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Developing successful mitigation strategies for greenhouse gases (GHGs) from crop
residue returned to the soil can be difficult due to an incomplete understanding of
factors controlling theirmagnitude and direction. Therefore, this study investigates the
effects of varying levels of wheat residue (WR) and nutrient management on GHGs
emissions (CO2, N2O, and CH4) across three soil types: Alfisol, Vertisol, and Inceptisol.
A combination of laboratory-based measurements and a variety of data analysis
techniqueswas used to assess theGHG responses under four levels ofWR inputs (0, 5,
10, and 15 Mg/ha; WR0, WR5, WR10, and WR15) and three levels of nutrient (NP0: no
nutrient, NP1: nutrients (N and P) were added to balance the residue C/nutrient
stoichiometry of C/N/P= 100: 8.3: 2.0 to achieve 30% stabilization of added residue C
input at 5 Mg/ha (R5), and NP2: 3 × NP1). The results of this study clearly showed that
averaged across residue and nutrient input, Inceptisol showed negative N2O flux,
suggesting consumption which was supported by its high legacy phosphorus
(19.7 mg kg⁻1), elevated pH (8.49), and lower clay content (13%), which reduced
microbial activity, as indicated by lower microbial biomass carbon (MBC) and alkaline
phosphatase (Alk-P) levels. N2O emissions were more responsive to nutrient inputs,
particularly in Vertisol under high WR (15 Mg/ha) input, while CH4 fluxes were
significantly reduced under high residue inputs, especially in Vertisol and Inceptisol.
Alfisol exhibited the highest total carbon mineralization and GWP, with cumulative
GWP being 1.2 times higher than Vertisol and 1.4 times higher than Inceptisol across
residue and nutrient input. The partial least square (PLS) regression revealed that
anthropogenic factors significantly influenced CO2 and N2O fluxes more than CH4.

Theanthropogenicdrivers contributed62%and44%of thevarianceexplained forN2O
and CH4 responses. Our study proves that different biogeochemical mechanisms
operate simultaneously depending on the stoichiometry of residue C and nutrients
influencing soil GHG responses. Our findings provide insight into the relative
contribution of anthropogenic and natural drivers to agricultural GHG emissions,
which are relevant for developing process-based models and addressing the broader
challenge of climate change mitigation through crop residue management.
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1 Introduction

Nitrous oxide (N₂O) and methane (CH₄) are two of the most
significant greenhouse gases (GHGs) associated with agriculture,
primarily due to their substantial global warming potentials 273 and
27 times higher than carbon dioxide (CO₂), respectively (Nabuurs
et al., 2022). As global concerns about climate change intensify,
understanding the sources and drivers of these emissions becomes
increasingly important. Agricultural soils, which are vital for food
production, are also major sources of N₂O and CH₄, driven by both
natural factors and human activities (Gatica et al., 2020; Abalos et al.,
2022). While there is consensus that both natural (e.g., soil type,
climate) and anthropogenic (e.g., intensive agriculture, enhanced
inputs) factors contribute to GHG emissions, the specific roles and
relative magnitudes of these drivers are still subjects of active
research and debate (Abalos et al., 2022; Wang C. et al., 2021).

Agricultural soils are currently the leading anthropogenic source
of N₂O and CH₄ emissions, largely due to the intensification of high-
input agricultural activities aimed at meeting the food demands of
an expanding global population (Fontaine et al., 2004; Della Chiesa
et al., 2019; Gatica et al., 2020). The extensive use of synthetic
fertilizers, coupled with crop residue management practices, has
significantly increased the fluxes of these gases from soils (Oertel
et al., 2016; Wang X. D. et al., 2021; Abalos et al., 2022). However,
natural factors such as soil type defined by long-term climate,
topography, vegetation, and parent material (Dror et al., 2022)
also play a critical role in modulating the magnitude of these
emissions (Wang C. et al., 2021). The interaction between these
natural factors and anthropogenic activities adds complexity to our
understanding of GHG sources and emissions, particularly
considering agricultural systems’ spatial and temporal variability.

The global agricultural landscape is diverse, with a wide range of soil
types that differ in physical and chemical properties. This diversity is
especially pronounced in India, where soil types vary significantly across
regions due to the country’s varied climate, topography, and vegetation
(Chandrakala et al., 2021). These soil types inherently possess different
capacities for GHG emissions, influenced by factors such as soil texture,
organic matter content, pH, and cation exchange capacity (Wang X. D.
et al., 2021; Ren et al., 2024). Soil texture, an inherent property, influences

GHG emission through its effects on soil porosity, aeration, moisture
retention, and organic matter decomposition, affecting oxygen availability
and thus changing the proportion of GHGs attributed to aerobic
nitrification/methanotrophy and anaerobic denitrification/
methanogenesis (Ball, 2013). For instance, clayey soils, with their
higher water retention, tend to promote anaerobic conditions
conducive to the production of N₂O and CH₄, while sandy soils, with
better aeration,may releasemoreCO₂but lower amounts ofN₂OandCH₄
(Oertel et al., 2016; Yu et al., 2019). N2O emission flux and production
potential were higher in clay than in loam soil (Liu et al., 2023a).

Other soil parameters, such as pH (Šimek and Cooper, 2002), cation
exchange capacity (CEC) (Li et al., 2021b), sorption capacity of soil
particles for soil organic matter (Cui et al., 2023), and clay mineralogy
(Rakhsh et al., 2017), further modulate GHG emissions. For instance,
soil pH can influence themicrobial processes that drive GHG emissions,
with studies showing varying effects depending on the specific soil type
and environmental conditions (Wang C. et al., 2021). The analyses of
50 years of published data sets showed that nitrous oxide emissions were
less in acidic than in neutral or slightly alkaline soils (Šimek and Cooper,
2002). Contrarily, N2O emissions for field experiments showed that
nitrous oxide emissions are generally lower for soils with elevated
pH values (Pfülb et al., 2024). A lower soil pH of 5.7 in silt clay
loam soil in a wet climate increased the emissions of N2O during
denitrification by suppressing the reduction of N2O to N2 as compared
to a soil pHof 7.0 in sandy loam soils in a drier climate (Hargreaves et al.,
2021). In a laboratory study, soils of varying textures exhibited a negative
nonlinear correlation between soil pH and the N2O/(N2+N2O) ratio
(Khalifah and Foltz, 2024). Similarly, the CEC of soil, which is
determined by its clay content and type, affects the soil’s ability to
retain nutrients and organic matter, thereby influencing GHG fluxes (Li
et al., 2021b). Soils with high CEC, such as those rich in smectitic clays,
tend to retain more organic matter and nutrients, which can lead to
higher GHG emissions under certain conditions. Conversely, soils with
low CEC, such as those dominated by kaolinitic clays, may mineralize
soil organic carbon more rapidly, resulting in different patterns of GHG
emissions (Rakhsh et al., 2017). The NH4-N contents and AOA amoA
and nirS gene copies were lower in the silty clay soil than in the sandy
clay loam soil, which had a high clay content and cation exchange
capacity. Consequently, theN2O emissions were higher in the sandy clay
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loam soil (low sand content and cation exchange capacity) than in the
silty clay soil (high clay content and cation exchange capacity) (Yu et al.,
2019). These inherent soil properties (natural factors), combined with
the effects of agricultural practices (anthropogenic), create a complex
web of interactions that determine the net GHG emissions from
agricultural soils.

Accurate estimates of the source effect on N₂O and CH₄ emissions
from agricultural soils are vital due to the global importance of
agriculture in food supply and GHG emissions (Li et al., 2021b;
Wang X. D. et al., 2021; Shumba et al., 2023). Mitigation
approaches must account for anthropogenic activities, especially
given recent global soil management attempts to increase organic
carbon, productivity, and GHG emissions (Della Chiesa et al., 2019;
Gatica et al., 2020). Crop residue burning in North and Central India,
especially rice and wheat, causes air pollution and GHG emissions
(Golchin and Misaghi, 2024; Shakoor et al., 2022; Singh et al., 2020).
Sustainable alternatives include returning residues to the soil to
alleviate environmental issues. This recycles nutrients, promotes soil
health, and retains water (Shakoor et al., 2022; Singh et al., 2020; Singh
et al., 2014). While improving soil organic matter and crop nutrition
may also increase GHG emissions such as NOx, CH₄, and CO₂ (Lenka
et al., 2021; Lenka et al., 2022; Abalos et al., 2022; Li et al., 2022). Several
theories have been proposed to explain responses of GHG fluxes
caused by the combined inputs of mineral nutrients and residue,
including changes in soil mineral nitrogen (nitrate N, NO3-N and
ammoniacal N, NH4-N) (Fang et al., 2018; Li et al., 2021a), soil labile C,
extracellular enzyme activity, especially alkaline phosphatase,
microbial biomass carbon (Lenka et al., 2022), microbial nutrient
mining, and microbial stoichiometry decomposition (Fang et al.,
2018; Li et al., 2021a; Singh et al., 2024). Adding crop residues
provides a source of organic carbon that can stimulate microbial
activity in the soil (Li et al., 2018). This, in turn, can lead to
increased decomposition rates of both the added residues and
native soil organic matter (Lenka et al., 2019), potentially
influencing GHG fluxes (CO2, CH4, and N2O) due to the increased
mineralization and bio-geochemical processes regulating GHG fluxes
(Fontaine et al., 2004; Li et al., 2021b). High residue and zero/low
nutrient input create C-rich and nutrient-poor systems, leading to
nutrient mining and immobilization of NO3-N and NH4-N due to
microbial demand for nitrogen during decomposition (Fang et al.,
2018; Lenka et al., 2022; Liu et al., 2023a), leading to fluctuations in
their availability for processes driving GHG fluxes (denitrification/
methanogenesis/methanotrophy). Contrarily, the combined
application of mineral nutrients (N and P) along with C-rich
residues may stimulate the growth and activity of microbial
communities, with changes in microbial C: N: P stoichiometry
during decomposition while expediting the fate of added residue C
in stable pools of SOMwith a constant C-to-nutrient ratio (Fang et al.,
2019). Increased residue and nutrient application rates elevate nitrate
(NO3-N) and ammoniacal nitrogen (NH4-N) levels, enhancing soil
fertility (Singh et al., 2020). Crop residues contribute to higher labile
carbon, which boosts microbial activity and nutrient cycling. That, in
turn, promotes the production of enzymes like alkaline phosphatase,
aiding phosphorus availability (Yang et al., 2021). Additionally,
increased organic matter from residues raises MBC, further
supporting microbial processes and soil health (Joshi et al., 2024;
Ren et al., 2024; Singh et al., 2024; Wang C et al., 2021). Furthermore,
although there have been a number of studies on the magnitude of soil

GHG fluxes, the relative effect of source effect (anthropogenic vs
natural) underlying GHG fluxes in response to varied input levels of
crop residues and mineral nutrients (anthropogenic sources) under
different soil types (natural effect) is still unclear and limited.

One of the important aspects of this study is the use of advanced
statistical analysis and machine learning to disentangle the relative
contributions of various factors to GHG emissions. Machine learning
offers powerful tools for handling the complexity and variability
inherent in agricultural systems (Joshi et al., 2024; Xu et al., 2024),
allowing for the identification of patterns and relationships that may
not be apparent through traditional statistical methods (Magazzino
et al., 2024). By leveraging these techniques in our study, we hope to
provide more accurate predictions of GHG emissions under different
management scenarios, which can be used to guide policy and practice
in agriculture. This study hypothesizes that greenhouse gas emissions
and carbon mineralization are primarily driven by the interaction of
residue and nutrient management with soil type, with anthropogenic
factors playing a larger role than natural factors and specific soil and
microbial properties serving as key predictors of these emissions. Our
study addresses this need by investigating the effects of varying levels
of crop residue and nutrient inputs on GHG emissions and carbon
mineralization across three contrasting soil types (Vertisol, Alfisol,
and Incetisol) in India. The objectives were to (1) assess the impact of
different residue and nutrient management practices on GHG
emissions and carbon mineralization, (2) quantify the relative
contributions of natural and anthropogenic factors to GHG
emissions using machine learning techniques, and (3) identify the
predominant predictor variables that influence GHG emissions in
residue-returned soils. To achieve the objectives of the study, we
employed a combination of laboratory-based incubation experiments
and advanced data analysis methods to analyze the complex
interactions between soil properties, residue inputs, and nutrient
management practices.

2 Materials and methods

2.1 Soil and wheat residue

The surface soils were collected from 0 to 15 cm soil depth from
three predominant soil types of India according to the USDA soil
taxonomy 1) Alfisol (mixed hyperthermic VerticHaplustalfs) was
collected from the farmer’s field (21.96°N latitude and 77.74°E
longitude) in Betul district of Madhya Pradesh under maize-fallow
cropping sequence, 2) Inceptisol (mixed hyperthermic Typic
Haplustept) was collected from the farmer’s field (26.41°N latitude
and 80.23°E longitude) in Kanpur district of Uttar Pradesh under rice-
wheat cropping system, and 3) Vertisol (Isohyperthermic Typic
Haplustert) was taken from the experimental farm (23.31°N latitude
and 77.41°E longitude) of ICAR-Indian Institute of Soil Science under
soybean-wheat cropping system. In the laboratory, air-dried soils, after
carefully removing the recognizable gravels and debris (≥2 mm), were
passed through a 2 mm sieve by gently breaking the clods along planes
of weakness by hand, thus preserving soil aggregation. The wheat crop
residue was collected after the harvest of wheat from an experimental
plot under a long-term soybean-wheat cropping system at a
recommended dose of fertilizer in the research farm of the Indian
Institute of Soil Science. For the residue treatment, the wheat residues
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were pulverized after air drying and sieved to a size of 2 mm. An
elemental analyzer (NC analyzer, Thermofisher, Flash 2,000model) was
used to determine total C andN concentrations in soil and residues.We
used sulphuric acid-perchloric acid digestion and molybdenum
antimony colorimetric estimation (Page et al., 1982) to determine
total P concentration in soil and residue. The basic properties of soil
and wheat residues are presented in Table 1.

2.2 Incubation experiment

Soil microcosms were prepared by taking 40 g of soil in a 100 mL
beaker placed inside 461 mL glass jars with septum-fitted lids for gas
sampling. After a 10-day pre-incubation at 70% moisture and room
temperature, the experiment was conducted with varying residue
and nutrient inputs at 80% field capacity. Wheat residues were
applied at four levels: 0, 90, 180, and 270 mg (dry weight), which was
equivalent to 0 (WR0), 5 (WR5), 10 (WR10), and 15 (WR15)
Mg ha−1, respectively. The crop residues (<2 mm) were
completely mixed with soil (<2 mm) for incubation based on a
10 cm incorporation depth in the field. After residue addition, the
nutrient solution was added to all the WR treatments at three levels:
1) NP0: no nutrient, 2) NP1, nutrients (N and P) were added to
balance the residue C/nutrient stoichiometry of C/N/P= 100: 8.3: 2.0
(Fang et al., 2020) to achieve 30% stabilization of added residue C
input at 5 Mg/ha (R5), and 3) NP2 = 3 × NP1. Therefore, the
nutrient addition altered nutrient stoichiometry in WR treatments,
and the achieved stoichiometry in each treatment combination is
shown in Supplementary Table S1. Nutrient solutions
corresponding to nutrient levels were prepared using AR grade
urea and potassium dihydrogen phosphate, and 10 M sodium
hydroxide solution was used to modify the pH of the nutrient

solution to 7. All treatments were replicated three times and
incubated at 30°C incubation temperature at 80% FC moisture
content. The incubation temperature was selected because the
aboveground mean annual surface temperature is ca. 30°C in
sub-tropical and semi-arid regions during different crop-growing
seasons (Lenka et al., 2022). Triplicate empty glass jars were also
incubated to account for the headspace GHGs. Field capacity (FC)
was measured at matric potentials of −33 kPa using sieved (<2 mm)
soil samples in pressure plate extractors from Soil Moisture
Equipment Corp., Santa Barbara, CA, with FC moisture content
at 0.14 m3m−3. Soil moisture was maintained through regular
weighing and water addition to compensate for evaporation
losses during gas sampling intervals.

2.3 GHG sampling and measurements

The GHG fluxes from different treatments were measured in
gas chromatography (Agilent Technologies model 7890A).
Headspace gases were drawn from the incubation jars using a
syringe and immediately transferred to a 10 mL evacuated glass
at frequent intervals for 96 days of incubation. The CH4/CO2/
N2O flux rate was calculated as the change in headspace N2O/
CH4/CO2 concentration using the ideal gas law and molecular
weight. Cumulative N2O, CH4, and CO2 emissions were
determined by linear integration of daily fluxes. The global
warming potential of CO2-equivalent was calculated by
multiplying the cumulative N2O and CH4 emissions by their
respective radiative forcing potentials using the following
equation (Singh et al., 2024):

GWP (mg CO2 eq. kg
−1 soil) = CH4 (mg kg−1 soil) × 27.2 + N2O

(mg kg−1 soil) × 273 + CO2 (mg kg−1 soil) × 1

TABLE 1 Basic properties of soils and wheat stem residue.

Properties Alfisol Inceptisol Vertisol Wheat stem

pH 5.70 ± 0.02 8.49 ± 0.02 8.31 ± 0.02

EC (dS/m) 0.23 ± 0.01 0.38 ± 0.01 0.65 ± 0.02

CEC (C mol P+ kg−1) 13.78 ± 0.38 19.27 ± 0.14 43.32 ± 0.17

N (mg/kg) 97.4 ± 1.29 82.6 ± 0.81 67.9 ± 1.21

P (mg/kg) 8.5 ± 0.10 19.7 ± 0.10 3.7 ± 0.06

K (mg/kg) 58.0 ± 0.29 83.3 ± 1.01 257.0 ± 0.87

TN (%) 0.06 ± 0.002 0.06 ± 0.003 0.08 ± 0.001 0.56 ± 0.01

TC (%) 0.67 ± 0.01 0.79 ± 0.01 1.01 ± 0.01 44.78 ± 0.02

TP (%) — — — 0.01 ± 0.001

C: N 11.87 ± 0.33 12.68 ± 0.33 11.87 ± 0.33 79.5 ± 0.51

C: P — — — 3,444.6 ± 0.55

Sand (%) 64 ± 0.002 63 ± 0.001 23 ± 0.002

Silt (%) 11 ± 0.001 24 ± 0.001 27 ± 0.0002

Clay (%) 25 ± 0.0001 13 ± 0.0001 50 ± 0.001

Texture Sandy clay Loam Sandy loam Clay

The values are mean ± standard error (n = 3).
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2.4 Post incubation soil properties

After the incubation period of 96 days, soil samples were
analyzed for relevant soil properties such as soil minerals
nitrogen (NO3-N and NH4-N), alkaline phosphatase, soil
microbial biomass carbon (SMBC), and labile SOC following
standard analytical procedures. The moisture content was
determined gravimetrically using the oven-dry method in a
part of the moist composite soil samples. Soil mineral
nitrogen was estimated after extraction in 2M KCl, and
subsequent analysis employed standard methods (Kempers,
1974). Labile SOC calculations utilized the potassium
permanganate oxidation method (Blair et al., 1995; Islam
et al., 2003) and measured alkaline phosphatase (alk-P) as an
indicator of P demand (Alef and Nannipieri, 1995). Soil MBC was
determined by a fumigation-extraction method, and a conversion
factor of 0.45 was applied to determine MBC (Joergensen and
Brookes, 1990).

2.5 Statistical analysis

All data underwent tests for normality and homogeneity of
variance, with transformations applied as needed. Statistical analyses
were performed using SPSS software (version 21.0, SPSS Inc.,
Chicago, IL, United States), setting a significance threshold of p =
0.05. The general linear model univariate ANOVA was employed,
followed by Tukey’s HSD test for multiple comparisons of means.
The relative effect of management variables (residue and nutrient
input, soil moisture), post-harvest soil parameters (NO3-N, NH4-N,
MBC, labile C, and alk-P) and inherited soil parameters (pH, CEC,

clay, sand, silt, TC, TN, legacy P and K) on soil GHG emission (CO2/
CH4/N2O) was evaluated using Pearson correlation (two-tailed
significance) and partial least squares (PLS) regression models.
The variable influence on projection (VIP) score of value >0.8
(Gómez-Gener et al., 2018) was used to identify the potential
drivers of soil GHG emission. The PLS model fitting and cross-
validation details are presented in the supplementary file. The model
performance was analyzed using the root mean square error
(RMSE), adjusted (R2) coefficient of determination, and p-value
between observed and predicted values due to their robustness,
simplicity, and widespread use. Finally, the effect size (VIP scores)
were grouped into two broad categories: anthropogenic (WR input,
the stoichiometry of C: N, C: P, N input, MBC, NO3-N, NH4-N,
SMBC, labile C, alk- P) and natural drivers (pH, CEC, clay, sand, silt,
TC, TN, legacy P, and K). All the graphs were constructed using
Origin Pro, version 2024b (Origin Lab Corporation, Northampton,
MA, United States).

3 Results

3.1 Total C mineralization

Total C mineralization was significantly influenced by the main
effects of soil type, wheat residue (WR) input, and the interactive effect
of soil type andWR only (Supplementary Table S2; Figure 1). The total
cumulative Cmineralization ranged from 416.02 mg C kg−1 soil (WR15
+ NP2 in Alfisol) to 27.33 mg C kg−1 soil in treatment WR0 + NP0 in
Inceptisol over 96 days of incubation (Table 2). Averaged across
nutrient and residue input, C mineralization was significantly the
highest in Alfisol, 1.3 times Vertisol, and 1.4 times Inceptisol;

FIGURE 1
Effect of wheat residue (WR) input and soil type (Vertisol: Vert; Alfisol: Alf; Inceptisol: Incept) on total cumulative C mineralization (mg C kg−1 soil)
averaged across nutrient input over 96 days of incubation. Vertical bars represent the mean ± standard error (n = 3). Different lower-case letters indicate
significant differences among treatments at α < 0.05.
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TABLE 2 Effect of varied wheat residue and nutrient input on cumulative soil GHG emission (CO2, CH4, and N2O) and global warming potential under
different soil types over 96 days of incubation.

Soil
type

Wheat
residue

Nutrient CO2

(mg C kg−1 soil)
CH4

(µg C kg−1 soil)
N2O

(µg N kg−1 soil)
GWP

(mg CO2-C eq. kg−1

soil)

Alfisol WR0 NP0 57.21 jkl −3.53 cd 19.29 cdefg 210.75 mn

Alfisol WR0 NP1 64.15 ijkl 2.69 bcd 34.31 bcd 230.35 lmn

Alfisol WR0 NP2 52.80 kl 5.78 bcd 18.11 cdefgh 189.41 mn

Inceptisol WR0 NP0 35.04 kl 2.61 bcd −4.06 ijklmn 126.24 n

Inceptisol WR0 NP1 27.33 l −2.18 cd −7.53 klmn 96.70 n

Inceptisol WR0 NP2 29.00 l 1.57 bcd 24.75 cdef 116.58 n

Vertisol WR0 NP0 43.18 kl −5.13 d −3.36 ijklmn 156.88 mn

Vertisol WR0 NP1 30.01 l 0.54 bcd 13.97 efghij 116.11 n

Vertisol WR0 NP2 37.49 kl −1.91 cd 29.66 bcde 150.06 mn

Alfisol WR5 NP0 117.77 ghijkl 1.35 bcd 3.33 ghijklm 427.12 ijklmn

Alfisol WR5 NP1 175.16 defgh 3.69 bcd 13.87 efghij 624.05 fghijk

Alfisol WR5 NP2 134.42 fghijk 3.53 bcd 24.18 cdef 498.05 hijklm

Inceptisol WR5 NP0 108.03 ghijkl 23.42 a −8.55 klmn 391.69 ijklmn

Inceptisol WR5 NP1 89.56 hijkl 13.33 ab 7.26 fghijk 330.11 klmn

Inceptisol WR5 NP2 99.14 ghijkl 12.22 ab −1.72 ijklmn 362.58 jklmn

Vertisol WR5 NP0 117.16 ghijkl 1.50 bcd −14.63 mn 412.26 ijklmn

Vertisol WR5 NP1 97.27 ghijkl 6.54 bcd −0.38 ghijklm 431.78 ijklmn

Vertisol WR5 NP2 129.48 ghijkl −3.84 cd 37.24 bc 793.24 cdefgh

Alfisol WR10 NP0 238.74 bcde 7.06 bcd 5.70 fghijkl 851.86 cdefgh

Alfisol WR10 NP1 243.20 bcde 1.18 bcd 7.12 fghijk 884.96 cdefgh

Alfisol WR10 NP2 248.21 bcde 5.91 bcd 45.61 b 910.18 cdefgh

Inceptisol WR10 NP0 163.06 efghi 6.90 bcd −20.82 n 588.54 ghijkl

Inceptisol WR10 NP1 197.90 cdefg 8.96 bc −13.93 lmn 717.79 efghij

Inceptisol WR10 NP2 156.93 efghij 5.65 bcd 24.63 cdef 585.03 ghijkl

Vertisol WR10 NP0 169.61 efgh −2.49 cd −8.93 klmn 743.98 defghi

Vertisol WR10 NP1 237.28 bcde −3.15 cd −3.32 ijklmn 684.71 efghijk

Vertisol WR10 NP2 188.74 defgh −3.12 cd 15.43 defghi 954.65 cdef

Alfisol WR15 NP0 322.01 ab 1.31 bcd 9.27 fghijk 1,135.18 abc

Alfisol WR15 NP1 413.85 a 1.09 bcd 6.17 fghijk 1,440.75 ab

Alfisol WR15 NP2 416.06 a 2.38 bcd 24.24 cdef 1,489.76 a

Inceptisol WR15 NP0 315.22 ab 6.26 bcd −1.24 hijklmn 1,154.43 abc

Inceptisol WR15 NP1 297.45 bc 4.20 bcd −5.30 jklmn 1,088.71 bcd

Inceptisol WR15 NP2 233.36 bcdef 2.96 bcd −3.77 ijklmn 852.23 cdefgh

Vertisol WR15 NP0 310.18 b −6.64 d −4.00 ijklmn 999.84 cde

Vertisol WR15 NP1 274.32 bcd −4.28 cd −3.74 ijklmn 1,113.22 bc

Vertisol WR15 NP2 274.66 bcd −6.09 d 128.41 a 1,012.14 cde

Note:WR: wheat residue input (WR0: @ 0Mg/ha;WR5: @ 5Mg/ha,WR10: @ 10Mg/ha, andWR15: @ 15Mg/ha), and nutrient input (NP0: no nutrient; NP1, NP2 = 3xNP1). Nutrient input (N

and P) in NP1 balanced the residue C/nutrient stoichiometry to achieve 30% stabilization of the residue C input in WR5: @ 5 Mg/ha.
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however, the effect of Vertisol was comparable to Inceptisol. Wheat
residue input significantly enhanced total cumulative C mineralization;
the order wasWR15 (317.46 mg C kg−1) >WR10 (204.85 mg C kg−1) >
WR5 (118.67 mg C kg−1) > WR0 (41.80 mg C kg−1) averaged across
nutrient input and soil types. High nutrient input increased the total
cumulative C mineralization, but the effect was comparable to
NP0 across soil type and WR input.

3.2 Soil N2O flux

The cumulative N2O flux was significantly influenced by the main
factors of wheat residue input, nutrient levels, and soil type (Table 2;
Supplementary Table S2). Unlike total C mineralization, there was a
significant three-factor interaction of wheat residue, nutrients, and soil
type on the cumulative N2O flux over 96 days of incubation. For
example, nutrient input (NP2, C/N/P = 100:8.3:2.0) had the highest
N2O flux of 128.41 μg N kg−1 soil in the high-residue (WR15) input
treatment Vertisol compared to the lowest value (−20.82 μg N kg−1 soil)
in WR10 + NP0 (C/N/P > 100:8.3:2.0) under Inceptisol (Table 2;
Figure 3). The negative flux indicates N2O consumption. The
cumulative N2O flux over the 96-day incubation period was similar
in the Alfisol (17.60 μg N kg−1 soil) and Vertisol (15.53 μg N kg−1 soil)
across residue and nutrient input levels. Nutrient (NP) input

significantly enhanced the cumulative N2O flux; the trend was
NP2 > NP1 > NP0. However, the effect of wheat residue was
inconsistent with WR15 ≈ WR0 > WR5 ≈ WR10 across nutrient
input and soil type, indicating a nonlinear response of cumulative N2O
emission with WR rate (Figure 2; Supplementary Figure S2). The
negative N2O flux of cumulative N2O emission in Inceptisol at all
WR levels (cf. WR0) indicates the sink capacity of the soil (Figure 3;
Supplementary Figure S2).

3.3 Soil CH4 flux

High input of wheat residue (WR15 and WR10) significantly
decreased cumulative CH4 flux compared with WR0 and WR5, the
order beingWR5 (6.86 μg C kg−1 soil) >WR10 (2.99 μg C kg−1 soil) ≈
WR15 (0.13 μg C kg−1 soil) ≈ WR0 (0.05 μg C kg−1 soil) across
nutrient management and soil type. The main factors of soil type
and residue input significantly influenced the cumulative CH4 flux
(Supplementary Table S2). In addition, a significant interaction of
WR × soil type occurred; that is, high residue input (WR10 and
WR15) only decreased cumulative CH4 flux in Vertisol and
Inceptisol (Figure 4A). However, in Alfisol, cumulative CH4 flux
increased with WR input to WR10 (@10 Mg/ha) and then declined
at WR15. Significant interaction effect of soil type x NP (p = 0.053)

FIGURE 2
A sunburst chart illustrating the percent share effect of wheat residue input (WR0, WR5, WR10, and WR15) and soil type (Vertisol: Vert; Alfisol: Alf;
Inceptisol: Incept) on total cumulative N2O flux (µg N kg−1 soil) over 96 days of incubation.
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showed different responses of soil type to increment in nutrient
input (Supplementary Table S2); the response was linear in Alfisol,
curvilinear in Vertisol, and nonlinear in Inceptisol (Figure 4B),
across residue input. The cumulative CH4 flux ranged from
23.42 μg C kg−1 soil WR5 + NP0 (C/N/P > 100: 8.3: 2.0) in
Inceptisol to −6.64 μg C kg−1 in treatment WR15 + NP0 (C/N/
P > 100: 8.3: 2.0) under Vertisol, negative values indicate CH4

consumption from ambient (Table 2).

3.4 Global warming potential (GWP)

The cumulative GWP was significantly the highest in the Alfisol,
1.2 times Vertisol, and 1.4 times Inceptisol across residues and
nutrient inputs (Figure 5; Supplementary Figure S3). GWP increased
significantly (p < 0.001) with the residue input in all soil types
(Figure 5), and the trend followed the orderWR15 (1,142.9 mg CO2-
C eq. kg−1 soil) > WR10 (769.1 mg CO2-C eq. kg−1 soil) > WR5
(474.5 mg CO2-C eq. kg−1 soil) > WR0 (154.8 mg CO2-C eq. kg−1

soil) (Supplementary Figure S3). The interactive effect of WR × soil
type x NP was significant (p = 0.047), andWR x soil type (p = 0.007)
on cumulative GWP over 96 days of incubation (Supplementary
Table S2). Therefore, the highest interactive effect was in the
treatment WR15 (@15 Mg/ha) + NP2 (C/N/P = 100: 8.3: 2.0) in
Alfisol (1,489.76 mg CO2-C eq. kg−1 soil) and the lowest in WR0 (no
residue) + NP1 (C/N/P < 100: 8.3: 2.0) in Inceptisol (96.70 mg CO2-
C eq. kg−1 soil) (Table 2).

3.5 Acquired soil properties

3.5.1 Labile soil organic carbon
The active soil organic carbon pool was measured as labile C and

microbial biomass carbon (MBC). There was a significant
interaction (p = 0.015) of wheat residue, nutrients, and soil type
on the labile C after 96 days of incubation. The input of high residue
(WR15) levels in Alfisol at NP1 and NP2 (528.87 mg C kg−1 soil)
showed the highest labile C compared with zero residues (WR0) in

FIGURE 3
Effect of wheat residue (WR0, WR5, WR10, and WR15) and nutrient (NP0, NP1, and NP2) input on total cumulative N2O flux (µg N kg−1 soil) under
three soil types (Vertisol: Vert; Alfisol: Alf; Inceptisol: Incept) over 96 days of incubation. Vertical bars represent themean ± standard error (n = 3). Different
lower-case letters indicate significant differences among treatments at α < 0.05.

FIGURE 4
Interactive effect of (A) wheat residue (WR0, WR5, WR10, and WR15) and soil type (Vertisol: Vert; Alfisol: Alf; Inceptisol: Incept); (B) soil type and
nutrient input (NP0, NP1, and NP2) on total cumulative CH4 flux (µg C kg−1 soil) over 96 days of incubation. Vertical bars represent the mean ± standard
error (n = 3). Different lower-case letters indicate significant differences among treatments at α < 0.05.
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Inceptisol at NP0 (142.26 mg C kg−1 soil) (Table 3). Nutrient input
usually had no impact on labile C (Supplementary Table S2);
however, the interaction of residue input and soil type was
significant (Figure 6); that is, high residue input (WR15) in
Alfisol significantly increased the labile C compared with
Inceptisol and Vertisol, Alfisol was higher by 2.27 and 2.28 times
compared with Inceptisol and Vertisol, respectively. Residue input
increased the labile C with the effect of WR15 comparable to
WR10 and WR5 comparable to WR0.

3.5.2 Microbial biomass carbon (MBC)
Microbial biomass C was significantly higher in the Vertisol

than in Alfisol and Inceptisol and increased with residue and
nutrient input (Figure 6; Table 3). However, the effect of residue
levels (cf. WR0) was comparable in all three soil types
(Figure 6B). Except Vertisol wheat residue input (cf. WR0)
did not significantly increase the MBC in the other two soil
types (Inceptisol and Alfisol). The highest effect was observed in
treatment receiving WR10 NP0 (C/N/P > 100: 8.3: 2.0) in
Vertisol (895.42 mg C kg−1 soil) and the lowest in WR10 NP1
(C/N/P > 100: 8.3: 2.0) in Inceptisol (79.18 mg C kg−1 soil)
because of the significant interaction between soil type, WR and
NP (Supplementary Table S2). There were no differences in MBC
between nutrient inputs in all soil types; however, the significant
interaction between soil type and nutrient input showed the
highest MBC in Vertisol (cf. Inceptisol) at all nutrient
levels (Figure 6C).

3.5.3 Mineral N pool
The soil nitrate (NO3-N) and ammonical N (NH4-N) account

for mineral N. The main factors and interaction effects of soil type,
residue, and nutrient input were significant except for WR × NP
(Supplementary Table S2). The NO3-N ranged from
110.57 mg N kg−1 soil (WR0 + NP2 in Vertisol) to
6.80 mg N kg−1 soil (WR15 + NP0 in Alfisol) (Table 3). High
residue and no nutrient input decreased the NO3-N concentration in
all soil types (Supplementary Figure S4A). Among the soil types,
Vertisol had 1.4 times higher NO3-N than Inceptisol and 2.4 times
Alfisol (Supplementary Figure S4B). Similarly, NH4-N significantly
responded to the interactive effect of residue and nutrient input and
soil types (p < 0.0001) (Supplementary Table S2); that is, high
residue input (WR15) in Vertisol at nutrient level NP2 and
NP1 showed the highest concentration among all treatments
compared to low residue input (WR0 and WR5) in Inceptisol at
nutrient level NP0 and NP1 (Table 3), the mean values ranged from
1.63 to 104.89 mg N kg−1 soil. Similar to NO3-N, Vertisol had
2.8 times higher NH4-N than Inceptisol and 4.1 times Alfisol
(Supplementary Figure S5).

3.5.4 Extracellular enzyme activity
Alkaline phosphatase (Alk-P) was estimated in this study

because it is an essential extracellular enzyme that responds to
different levels of residues and nutrient management, influencing
nutrient stoichiometry C/N/P. Across soil types, residue input (@ 5,
10, and 15 Mg/ha) significantly increased the Alk-P compared with

FIGURE 5
Radar graph illustrating the effect of (a) wheat residue (WR0, WR5, WR10, and WR15) and soil type (Vertisol: Vert; Alfisol: Alf; Inceptisol: Incept)
averaged across nutrient input on total cumulative CH4 flux (µg C kg−1 soil) over 96 days of incubation. The details of the statistical analysis are given in
Table 1 and shown in Supplementary Figure S3.
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TABLE 3 Effect of varied wheat residue and nutrient input on relevant post incubation soil properties under different soil types over 96 days of incubation.

Soil type Wheat
residue

Nutrient NO3-N
(mg N kg−1 soil)

NH4-N
(mg N kg−1 soil)

Labile C
(mg C kg−1 soil)

SMBC
(mg C kg−1 soil)

Alk. P
(mg P-nitrophenol kg−1 soil h−1)

Alfisol WR0 NP0 28.15 efghi 3.14 ij 426.54 c 418.53 ijk 130.98 ijklmn

Alfisol WR0 NP1 33.65 defg 11.58 hij 422.57 c 613.82 fg 246.09 bcdef

Alfisol WR0 NP2 39.37 de 23.44 fgh 419.86 c 489.40 hij 86.33 klmnop

Inceptisol WR0 NP0 25.85 efghij 25.85 efgh 142.26 j 133.40 opq 53.16 mnop

Inceptisol WR0 NP1 20.75 ghijkl 20.75 fghi 190.17 efghij 135.62 opq 50.83 mnop

Inceptisol WR0 NP2 29.01 efghi 29.01 efgh 201.95 efghij 135.93 opq 74.66 klmnop

Vertisol WR0 NP0 44.60 d 23.96 fgh 147.93 ij 167.28 opq 138.16 hijklmn

Vertisol WR0 NP1 65.96 bc 62.13 bc 176.61 fghij 218.01 no 161.07 fghijk

Vertisol WR0 NP2 110.57 a 55.11 bcd 184.23 fghij 213.32 nop 127.59 jklmn

Alfisol WR5 NP0 12.01 jkl 39.32 def 459.93 abc 299.38 lmn 283.80 bcd

Alfisol WR5 NP1 20.32 ghijkl 1.63 j 467.15 abc 357.40 klm 220.29 cdefghi

Alfisol WR5 NP2 19.33 ghijkl 12.48 hij 444.77 bc 355.07 klm 184.57 efghij

Inceptisol WR5 NP0 44.29 d 44.29 cde 161.07 ghij 103.19 pq 60.29 lmnop

Inceptisol WR5 NP1 33.22 efgh 33.22 efg 176.96 fghij 283.16 mn 58.07 mnop

Inceptisol WR5 NP2 37.44 defg 37.44 def 173.15 fghij 132.31 opq 48.37 nop

Vertisol WR5 NP0 18.55 hijkl 65.50 b 155.67 hij 733.79 bcde 160.36 fghijk

Vertisol WR5 NP1 33.74 defg 88.75 a 163.16 ghij 776.92 bcde 238.25 cdefg

Vertisol WR5 NP2 73.38 b 89.38 a 155.07 hij 642.83 ef 221.52 cdefghi

Alfisol WR10 NP0 19.19 ghijkl 22.43 fgh 416.07 c 526.81 ghi 141.90 hijklmn

Alfisol WR10 NP1 15.45 ijkl 24.24 fgh 430.69 c 580.19 fgh 258.00 bcde

Alfisol WR10 NP2 20.97 ghijkl 23.24 fgh 449.46 bc 600.22 fgh 450.51 a

Inceptisol WR10 NP0 22.16 ghijk 22.16 fghi 258.49 de 125.74 opq 133.20 ijklmn

Inceptisol WR10 NP1 30.24 cdefghi 30.24 efgh 178.15 fghij 79.18 q 30.26 op

Inceptisol WR10 NP2 33.75 defg 33.75 efg 194.57 efghij 94.94 q 77.82 klmnop

Vertisol WR10 NP0 21.04 ghijkl 95.14 a 197.56 efghij 895.42 a 156.66 fghijk

Vertisol WR10 NP1 34.00 defg 87.81 a 182.09 fghij 641.90 ef 150.52 ghijkl
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WR0; similarly, nutrient input (NP1 and NP2) showed a positive
effect compared with NP0. There was a significant interaction of soil
type, residue, and nutrient input (Table 3; Supplementary Table S2),
with values ranging from 450.51 to 17.88 mg P-nitrophenol kg−1 soil
h−1. Among soil types averaged across nutrient and residue input,
Inceptisol showed the lowest Alk-P activity, 3.8 and 3.1 times less
than Alfisol and Vertisol, respectively (Supplementary Figure S6).

3.6 Drivers of GHG emission

3.6.1 Correlation analysis
The Spearman correlation analysis was carried out to explore the

relationship between GHG emissions and the PLS model predictor
variables. Pearson correlation (Supplementary Figure S7) between N2O
and inherited soil properties showed a significant negative correlation
(pH, available P, and a positive correlation with clay. Additionally, the
correlation was very strong between N2O flux and the acquired soil
properties due to soil management (MBC, NO3-N, Alk-P) with a
positive correlation. Nutrient input shifting the nutrient
stoichiometry (C: N and C: P) negatively correlated with N2O
emission. However, varied nitrogen levels through nutrient input
were positive on N2O.

However, fluxes of CH4 were negatively correlated with
inherited soil properties (soil organic C, total N, available K, clay,
and silt + clay) and negatively with sand and available P. MBC, NH4-
N, and alk-P negatively affected the CH4 fluxes among the acquired
soil properties. No significant correlation was observed between
CH4 fluxes and residue and nutrient input. Soil CO2 fluxes were
positively correlated with management factors (nutrient and residue
input), the acquired soil properties (MBC, alk-P, and labile C), and
negatively with NO3-N. However, only the soil pH negatively
correlated with CO2 fluxes among the inherited soil properties.

3.6.2 Partial least square model
Variable importance in projection (VIP) was used in the variable

selection method that calculated scores to summarize the influence of
individual variables on a PLSmodel. The PLSmodel for N2O emissions
extracted nine latent factors from the datamatrix that explained 99.26%
of the cumulative predictor (X) variance and 59.18% of N2O (Y)
responses (Supplementary Table S3). The PLS model extracted only
5 and 6 latent factors to estimate CH4 and CO2, respectively
(Supplementary Tables S4, S5). The diagnostic plot (Supplementary
Figure S8) and the relative importance of predictor variables (Figure 7)
in the partial least square (PLS) model indicated that N2O emission was
more responsive (values > 0.8) to management variables (nutrient
input) and acquired soil properties (alk-P, NO3-N, MBC, labile C) than
inherited soil properties. The ranking of the predictor variables
(values > 0.8) important for the projection of N2O fluxes was as
follows: alk-P > NO3-N > N input > C: N > C: P > inherited P >
MBC > clay > inherited pH > labile C (Figure 7). The ranking of the
predictor variables (values > 0.8) essential for the projection of CH4

fluxes was as follows: inherited soil P > clay > silt + clay > sand >
inherited soil K > inherited soil N >MBC >NH4-N > inherited SOC >
Alk-P > NO3-N > labile C > C: P. Similarly the relative variable
importance for CO2 flux wasWR >N input > labile C >NO3-N > alk-
P > MBC > C: N > inherited soil pH (Figure 7). Indicating
anthropogenic management (residue and nutrient input) factors andT
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acquired soil properties from varied soil management influenced soil
N2O and CO2 fluxes more than CH4 emission. The PLS model
performance was significant (p < 0.001) for the estimation of all
three GHGs; however, the model was most effective for the

estimation of CO2 (r
2 = 0.88), followed by N2O (r2 = 0.59) and CH4

(r2 = 0.35) (Supplementary Figures S8, S9, S10).

4 Discussion

Non-CO2 (N2O and CH4) GHG production and consumption
in response to various soil management activities (anthropogenic
drivers) indicated C and N turnover (Lenka et al., 2019; Chaves et al.,
2021; Abalos et al., 2022; Li et al., 2022) in soil and its feedback to
climate change. The results support our hypothesis that soil type
(inherited soil properties) significantly regulated the response of
GHG fluxes to varying residue and nutrient input. However,
anthropogenic drivers (cf. natural) were the key determinant of
total carbon mineralization (measured as CO2 fluxes) and N2O
emissions only. Further, our study provides evidence that the
predominant drivers varied across the GHGs, likely due to the
availability of NO3-N and labile C in the soils incorporated with
the crop residue, which explains the magnitude of GHGs and their
correlation with key microbial variables (e.g., MBC, alkaline
phosphatase activity, and nutrient stoichiometry).

4.1 Carbon mineralization in response to
residue input in contrasting soils

The results of this study demonstrated that crop residue input was
one of the major drivers of total carbon (C) mineralization (CO2 flux) in
all three soils (Fang et al., 2018; Li et al., 2018), with the highest residue
application (WR15) resulting in the most significant increase in carbon
release. The order of C mineralization (WR15 >WR10 >WR5 >WR0)
across all soil types highlights the direct relationship between organic
matter availability and microbial decomposition processes (Li et al.,
2021a). The additional carbon from increasing levels of wheat residue
input likely provided a readily accessible energy source for soil microbes,
accelerating themineralization process. This observation is consistentwith
the substrate-induced respiration theory, where adding organic residues
stimulates microbial activity, leading to increased carbon turnover
(Fontaine et al., 2004; Lenka et al., 2019; Liu et al., 2023a). The
accelerated C mineralization could be further attributed to crop
residue-induced soil carbon (C) priming by stimulating microbial
activity, which alters the decomposition of native soil organic carbon
(SOC) (Lenka et al., 2019; Lenka et al., 2021; Salehin et al., 2024). This
priming could be higher in high residue input (cf. low residue) (Fang et al.,
2018). While nutrient input generally increased C mineralization, the
effect was relatively minor compared to the influence of soil type and
residue input. In soils with adequate nutrient levels (Ponce-Mendoza et al.,
2010), additional nutrient inputs may not significantly enhance microbial
activity beyond a certain threshold (Conde et al., 2005). The comparable
effect of high nutrient input (NP2) to the NP0 treatment across soil types
and residue levels suggests that nutrient availability was not the primary
limiting factor for C mineralization in this study (Ma et al., 2020).

Instead, the physical and chemical properties of the soil and the
quantity of organic residue appeared to play more critical roles. These
findings align with previous research that highlights the importance of
soil types and residue C inputs in driving microbial activity and
subsequent carbon mineralization rates (Fang et al., 2019; Lenka
et al., 2019; Liu et al., 2023b; Singh et al., 2024). The addition of

FIGURE 6
Interactive effect of wheat residue and soil type on (A) labile C
(mg C kg−1 soil) and (B)microbial biomass carbon (MBC), (C) soil type,
and nutrient on microbial biomass carbon (MBC, mg C kg−1 soil) over
96 days of incubation. Vertical bars represent the mean ±
standard error (n = 3). Different lower-case letters indicate significant
differences among treatments at α < 0.05.
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wheat residue (15 Mg/ha) with nutrient input (NP2) led to higher
cumulative C mineralization in Alfisol compared to Inceptiosl in
treatment WR0 plus NP0 over the incubation period, likely because
(i) nutrient input improved the C: N imbalance of soil microorganisms
due to the high C: N ratio of wheat residue input (79.54: 1.00), thus
eliminating the N limitation of microorganisms (Fang et al., 2020; Song
et al., 2022) as a result, microorganisms in NP2 increased C
mineralization compared to NP0, which was used to satisfy energy

requirements when accessing nutrients. (ii) The lower pH (5.70) and
high sand content (53%) (Table 1) inAlfisol accelerated the use of total C
(residue plus soil) bymicroorganisms by enhancing their activity, driven
by better soil structure, aeration, and nutrient availability (Song et al.,
2022). The result was also supported by higher labile C (Table 3) in
Alfisol receiving high residue and nutrient input. The strong positive
correlation between C mineralization (CO2 fluxes) and labile C
(Supplementary Figure S7) provided the required energy source for

FIGURE 7
The relative importance of variables in regulating cumulative (A)N2O fluxes, (B)CH4 fluxes, (C)CO2 fluxes, and (D) the effect of anthropogenic versus
natural drivers on GHG emissions. NO3-N: Nitrate N; NH4-N: ammoniacal N; alk-P: alkaline phosphatase; MBC: microbial biomass carbon; WR rate:
wheat residue return rate; C: N: stoichiometry of residue C to N input/soil C to N; C: P: stoichiometry of residue C to P input/soil C to P.
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higher microbial activity (Fang et al., 2020; Lenka et al., 2022) compared
to Vertisol and Inceptisol. Our results demonstrated that Alfisols having
higher sand content (Table 1) have greater macropores and oxygen
supply (Pathak et al., 2013; Chandrakala et al., 2021), promoting more
active microbial communities that can efficiently decompose organic
residues. In contrast, the lowermineralization rates observed in Vertisols
and Inceptisols may be due to their higher clay content, which can limit
microbial access to organic substrates by physically protecting organic
matter within soil aggregates (Chowdhury et al., 2021; Lenka et al., 2021;
Ren et al., 2024). This significant interaction of WR and soil types
indicated the inherent properties of the soil modulate the effectiveness of
residue inputs in promoting C mineralization. In soils with favorable
conditions (e.g., Alfisols), residue additions can lead to amarked increase
in microbial activity and carbon mineralization. However, in soils with
less favorable conditions (e.g., Inceptisols), the same residue inputs may
not be as effective due to limitations in microbial activity or substrate
accessibility (Lenka et al., 2019). The partial least square regression
analysis demonstrated that anthropogenic management practices
(residue and nutrient inputs) and acquired soil properties
substantially impact carbon mineralization (CO2 fluxes) compared to
natural soil factors. The PLS analysis indicated that wheat residue input
(WR) and nutrient input were themost influential variables, followed by
labile carbon, NO3-N, andmicrobial biomass carbon (MBC). Themodel
shows that anthropogenic factors account for 72% of the variance in C
mineralization. In contrast, natural factors, such as soil type, contribute
only 28% (Figure 7). This finding underscores the critical role of targeted
management practices in regulating soil carbon dynamics (Fontaine
et al., 2004), highlighting the potential to optimize carbonmineralization
through appropriate residue and nutrient management strategies
considering the basic soil characteristics.

4.2 N2O flux in response to residue input in
contrasting soils

Our experiment showed that Vertisol (cf. Incetisol) exhibited
a significant increase in denitrification activity when higher levels
of residue (WR15) and nutrients (NP2) were applied (Table 2;
Figure 2). This could be attributed to i) the enhanced availability
of substrates for microbial nitrification and denitrification
processes (Abalos et al., 2022; Lenka et al., 2022) ii) the high
clay content (Table 1) in Vertisol (Gebremichael et al., 2022) iii)
enhanced microbial biomass carbon (MBC) and nitrate (NO3-N)
concentrations (Table 3) (Li et al., 2021a), iv) high soil
pH (Khalifah and Foltz, 2024), and less available soil P
(Gebremichael et al., 2022) (Table 1) and v) high alkaline
phosphatase activity (Yang et al., 2021). The presence of
smectite and vermiculite clay types in Vertisols (Rakhsh et al.,
2017; Fang et al., 2018; Fang et al., 2019) is related to higher
mineral-associated carbon (Fang et al., 2019), creating an ideal
environment for the processes of ammonification and
nitrification, resulting in high concentrations of NH4-N, NO3-
N, and N2O losses compared to Inceptisol. Further, Inceptisol
demonstrated negative N2O flux, indicating consumption,
possibly due to a significant amount of legacy phosphorus
(19.7 mg kg-1), a high soil pH (8.49), and less clay content
(13%) compared to Vertisol and Alfisol soils (Table 1). These
characteristics of Inceptisol contributed to reduced microbial

activity, as evidenced by lower levels of MBC and alkaline
phosphatase. The results supported the previous finding of the
association of soil legacy P limitation on enhanced N2O emission
(Li et al., 2021a; Gebremichael et al., 2022) in Vertisol (cf.
Inceptisol). The addition of nutrients (N and P) changed the
stoichiometry of nutrients (carbon/nitrogen/phosphorus),
eliminating the P limitation, with increased P levels leading to
lower emissions of N2O, emphasizing the importance of nutrient
management in controlling greenhouse gas release. However, the
dominant influence of nitrogen over phosphorus on N2O
production plays a crucial role in determining the overall
impact of phosphorus when residues and NP nutrients are
applied together. Because the relative effect of soil legacy P
estimated through PLS model analysis was lesser than soil
NO3-N and N input (Figure 7). Excessive residue without
sufficient nutrient input resulted in nitrogen immobilization
(Table 3). This immobilization led to a decrease in N2O
emissions. Conversely, when nutrient inputs were balanced, it
stimulated microbial activity, resulting in increased emissions.
The results of our study support the conclusions of previous
researchers that maintaining a high ratio of carbon, nitrogen, and
phosphorus (C: N: P) in the soil promoted the growth and activity
of microbial biomass, resulting in the conversion of nitrogen from
its mineral form to its organic form, which reduced the risk of
nitrogen losses through denitrification and leaching (Lenka et al.,
2019; Lenka et al., 2022; Li et al., 2021a; Li et al., 2021b).
Consequently, a residue input will preserve the nitrogen (N) in
its organic state, making it gradually accessible for microbial and
plant development. The nonlinear relationship between N2O
fluxes and residue input indicated the interaction of carbon
and nitrogen availability, soil microbial activity, and the
physical characteristics of the soil (Fang et al., 2020; Singh
et al., 2024; Xu et al., 2024). The observed interaction between
residue and nutrient input with soil type suggests that the impact
of residue carbon input on reducing soil N2O emissions was
influenced by both the C/N/P stoichiometry and the
fundamental soil properties, such as clay percentage, pH, and
phosphorus content (Supplementary Figure S7). The strong link
between N2O emissions and acquired soil parameters, such as
MBC, NO3-N, and alkaline phosphatase (Alk-P), further
highlighted the crucial role of soil management in affecting
N2O fluxes.

The PLS regression analysis reaffirmed our findings and offered
valuable insights into the variables that affect soil nitrous oxide
(N2O) emissions (Figure 7; Supplementary Figure S8) (Shah et al.,
2024; Xu et al., 2024). The PLS model, which accounted for a
significant amount of the variation in N2O emissions,
emphasized the influential impact of management factors and
acquired soil qualities compared to inherent soil characteristics.
The elevated VIP scores for parameters such as alkaline phosphatase
(alk-P), nitrate-nitrogen (NO3-N), nitrogen input, and MBC
suggested that these factors drive N2O emissions. The high
ranking of alk-P indicates that nutritional stoichiometry,
specifically the availability of phosphorus (Li et al., 2021a;
Gebremichael et al., 2022), substantially influences the microbial
activities that produce N2O fluxes. This is reinforced by the
significance of NO3-N, which plays a direct role in nitrification
and denitrification, the primary biological processes responsible for
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N2O production (Weitz et al., 2001; Khalifah and Foltz, 2024).
Consequently, the presence of limited phosphorus in Vertisols
(3.7 mg kg−1) and Alfisol (8.5 mg kg-1) (compared to Incetisol:
19.7 mg kg−1) and the high concentration of nitrate nitrogen (NO3-
N) greatly increased the emission of nitrous oxide (N2O) in both
soils (Figure 2). The importance of nitrogen input has been
identified as another crucial component, emphasizing how the
management of nutrients directly impacts the release of N2O by
influencing nitrogen availability in the soil (Wang C. et al., 2021;
Lenka et al., 2022; Singh et al., 2024).

The model also recognized the importance of nutrient
stoichiometry (C: N and C: P), essential for maintaining a
balance between carbon and nitrogen cycling. This stoichiometry
directly affects the efficiency of N2O production or reduction
processes (Liu et al., 2021; Lenka et al., 2022; Song et al., 2022).
The VIP scores indicated that the influence of inherited soil
properties, such as clay content and soil pH, on N2O emissions
was lesser than the impact of management practices and the
consequently acquired soil attributes. The relative contribution of
the anthropogenic drivers is more significant than natural, with a
share of 62% of the total N2O variance in the PLS model. Our study
indicated that the effects of soil type on N2O emissions could be
counteracted by effective management strategies, including those
that promote microbial activity and increase nutrient availability.
Optimizing residue and nutrient management strategies will be
crucial in efficiently reducing N2O emissions in various soil types.

4.3 CH4 flux in response to residue input in
contrasting soils

Higher organic C and N availability from high residue input
(WR10 and WR15) likely suppressed methanogenesis and
enhanced oxidation of CH4, resulting in CH4 consumption
(Choudhary et al., 2024). This suggestion is consistent with a
substantial reduction in the cumulative CH4 flux in high wheat
residue (WR10 and WR15) compared to low residue inputs
(WR0 and WR5). The effect was more pronounced in Vertisol,
followed by Alfisol and Inceptisol. The negative correlation
(though insignificant) between CO2 and CH4 emissions
(Supplementary Figure S7) aligned with the previous finding of
a positive relationship between CH4 uptake and high CO2

emission in the upland ecosystems (Li et al., 2022; Wu et al.,
2024). Across soils, the nonlinear response of CH4 emissions to
residue input suggested that while low and moderate residue input
might stimulate CH4 production, the excessive residue could lead
to a saturation point or shift in the microbial activity that reduces
CH4 emissions (Wang X. D. et al., 2021; Singh et al., 2024).
Additionally, the Pearsons correlation analysis also found that
CH4 fluxes were negatively correlated (Supplementary Figure S7)
with several inherited (legacy) soil properties, such as soil organic
carbon, total nitrogen, available potassium, and clay content,
indicating a greater edaphic (natural) control on CH4

emission/uptake. The Vertisol was rich in clay content
compared with Alfisol and Inceptisol (Table 1) and low in
legacy P, showing significantly higher cumulative CH4 uptake
over the incubation period (Figure 4) (Cui et al., 2023; Shumba
et al., 2023). Among the acquired properties induced by varied

residue and nutrient input, MBC, NH4-N, and alkaline
phosphatase negatively correlated with CH4 fluxes. Our study
observed high residue input (WR10 and WR15) resulted in higher
MBC, NH4-N, and alkaline phosphatase activity related to less
CH4 fluxes (high CH4 oxidation) in the treatments (Lai et al.,
2017; Fang et al., 2018; Yang et al., 2021; Shah et al., 2024). The
correlations analysis suggested that inherent soil characteristics
and management-induced changes can significantly influence
CH4 emissions. Notably, there was no significant correlation
between CH4 fluxes and direct residue or nutrient inputs,
suggesting that the impact of these management practices on
CH4 emissions is mediated through changes in soil properties
rather than direct effects. Moreover, the interaction between soil
type and nutrient input (p = 0.053) revealed that soil types
respond differently to increments in nutrient input across
varying residue levels (Nguyen et al., 2013; Liu et al., 2021;
Singh et al., 2024). Alfisol exhibited a linear response, Vertisol
a curvilinear response, and Inceptisol a nonlinear response to
nutrient additions, highlighting the complexity of nutrient-soil
interactions and their influence on CH4 fluxes. Overall, our results
suggest that Vertsiols were CH4 sinks (−2.33 μg C kg−1 soil)
compared to Alfisol (2.70 μg C kg−1 soil) and Inceptiosl
(7.16 μg C kg−1 soil) across varied levels of residue and
nutrient input. As estimated through the PLS model analysis
(Joshi et al., 2024), the relative effect size of the studied
variables on CH4 emission further supported our results. The
best-fitting PLS model identified that soil CH4 flux responded
strongly to inherited (legacy) soil properties with a predominant
effect of the soil phosphorus, clay, silt + clay content, potassium,
and total nitrogen (Figure 7) (Yu et al., 2017). The relative
contribution of anthropogenic and natural factors are 44% and
56%, respectively, to the total variation in CH4 flux estimation.
This contrasts with CO2 and N2O emissions, where
anthropogenic management factors (residue and nutrient
input) and acquired soil properties played a more significant
role. Our results confirmed previous results that edaphic
variables had greater control than anthropogenic factors on
CH4 fluxes at the global scale (Gatica et al., 2020). The lower
predictive power of the PLS model for CH4 fluxes (r2 = 0.35)
compared to CO2 (r2 = 0.88) and N2O (r2 = 0.59) suggests that
CH4 emissions are governed by more complex or less direct
factors that the model does not fully capture (Xu et al., 2024).
This finding underscores the need for a more nuanced
understanding of the interactions between soil management
practices and CH4 fluxes, particularly across different soil types.

4.4 Global warming potential

Normalizing the non-CO2 (CH4 and N2O) GHG emission to
CO2 emissions gives a single metric that helps identify the best
management practices and soil type relevant to climate change
mitigation and feedback. Among the three soil types examined,
Alfisol exhibited the highest cumulative GWP, 1.2 times greater than
Vertisol and 1.4 times greater than Inceptisol across all residue and
nutrient input levels. That suggests that Alfisol may be more prone
to greenhouse gas (GHG) emissions due to its inherent properties
when subjected to residue and nutrient management practices.
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Though high residue input (WR10 and WR15) generally decreased
CH4 and N2O emission, the increasing trend of GWP with higher
residue input levels (WR15 >WR10 >WR5 >WR0) is likely due to
the increased availability of organic carbon from the residue, which
accelerates microbial activity microbial biomass carbon and leads to
higher CO2 emissions, the primary contributor to GWP, that aligned
with previous studies (Li et al., 2022; Singh et al., 2024). The response
of GWP to residue and nutrient input was modulated by soil type
(p = 0.047), further emphasizing the complexity of the factors that
influence GWP in soils (Rakhsh et al., 2017; Li et al., 2021a). Across
all treatments, the integrated application of WR15 plus NP2 had the
highest cumulative GWP of 1,489.76 mg CO2-C eq. kg−1 soil in
Alfisol. In contrast, the lowest GWP (96.70 mg CO2-C eq. kg−1 soil)
was recorded in the treatment with no residue input (WR0) and
moderate nutrient input (NP1) in Inceptisol. These results
underscore the need for tailored residue and nutrient
management strategies to mitigate GWP in agricultural soils.
While residue inputs are essential for maintaining soil health
and fertility, their impact on GHG emissions and GWP must
be carefully managed, especially in soils like Alfisol, which are
more susceptible to high GWP. The study suggests that reducing
residue input or optimizing nutrient management could effectively
reduce GWP in such soils, thereby contributing to more
sustainable agricultural practices. Additionally, wheat residue
return to soil compared with residue burning could emit fewer
GHGs (Deshpande et al., 2023) considering the potential benefits
of wheat residue return on improving soil health, soil organic
carbon, and crop yield, plus the associated co-benefits in
improving essential ecosystem services (Singh et al., 2020; Li
et al., 2022; Zhang et al., 2023; Ma et al., 2024).

The study highlights the importance of understanding the
interactions between residue management, nutrient inputs, and
soil type in influencing GWP. By adopting management practices
that consider these interactions, it may be possible to reduce the
climate impact of agricultural soils while maintaining their
productivity and ecological function (Lenka et al., 2017; Wang X.
D et al., 2021; Li et al., 2022).

5 Conclusion

Crop residue returned soils are crucial in sequestering SOC and
GHG emission mitigation. This study provides new knowledge to
enhance the understanding of different drivers and their effect on
GHG emission and C mineralization in response to the varied levels
of crop residue and nutrient inputs in soils with different inherent
properties (e.g., clay, sand, pH, legacy P). High residue input
significantly increased C mineralization, and the effects of
nutrient input were comparable to those of no nutrient input.
Vertisol (cf. Incetisol and Alfisol) exhibited a significant increase
in N2O emission at high residue (WR15) and nutrient (NP2) input
because of high clay and greater soil NO3-N and alkaline
phosphatase activity. Higher wheat residue inputs (WR10 and
WR15) significantly reduced cumulative CH4 flux, with the
strongest effect in Vertisol, followed by Alfisol and Inceptisol.
GWP was the highest in Alfisol, followed by Vertisol and
Inceptisol, with labile carbon and microbial biomass significantly
impacted by residue and nutrient inputs key for regulating soil

microbial activity and nutrient cycling. The PLS model analysis
further revealed that N2O and CO2 emissions were more influenced
by anthropogenic management practices and acquired soil
properties, while CH4 fluxes were more responsive to inherited
soil characteristics. This study was conducted in controlled lab
conditions, where wheat residues were mixed into the soil.
However, real field conditions, including episodic events like
rainfall and crop, may trigger additional N2O emissions. Future
research should explore field studies to capture these factors fully.
These findings should be explicitly considered to improve process-
based models to predict better C and N dynamics and their
responses to integrated residue and nutrient management, which
have implications for GHG mitigation and soil organic carbon
sequestration in global agroecosystems.
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