic substances. OM along with DM were incorporated into the soil 7 days before 
sowing under optimal field moisture conditions using a field cultivator. Wheat cultivar ‘Pirsabak 2015’ was sown at a 
seed rate of 120 kg/ha. Experiment was arranged in a RCB design with three replications. Individual plots measured 
3 × 5 m and consisted of 10 rows with 30 cm inter-row spacing. The incorporation of OM delayed phenological 
development relative to the no-residue control. Among the tested treatments, FYM and compost consistently 
resulted in greater plant height (86.32 and 86.38 cm), spike density (236 and 239 m− 2), grains number (45 and 45), 
grain weight (41.94 and 41.47 g), biological yield (10385 and 10385 kg ha− 1), grain yield (2977 and 2998 kg ha− 1), and 
chlorophyll content (chlorophyll a: 23.37 and 23.07; chlorophyll b 44.74 and 45.59; and total chlorophyll: 68.66 and 
68.88). Among DM, humic acid improved wheat growth traits, including plant height (87 cm), spikes m− 2 (245), grains 
spike− 1 (46), grain weight (43 g), biological yield (10452 kg ha− 1), grain yield (3013 kg ha− 1) and chlorophyll content, 
compared with other treatments, resulting in better biomass accumulation. Regarding soil fertility, Bio-aab or Bio-
organic phosphate combined with FYM or compost increased soil mineral nitrogen, organic matter, total nitrogen 

http://crossmark.crossref.org/dialog/?doi=10.1186/s12870-026-09003-w&domain=pdf&date_stamp=2026-5-21
https://doi.org/10.1186/s12870-026-09003-w
mailto:waqas.liaqat@erdogan.edu.tr
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Page 2 of 22Kalim et al. BMC Plant Biology          (2026) 26:926 

​​Introduction
Wheat (Triticum aestivum L.) is the most widely culti-
vated staple crop worldwide, providing a major source 
of calories and protein for human population [1, 2]. In 
Pakistan, it occupies the largest cropped area and plays 
a central role in national food security [3]. In Paki-
stan, the total area under wheat cultivation is approxi-
mately 8.825 million hectares, with a total production of 
24.946  million tones. In Khyber Pakhtunkhwa, wheat is 
also a key crop, contributing about 1.260  million tones 
from an area of 0.732  million hectares, reflecting its 
importance in the regional cropping system [4]. The soils 
of Khyber Pakhtunkhwa province are characterized by 
low organic matter (OM) and nutrient deficiencies, lead-
ing to reduced crop productivity, especially under dry 
and semi-arid conditions. Recent soil surveys in northern 
Pakistan indicate that OM levels are often poorly char-
acterized (typically less than 1%) and nutrient conditions 
vary widely, highlighting the need for better nutrient 
management and organic amendments to sustain crop 
production [5].

Soil quality and crop productivity can be significantly 
improved through positive soil modifications such as the 
application of biofertilizers and humic substances, which 
enhance nutrient and stimulate microbial activity [6, 7]. 
The decomposition of OM produces humic acid, which 
improve nutrient availability, enhance soil structure 
and water retention and stimulates microbial activity in 
the rhizosphere [8, 9]. Recent study has confirmed that 
humic substances significantly improve wheat growth, 
yield and nutrient uptake by enhancing soil fertility and 
physiological efficiency of plants [10]. Humic acids have 
been shown to improve crop yield of crops and nitrogen 
utilization efficiency by improving nutrient mobilization 
and biological activity within the soil [11]. In addition, 
the amendment of humic acid with the use of microbial 
fertilizers, including plant growth-promoting rhizobac-
teria (PGPR), enhances soil physicochemical properties, 
microbial networks and crop yields [12]. Furthermore, 
humic acid combine with organic sources has been 
found to improve the chemical characteristics of soil and 
enhance nutrient uptake, soil nutrients content, leading 
to higher growth and yield in crops [13].

Bio-aab-based formulations act as plant growth-
promoting microbial inoculants that enhance nutrient 
availability through nitrogen fixation, phosphate solubili-
zation, and rhizosphere activity, thereby improving wheat 
growth and yield [14]. Large scale field experiments in 
semi-arid wheat systems showed that Bio-aab combined 
with organic manures significantly improves plant height, 
dry matter and grain yield, highlighting its role in inte-
grated nutrient management strategies [15]. In contrast, 
humic acid does not directly participate in decompo-
sition processes; rather, it acts as a non-living organic 
bio-stimulant derived from humified organic matter. It 
enhances wheat growth through physiological and bio-
chemical regulation, including improved root develop-
ment, increased membrane permeability, greater nutrient 
uptake efficiency, and hormone-like activity (auxin and 
cytokinin effects), ultimately leading to higher biomass 
accumulation and grain yield [14]. Therefore, while bio-
aab and bio-organic phosphate primarily act through 
microbially mediated decomposition and nutrient cycling 
in soil, humic acid operates through direct plant physi-
ological stimulation and improved nitrogen use efficiency 
(NUE), highlighting fundamentally different mechanistic 
pathways in wheat-based agroecosystems.

The application of farmyard manure (FYM), has a sub-
stantial impact on soil productivity. Organic manure 
composed of plant and animal remains, provide essential 
nutrients upon decomposition, improving soil structure 
[16]. FYM is widely recognized for its role in enhancing 
soil health and fertility in cereal-based cropping systems 
by significantly increasing soil organic carbon and nutri-
ent availability [17, 18]. Combining organic amendments 
with mineral fertilizers offers synergistic advantages, 
enhancing multiple soil characteristics and improving 
crop productivity beyond what is achieved with mineral 
fertilizers alone [19]. In addition to OM, decomposi-
tion-enhancer materials like bio-aab, Bio-organic phos-
phate, and humic acid play an essential role in nutrient 
cycling. These DM accelerate the breakdown of organic 
materials, releasing nutrients in forms readily avail-
able to plants. The synergy between DM and OM soil 
fertility, microbial biodiversity, and crop performance. 
Research suggests that incorporating effective DM not 

and organic carbon. The highest net income in economic analysis (279415 ha− 1) was recorded in FYM + humic acid 
treatment. The highest value cost ratio (VCR) was observed in no residue + humic acid, followed by FYM + Bio-aab and 
FYM + humic acid.

Conclusion  Across both seasons, the combination of FYM and compost with humic acid improved crop growth and 
yield, while untreated plots recorded the lowest values. Integrated application of FYM or compost with humic acid, 
Bio-aab or Bio-organic phosphate is recommended to enhance wheat productivity and improve soil fertility under 
semi-arid conditions.

Keywords  Farmyard manure, Humic acid, Chlorophyll content, Grain yield, Soil fertility, Sustainable agriculture
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only improves soil structure but also contributes to sus-
tainable agricultural practices by reducing the need for 
synthetic fertilizers and improving long-term soil health 
[20, 21]. Despite considerable research on biofertilizers, 
organic manures, and humic substances, limited infor-
mation is available on their comparative and mechanis-
tic roles when applied under the same wheat production 
system. In particular, there is a lack of integrated stud-
ies distinguishing the effects of microbial decomposer-
based inputs (Bio-aab and bio-organic phosphate) from 
non-microbial bio-stimulants such as humic acid on soil 
properties and wheat productivity under agro-climatic 
conditions of Khyber Pakhtunkhwa. Therefore, this study 
hypothesizes that bio-aab and Bio-organic phosphate 
mainly enhance wheat performance through microbial-
mediated decomposition and nutrient mineralization, 
whereas humic acid acts primarily through physiological 
stimulation and improved nutrient uptake, and that their 
combined application with organic manures may pro-
duce synergistic improvements in soil health and yield. 
The primary objective of this study is to evaluate the 
effects of organic-amendments materials (OM sources) 
and decomposition-enhancing materials (DM) on wheat 
performance and find out appropriate DM and OM for 
wheat production.

Methodology
Experimental site and weather conditions
The experiment was carried out at The University of 
Agriculture Peshawar’s Agronomy Research Farm during 
winter 2022-23 and 2023–2024 (Altitude: 331 m, latitude: 
34.0151oN and 71.5249oE). A composite soil sample was 
taken at a depth of 0–15 cm before incorporation of OM 
and DM to determine the physicochemical properties of 
the experimental site (Table  1). Figure  1 illustrates the 
meteorological conditions at the experimental site over 

the two wheat cropping seasons (2022–2023 and 2023–
2024). The weather data was collected from the local 
weather station.

Chemical analysis of nitrogen sources
The nitrogen sources (farmyard manure, wheat residues 
and compost) were analyzed for total nitrogen by using 
Kjeldahl method [22]. The FYM, wheat residue and com-
post contained 0.9%, 0.8% and 0.5% nitrogen content. 
To apply 120  N ha− 1, 13 tones ha− 1 farmyard manure, 
15 tones ha− 1 wheat residue and 20 tones ha− 1 compost 
were incorporated.

Treatments details and setup
The experiment was structured as a two-factor factorial 
arrangement. Factor A consisted of four organic-amend-
ments matter (OM) sources applied to supply 120 kg N/
ha, including no residue, farmyard manure (FYM), com-
post, and wheat crop residues. The no residue treatments 
represented the absence of organic amendment input 
within this factor. Factor B comprised of four decomposi-
tion-enhancing materials (DM), namely control (no DM 
application), Bio-organic phosphate (100  kg ha− 1), Bio-
aab at the rate of 25 L ha− 1 (microbial biofertilizer), and 
humic acid at the rate of 15 kg ha− 1 was applied as leon-
ardite-derived granular humic acid containing 70% humic 
substances. This product represents a purified humic 
fraction obtained from naturally humified organic 
matter, primarily used as soil bio-stimulant to enhance 
plant physiological processes and nutrient uptake. 
Bio-aab is a liquid microbial fertilizer formulated 
as a decomposer consortium containing beneficial 
decomposer and nutrient-solubilizing microorgan-
isms (Trichoderma spp) to stimulate microbial activity, 
promote organic matter decomposition and enhance 
nutrient mineralization. The no DM treatment repre-
sented the absence of microbial or humic based inputs 
within this factor. The nitrogen content of each OM 
source was determined prior to application to ensure 
equivalent nitrogen input across treatments. OM along 
with DM were incorporated into the soil 7 days before 
sowing under optimal field moisture conditions using 
a field cultivator. Subsequently, the wheat cultivar 
‘Pirsabak 2015’ was sown at a seed rate of 120  kg/ha. 
Experiment was arranged in a RCB design with three 
replications. Individual plots measured 3 × 5  m and 
consisted of 10 rows with 30 cm inter-row spacing and 
a row length of 5  m. Standard agronomic practices, 
including irrigation and weed management, were uni-
formly maintained across all treatments to minimize 
non-treatment variability.

Table 1  Physicochemical properties of the experimental soil
Property Values
pH 7.7

EC (dS m− 1) 0.2

Sand (%) 8.4

Silt (%) 51.4

Clay (%) 37

Texture class clay loam

CEC (cmolc kg− 1) 29.6

Bulk density (mg− 3) 1.4

Total N (g kg− 1) 0.6

Total organic C (g kg− 1) 12.4

Total P (g kg− 1) 0.22

Total K (g kg− 1) 13.7

Available N (mg kg− 1) 13.3

Available P (mg kg− 1) 3.3

Available K (mg kg− 1) 74.3
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Yield and yield components
Spike density was determined by counting spikes num-
ber within a one-meter row segment at three arbitrarily 
selected locations in each plot unit. The recorded values 
were averaged and subsequently converted to spikes per 
square meter. From each plot, ten representative spikes 
were randomly collected, and the number of grains per 
spike was counted and averaged to determine grains 
number spike− 1. Thousand-grain weight was measured 
by counting 1000 grains from each sample and weighing 
them using a digital balance, with results expressed in 
grams. For yield estimation, four central rows from each 
plot were harvested to avoid border effects, sun-dried 
to a constant moisture level, and weighed. The recorded 
yield was then converted to kg ha− 1. The harvest index 
was calculated as the ratio of grain yield to total aboveg-
round biological yield and expressed as a percentage.

Determination of chlorophyll content
Leaf pigment concentrations were quantified spectro-
photometrically following solvent extraction. For each 

Observation and their procedures
Phenological traits and growth parameters
Phenological development was monitored throughout 
the growing period using standard criteria, with key 
stages recorded based on the time from sowing until 80% 
of plants in each plot reached specific growth phases. 
Days to booting, anthesis, and physiological maturity 
were defined as the number of days from sowing to when 
80% of plants attained the booting stage, fully emerged 
spikes, and physiological maturity, respectively. Plant 
height was measured at maturity using ten randomly 
selected plants from each experimental unit. Measure-
ments were taken from the soil surface to the tip of the 
spike, excluding awns using a measuring tape, and mean 
values were calculated. At the anthesis stage, ten repre-
sentative leaves per plot were selected to determine leaf 
area. Leaf length and maximum width were measured 
using a ruler, and average leaf area was subsequently 
estimated.

Fig. 1  Weather data of the experimental location across two wheat growing seasons (2022-23 and 2023-24)
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plot, 200 mg of fresh flag leaf tissue was immersed in 5 
mL of 80% (v/v) acetone and incubated in the dark at 4 °C 
for 48 h in the dark in the refrigerator to ensure complete 
pigment extraction. The resulting extract was then ana-
lyzed using a spectrophotometer, and absorbance was 
recorded at 663.2 and 646.8  nm. Chlorophyll a, chloro-
phyll b and total chlorophyll contents were subsequently 
calculated based on the recorded absorbance values. The 
pigment concentration was computed using Lichtenthal-
er’s technique [23] and given in mg g− 1 of leaf FW.

	 Chl a (µg/ ml) = 12.25A663.2 − 2.79A646.8

	 Chl b (µg/ ml) = 21.50A646.8 − 5.10A663.2

	 Total chl (µg/ ml) = 7.15A663.2 + 18.71A646.8

Whereas A represents absorbance reading.

Soil parameters
Soil physicochemical properties were determined by tak-
ing soil sample at a depth of 0–15  cm after the wheat 
harvest following standard procedures. Soil pH and 
electrical conductivity (EC) were measured in a 1:5 soil-
water suspension using a calibrated pH and EC meter as 
described by Thomas [24] and Rhoades [25], respectively. 
Soil organic matter was quantified using the wet oxida-
tion (Walkley-Black) method, as outlined by Nelson and 
Sommers [26]. Soil mineral nitrogen was extracted using 
potassium chloride (KCl) and analyzed by steam distilla-
tion with the Kjeldahl method, according to Keeney and 
Nelson [27]. Soil organic carbon was determined using 
a modified dichromate oxidation method, as described 
by Nelson and Sommers [26], while total soil nitrogen 
was measured using the Kjeldahl digestion procedure 
outlined by Bremmer and Mulvaney [28]. Soil moisture 
content was determined gravimetrically by oven-drying 
fresh soil samples at 105  °C until a constant weight was 
achieved.

Statistical analysis
The data were analyzed using the RCB design, with 
inter-treatment comparisons performed via the LSD 
test at a 5% significance level (P < 0.05) as per Jan et al. 
[29]. Graphs, principal component analysis, and Pear-
son correlation were performed using Origin Pro 2025 
and R-Program. The Shapiro-Wilk test showed that some 
variables were normally distributed (p > 0.05), while oth-
ers exhibited minor but statistically significant deviations 
from normality (p < 0.05). Q-Q plots confirmed that these 
deviations were small and the data were deemed appro-
priate for parametric analysis.

Results
Phenological traits
Organic-amendments matter significantly influenced the 
phenological development of wheat across both grow-
ing seasons but not significant for DM however DM 
significantly affected days to anthesis in the first sea-
son (Fig.  2A-C). Days to booting was delayed in plots 
where wheat residue (115 days) and FYM (115 days) 
was applied, while early days to booting was noted in no 
residue plots (113 days) (Fig. 2A). Year-wise comparison 
show in the second year early booting was observed. All 
the interactions were non-significant for days to boot-
ing. In OM treatment, the application of FYM (126 days) 
and compost (125 days) delayed days to anthesis, while 
no residue plots showed the earliest anthesis (124 days) 
(Fig. 2B). In the first year, the application of Bio-aab (127 
days) and humic acid (127 days) delayed the anthesis 
stage, while control plots recorded the earliest anthesis 
(125 days). The interaction between OM x DM and Year 
x OM x DM were significant, while Year x OM and Year 
x DM were non-significant. In OM treatment, FYM (157 
days) and compost (157 days) resulted in delayed matu-
rity, while no residue plots matured earlier (156 days) 
(Fig. 2C). The interaction between OM x DM was signifi-
cant, while Year x OM, Year x DM and Year x OM x DM 
were non-significant.

Morphological traits
The application of different OM sources and DM sig-
nificantly affected average leaf area and spikes m− 2. The 
plant height was significantly affected by OM in both 
years, while DM had a significant effect in first year but 
non-significant effect in second year (Fig. 3A-C). Among 
Om treatments, compost (86.38 cm) and FYM (86.32 cm) 
producing the tallest plants, while no residue plots 
recorded the lowest plant height (80.09  cm) (Fig.  3A). 
In DM treatments, humic acid (73.47 cm) produced the 
highest plant height in the second year, while control 
plots produced the lowest plant height (66.15  cm). In 
OM treatments, FYM (26.44 cm2) and compost (25.01 
cm2) had the largest leaf area, while no residue plots 
had the smallest leaf area (21.81 cm2) (Fig.  3B). Among 
DM treatments, humic acid recorded the highest leaf 
area (29.56 cm2), while the lowest values were recorded 
in control plots (20.44 cm2). The highest spikes m− 2 was 
produced in compost (239) and FYM (236) plots, while 
lowest spikes m− 2 was recorded in the no residue plots 
(205) (Fig. 3C). Among DM treatments, the plots receiv-
ing humic acid had highest number of spikes m− 2 (245), 
while control treatment produced the lowest values 
(212). Year-wise comparison indicated that an increase 
was noted in 2023–2024 than 2022–2023. All the interac-
tions were found to be non-significant for plant height, 
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Fig. 2  Mean effect OM sources and DM on days to (A) booting, (B) anthesis and (C) physiological maturity of wheat during the 2022–2023 and 2023–
2024 growing seasons
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Fig. 3  Mean effect of OM and DM on (A) plant height (B) average leaf area and (C) spikes m− 2 of wheat during the 2022–2023 and 2023–2024 growing 
seasons
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average leaf area and spikes m− 2 but only Year x OM was 
significant for spikes m− 2.

Yield components
Across both growing seasons, OM sources and DM sig-
nificantly influenced key yield components of wheat, 
including grains per spike, thousand-grain weight, 
and biological yield, with consistent treatment effects 
observed across both seasons (Fig.  4A-C). In grains 
spik− 1, the highest values were recorded in FYM (45) and 
compost (45) followed by wheat residue (41), while no 
residue produced the lowest grains spike− 1 (37). Among 
DM treatments, humic acid showed the highest grains 
spike− 1 (46) followed by Bio-aab (43) and Bio-organic 
phosphate (42), whereas the control treatment recorded 
the lowest grains spike− 1 (36). Thousand grain weight 
also followed a similar trend. The highest thousand 
grain weight was observed in FYM (41.94  g) and com-
post (41.47 g), while the lowest values were recorded in 
no residue treatment (35.97  g). Among DM treatments, 
humic acid resulted in the highest thousand grain weight 
(43.40  g), while the control showed the lowest values 
(34.52  g). The highest biological yield was recorded by 
FYM (10385  kg ha− 1), while no residue treatment pro-
duced the lowest biological yield (8415 kg ha− 1). Among 
the DM treatments, humic acid produced the high-
est biological yield (10452 kg ha− 1), followed by Bio-aab 
(9679 kg ha− 1) and Bio-organic phosphate (9669 kg ha− 1), 
whereas the control recorded the lowest biological yield 
(8484 kg ha− 1). Year-wise comparison showed an overall 
improvement in 2023–2024 compared to 2022–2023 for 
all three traits. Interaction showed that OM x DM was 
non-significant for all three parameters. However, Year 
x OM showed significant effects for all traits, while Year 
x DM was significant for grain spike− 1 thousand grain 
weight and biological yield. The three-way interaction 
(Year x OM x DM) remained non-significant across all 
parameters.

Grain yield, harvest index and Soil pH
The OM and DM significantly influenced grain yield 
and soil pH across both years, while OM and DM sig-
nificantly affected harvest index in the first year, while 
in the second year the effect was found non-signifi-
cant (Fig.  5A-C). Grain yield was significantly higher 
in compost (2998  kg ha− 1) and FYM (2977  kg ha− 1), 
while no residue produced lowest grain yield (2375  kg 
ha− 1). Among DM treatments, humic acid resulted in 
the highest grain yield (3013  kg ha− 1) followed by Bio-
aab (2789  kg ha− 1) and Bio-organic phosphate (2763  kg 
ha− 1), whereas control treatment recorded the lowest 
grain yield (2409 kg ha− 1) (Fig. 5A). Year-wise compari-
son recorded that an increase in grain yield was noted 
in 2023–2024 than 2022–2023. All the interactions 

for grain yield were non-significant. In the first year, 
the highest harvest index was recorded with compost 
(29.06%), while no residue recorded the lowest harvest 
index (26.65%). Among DM application, the highest har-
vest index was recorded in humic acid (28.95%), while 
the lowest was recorded at control treatment (26.81%) 
(Fig.  5B). Year-wise means increased slightly from 2022 
to 2023 to 2023–2024. Interaction between Year x OM 
and Year x DM were significant, while the interaction 
between OM x DM and three-way interaction remained 
non-significant. Among OM sources, compost (7.74) 
and FYM (7.77) resulted in relatively lower soil pH, while 
wheat residue showed the higher soil pH (7.93) (Fig. 5C). 
Among the DM treatment, humic acid produced the low-
est soil pH (7.65), while control recorded the highest soil 
pH (7.88). Interaction between OM x DM and Year x OM 
were significant, while Year x DM and Year x OM x DM 
were non-significant.

Chlorophyll contents
The analyzed data showed that OM sources and DM 
exhibited a significant effect on chlorophyll contents of 
wheat across both experimental seasons (Fig.  6. A-C). 
Among OM treatments, the highest chlorophyll a was 
recorded in FYM (22.37) and compost (23.07), while no 
residue plots showed the lowest value (20.35) (Fig.  6A). 
Among DM treatments, humic acid produced the high-
est chlorophyll a (23.34), whereas control recorded the 
lowest values (21.06). Chlorophyll b followed the simi-
lar trend as compost (45.59) and FYM (44.74) produced 
the highest chlorophyll b, while no-residue plots showed 
the lowest values (41.32) (Fig.  6A). Among DM treat-
ment, humic acid resulted in the highest chlorophyll b 
(45.46), whereas control showed the lowest value (41.68). 
The highest chlorophyll a + b was recorded in compost 
(68.88) and FYM (68.66), while no residue plots recorded 
the lowest value (62.72) (Fig. 6C). Among the DM treat-
ments, humic acid resulted in the highest chlorophyll 
a + b (69.61), whereas the lowest values were recorded 
in control treatments (63.10). All the interactions were 
found to be non-significant for chlorophyll contents (a, b 
and a + b).

Soil electrical conductivity, organic matter and organic 
carbon
Across both growing season, OM and DM significantly 
impacted soil electrical conductivity, organic matter 
content and organic carbon (Fig.  7A-C). The highest 
electrical conductivity was recorded in no residue (0.75 
dS m− 1), while lowest values were recorded in compost 
(0.58 dS m− 1) (Fig.  7A). Among DM treatment, control 
showed the highest electrical conductivity (0.68 dS m− 1), 
followed by Bio-aab and Bio-organic phosphate (0.66 
dS m− 1 each), whereas humic acid produced the lowest 
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Fig. 4  Mean effect of OM and DM on (A) grains spike-1, B grain weight and (C) biological yield of wheat during the 2022-2023 and 2023-2024 growing 
seasons
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Fig. 5  Mean effect OM and DM on (A) grain yield, (B) harvest index (%) and (C) Soil pH of wheat during the 2022–2023 and 2023–2024 growing seasons
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Fig. 6  Mean effect of OM and DM on (A) chlorophyll a, B chlorophyll b and (C) chlorophyll a + b of wheat during the 2022–2023 and 2023–2024 growing 
seasons
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Fig. 7  Mean effect of OM and DM on (A) soil electrical conductivity (B) soil organic matter and (C) soil organic carbon of wheat during the 2022–2023 
and 2023–2024 growing seasons
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electrical conductivity (0.59 dS m− 1). Year-wise com-
parison showed that a slight decrease in 2023–2024 than 
2022–2024. The interaction between OM x DM, Year x 
OM and Year x OM x DM were significant, while Year 
x DM was non-significant. Soil organic matter had a 
similar trend as soil electrical conductivity (Fig. 7B). The 
highest organic matter was recorded in compost (0.60%) 
and FYM (0.59%), while no residue plots showed the low-
est organic matter (0.51%). Among DM treatment, Bio-
aab (0.61%) and Bio-organic phosphate (0.58%) produced 
the highest organic matter, whereas humic acid recorded 
the lowest organic matter (0.51%). All the interactions 
were non-significant for organic matter. Soil organic 
carbon followed a similar trend (Fig.  7C). Among OM 
treatments, compost (0.35%) and FYM (0.34%) recorded 
the highest soil organic carbon, while no residue plots 
showed the lowest soil organic carbon (0.29%). Among 
DM treatments, Bio-aab (0.35%) and Bio-organic phos-
phate (0.34%) produced the highest soil organic carbon, 
whereas humic acid recorded the lowest soil organic car-
bon (0.30%). Year-wise comparison showed an increase 
in 2023–2024 from 2022 to 2023. All the interactions 
were found non-significant for soil organic carbon.

Soil mineral nitrogen, total nitrogen and moisture content
Across both experimental seasons, OM and DM influ-
enced soil mineral nitrogen, total nitrogen but moisture 
content was not significant for OM (Fig. 8A-C). Among 
OM application, the highest soil mineral nitrogen was 
recorded in compost (80.38 mg kg− 1) and FYM (77.63 mg 
kg− 1), while the lowest soil mineral nitrogen was 
observed in no residue (74.88 mg kg− 1) (Fig. 8A). Among 
DM application, Bio-aab (82.25 mg kg− 1) and Bio-organic 
phosphate (79.25  mg kg− 1) produced the highest soil 
mineral nitrogen, whereas humic acid resulted in the 
lowest mineral nitrogen (71.88  mg kg− 1). The interac-
tion between OM x DM and Year x DM were significant, 
while Year x OM and Year x OM x DM were non-sig-
nificant. Soil total nitrogen followed the similar trend 
as among OM, the compost (0.16%) and FYM (0.15%) 
recorded the highest soil total nitrogen, while no resi-
due plots showed the lowest soil total nitrogen (0.13%) 
(Fig.  8B) Among DM treatment, Bio-abb (0.16%) and 
Bio-phosphate (0.15%) resulted in the highest soil total 
nitrogen, whereas humic acid recorded the lowest soil 
total nitrogen (0.14%). Year-wise comparison showed 
an increased from 2022 to 2023 to 2023–2024. The 
interaction between OM x DM, Year x OM and Year 
x OM x DM were non-significant, while Year x DM 
was found significant for soil total nitrogen. OM and 
DM had a non-significant effect soil moisture in both 
growing years (Fig. 8C).

Economic analysis
Economic analysis of OM and DM for wheat produc-
tion is presented in Table 2. The results revealed signifi-
cant variation in gross income, net income and value cost 
ratio (VCR) among treatments. The highest net income 
(Rs. 279415 ha− 1) was recorded in FYM combined with 
humic acid, followed by compost + humic acid (Rs. 
270645 ha− 1) and compost + Bio-aab (Rs. 254906 ha− 1). 
In contrast, the lowest net income (Rs. 172931 ha− 1) was 
recorded in no residue with control treatments. Similarly, 
VCR ranged from 3.29 to 4.15. the highest VCR (4.15) 
was obtained under no residue + humic acid closely fol-
lowed by FYM + Bio-aab (4) and FYM + humic acid (3.99), 
while lowest VCR (3.29) was recorded in compost + con-
trol treatment. Overall, FYM and compost based systems 
exhibited higher economic returns compared to wheat 
residue and no residue treatments. Among decomposers, 
humic acid and Bio-aab consistently enhanced profitabil-
ity and VCR.

Correlation analysis
The correlation analysis revealed strong relationships 
among phenological traits, physiological parameters, 
yield components and soil properties of wheat (Fig.  9). 
Phenological traits including days to booting, days to 
anthesis and days to physiological maturity showed a 
significant correlation with each other (r = 0.50–0.64), 
indicating synchronized development. Growth and yield 
attributes such as leaf area, spikes m-2, grains spike-1, 
thousand grain weight, biological yield and grain yield 
exhibited positive associations (r = 0.55–0.97). Grain 
yield was particularly significantly correlated with bio-
logical yield (r = 0.97), grains spike-1 (r = 0.87) and chlo-
rophyll traits (Chl a, Chl b and Chl a + b; r = 0.84–0.90), 
suggesting that improved photosynthetic activity con-
tributed to higher productivity. In contrast, soil pH and 
electrical conductivity showed negative correlations with 
most growth and yield traits. Soil pH exhibited strong 
negative associations with LA (r = -0.70), spikes m-2 (r 
= -0.66), GPS (r = -0.87), TWG (r = -0.84) and GY (r = 
-0.86), while similar trends were observed for SEC. Con-
versely, soil fertility indicators such as soil organic matter, 
soil organic carbon, soil mineral nitrogen and soil total 
nitrogen were positively correlated with yield and physio-
logical traits. Grain yield showed moderate positive rela-
tionships with SOC (r = 0.36), SMN (r = 0.18) and STN 
(r = 0.59). STN showed a positive relationship with yield 
components and overall productivity. It was positively 
correlated with GY (r ≈ 0.59), BY (r ≈ 0.51), grains spike-1 
(r ≈ 0.48) and thousand grain weight (r ≈ 0.36), indicating 
that improved nitrogen availability enhances both veg-
etative growth and reproductive development, ultimately 
contributing to higher yield formation. In contrast, soil 
physical condition such as Soil pH exhibited strong 
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Fig. 8  Mean effect of OM and DM on (A) soil mineral nitrogen (mg kg− 1), B soil total nitrogen (%) and (C) soil moisture content (%) of wheat during the 
2022–2023 and 2023–2024 growing seasons
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negative correlations with yield components, including 
grain yield (r ≈ − 0.86), biological yield (r ≈ − 0.84), grains 
spike-1 (r ≈ − 0.87), thousand grain weight (r ≈ − 0.84) and 
spikes m⁻² (r ≈ − 0.66). The correlation matrix highlights 
that improved soil fertility and enhanced photosynthetic 
traits are closely associated with higher wheat productiv-
ity, whereas elevated soil pH and electrical conductivity 
tend to negatively influence crop performance.

Principal component analysis
The principal component analysis (PCA) revealed sub-
stantial variation among measured traits with the first 
two principal components explaining 58.06% of the total 
variance (PC1 = 44.73% and PC2 = 13.33%) (Fig. 10). The 
higher contribution of PC1 Indicates that it is the domi-
nant axis separating treatments based on yield, physi-
ological and soil fertility attributes. The first principal 
component (PC1) was mainly associated with yield and 
physiological traits which included leaf area, plant height, 
grains spike− 1, thousand grain weight, biological yield, 
grain yield, harvest index and chlorophyll contents as well 
as soil fertility indicators such as soil organic matter, soil 
mineral nitrogen and soil total nitrogen. These traits were 
positively loaded on the positive side of PC1, indicating 
their stronger contribution to improved wheat produc-
tivity. In contrast, soil pH and electrical conductivity 

were positioned on the negative side of PC1, showing an 
inverse relationship with growth and yield related attri-
butes. The second principal component (PC2) was mainly 
associated with phenological traits, including days to 
anthesis days to booting and days to physiological matu-
rity, which were positioned towards the upper region of 
the biplot. These traits were clearly separated from yield 
related variables, including an independent variation 
pattern in crop development. The treatment distribu-
tion showed clear clustering patterns. Improved nutrient 
and amendment treatments such as FYM combined with 
humic acid, compost, bio-organic phosphate and Bio-aab 
were mainly positioned on the positive side of PC1, indi-
cating their positive influence on yield and physiological 
traits. In contrast, control, no residue and wheat residue 
treatments were generally located on the negative side 
of PC1, reflecting lower performance. Year-wise separa-
tion was also evident, where Y2 (2023–2024) treatments 
were mostly associated with higher yield and physiologi-
cal performance, while Y1 (2022–2023) showed relatively 
higher association with phenological variation and lower 
yield attributes, Overall, the PCA biplot demonstrates 
that improved soil fertility and enhanced physiological 
traits were closely linked with higher wheat productivity, 
whereas higher soil pH and electrical conductivity were 
negatively associated with crop performance. Although 

Fig. 9  Correlation coefficient analysis of wheat as effected by organic-amendments matter and decomposition-enhancing materials over the two years
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PC1 and PC2 together explained 58.06% of the total 
variance, a substantial proportion (42%) remained unac-
counted for, indicating that additional variability exists 
beyond the two principal components. Therefore, the 
PCA biplot should be interpreted as a simplified repre-
sentation of the relationships among variables rather 
than a complete depiction of system variability.

Structural Equation Model
Latent variables in the structural equation model were 
constructed based on biological relevance and functional 
similarity among measured parameters. Soil-related 
physicochemical properties (pH, EC, SOM, SOC, SMN, 
STN, and SM) were grouped into the “soil” construct to 
represent overall soil fertility status. Chlorophyll traits 
and leaf area were grouped as the “Plant” construct to 
reflect physiological and photosynthetic performance. 
Morphological and reproductive traits contributing 
directly to productivity were grouped into the “yield com-
ponents” construct, while developmental timing variables 
were assigned to the “Phenological” construct. Struc-
tural paths among latent variables were specified a priori 
based on established agronomic understanding that soil 

properties influence plant physiological performance, 
which subsequently affects yield components and final 
grain yield. The structural equation model (SEM) was 
applied to examine the relationships among soil proper-
ties, plant physiological traits, yield components, phe-
nological characteristics and grain yield (GY) (Fig.  11). 
In this model, four latent constructs were defined: soil, 
plant, yield components and phenological traits. The 
soil construct was represented by soil fertility indicators 
including pH (0.91), soil electrical conductivity (SEC; 
0.90), soil organic matter (SOM; 0.95), soil organic car-
bon (SOC), soil mineral nitrogen (SMN; 0.51), soil total 
nitrogen (STN; 0.99) and soil moisture (SM; 0.91), indi-
cating that these variables strongly contributed to the soil 
fertility status. The plant construct included physiological 
attributes such as chlorophyll a (CH a; 0.76), chlorophyll 
b (CH b; 0.92), total chlorophyll (CH a + b) and leaf area 
(LA; 0.70), reflecting the photosynthetic efficiency and 
plant growth performance. The yield component con-
struct was represented by plant height (PH; 0.99), spikes 
per square meter (SPM2; 0.97), grains per spike (GPS), 
thousand grain weight (TGW), biological yield (BY), and 
harvest index (HI), which are major determinants of crop 

Fig. 10  Principal component analysis for the studied traits of wheat under different OM and DM. NR = No residue, FYM = Farmyard, CM = Compost, WR 
= Wheat residue, C= Control, BOP = Bio-organic phosphate, BA = Bio-aab, HA = Humic acid, Y1 =2022-2023, Y2 = 2023-2024
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productivity. The phenological construct included days 
to booting (DTB; 0.34), days to anthesis (DTA; 0.41), and 
days to physiological maturity (DTPM; −1.00), describing 
the developmental timing of the crop. The structural rela-
tionships indicated that soil had a strong positive direct 
effect on grain yield (GY) with a standardized path coef-
ficient of 0.81, suggesting that improved soil fertility sig-
nificantly enhances crop productivity. Additionally, soil 
strongly influenced plant traits (0.98) and showed mod-
erate relationships with yield components (-0.31). Plant 
traits also exhibited interactions with yield components 
(-0.44), indicating their role in influencing yield-related 
attributes. Phenological traits had a relatively weak direct 
relationship with grain yield (-0.07) and yield compo-
nents (-0.39), suggesting that developmental stages influ-
ence yield mainly through indirect pathways rather than 
direct effects. The SEM analysis demonstrates that soil 
fertility is the most influential factor affecting grain yield, 
followed by yield component traits, while plant physi-
ological characteristics and phenological development 

contribute indirectly to crop productivity. The negative 
direct path coefficient observed between plant traits 
and yield components (-0.44) likely reflects statistical 
partitioning of shared variance among highly correlated 
latent constructs, particularly the strong association 
between soil and plant traits (0.98), rather than indicating 
a biologically adverse effect of plant physiological per-
formance on yield formation. This may further suggest 
that vegetative enhancement alone did not propor-
tionally translate into reproductive yield components 
after accounting for soil-mediated effects. The nega-
tive direct path from soil to yield components (-0.31) 
likely reflects statistical partitioning of shared variance 
among correlated variables in the SEM, where soil 
effects are largely mediated through plant traits, rather 
than indicating a true negative biological relationship.

Fig. 11  Structural equation model showing the relationships among soil health, plant phenological, physiology, yield components and grain yield of 
of wheat. DTB; days to booting, DTA; days to anthesis, DTPM; days to physiological maturity, PH; plant height, LA; leaf area, SPM2; spikes m-2, GPS; grains 
spike-1, TGW; Thousand grain weight (g), BY; biological yield (kg ha-1), GY; grain yield (kg ha-1), HI = harvest index (%), CH a; chlorophyll a, CH b; chlorophyll 
b, CH a + b ; chlorophyll a + b, SpH; soil pH, SEC = Soil electrical conductivity (dS m-1), SOM; soil organic matter (%), SOC; soil organic carbon (%), SMN; soil 
mineral nitrogen (mg kg-1), STN; soil total nitrogen (%), SM; soil moisture content (%)
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Discussion
The application of organic amendments, particularly 
farmyard manure and compost, has been shown to 
enhance wheat growth and development (Figs. 2 and 3) 
by improving soil nutrient availability through gradual 
nutrient mineralization and improved soil structure. 
Higher rates of FYM (8–12 t ha-1) generally increase 
plant height, leaf area and vegetative growth is likely 
due to sustained nitrogen supply, often slightly delaying 
phenological stages due to prolonged vegetative develop-
ment as continuous nutrient availability favors vegetative 
over reproductive growth [30, 31]. Similar positive effects 
on soil fertility and crop growth have been reported with 
other organic sources, including compost and co-com-
posted biochar, which also improve soil quality and yield 
by increasing microbial activity and nutrient retention 
capacity [32, 33]. Nonetheless, the response to organic 
matter can vary depending on existing soil nutrient status 
because basline fertility influences the magnitude of crop 
response. For example, combining FYM with mineral fer-
tilizers has been shown to further enhance plant height 
and growth due to the complementary effect of immedi-
ate nutrient supply from fertilizers and slow release from 
FYM [34], while in nutrient-rich soils, uniform nutrient 
availability may limit observable differences among treat-
ments despite organic-amendments matter as crop nutri-
ent demand is already satisfied [35]. These observations 
indicate that OM applications generally support vegeta-
tive growth and soil health, primary by improving nutri-
ent dynamics and soil biological activity, although their 
effects on wheat phenology and growth parameters are 
influenced by soil fertility and integrated nutrient man-
agement strategies.

The application of humic substances, particularly 
humic acid (Figs. 3 and 4), has been reported to enhance 
wheat growth and yield components, including spikes 
m-2 and grain weight, highlighting their role in improving 
crop productivity [36, 37]. While different Bio-organic 
fertilizers may vary in their effectiveness, humic acid is 
known to enhance nutrient availability and uptake, par-
ticularly phosphorus through chelation and improved 
root permeability, thereby positively influencing yield 
components [38]. In the present study, the combined use 
of compost or farmyard manure with humic acid substan-
tially increased grains per spike, thousand grain weight, 
and biological yield (Fig. 4), likely due to improved nutri-
ent availability which enhanced root growth and micro-
bial activity, assimilate translocation during grain filling, 
and overall soil health. These results are consistent with 
earlier findings that reported improved grain yield and 
biomass accumulation under organic-amendments mat-
ter [39–42]. The reported increased in plant growth and 
biological yield by humic acid application might be due 
to its bio-stimulatory effect as a result which influenced 

plant growth regulators and enhanced both shoot and 
root [43]. Similarly, conservation agricultural practices, 
including residue retention and organic matter incor-
poration, improve soil physical and chemical condi-
tions, such as water retention, lower bulk density, better 
aggregation, and enhanced nutrient recycling which col-
lectively improve resource use efficiency, all of which 
further support grain yield increases [44]. Despite these 
improvements in yield components, harvest index was 
largely unaffected by OM or DM (Fig.  5), which aligns 
with previous reports indicating limited influence of 
organic-amendments matter on harvest index as both 
grain and biomass increase proportionally [45].

Chlorophyll content was significantly influenced by the 
application of OM sources and DM across both experi-
mental seasons (Fig.  6). These findings are consistent 
with reports that OM, including compost and farmyard 
manure, enhance chlorophyll concentrations, thereby 
improving photosynthetic efficiency and biomass accu-
mulation in wheat through increased nitrogen availabil-
ity which is a key component of chlorophyll synthesis 
[46]. Similarly, humic acid has been shown to increase 
chlorophyll content (Fig.  6), promoting photosynthe-
sis and overall plant growth by stimulating enzymatic 
activity and nutrient uptake [47]. The results align with 
Rathor et al. [48], indicating that the combined use of 
organic-amendments matter and DM not only elevates 
specific chlorophyll components but also contributes to 
higher photosynthetic performance which is likely due 
to improved nutrient dynamics and leaf physiology, sup-
porting improved vegetative growth and crop yield. Soil 
chemical properties were favorably influenced by the 
application of OM sources and decomposition-enhanc-
ing materials (Figs. 7 and 8). Soil pH remained within the 
optimal range for wheat cultivation, reflecting the buffer-
ing capacity of organic-amendments matter, which sup-
ply organic acids and enhance cation exchange capacity, 
thereby stabilizing soil conditions and promoting nutri-
ent availability [49]. The treatments also significantly 
improved soil mineral nitrogen across both seasons 
(Fig. 8). OM, such as compost and FYM, provide organic 
nitrogen that gradually mineralizes into ammonium 
and nitrate through microbial decomposition processes, 
while wheat residues further contribute to mineral N 
through decomposition, enhancing the soil nitrogen pool 
[50, 51]. The integrated use of organic fertilizers with 
microbial inoculants has been shown to improve soil 
organic matter and nutrient availability by up to 15–30%, 
further supporting enhanced soil fertility and wheat pro-
ductivity [52]. Plots receiving higher SOM inputs par-
ticularly those amended with compost, FYM and wheat 
residues also exhibited moderate electrical conductiv-
ity (Fig.  8), suggesting improved soil chemical balance. 
Compost enhances soil structure and promotes leaching 
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of soluble salts, whereas humic acid further decreases EC 
by improving cation exchange and soil aggregation [53, 
54]. Application of OM and DM substantially enhanced 
soil organic carbon (Fig.  8), which could be due to the 
addition of organic inputs and as a result organic mat-
ter stabilization enhanced along with carbon sequestra-
tion via microbially processes [55]. Beneficial microbial 
inoculants, such as Bio-aab, further enhance soil nutri-
ent cycling and nitrogen availability by accelerating 
decomposition and nutrient performance, contribut-
ing to improved soil quality and crop performance [56]. 
The results are aligned with the earlier studies that have 
proven the multiple benefits of organic matter and DM 
intervention in making crops more sustainable and 
complementary to the soil health [10, 50]. Despite these 
improvements in soil nutrients and structure, soil mois-
ture content was not significantly affected by the treat-
ments (Fig.  8). This may be attributed to the timing of 
moisture measurements, which might not have captured 
short-term variations following irrigation or rainfall 
events and due to soil texture properties, that can restrict 
the expression of treatments effects on water retention, 
thereby masking a potential difference among treatments 
[57]. Although organic matter enhances water retention 
and structural stability, these effects are often dependent 
on field conditions and may not always result in measur-
able differences in soil moisture under wheat cropping 
system [58]. These results highlight that combining OM 
sources with DM improves soil fertility, nutrient cycling 
and chemical balance, through enhanced microbial activ-
ity and nutrient availability, creating favorable conditions 
for wheat growth and yield.

Conclusion
The two growing seasons study demonstrates that 
organic-amendments matter, combined with effective 
decomposition-enhancing materials (humic acid, Bio-aab 
and Bio-organic phosphate), significantly enhance wheat 
physiology, yield, and soil fertility. Farmyard manure and 
compost consistently outperformed no-residue treat-
ments, while humic acid was the most effective for 
promoting crop growth and yield. The combination 
of FYM and compost with humic acid resulted in the 
highest yields, yield components, and chlorophyll con-
tent, reflecting improved plant performance. For soil 
fertility, Bio-aab and Bio-organic phosphate in com-
bination with FYM and compost effectively increased 
soil mineral nitrogen, organic carbon and total nitro-
gen. These findings highlight the potential of inte-
grating tailored OM and DM as sustainable strategies 
for enhancing wheat productivity. Farmers should 
prioritize FYM or compost with humic acid for crop 
growth, while Bio-aab or Bio-organic phosphate can 
be used to improve soil fertility, reducing dependency 

on chemical fertilizers. Economic analysis indicated 
higher net and improved cost ratio under integrated 
treatments, confirming their economic viability. Pol-
icy support for adoption through extension services 
and community initiatives is essential for widespread 
implementation.
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