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ABSTRACT

This study aimed to assess the effects of black cumin (Nigella sativa) residue and its biochar on soil microbial activity, carbon
sequestration and nitrogen cycling in three soil types: Alfisol, Entisol and Mollisol. A 120-day incubation experiment was con-
ducted to evaluate changes in soluble carbon (SC), microbial biomass carbon (MBC), soluble nitrogen (SN), microbial biomass ni-
trogen (MBN), CO, emissions, carbon use efficiency (CUE) and metabolic coefficient (qCO,), calculated to understand microbial

functionality and carbon retention. The results revealed that biochar (BC) enhanced long-term carbon stabilisation, while black

cumin residue increased microbial activity and short-term nutrient turnover. In the BC2 treatment, SC remained stable until day

120 (419.2mg/kg), suggesting sustained carbon availability. The highest MBC (528 mgkg™) and lowest CO, emissions were also
recorded under biochar treatments, reflecting improved microbial efficiency. Significant interactions (p <0.001) were observed
between soil type, treatment and sampling time. These findings suggest that the combined use of biochar and plant residues can
enhance both immediate microbial responses and long-term soil health, offering a sustainable strategy for soil fertility improve-

ment and carbon management across different soil systems.

1 | Introduction

Global climate change and unsustainable agricultural prac-
tices have significantly intensified the urgency for sustainable
soil management strategies. Deforestation, over-cultivation and
mismanagement of organic resources have led to soil degrada-
tion, depleting soil organic matter (SOM), disrupting critical
biogeochemical cycles and reducing the soil's capacity to re-
tain carbon (C) and nitrogen (N). These processes exacerbate
greenhouse gas emissions and reduce soil fertility, posing a
serious threat to global food security (Bekchanova et al. 2024).
Climate change further exacerbates these challenges by acceler-
ating organic matter decomposition and altering nutrient cycles

through erratic precipitation patterns and rising temperatures
(Biiyiikkili¢c Yanardag et al. 2020).

To mitigate these challenges, researchers are exploring inno-
vative soil amendments that enhance SOM restoration and
nutrient cycling to address these challenges. Organic amend-
ments, such as biochar and plant residues, have emerged as
promising solutions to improve soil health, increase carbon se-
questration and reduce nitrogen losses. Biochar, a carbon-rich
material produced through the pyrolysis of organic biomass
under limited oxygen conditions, is recognised for its stability,
porosity and nutrient retention properties, making it an effec-
tive long-term carbon sink (Bolan et al. 2022). Studies indicate
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that biochar enhances soil microbial communities and fosters
beneficial plant-root interactions (Deng et al. 2023, 2025).
Conversely, plant-derived residues, like those from black
cumin, provide labile organic matter that stimulates rapid
microbial activity and nutrient cycling (Salehi et al. 2017).
While black cumin is traditionally valued for its health ben-
efits, including antioxidant and anti-inflammatory properties
(Yanardag et al. 2015), its potential role in soil health manage-
ment remains underexplored.

Plant-derived residues, like those from black cumin, provide
labile organic matter that stimulates rapid microbial activ-
ity and nutrient cycling (Salehi et al. 2017). Their residues
influence the carbon and nitrogen cycles, which are central
to ecosystem stability and soil fertility. Carbon drives mi-
crobial metabolism, while nitrogen supports plant growth
and enzymatic activities. The interaction between these ele-
ments is reflected in key soil metrics, including the carbon-
to-nitrogen (C:N) ratio, microbial carbon use efficiency (CUE)
and metabolic quotient (qCO,). Black cumin is traditionally
valued for its health benefits, including antioxidant and anti-
inflammatory properties (Gholamnezhad et al. 2015), and
its by-products are increasingly available due to the growth
of cold-press oil industries across arid and semi-arid regions.
Compared to other oilseed residues, such as those from sun-
flower or canola, black cumin residue contains higher levels
of phenolic compounds and lignin, which may affect micro-
bial community dynamics and carbon stability differently
(Topcagic et al. 2017; Zribi et al. 2019). Moreover, its potential
allelopathic effects and anti-pathogenic properties may sup-
press harmful microbes while stimulating beneficial microbial
processes (Ahmad et al. 2020). Despite these promising attri-
butes, its role in soil nutrient cycling and carbon sequestration
remains underexplored. This study, therefore, focuses on the
dual use of black cumin residue and biochar derived from the
same feedstock, aiming to fill a gap in the literature regarding
oilseed residue valorisation for soil health improvement.

The C:N ratio is a fundamental indicator of organic matter de-
composition, nitrogen mineralisation, and microbial activity
in soil. High C:N ratios (>30:1) indicate slow decomposition
and nitrogen immobilisation, which can limit plant-available
nitrogen (Manzoni et al. 2012). Conversely, low C:N ratios
(<10:1) suggest rapid decomposition and nitrogen release but
can lead to increased nitrogen leaching and greenhouse gas
emissions (Zhou et al. 2017). A balanced C:N ratio is crucial
for optimising microbial efficiency and sustaining long-term
soil fertility.

CUE represents the proportion of organic carbon assimilated
into microbial biomass versus that lost as CO, through respira-
tion (Geyer et al. 2016). Higher CUE values indicate efficient mi-
crobial metabolism, enhancing carbon retention and stabilising
SOM. Biochar amendments have been reported to improve CUE
by increasing microbial habitat stability and reducing carbon
losses (Giagnoni and Renella 2022).

The qCO, metric measures microbial respiration per unit of
microbial biomass carbon, providing an indicator of microbial
stress and efficiency (Anderson and Domsch 1990; Biiyiikkilig
Yanardag et al. 2020). High qCO, values suggest microbial

communities under stress, leading to inefficient carbon util-
isation and increased CO, emissions. In contrast, lower qCO,
values indicate optimal microbial function with reduced energy
loss (Anderson and Domsch 1995). The addition of biochar has
been shown to decrease qCO, by improving microbial habitat
conditions and enhancing carbon sequestration (Blagodatskaya
and Kuzyakov 2013).

Biochar has demonstrated the ability to stabilise SOM and
reduce greenhouse gas emissions through its impact on mi-
crobial community dynamics and nutrient retention (Li
et al. 2018). Its porous structure enhances water retention and
provides habitats for soil microorganisms, thereby improving
soil structure and fertility (Ding et al. 2016). Meanwhile, black
cumin residues offer readily available carbon and nitrogen,
promoting short-term microbial proliferation and enhancing
enzymatic activities (Yanardag et al. 2017). The biochemical
cycles driven by these amendments not only improve nutrient
availability but also mitigate the risks of long-term carbon and
nitrogen depletion.

Despite the growing body of literature on biochar applications,
limited research has examined the combined use of biochar
and plant-derived residues in addressing short- and long-term
soil fertility. Black cumin-derived amendments present a
unique approach by combining the immediate nutrient avail-
ability of residues with the stabilisation potential of biochar.
Despite its biochemical richness, the agricultural use of black
cumin residue has received limited attention in scientific lit-
erature. This is likely due to the plant's primary cultivation for
pharmaceutical purposes, with most studies focusing on the
therapeutic properties of its seeds and oils. Consequently, the
remaining biomass is often undervalued or treated as waste.
Furthermore, its cultivation is geographically concentrated in
arid and semi-arid regions, limiting its exposure within global
agronomic research networks, which traditionally focus on
widely distributed cereal or oilseed crops. This study eval-
uates the effects of black cumin residue and biochar on soil
properties, including SC, SN, MBC, MBN, CO, emissions,
CUE and qCO,, over a 120-day period in Alfisols, Entisols and
Mollisols. Alfisols, characterised by moderate fertility and
clay-rich subsoil, are responsive to management interventions
that enhance nutrient retention. Being younger and less devel-
oped, Entisols often lack organic matter, making them reliant
on amendments for fertility improvement. Mollisols, naturally
high in SOM, provide a unique context to evaluate the syner-
gistic effects of amendments.

This study hypothesises that the combined application of black
cumin residue and biochar will enhance soil carbon sequestra-
tion and improve nitrogen dynamics across different soil types.
Specifically, biochar is expected to provide long-term stabilisa-
tion of organic matter, while black cumin residue will supply
labile nutrients that stimulate microbial activity and nutrient
cycling. This study aims to assess the impact of black cumin
residue and biochar on soil SC and SN levels across Alfisols,
Entisols and Mollisols; (to) evaluate changes in MBC and MBN
in response to the amendments; (to) monitor CO, emissions to
determine the effects on soil respiration and carbon turnover;
and (to) analyse CUE and qCO, to understand microbial effi-
ciency and metabolic responses. By exploring these dynamics,
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this study aims to provide soil-specific recommendations for
integrating black cumin derived amendments into sustainable
agricultural practices.

2 | Materials and Methods
2.1 | Study Area and Climate Conditions

The study was conducted in the Yesilyurt district of Malatya
province, Eastern Turkey, a region with diverse topography
comprising mountains, plateaus and fertile plains. The area
represents a transitional zone between the continental precipi-
tation regime of Southeastern Anatolia and the Mediterranean
maritime precipitation regime. The annual mean precipitation
(MAP) and temperature (MAT) are 383.6mm and 13.7°C, re-
spectively. Elevation varies between 1500 and 2000 m, influenc-
ing soil development and agricultural potential.

2.2 | Soil Collection and Characterisation

Surface soil samples (0-20cm) were collected from Entisol
(38°14'50.92” N 38°16'16.40” E), Mollisol (38°11'12.4" N
38°17'44.1" E) and Alfisol (38°11'25.2” N 38°18’53.8” E) sites.
Samples were air-dried, sieved (< 2mm) and analysed for phys-
ical and chemical properties, including pH (1:2.5w/v soil:wa-
ter), electrical conductivity (EC), soil organic carbon (SOC)
using the Walkley-Black method, total nitrogen (TN) via
Kjeldahl digestion and carbonate content using the Scheibler
calcimeter method. Soil texture was determined using the hy-
drometer method (Bouyoucos 1962).

The main characteristics of the soils used in the experiment
show significant differences in their chemical and physical
properties. The soil pH values ranged from 7.15 in Mollisol, in-
dicating a slightly acidic condition, to 7.76 in Alfisol, reflecting
a near-neutral environment. The electrical conductivity (EC)
values varied, with Mollisol having the highest EC (221.33uS/
cm), suggesting a greater ion exchange capacity, while Entisol
exhibited the lowest EC (99.60uS/cm), indicating limited nu-
trient mobility. Soil organic carbon (SOC) content was notably
highest in Mollisol (10.18%), followed by Alfisol (2.16%) and
Entisol (1.92%), correlating with their respective organic mat-
ter (OM) contents of 17.55%, 3.72% and 3.31%. The total nitro-
gen (TN) content was highest in Mollisol (0.51%), moderate in
Alfisol (0.12%) and lowest in Entisol (0.05%). The C/N ratio
was substantially higher in Entisol (40.00), which could limit
nitrogen availability due to slower organic matter decomposi-
tion, whereas Alfisol (18.78) and Mollisol (19.81) exhibited bal-
anced ratios conducive to microbial activity and plant nutrition.
The clay content was highest in Alfisol (42.42%), indicating a
higher water retention capacity, while Entisol had the lowest
clay percentage (26.42%), making it more prone to drainage and
erosion. The silt fraction was dominant in Alfisol (47.42%) and
Entisol (43.42%), supporting moderate water retention and aer-
ation properties. Sand content was highest in Entisol (30.16%),
reinforcing its rapid drainage tendency, while Alfisol (10.16%)
had the least sand content, ensuring better structural stability.
The calcium carbonate (CaCO,) content was highest in Entisol

(34.38%), suggesting alkaline conditions and potential nutrient
fixation issues, whereas Alfisol (0.85%) and Mollisol (0.17%)
had minimal carbonate presence, which is favourable for plant
growth.

2.3 | Soil Amendments and Experimental Design

Five treatment groups were established: (Ahmad et al. 2020)
Control (unamended soil), (Anderson and Domsch 1990) low-
dose black cumin residue (BCP1, 5gkg™), (Anderson and
Domsch 1995) high-dose black cumin residue (BCP2, 10gkg™),
(Atkinson 2018) low-dose black cumin biochar (BC1, 5gkg™),
and (Bajgai et al. 2015) high-dose black cumin biochar (BC2,
10gkg™). The black cumin residues were obtained as by-
products of oil extraction, while biochar was produced via pyrol-
ysis at 450°C in a muffle furnace.

Soil samples (300g dry weight) were thoroughly mixed with
amendments and incubated at 25°C under controlled moisture
(55% of water holding capacity) for 120days.

2.4 | Soil Chemical and Microbial Analyses

Soluble carbon (SC) and soluble nitrogen (SN): Extracted
using 0.5MK,SO, and analysed via spectrophotometry
(Vance et al. 1987). Microbial biomass carbon (MBC) and
microbial biomass nitrogen (MBN): Determined using the
fumigation-extraction method (Vance et al. 1987; Joergensen
and Brookes 1990). Microbial respiration and CO, evolution:
Measured using NaOH trapping followed by titration with HCI
(Anderson and Domsch 1990).

Metabolic Quotient (qCO,): Calculated as CO,-C (mg C kg™ soil
h™1)/ MBC (mg C kg™ soil), where CO,-C is microbial respira-
tion (mg C kg™ soil h™'), and MBC is microbial biomass carbon
(mg C kg! soil) according to Anderson and Domsch (1995).
Microbial Efficiency (ME): Calculated for carbon (MBC/SC) and
nitrogen (MBN/SN) (Wardle 1992). Carbon use efficiency (CUE):
Calculated to reflect the proportion of carbon retained in micro-
bial biomass versus lost via respiration (Manzoni et al. 2012).
Total carbon storage (TCS): Estimated as providing insights into
the soil's carbon sequestration potential (Bekchanova et al. 2024).

2.5 | Fourier-Transform Infrared Spectroscopy
(FTIR)

The FTIR spectra of biochar-residue-amended soils were re-
corded with a Bruker Alpha II spectrometer equipped with a
DTGS detector. Oven-dried (< 40°C) and finely ground (< 75 wm)
samples were homogenised (1mg sample+100mg KBr) and
pressed into pellets under 7t. Spectra were acquired in the
mid-IR range (4000-400cm™) at 4cm~! resolution, averaging
32 scans. Baseline correction and vector normalisation were per-
formed in OPUS 8.2. Principal absorption bands were assigned
according to Kogel-Knabner (2002) and Hagemann et al. (2018)
to track carbohydrate (1034 cm™), aliphatic (2920cm™") and aro-
matic (1620cm™") domains.
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2.6 | Biochar Production

Black cumin residue was pyrolyzed at 420°C in a laboratory-
grade muffle furnace. The pyrolysis process involved a heating
rate of 10°Cmin~' and a residence time of 2h. The process was
carried out under limited oxygen conditions (oxygen-limited py-
rolysis) without the introduction of an external carrier gas such
as nitrogen. The resulting biochar was allowed to cool in a des-
iccator and then ground to pass through a 2 mm sieve before use.

2.7 | Amendment Dosage Rationale

Two application rates were used: 5gkg™! (low dose) and 10gkg™
(high dose) of either biochar or black cumin residue. These rates
were chosen based on benchmarks from related incubation stud-
ies involving biochar and crop residues (Lehmann et al. 2011;
Liang et al. 2021), and reflect equivalent field application rates
ranging from 10 to 20tha~!. This allowed for comparison with
existing literature while maintaining practical relevance.

2.8 | Statistical Analyses

Two-way ANOVA was performed to assess treatment effects and
interactions, followed by Tukey's HSD test (p <0.05). Principal
component analysis (PCA) and hierarchical clustering heat map
analysis were conducted to visualise soil biochemical relation-
ships. All statistical analyses were performed using R (v4.2) and
Python (v3.11) with ggplot2 and seaborn libraries for visualisa-
tion. All pairwise statistical comparisons for each parameter

The control group exhibited a SOM content of 3.1%. The appli-
cation of black cumin residue increased SOM to 3.5%, biochar to
3.4%, and the combination of black cumin residue and biochar
to 3.7% in Alfisol. The control group had a SOM content of 1.2%.
Black cumin residue application raised it to 1.6%, biochar to
1.5% and the combined treatment to 1.9% in Entisol. The control
group's SOM was 6.0%. With black cumin residue, it increased to
6.4%; biochar application resulted in 6.5%; and the combination
treatment elevated it to 6.9% in Mollisol.

3.2 | FTIR Spectral Analysis Across Soil Types

The FTIR spectra for Alfisol, Entisol and Mollisol show distinct
patterns in organic matter composition influenced by the appli-
cation of black cumin residue, biochar and their combination
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FIGURE 2 | Evolution of soluble C (a: Alfisol, b: Entisol and c: Mollisol) and microbial biomass C (d: Alfisol, e: Entisol and f: Mollisol) incubated
for 120days with black cumin residue, its biochar and control. Error bars denote standard deviation (n =3). F values and significance of the two-way

repeated measures ANOVA are shown in each graph. S = soil type, ST = sampling time, and T = treatment. Significant at ***p <0.001. BC1 = black

cumin biochar dose 1, BC2 = black cumin biochar dose 2, and BCP1 = black cumin residue dose 1, BCP2 = black cumin residue dose 2.

(Figure 1). The control samples (black lines) serve as the base-
line reference, highlighting changes induced by different
amendments.

In Alfisol, spectral variations indicate moderate changes in
organic functional groups across treatments. The most promi-
nent peaks appear around 1600 and 1200cm™!, corresponding
to C=0 stretching in carboxyl groups and C-O stretching in
polysaccharides. The application of black cumin residue (red
and yellow lines) caused a slight increase in peak intensity, in-
dicating the presence of fresh organic compounds. The biochar
treatments (blue and green lines) exhibited more stable spectral
patterns, suggesting higher carbon stability and slower decom-
position compared to the black cumin residue alone.

In Entisol, spectral changes were more pronounced, reflecting
its lower initial organic matter content. The most significant dif-
ferences were observed between control and biochar treatments,
where biochar-amended soils showed higher absorbance in the
1400-1600cm™! region, indicative of enhanced aromatic and
carboxyl functional groups. The combined black cumin residue
and biochar treatment (blue and green lines) led to a more uni-
form spectral pattern, suggesting that biochar enhanced carbon
retention by adsorbing labile organic compounds from the black
cumin residue.

In Mollisol, which initially contained higher organic matter,
spectral changes were less dramatic. However, around 2800-
3000cm™!, noticeable shifts were observed, corresponding to
C-H stretching from aliphatic compounds. The black cumin res-
idue treatments (red and yellow lines) increased peak intensities
in this region, indicating higher microbial activity and decom-
position of plant-derived inputs. In contrast, biochar treatments
(blue and green lines) led to flattened spectral curves, reflecting

a more recalcitrant carbon structure with reduced microbial
degradation.

3.3 | Soluble C and Microbial Biomass C (MBC)
Response to Soil Amendments

The application of black cumin residue, biochar and their combina-
tion significantly influenced soluble carbon (SC) levels across the
three different soil types: Alfisol, Entisol and Mollisol (Figure 2).
The control groups exhibited the lowest SC values in all soil types,
while the amended treatments led to notable increases. The results
indicate distinct SC accumulation and retention patterns, depend-
ing on the amendment type and soil characteristics.

In Alfisol, SC levels in the control group remained relatively
low throughout the incubation period. The application of
black cumin residue alone resulted in a moderate increase in
SC, likely due to the rapid decomposition of organic residues.
Biochar treatments (BC1 and BC2) initially showed a greater
SC increase, with BC2 reaching the highest SC levels on Day 0
(179.2mg/kg). However, SC levels gradually declined over time.
The combined treatment of biochar and black cumin residue
(BCP+BC) led to the most sustained SC levels, suggesting a
balance between immediate organic matter availability and
long-term carbon stabilisation.

In Entisol, a soil type characterised by low organic matter con-
tent, SC levels were initially low across all treatments. The addi-
tion of black cumin residue significantly increased SC, reflecting
the input of easily decomposable organic material. Biochar ap-
plications (BC1 and BC2) had a marked effect, particularly at
higher doses, where SC levels remained elevated longer than in
Alfisol. The combined treatment produced the highest SC levels
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FIGURE3 |

Evolution of soluble N (a: Alfisol, b: Entisol and c: Mollisol), and microbial biomass N (d: Alfisol, e: Entisol, and f: Mollisol) incubated

for 120days with black cumin residue, its biochar, and control. Error bars denote standard deviation (n=3). F values and significance of the two-
way repeated measures ANOVA are shown in each graph. S=soil type, ST=sampling time, and T =treatment. Significant at ***p <0.001; ns=not
significant (p>0.05). BC1 =black cumin biochar dose 1, BC2=black cumin biochar dose 2, BCP1=black cumin residue dose 1, and BCP2=black

cumin residue dose 2.

over time, indicating that biochar helped retain soluble carbon
derived from plant residues, preventing its rapid loss.

In Mollisol, which naturally contains high organic matter,
the control group already exhibited relatively high SC levels.
However, treatments further enhanced SC content, with biochar
applications, particularly BC2, leading to the highest observed
SC values. The combination of biochar and black cumin residue
showed a more stable SC trend over time, reinforcing the role
of biochar in moderating carbon turnover in soils with high or-
ganic matter content.

The application of black cumin residue, biochar, and their com-
bination significantly influenced microbial biomass carbon
(MBC) across the three soil types: Alfisol, Entisol and Mollisol
(Figure 2). The control groups exhibited the lowest MBC levels,
whereas the treatments led to significant increases, with vary-
ing effects depending on soil type and amendment composition.
According to Tukey's HSD test results, microbial biomass car-
bon (MBC) was significantly higher in the BC2 treatment com-
pared to BCP2 at Day 120 in all three soil types (p <0.05). For
full ANOVA and post hoc results, see Tables S1-S3.

In Alfisol, MBC levels in the control group remained relatively
low. Biochar treatments (BC1, BC2) showed a moderate increase
in MBC, with BC1 leading to a greater microbial biomass ac-
cumulation than BC2 at early stages. The highest MBC was
observed in the combined black cumin residue and biochar
treatment, suggesting a synergistic effect between plant residues
and biochar in promoting microbial growth.

In Entisol, the control group had the lowest MBC levels among all
soil types. The application of black cumin residue significantly
enhanced microbial biomass, likely due to its high degradability
and immediate nutrient availability. Biochar treatments alone
had a positive but lesser impact, indicating that Entisol microbes
responded more effectively to labile organic inputs rather than
the stable carbon fraction of biochar. The combined treatment
exhibited the greatest MBC enhancement, demonstrating that
biochar helped retain microbial-derived carbon while black
cumin residue was an energy source for microbial proliferation.

In Mollisol, where the control group already exhibited high
MBC levels due to its naturally high organic matter, biochar
treatments resulted in a less pronounced increase than Alfisol
and Entisol. However, the highest MBC was again observed in
the combined treatment, indicating that biochar may contrib-
ute to microbial habitat formation rather than direct biomass
stimulation.

3.4 | Soluble Nitrogen (SN) and Microbial Biomass
Nitrogen (MBN) Response to Soil Amendments

The application of black cumin residue, biochar and their com-
bination significantly influenced soluble nitrogen (SN) and mi-
crobial biomass nitrogen (MBN) levels across Alfisol, Entisol
and Mollisol (Figure 3). The control groups exhibited the low-
est SN and MBN levels, while organic amendments led to nota-
ble increases, with different effects depending on soil type and
amendment composition.
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FIGURE 4 | Evolution of CO, emission (a: Alfisol, b: Entisol and c: Mollisol) and Microbial Respiration (qCO2) (d: Alfisol, e: Entisol, and f:
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residue dose 2.

In Alfisol, SN levels were relatively low in the control treatment
but increased substantially following amendments. The applica-
tion of black cumin residue alone led to a rapid increase in SN,
suggesting the immediate mineralisation of organic nitrogen
from plant residues. Biochar applications (BC1, BC2) had a sta-
bilising effect, with BC2 showing the highest SN levels at Day 0
(11.43 mg/kg). The combination of biochar and black cumin res-
idue resulted in a sustained increase in SN, indicating improved
nitrogen retention and reduced leaching. MBN levels followed
a similar trend, with the highest values observed in the com-
bined treatment, confirming that biochar helped retain nitrogen
within microbial biomass.

In Entisol, which initially exhibited low SN and MBN levels due
to its poor organic matter content, amendments significantly
increased both parameters. The application of black cumin resi-
due alone resulted in an immediate rise in SN, whereas biochar
treatments led to a more gradual and sustained increase. The
combined treatment showed the highest SN and MBN levels,
suggesting that biochar enhanced microbial nitrogen assimila-
tion and reduced nitrogen loss.

In Mollisol, which naturally contains high organic matter and
nitrogen, the control group already had higher SN and MBN
values compared to Alfisol and Entisol. However, amendments
further enhanced nitrogen availability. Biochar treatments
alone resulted in moderate SN increases, while the combined
treatment led to the highest SN and MBN levels, indicating that

biochar contributed to nitrogen stabilisation and reduced micro-
bial nitrogen turnover.

3.5 | CO, and Cumulative CO, Emissions (qCO,)
Response to Soil Amendments

The application of black cumin residue, biochar and their com-
bination significantly influenced CO, emissions and cumula-
tive CO, emission (qCO,) across Alfisol, Entisol and Mollisol
(Figure 4). The control groups exhibited the lowest CO, release.
In contrast, organic amendments led to respiration patterns and
carbon turnover variations.

In Alfisol, CO, emissions were moderate in the control group
but increased significantly following amendments. The high-
est CO, emissions were observed in the black cumin residue
treatments, indicating rapid microbial activity and organic
matter decomposition. Biochar treatments resulted in lower
but sustained CO, emissions, suggesting a more stable carbon
retention effect. The combined treatment exhibited moderate
CO, emissions initially but maintained a more gradual and
prolonged release over time. The qCO, values followed a sim-
ilar pattern, with biochar reducing microbial stress and en-
hancing carbon use efficiency.

In Entisol, which initially had low microbial activity, CO,
emissions were significantly enhanced by all treatments.
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The black cumin residue application led to an early surge in
CO, emissions, indicating a rapid mineralisation process. In
contrast, biochar applications led to lower but prolonged CO,
emissions, confirming its role in stabilising microbial respi-
ration. The combined treatment resulted in a more balanced
CO, release pattern, with the lowest qCO, values, indicating
efficient microbial metabolism and reduced respiratory car-
bon losses.

In Mollisol, the control group already exhibited relatively high
CO, emissions due to its naturally high organic matter content.
However, biochar treatments lowered overall respiration rates,
suggesting better carbon stabilisation and reduced microbial
stress. The combination of biochar and black cumin residue
maintained moderate CO, emissions while optimising micro-
bial efficiency, reflected by the lower qCO, values.

The application of black cumin residue, biochar and their com-
bination significantly influenced respiration rate (Resp_R)
and microbial respiration (qCO,) across Alfisol, Entisol and
Mollisol (Figure 4). The control groups exhibited the lowest
respiration activity. In contrast, the treatments made no-
ticeable changes depending on amendment type and soil
characteristics.

In Alfisol, the control group maintained a relatively stable and
low respiration rate throughout the incubation period. The
application of black cumin residue alone resulted in a sharp
increase in respiration rate, indicating rapid microbial metab-
olism due to readily degradable organic matter availability.
Biochar applications (BC1 and BC2) exhibited lower but more
sustained respiration activity, suggesting that biochar contrib-
uted to microbial stabilisation rather than an immediate in-
crease in microbial activity. The combined treatment showed
the highest microbial respiration (qCO,) levels, implying that
biochar moderated microbial activity while promoting carbon
retention.

All amendments significantly increased respiration rates in
Entisol, which initially had the lowest microbial activity and
organic content. Black cumin residue alone led to the highest
initial peak, reflecting its role as a fast-decomposing organic
amendment. Biochar treatments resulted in lower respiration
rates but prolonged microbial activity, indicating a shift toward
more efficient microbial carbon use. The combined treatment
resulted in moderate respiration rates with prolonged microbial
activity, suggesting an optimal balance between nutrient avail-
ability and carbon stabilisation.

In Mollisol, where organic content was already high, respira-
tion rates were initially high in the control group. Amendments
led to more moderate increases in microbial respiration, as the
existing organic matter content buffered the effects of addi-
tional inputs. Biochar alone resulted in the lowest qCO, val-
ues, supporting the idea that biochar acts more as a stabilising
agent than an immediate carbon source. The combination of
black cumin residue and biochar led to slightly higher qCO,
values, but the response was less pronounced than Alfisol and
Entisol.

3.6 | Mineralisable Carbon (MEC), Mineralisable
Nitrogen (MEN) and MBC/MBN Ratio Response to
Soil Amendments

The application of black cumin residue, biochar and their
combination significantly influenced mineralisable extract-
able carbon (MEC) and mineralisable extractable nitrogen
(MEN) across different soil types (Alfisol, Entisol and Mollisol)
(Figure 5). The control treatments exhibited the lowest MEC
and MEN values, whereas organic amendments led to notable
changes, with variations depending on the amendment type
and soil characteristics.

In Alfisol, MEC levels were initially low in the control group.
Black cumin residue application significantly increased MEC,
with the highest values observed in the early incubation pe-
riod. Biochar treatments (BC1 and BC2) resulted in a mod-
erate increase in MEC, with BC2 showing a more sustained
release over time. The combined treatment exhibited the
highest overall MEC values, suggesting that biochar helped
stabilise carbon inputs from black cumin residue, preventing
rapid mineralisation losses. Similarly, MEN levels followed
the same trend, with the highest microbial nitrogen mineral-
isation occurring in the combined treatment, indicating en-
hanced nitrogen cycling.

In Entisol, which initially had low carbon and nitrogen content,
MEC and MEN values showed the largest relative increases fol-
lowing amendments. The highest MEC levels were observed in
black cumin residue alone, suggesting rapid microbial decom-
position of plant residues and release of mineralisable carbon.
Biochar treatments exhibited a slower but more sustained in-
crease in MEC, indicating improved carbon stabilisation. MEN
levels were highest in the combined treatment, demonstrating
that biochar contributed to nitrogen retention, reducing nitro-
gen losses through leaching.

MEC and MEN values exhibited less pronounced relative
changes in Mollisol, where organic matter content was natu-
rally high. Biochar treatments resulted in moderate increases in
MEC and MEN, while the combined treatment still exhibited
the highest sustained levels, reinforcing biochar's role in stabi-
lising mineralisable carbon and nitrogen.

The microbial biomass carbon to microbial biomass nitrogen
(MBC/MBN) ratio varied significantly across different soil
types and treatments, reflecting changes in microbial effi-
ciency and nutrient cycling dynamics (Figure 5). The control
groups exhibited relatively stable MBC/MBN values. At the
same time, amendments led to distinct changes, with differ-
ences observed between biochar, black cumin residue and
their combination.

In Alfisol, the control MBC/MBN ratio remained at moderate
levels. Biochar applications (BC1 and BC2) led to a notable de-
crease in MBC/MBN values over time, with BC2 exhibiting a
stronger reduction. The combined treatment showed the highest
stability, indicating that biochar moderated microbial nitrogen
uptake while promoting carbon retention.
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In Entisol, which had the lowest initial organic content, MBC/
MBN ratios exhibited the most significant changes following
amendments. The application of black cumin residue increased
MBC/MBN ratios, suggesting enhanced microbial activity and
carbon utilisation efficiency. In contrast, biochar treatments led
to lower MBC/MBN values, particularly at higher doses, indicat-
ing that biochar limited excessive microbial nitrogen minerali-
sation and favoured more efficient nitrogen cycling.

MBC/MBN ratios were more stable across treatments in Mollisol,
which naturally has high organic matter. Biochar alone did not
significantly alter MBC/MBN values. Still, the combination of bio-
char and black cumin residue led to a slight increase, suggesting
improved microbial balance and nitrogen assimilation over time.

3.7 | Total Carbon Sequestration (TCS) and Carbon
Use Efficiency (CUE) Response to Soil Amendments

The application of black cumin residue, biochar and their com-
bination significantly influenced total carbon sequestration

(TCS) and carbon use efficiency (CUE) across Alfisol, Entisol
and Mollisol (Figure 6). The control groups exhibited the lowest
TCS values. At the same time, organic amendments contributed
to substantial increases, with variations depending on amend-
ment type and soil characteristics.

In Alfisol, biochar treatments (BC1, BC2) resulted in higher TCS
values, with BC1 having the most pronounced effect at early
stages. The combined treatment of biochar and black cumin res-
idue exhibited the highest TCS levels, suggesting that biochar
facilitated long-term carbon retention while organic residues en-
hanced microbial activity. CUE values followed a similar trend,
with the combined treatment yielding the most efficient micro-
bial carbon use over time.

In Entisol, which initially had low organic matter, the in-
crease in TCS was the most significant relative to the control,
particularly under biochar treatments. The combined treat-
ment resulted in the highest TCS values, indicating enhanced
carbon stabilisation in a soil system that otherwise has high
carbon loss potential. CUE values in Entisol were moderate
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FIGURE 6 |
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in biochar-only treatments but increased in the presence of
organic residues, reflecting an improvement in microbial car-
bon retention.

In Mollisol, where organic matter content was naturally high,
biochar and organic amendments still contributed to further
carbon accumulation, but the relative increase was smaller than
in the other soils. The highest TCS values were recorded in the
biochar-only treatment, suggesting that biochar contributed to
long-term carbon sequestration rather than short-term micro-
bial activity. CUE values remained relatively stable, indicating
that microbial communities in Mollisols were already efficient
in utilising organic carbon, with biochar having a more passive
role in microbial carbon turnover.

3.8 | Nitrogen Mineralisation Rate (NMR)
and Respiration Ratio Response to Soil
Amendments

The nitrogen mineralisation rate (NMR) varied significantly
across soil types and treatments, indicating differences in mi-
crobial nitrogen cycling dynamics (Figure 7). The control groups
exhibited the lowest NMR values, while biochar, black cumin
residue and their combination influenced nitrogen mineralisa-
tion in distinct ways depending on soil characteristics.

In Alfisol, the control treatment exhibited low nitrogen mineral-
isation rates, reflecting moderate organic matter decomposition.
Applying black cumin residue alone resulted in a rapid increase
in NMR, suggesting that organic nitrogen from plant residues
was quickly converted into mineral forms. Biochar treatments
(BC1 and BC2) moderated nitrogen mineralisation, with BC2
leading to a more gradual and sustained increase. The combined

treatment resulted in the highest NMR values, indicating that
biochar played a role in slowing down nitrogen losses while en-
hancing microbial nitrogen cycling.

In Entisol, which initially had low organic nitrogen content, all
amendments significantly increased NMR. The highest increase
was observed in black cumin residue treatments, where micro-
bial communities rapidly decomposed plant-derived nitrogen,
making it available for plant uptake. Biochar treatments exhib-
ited a slower but more stable increase in NMR, suggesting that
biochar adsorbed and gradually released nitrogen, preventing
excessive leaching. The combined treatment exhibited moderate
nitrogen mineralisation, balancing short-term availability and
long-term retention.

The control group already had relatively high NMR values
in Mollisol, which naturally has higher nitrogen content.
Amendments led to more stable increases in NMR, with biochar
alone contributing to a slower release of mineral nitrogen. The
combined treatment resulted in slightly increased nitrogen min-
eralisation, reinforcing biochar's role in nitrogen stabilisation
rather than immediate mineralisation enhancement.

The respiration ratio (Resp_R) varied across soil types, indi-
cating differences in microbial activity and carbon mineralisa-
tion potential (Figure 7). Respiration ratios ranged from 0.0038
to 0.6346, with a mean of 0.0476 and a median of 0.0146. The
standard deviation was 0.1051, suggesting moderate variability
in Alfisol. The highest respiration ratios were observed in this
soil type, ranging from 0.0056 to 0.9171. The mean was 0.0656,
with a median of 0.0171. The high standard deviation (0.1585)
indicates substantial variation among treatments in Entisol.
Respiration ratios were the lowest among the soil types, ranging
from 0.0030 to 0.0349, with a mean of 0.0151 and a median of
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0.0143. The low standard deviation (0.0098) suggests more con- microbial biomass carbon (MBC), microbial biomass nitrogen
sistent microbial activity in this Mollisol. (MBN), microbial respiration rate (Resp_R), nitrogen mineral-
isation rate (NMR), total carbon sequestration (TCS) and mi-
crobial efficiency indicators across Alfisol, Entisol and Mollisol

3.9 | Correlation Coefficient Analysis (Figure 8). The observed correlations provide insights into how
of Between Soil Parameters and Alfisol, Entisol, biochar and black cumin residue amendments influence soil
and Mollisol Soils carbon and nitrogen cycling and microbial activity.

The correlation matrices illustrate the relationships between In Mollisol, where organic matter content is naturally high,
key soil biochemical parameters, including soluble carbon (SC), SC and MBC showed a strong positive correlation (r=0.46),
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at ***p <0.001. BC1 = black cumin biochar dose 1, BC2 = black cumin biochar dose 2, BCP1 = black cumin residue dose 1, and BCP2 = black cumin
residue dose 2.
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indicating that higher soluble carbon availability directly sup-
ported microbial biomass growth. Conversely, the relationship
was weaker in Alfisol (r=0.18) and Entisol (r=0.35), suggesting
that factors beyond soluble carbon, such as microbial substrate
quality and nutrient availability, influenced microbial biomass
formation.

Across all soils, MBC/MBN showed a positive correlation with
total carbon sequestration (TCS), suggesting that microbial
communities contributed to long-term carbon retention. This
correlation was the strongest in Entisol (r=0.58), followed by
Alfisol (r=0.44) and the weakest in Mollisol, where pre-existing
organic matter may have reduced microbial dependency on ex-
ternal nitrogen sources.

A strong negative correlation between Resp_R and CUE was ob-
served in Mollisol (r=—0.55), followed by Alfisol (r=—0.48) and
Entisol (r=-0.45). Its indicates that higher microbial respira-
tion rates led to reduced microbial carbon retention, increasing
carbon losses via CO, emissions.

CO, emissions (qCO,) were positively correlated with nitrogen
mineralisation (NMR) across all three soils, with the strongest
correlation in Entisol (r=0.49), indicating that as microbial ac-
tivity increased, nitrogen availability also rose. In Alfisol and
Mollisol, the correlation was weaker, suggesting that biochar
amendments may have moderated nitrogen mineralisation rates
by adsorbing and gradually releasing nitrogen.

SC and TCS showed a strong positive correlation (r=0.69),
highlighting the role of carbon-rich amendments in enhancing
long-term carbon storage in Alfisol. The correlation between
MBC and TCS was highest (r=0.94), suggesting that micro-
bial biomass stability was a key factor in carbon sequestration
in Entisol. MBC and CO, emissions were positively correlated
(r=0.7), indicating that high microbial respiration rates contrib-
uted to organic matter decomposition in Mollisol.

3.10 | Hierarchical Clustering Heatmap Between
Treatments and Soil Properties

The heatmap clustering results for Alfisol, Entisol and Mollisol
provide insights into the relationships between microbial ac-
tivity, carbon and nitrogen cycling, and soil amendment ef-
fects (Figure 9). Each soil type exhibited distinct clustering
patterns, revealing how different treatments (control, bio-
char and black cumin residue) influenced soil biochemical
parameters.

The clustering analysis revealed a strong association between
microbial biomass nitrogen (MBN) and mineralisable extract-
able carbon (MEC) in BCP1 treatments, suggesting that black
cumin residue enhanced nitrogen cycling and microbial activity
in Alfisol. Treatments containing biochar (BC1 and BC2) were
grouped separately, indicating a stabilising effect on soil proper-
ties rather than immediate microbial stimulation.

Respiration rate (Resp_R) and CO, emissions (qCO,) clustered
closely in the control and high-dose biochar treatments (BC2),

suggesting that in the absence of plant residues, biochar did not
significantly enhance microbial respiration. Soluble carbon (SC)
and microbial biomass carbon (MBC) clustered closely in the
BCP1 treatment, reinforcing that plant-derived organic matter
contributed to short-term microbial activity.

In Entisol, the heatmap revealed a strong correlation between
total carbon sequestration (TCS) and microbial biomass car-
bon (MBC), particularly in the BCP2 treatment. It suggests that
the combined application of biochar and black cumin residue
effectively enhanced microbial carbon retention in this low-
fertility soil.

The clustering of SC, MBN and nitrogen mineralisation rate
(NMR) in biochar-treated soils (BC1, BC2) suggests that biochar
played a role in moderating nitrogen mineralisation and reduc-
ing nitrogen losses. The control treatment exhibited weak mi-
crobial activity, as indicated by the lower correlation between
respiration rate and microbial biomass parameters.

The Mollisol heatmap displayed a strong relationship be-
tween microbial efficiency (CUE) and nitrogen availability
in biochar-treated soils (BC1 and BC2). It indicates that bio-
char enhances microbial nitrogen efficiency in high-organic-
matter soils without triggering excessive respiration-driven
carbon losses.

The clustering of CO, emissions (qCO,) with microbial respi-
ration rate (Resp_R) in the control and BCP1 treatments sug-
gests that plant residues in the absence of biochar contributed
to increased microbial decomposition, leading to higher CO,
emissions. The BCP2 treatment exhibited the most balanced
clustering, with microbial biomass carbon (MBC), nitrogen
mineralisation (NMR) and TCS forming a stable network, indi-
cating that the combined amendments improved long-term soil
stability.

3.11 | The Principal Component Analysis (PCA)

The principal component analysis (PCA) biplots revealed
distinct clustering of treatments across all three soil types
(Alfisol, Entisol and Mollisol), indicating strong treatment
effects on microbial and biochemical parameters (Figure 10).
The first two principal components (PC1 and PC2) explained
a substantial proportion of the variance: Alfisol: PC1 (32.7%),
PC2 (19.7%); Entisol: PC1 (31.1%), PC2 (17.7%); and Mollisol:
PC1 (38.1%), PC2 (20.6%). These variations highlight the influ-
ence of soil type on microbial community responses to differ-
ent treatments.

Soil carbon pools, represented by soil carbon (SC) and microbial
biomass carbon (MBC), showed contrasting responses among
soil types. In Alfisol and Entisol, MBC had a stronger associa-
tion with microbial efficiency (MEC) and microbial biomass ni-
trogen (MBN), suggesting that microbial growth was closely tied
to nitrogen availability. However, in Mollisol, the weaker cor-
relation between MBC and respiration parameters (CO,, qCO,)
indicated greater carbon retention and a more stable microbial
biomass pool.
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FIGURE9 | Hierarchical clustering heatmap between treatments and soil properties in (a) Alfisol, (b) Entisol and (c) Mollisol soils.

The respiration ratio (Resp_R) varied significantly between
soil types. Entisol exhibited the highest Resp_R values, in-
dicating higher microbial turnover and potential carbon
loss through mineralisation. In Alfisol, Resp_R was closely
linked with MBN, suggesting nitrogen-dependent microbial
activity. Mollisol had the lowest Resp_R values, indicating
more efficient microbial carbon use and greater organic mat-
ter stability.

The metabolic quotient (qCO,), an indicator of microbial stress
and efficiency, showed higher values in Entisol and Alfisol,

indicating more active but potentially less efficient micro-
bial metabolism. In Mollisol, qCO, was lower, suggesting
a more stable microbial community with better carbon use
efficiency.

Nitrogen-related parameters, including soil nitrogen (SN), mi-
crobial biomass nitrogen (MBN) and microbial nitrogen effi-
ciency (MEN), had a strong positive correlation with respiration
in Alfisol and Entisol. It suggests that microbial growth was
nitrogen-limited in these soils. In contrast, Mollisol had a weaker
correlation between nitrogen parameters and respiration,

13 of 23



10

TREATMENT :
1.0 .
: a. ||osa : b.
o E + BC2 H
: <> BCP1
s : < BCP2 s
=5 : /\ CONTROL &
o , : )
c : =
~N ~N
e e
@ @
s s
] ]
e e
£ £
o o
o B o
T ‘conTROL
5 3 :
T T : T T T ; T T
10 5 0 5 1,0 0,5 0 0,5 1,0
Component 1 (32,7 %) Component 1 (32,7 %)
: TREATMENT 10 o
4 : C.||o & ’ ; T
= BC2 | i
v /o2 i '
v BCP1 / MBC/MBN,
- O BCP2 - Fesp R ™ AEC E 2N
* Sconrol £ 22T /RO AECanmR e
~ ~ \i / wMBC
< <
~ ~
t e
@ @
[ s
o ]
a H e
B 13
o : o
o K o
5 1.0 —
'6 T T T T T T T I T i i & T K T
5 0 5 1,0 0,5 0 0,5 1,0
Component 1 (31,1 %) Component 1 (31,1 %)
6 o
TREATMENT 1.0 e f
O BC1 : ~— .
BC2 ] 7 RNMR D AMBC/MBN™
7 BCP1 Ve \Z" E ‘.u
s 0 BCP2 s 05 wieso R
Y CONTROL i ! ’ ! /
o o
o [
~ ~
t e
@ @
[ . s
o . o
e : e
£ H £
o : o
o : o
o H
-6 u]
-8 T T - T T T y T T . T T T T
5 0 5 1,0 0,5 0 0,5 1,0
Component 1 (38,1 %) Component 1 (38,1 %)

FIGURE 10 | Principal component analysis (PCA) between treatments in (a) Alfisol, (c) Entisol and (e) Mollisol soils; and soil properties in (b)
Alfisol, (d) Entisol and (f) Mollisol soils.

implying greater nitrogen availability and more stable microbial 4 | Discussion
activity.
41 | SOM

Microbial efficiency coefficients (MEC and MEN) varied by
soil type. Alfisol and Entisol showed a positive association be-
tween MEC, MBN and microbial biomass efficiency, indicating
that microbial communities in these soils benefit from organic
inputs. MEC and MEN remained stable across treatments in
Mollisol, suggesting a more resilient microbial ecosystem.

The observed increases in SOM across all soil types following
the application of black cumin residue, biochar and their com-
bination align with existing literature on organic amendments
enhancing soil health (Pandian et al. 2024; Pamuru 2024).
Biochar, produced through the pyrolysis of organic materials,
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is known for its high carbon content and stability, contributing
to long-term carbon sequestration in soils. Its porous structure
improves soil aeration and water retention and provides hab-
itats for beneficial microorganisms. Studies have shown that
biochar application can enhance soil organic carbon and total
nitrogen, thereby improving soil fertility (Tian et al. 2021;
Lorenz and Lal 2014).

Applying plant residues, such as black cumin residue, supplies
readily decomposable organic matter, which serves as a sub-
strate for soil microbes, thereby enhancing microbial activity
and nutrient cycling (Thakur et al. 2024). This rapid decompo-
sition leads to a quicker, albeit shorter-term, increase in SOM
compared to biochar. Research indicates that black cumin resi-
dues can significantly reduce soil pathogens and improve plant
growth parameters, suggesting their role in enhancing soil
health (Yang et al. 2018).

Combining biochar with plant residues appears to synergise,
leading to the highest SOM increase observed in this study
(Fischer and Glaser 2012). The stable carbon framework of
biochar, coupled with the nutrient-rich profile of black cumin
residue, creates an environment conducive to sustained mi-
crobial activity and organic matter accumulation. This combi-
nation provides immediate nutrient availability from the black
cumin residue and ensures long-term carbon retention through
biochar application. Such integrated approaches have been rec-
ommended to improve soil structure, fertility, and productivity
(Shah and Wu 2019).

The differential responses among the soil types can be at-
tributed to their inherent properties. With their already high
organic matter content, Mollisols showed a relatively smaller
percentage increase compared to Entisols, which had the low-
est initial SOM. It suggests soils with lower baseline organic
matter may benefit more substantially from such amendments.
Tailoring amendment strategies to specific soil characteristics is
crucial for optimising soil health and fertility outcomes (Gram
et al. 2020).

The differential responses of Alfisol, Entisol and Mollisol soils
to biochar application can be partly attributed to their inherent
physicochemical properties. For instance, Alfisols with higher
clay content (42.4%) and near-neutral to alkaline pH (7.76) likely
enhanced biochar-soil interactions by increasing the cation ex-
change capacity (CEC) and supporting microbial colonisation
within biochar pores. In contrast, Mollisols, although rich in or-
ganic matter (10.18%), displayed less dramatic shifts, possibly due
to organic matter saturation buffering the microbial response to
external inputs. The relatively acidic pH (7.15) may have also
moderated biochar reactivity in these soils. Entisols, with low
organic matter and clay, showed the most responsive behaviour
to both carbon and nitrogen inputs, aligning with prior findings
that nutrient-poor soils exhibit stronger responses to biochar
amendments (Lehmann et al. 2011; Glaser et al. 2002). These
observations underscore the importance of considering soil-
specific context when applying biochar-based strategies.

In conclusion, applying black cumin residue, biochar and
their combination positively influences SOM content across
different soil types, with combined treatments offering the

most significant benefits. These findings support the integra-
tion of organic amendments into soil management practices
to enhance soil health and agricultural productivity (Das
et al. 2015).

4.2 | Functional Group Changes and Implications

The FTIR results confirm that biochar and plant residues in-
fluence soil organic matter composition differently (Hagemann
et al. 2018). The black cumin residue treatments promoted
more labile organic compounds, enhancing microbial activity
and increasing potential carbon losses through decomposition
(Pan and Huang 2024). In contrast, biochar contributed to more
stabilised carbon structures, reducing rapid mineralisation
and enhancing long-term carbon sequestration potential (Li
et al. 2020).

The combined application of biochar and black cumin residue
resulted in the most balanced spectral response, with moderate
peak intensities across all functional groups (Xue et al. 2016). It
suggests that biochar adsorbs and stabilises fresh organic inputs,
slowing down their decomposition while maintaining nutrient
availability for microbial communities (Chen et al. 2024).

The FTIR spectral analysis reveals that organic amendments
significantly modify soil organic matter composition, with bio-
char promoting stabilisation and plant residues enhancing mi-
crobial activity (Zhang et al. 2017). The observed changes vary
by soil type, with Entisol showing the most pronounced effects
due to its low initial organic matter content (Grossman 1983).
The findings support the use of biochar-organic matter co-
application to improve soil carbon retention while maintaining
microbial activity, particularly in degraded or nutrient-poor soils
(Fatima et al. 2021).

4.3 | Soluble Carbon (SC) and Microbial Biomass
Carbon (MBC)

The observed SC trends highlight the differential impact of bio-
char and plant-derived organic residues on soil carbon avail-
ability. The application of black cumin residue provided readily
decomposable organic matter. It led to an initial surge in SC
levels and a gradual decline due to microbial respiration and
organic matter mineralisation. This pattern aligns with find-
ings from previous studies, where labile organic inputs promote
microbial activity, enhancing short-term carbon availability but
leading to rapid depletion (Lehmann and Joseph 2015).

In contrast, biochar treatments resulted in more stable SC in-
creases, particularly at higher doses. Biochar's porous structure
and high surface area contribute to carbon adsorption and re-
duced microbial degradation, leading to longer retention of
soluble organic carbon (Sun et al. 2021; Biiyiikkilic Yanardag
et al. 2020). The ability of biochar to stabilise dissolved organic
matter may also explain why SC levels remained elevated for
longer periods in biochar-treated soils, particularly in Mollisols.

Sail type played a crucial role in the response of SC levels to
amendments. In Entisol, which has low initial organic matter,
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the increase in SC was the most pronounced, indicating that
carbon-deficient soils benefit the most from organic amend-
ments (Bekchanova et al. 2024). Conversely, additional amend-
ments had a smaller relative impact on Mollisol, which naturally
contains high organic matter. It supports the hypothesis that
soils with high carbon saturation have a limited capacity to re-
tain additional soluble carbon (Paustian et al. 1997). The moder-
ate response in Alfisol suggests that soil texture and mineralogy
influence organic carbon dynamics, as clay-rich soils can pro-
tect organic carbon from rapid microbial decomposition (Six
et al. 2002).

The highest SC levels were observed in the combined biochar
and black cumin residue treatment, indicating a synergistic
effect where biochar stabilised the labile carbon derived from
plant residues, preventing its rapid mineralisation. This finding
is consistent with reports that combining biochar with fresh or-
ganic inputs enhances both short-term microbial activity and
long-term carbon sequestration (Jeffery et al. 2011). These re-
sults emphasise that biochar should not be viewed solely as a
carbon source but as a tool for enhancing carbon retention and
stabilisation in agricultural soils.

The significant increase in MBC following the application
of black cumin residue is consistent with previous findings
that plant residues provide easily degradable organic matter,
boosting microbial activity and biomass production (Kogel-
Knabner 2002). The rapid decomposition of plant-based amend-
ments contributes to short-term microbial stimulation, which
explains why black cumin residue treatments exhibited early
stage MBC peaks followed by declines over time.

In contrast, biochar application alone led to more gradual and
sustained microbial biomass increases, particularly in Alfisols
and Mollisols (Xu et al. 2020; Tamilselvi et al. 2015). Biochar's
high porosity and adsorption capacity create favourable micro-
habitats for microbial colonisation and influence nutrient reten-
tion (Lehmann and Rondon 2006). However, because biochar is
a more recalcitrant carbon source, its impact on MBC was less
immediate compared to black cumin residue alone.

The combined application of biochar and black cumin residue
resulted in the highest MBC values across all soil types, suggest-
ing a synergistic effect where biochar stabilised labile organic
inputs, preventing rapid mineralisation and enabling sustained
microbial proliferation (Molina-Herrera and Romanya 2015). It
supports the concept that co-application of fresh organic matter
with biochar enhances microbial growth by providing both en-
ergy sources and stable habitats (Wang et al. 2024).

Soil type played a crucial role in determining MBC response to
amendments. The low initial organic content in Entisol meant
that microbial biomass responded more dramatically to exter-
nal carbon inputs, particularly from labile organic amendments
(Ma et al. 2021). In Alfisol, which has moderate SOM levels,
MBC increases were more balanced, reflecting a combina-
tion of microbial stimulation and organic carbon stabilisation
(Bajgai et al. 2015). In Mollisol, where organic matter content
was already high, biochar's impact on MBC was more associated
with microbial habitat formation rather than nutrient supple-
mentation, reinforcing previous findings that biochar benefits

microbial activity indirectly by influencing soil structure and
moisture retention rather than acting as a direct energy source
(Yanardag et al. 2017).

4.4 | Soluble Nitrogen (SN) and Microbial Biomass
Nitrogen (MBN)

The increase in SN following black cumin residue applica-
tion aligns with findings that fresh organic residues release
nitrogen rapidly through microbial decomposition (Cheng
et al. 2012). The initial spike in SN followed by a decline in
black cumin residue treatments indicates that microbial
uptake and leaching processes are at play, a pattern com-
monly observed in plant-based organic amendments (Zhou
et al. 2017).

In contrast, biochar treatments exhibited a more stable SN in-
crease, suggesting that biochar adsorbs ammonium and ni-
trate, reducing nitrogen leaching while making it available for
microbial uptake over time (Major et al. 2012). It is particularly
evident in the combined biochar and black cumin residue treat-
ment, which showed the highest and most sustained SN and
MBN levels across all soils. These findings align with reports
that biochar improves nitrogen retention and facilitates micro-
bial nitrogen cycling (Liu et al. 2018).

Soil type played a significant role in determining SN and MBN
responses to amendments. In Entisol, the large relative increase
in SN and MBN indicates that low-nitrogen soils benefit most
from organic amendments (Bekchanova et al. 2024). In contrast,
in Mollisol, where nitrogen levels were already high, biochar
focused more on stabilising nitrogen rather than increasing its
availability, reducing microbial nitrogen losses, and enhancing
long-term nitrogen use efficiency (Paustian et al. 1997). The
response in Alfisol suggests that clay-rich soils can help retain
biochar-adsorbed nitrogen, reducing leaching losses and mak-
ing nitrogen available for microbial and plant uptake (Lehmann
et al. 2011).

4.5 | CO,and Cumulative CO, Emissions (qCO,)

Soil CO, emissions are a key indicator of microbial respiration
and soil organic matter turnover. Higher CO, emissions indicate
active microbial decomposition, whereas lower emissions may
suggest either reduced microbial activity or enhanced carbon
stabilisation (Liu et al. 2018).

The application of black cumin residue led to the highest CO,
emissions, particularly in Entisol and Alfisol, due to its high
degradability and rapid microbial metabolism. It aligns with
previous research showing that easily decomposable organic
amendments stimulate microbial activity and increase soil res-
piration rates (Luan et al. 2020).

Biochar treatments resulted in lower CO, emissions, suggesting
a more efficient microbial system with enhanced carbon reten-
tion. Biochar is known to improve microbial habitat conditions
while reducing the loss of organic carbon via respiration, lead-
ing to more stable soil carbon pools (Lorenz and Lal 2014).
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The combined application of biochar and black cumin residue
produced the lowest qCO, values, indicating greater microbial
carbon use efficiency. Lower qCO, values suggest that micro-
bial communities utilised carbon more effectively for biomass
production rather than respiration, reducing carbon losses
(Karimzadeh et al. 2025).

Soil type influenced CO, dynamics, with Entisol showing the
largest relative increase in respiration, highlighting the im-
portance of organic inputs in carbon-poor soils (Lal 2004). In
Mollisol, where SOM levels were already high, biochar's impact
focused more on carbon stabilisation than respiration enhance-
ment, preventing excessive carbon loss.

4.6 | Respiration Rate and Microbial Respiration
(qCO,)

The observed differences in respiration rates and microbial res-
piration (qCO,) values across soil types and treatments provide
insight into microbial carbon use efficiency and the stability of
organic inputs (Yu et al. 2025).

The sharp initial increase in respiration rate following black
cumin residue application aligns with previous findings that
fresh organic residues serve as a readily available carbon
source, stimulating microbial metabolism and organic mat-
ter decomposition (Wang et al. 2015). The rapid decline in
respiration over time suggests that microbial communities
quickly utilise available labile carbon, leading to a temporary
increase in respiration but not long-term carbon sequestration
(Cleveland et al. 2007).

Biochar treatments led to lower but more sustained respiration
rates, indicating greater microbial efficiency in utilising carbon
and nitrogen resources. Biochar is known for its high stability
and surface area, which enhances microbial habitat conditions
and nutrient retention, leading to longer-term improvements
in microbial activity rather than immediate respiration bursts
(Joseph et al. 2021).

Combining biochar and black cumin residue resulted in the
most balanced respiration and qCO, values, suggesting syner-
gistic effects between labile and stable carbon pools. Studies
have shown that co-application of biochar and plant residues
can enhance microbial metabolism by providing both energy
sources and a stable environment for microbial growth (Zhang,
Qu, et al. 2022).

Soil type had a strong influence on respiration patterns. In
Entisol, which initially had low microbial biomass and nutri-
ent content, respiration rates increased significantly following
amendments, demonstrating that microbial communities in
nutrient-poor soils respond strongly to organic inputs (Lal 2004).
In Alfisol, respiration responses were moderate, suggesting that
clay content played a role in organic matter retention and mi-
crobial efficiency (Weil and Magdoff 2004). In Mollisol, where
organic matter content was naturally high, biochar helped mod-
erate microbial respiration, preventing excessive carbon losses
(Yan et al. 2022).

4.7 | Mineralisable Carbon (MEC), Mineralisable
Nitrogen (MEN) and MBC/MBN Ratio

The observed trends in MEC and MEN highlight the different
roles of biochar and plant residues in soil carbon and nitrogen
cycling. Rapid carbon and nitrogen release from black cumin
residue aligns with findings that fresh organic matter decom-
poses quickly, leading to short-term increases in microbial ac-
tivity and nutrient availability (Song et al. 2017). The decline in
MEC and MEN over time suggests that microbial communities
rapidly consumed available organic substrates, resulting in a
short-lived burst of mineralisation (Zhou et al. 2017).

Biochar treatments led to lower but more sustained MEC and
MEN values, indicating greater carbon stabilisation and nitro-
gen retention. Biochar is known for its ability to adsorb labile
carbon and nitrogen compounds, reducing their rapid loss and
promoting long-term soil fertility improvement (Lehmann and
Rondon 2006). This effect was particularly evident in Entisol,
where biochar prevented excessive nitrogen losses while main-
taining microbial carbon use efficiency.

The highest MEC and MEN levels in the combined treatment
confirm a synergistic effect between biochar and black cumin
residue. Biochar acted as a stabilising agent, preventing rapid
carbon loss, while black cumin residue provided readily avail-
able nutrients, promoting both short-term microbial stimulation
and long-term carbon sequestration (Steiner 2008).

Soil type strongly influenced mineralisation patterns. The high-
est relative increase in MEC and MEN was observed in Entisol,
suggesting that degraded soils benefit most from organic amend-
ments (Lal 2004). In Alfisol, mineralisation responses were
more balanced, while in Mollisol, whose carbon and nitrogen
content were already high, biochar's role was more focused on
nutrient stabilisation rather than mineralisation enhancement
(Paustian et al. 1997).

4.8 | MBC/MBN Ratio

The MBC/MBN ratio is a key indicator of microbial metabolic
efficiency and nitrogen use. Higher ratios typically suggest
greater microbial carbon utilisation efficiency, while lower ra-
tios indicate enhanced nitrogen turnover and mineralisation
(Fang et al. 2018).

Biochar treatments generally led to a decrease in MBC/MBN ra-
tios, particularly in Alfisol and Entisol. It suggests that biochar
promotes microbial nitrogen conservation while slowing down
carbon decomposition, a known effect of biochar's high stability
and carbon sequestration properties (Chen et al. 2024).

Black cumin residue application increased MBC/MBN ratios in
Entisol, likely due to the rapid availability of labile organic mat-
ter, which encouraged microbial growth and increased micro-
bial biomass carbon (Rousk et al. 2016).

The combined treatment resulted in the most balanced MBC/
MBN values across all soils, indicating that biochar effectively
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moderated nitrogen cycling while supporting microbial biomass
stability (Yu et al. 2018).

4.9 | Total Carbon Sequestration (TCS) and Carbon
Use Efficiency (CUE)

The differences in TCS and CUE trends across soil types and
treatments highlight the contrasting roles of biochar and organic
residues in soil carbon dynamics. Higher TCS values in biochar
treatments confirm biochar's role in carbon stabilisation (Fang
et al. 2014). Biochar is known for its high resistance to micro-
bial degradation, resulting in greater long-term carbon seques-
tration compared to plant residues (Yin et al. 2022). The strong
response in Entisol suggests that biochar amendments are most
beneficial in soils with low organic matter, as they reduce car-
bon loss through respiration while providing a stable carbon
pool (Joseph et al. 2021). CUE values were highest in combined
treatments, indicating a more efficient balance between micro-
bial carbon assimilation and respiration losses (Liu et al. 2020).
While biochar alone improved TCS, it had a lower impact on
microbial efficiency unless combined with labile organic matter.
Adding black cumin residue provided microbial communities
with an immediate carbon source, promoting higher CUE and
greater microbial biomass retention.

Soil type influences the extent of the effects of biochar and or-
ganic residue. In Alfisol and Entisol, biochar improved TCS, but
its greatest impact was observed when paired with plant resi-
dues (Hurtado et al. 2017). In Mollisol, biochar was more pas-
sive, contributing to carbon stability rather than direct microbial
activity enhancement (Jiang et al. 2024).

4.10 | Nitrogen Mineralisation Rate (NMR)
and Respiration Ratio Response to Soil
Amendments

Both organic nitrogen inputs and the stability of soil amend-
ments influence the nitrogen mineralisation rate. Plant residues
such as black cumin residue provided readily decomposable ni-
trogen, leading to higher short-term mineralisation rates. The
sharp NMR increases in plant residue treatments suggest rapid
microbial activity and nitrogen turnover, which is beneficial for
quickly improving soil fertility (Zhao et al. 2018). However, this
also increases the risk of nitrogen leaching if not managed prop-
erly (Gomez-Garrido et al. 2018).

Biochar treatments exhibited lower but more sustained nitro-
gen mineralisation rates, indicating that biochar plays a role in
nitrogen retention. Biochar's ability to adsorb ammonium and
nitrate ions helps moderate nitrogen mineralisation, reducing
excessive losses while ensuring nitrogen remains available for
microbial and plant uptake over time (Khan et al. 2023; Gémez-
Garrido et al. 2018).

The combined application of biochar and plant residues resulted
in the most balanced NMR trends, demonstrating that biochar
helps stabilise organic nitrogen inputs, preventing rapid deple-
tion while promoting microbial nitrogen cycling (Clough and
Condron 2010).

Soil type strongly influenced nitrogen mineralisation patterns.
In Entisol, nitrogen availability was initially low, making
amendments highly effective in improving NMR (Lal 2004).
In Alfisol, NMR responses were more balanced, reflecting its
moderate fertility and ability to retain nitrogen (Six et al. 2002).
In Mollisol, where nitrogen content was naturally high, biochar
helped regulate nitrogen mineralisation, preventing excessive
nitrogen losses (Ding and Yu 2024).

The respiration ratio is a key indicator of microbial activity and
carbon utilisation efficiency. The observed differences across
soil types highlight the influence of soil properties on microbial
metabolism. Entisol exhibited the highest respiration ratios,
possibly attributed to its lower organic matter stability and mi-
crobial community structure, leading to greater CO, emissions.
In contrast, Mollisol, known for its high organic matter content
and stable microbial biomass, had the lowest respiration ratios,
suggesting efficient microbial carbon use and reduced carbon
loss (Liu et al. 2018; Sinsabaugh et al. 2013). Alfisol, with inter-
mediate respiration values, likely reflects a balance between mi-
crobial carbon use efficiency and substrate availability (Wardle
and Ghani 1995).

The high variability in respiration ratios within Entisol and
Alfisol suggests that different soil amendments significantly
impact microbial metabolism. Organic amendments such as
biochar or compost have been shown to either stimulate mi-
crobial respiration through increased substrate availability
or suppress it by modifying soil physical and chemical prop-
erties (Lehmann et al. 2011; Wang et al. 2021). Mollisol's
more stable respiration ratios indicate that microbial com-
munities in these soils might be less affected by short-term
amendments.

Optimising soil management practices to maintain balanced
microbial respiration is essential for carbon sequestration and
soil fertility. Excessive microbial respiration can accelerate or-
ganic matter depletion, while overly suppressed respiration
may indicate microbial dormancy and reduced nutrient cycling
(Blagodatskaya et al. 2007). Long-term studies integrating mi-
crobial respiration with soil organic matter turnover are neces-
sary to develop sustainable soil fertility strategies.

4.11 | Correlation Coefficient Analysis
of Between Soil Parameters and Alfisol, Entisol
and Mollisol Soils

The observed correlations suggest that biochar and plant resi-
due amendments influenced microbial dynamics and soil car-
bon stability differently across soil types. In low-carbon soils
such as Entisols, biochar had the most significant role in carbon
stabilisation, reducing carbon losses through respiration and
enhancing microbial biomass retention (Chen et al. 2018). The
strong correlation between MBC and TCS in Entisol (r=0.94)
suggests that biochar amendments increased microbial carbon
efficiency, improving carbon sequestration (Liu et al. 2020).
Additionally, the positive relationship between qCO, and NMR
(r=0.49) indicates that organic amendments accelerated micro-
bial decomposition, increasing nitrogen mineralisation rates
(Marzi et al. 2020).
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In Alfisol, microbial efficiency was crucial in carbon and nitrogen
cycling. The positive correlation between SC and TCS (r=0.69)
suggests that carbon sequestration was largely driven by organic
matter availability. However, the negative correlation between
Resp_R and CUE (-0.48) indicates that higher respiration rates re-
duced microbial carbon efficiency, reinforcing the role of biochar
in stabilising organic matter (Zhang, He, et al. 2022).

In Mollisol, the primary influence of amendments was on mi-
crobial respiration rather than carbon sequestration. The strong
correlation between MBC and CO, emissions (r=0.7) suggests
that microbial activity is more closely tied to carbon mineralisa-
tion than stabilisation in high organic matter soils. It aligns with
findings by Brookes et al. (2017), who reported that in carbon-
rich soils, microbial activity is driven by organic matter decom-
position rather than new carbon inputs.

These findings highlight the importance of tailoring biochar and
organic amendments based on soil type. Biochar significantly
improves microbial carbon retention and reduces respiration-
driven carbon losses in low-carbon soils like Entisols. A balance
of biochar and plant residues is required to optimise microbial
efficiency and nutrient cycling in moderate-carbon soils like
Alfisols. In high-carbon soils like Mollisols, amendments en-
hance microbial respiration but do not significantly alter carbon
sequestration patterns.

4.12 | Hierarchical Clustering Heatmap Between
Treatments and Soil Properties

The heatmap clustering analysis confirms that biochar and
black cumin residue amendments affect microbial activity and
soil biochemical processes differently depending on soil type. In
Alfisol, the strong clustering of MBN, MEC and Resp_R in BCP1
treatments suggests that plant residues had a significant short-
term impact on microbial nitrogen cycling (Mary et al. 1996).
However, biochar treatments (BC1 and BC2) clustered sepa-
rately, indicating their role in long-term carbon stabilisation
rather than immediate microbial activation. It supports the
findings by Zhang, Qu, et al. (2022), which show that biochar
enhances soil carbon retention but does not always promote im-
mediate microbial respiration.

In Entisol, the clustering of TCS and MBC in BCP2 treatments
suggests that combining biochar with plant residues signifi-
cantly improved microbial carbon retention. It aligns with pre-
vious studies demonstrating that biochar is most effective in
low-carbon soils, enhancing microbial efficiency and prevent-
ing carbon losses through respiration (Steiner 2008). The strong
association between SC, MBN and NMR in biochar-treated
soils (BC1, BC2) indicates that biochar moderated nitrogen cy-
cling, reducing rapid nitrogen mineralisation and leaching (Li
et al. 2020).

In Mollisol, the clustering of CUE and nitrogen availability in
biochar treatments suggests that biochar improved microbial
efficiency by stabilising organic matter, leading to reduced
carbon losses through respiration. The close association be-
tween CO, emissions (qCO,) and Resp_R in plant residue
treatments confirms that microbial decomposition rates were

higher without biochar, increasing CO, emissions. This finding
aligns with research showing that plant residues enhance mi-
crobial respiration, whereas biochar moderates organic matter
decomposition, leading to more stable carbon retention (Cheng
et al. 2017).

These results show that biochar is most effective in stabilising
soil organic matter and enhancing microbial efficiency in low-
carbon soils (Entisols). In contrast, plant residues have a stron-
ger immediate effect in moderate-carbon soils (Alfisols). In
high-carbon soils (Mollisols), biochar mainly regulates micro-
bial activity rather than significantly altering carbon sequestra-
tion. Future studies should focus on long-term field applications
to assess biochar's persistence and its role in mitigating CO,
emissions under different soil conditions.

4.13 | The Principal Component Analysis (PCA)

The PCA results emphasise that microbial respiration and effi-
ciency depend heavily on soil type and treatment. Entisol exhib-
ited the highest respiration ratios, indicating higher microbial
carbon turnover and potential carbon loss (Blagodatskaya and
Kuzyakov 2008). In contrast, Mollisol showed lower respira-
tion ratios and more stable microbial efficiency, suggesting bet-
ter carbon retention and more sustainable microbial activity
(Cotrufo et al. 2013).

The higher qCO, values in Entisol and Alfisol suggest that mi-
crobial communities in these soils are under greater metabolic
stress. It aligns with previous findings indicating that low or-
ganic matter stability leads to inefficient microbial metabolism
and increased CO, emissions (Biswas and Kole 2017). The lower
qCO, values in Mollisol suggest that microbial communities in
this soil are more adapted to organic matter decomposition and
have a higher carbon use efficiency.

The biochar treatments (BC1, BC2, BCP1 BCP2) significantly
impacted microbial biomass and respiration. In Alfisol, BC1
and BC2 increased microbial biomass carbon (MBC), suggest-
ing improved microbial growth conditions. It is consistent with
previous studies indicating that biochar can enhance microbial
habitats by increasing nutrient retention and water-holding ca-
pacity (Atkinson 2018).

In Entisol, biochar treatments had mixed effects, with BCP2
leading to higher respiration and carbon loss. It suggests that
biochar-induced priming effects may have stimulated micro-
bial respiration and accelerated organic matter decomposition
(Lu et al. 2014). In Mollisol, microbial biomass and respiration
remained relatively stable across treatments, indicating greater
resilience to soil amendments.

The strong relationship between microbial nitrogen parameters
(MBN, MEN) and Alfisol and Entisol's respiration suggests that
these soils' microbial communities are nitrogen-limited. It sup-
ports the idea that organic amendments, such as biochar, im-
prove microbial nitrogen use efficiency and support microbial
biomass growth (Zhang et al. 2020). In Mollisol, nitrogen avail-
ability was more stable, suggesting that microbial activity in this
soil is less dependent on nitrogen inputs.
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The findings suggest that Entisol requires management strate-
gies to reduce carbon losses and improve microbial efficiency,
while Alfisol benefits from nitrogen-enhancing treatments.
Biochar treatments (particularly BC1 and BCP2) could improve
microbial biomass efficiency but may lead to higher respiration
and carbon turnover in certain soils (Pei et al. 2021). Mollisol
appears to be the most stable soil type, with microbial commu-
nities exhibiting greater disturbance resilience.

The PCA analysis confirmed that soil type and treatment
strongly influence soil microbial respiration, nitrogen availabil-
ity, and carbon use efficiency (Qiao et al. 2019). Future research
should focus on the long-term effects of biochar and organic
amendments on soil microbial stability and carbon sequestra-
tion, especially in high-respiration soils such as Entisol.

5 | Conclusion

This study demonstrated that black cumin residue and biochar
amendments significantly influenced soil microbial activity,
carbon sequestration and nitrogen cycling across different soil
types. The effects varied depending on soil properties, with
Entisol exhibiting the highest microbial respiration and nitro-
gen mineralisation, indicating a need for organic amendments
to improve fertility. In Alfisol, biochar contributed to long-term
carbon retention, while black cumin residue accelerated nitro-
gen availability. Mollisol showed minimal changes, suggesting
an inherently stable microbial community with efficient car-
bon use.

Biochar effectively enhanced microbial biomass and reduced
CO, emissions, making it a promising tool for long-term car-
bon sequestration. In contrast, black cumin residue provided
a short-term microbial energy source, increasing respiration.
Combining biochar and residue balanced microbial activity and
carbon stability, optimising nutrient availability and organic
matter retention.

The microbial efficiency indicators showed that biochar in-
creased carbon use efficiency (CUE) and microbial biomass car-
bon (MBC), reducing unnecessary carbon losses. The metabolic
quotient (qCO,) confirmed that Entisol and Alfisol soils expe-
rienced greater microbial stress, while Mollisol exhibited more
stable microbial efficiency.

These findings suggest that soil-specific management strategies
are necessary to maximise amendment benefits. Higher biochar
doses are recommended for degraded Entisols, while a balanced
biochar and organic residue approach suits Alfisols. As nat-
urally rich in organic matter, Mollisols benefit primarily from
biochar's stabilising effect. Future research should explore long-
term microbial responses and biochar interactions with other
organic amendments to develop more effective carbon seques-
tration and soil fertility strategies.
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