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Abstract: The integration of manure and straw substantially affects soil organic carbon
(SOC) dynamics, transformation, and long-term stabilization in agricultural systems. Dis-
solved organic carbon (DOC), particulate organic carbon (POC), and mineral-associated
organic carbon (MOC) are the three main components of the SOC pool, each influencing
soil carbon dynamics and nutrient cycling. Current research gaps remain regarding how
combined fertilization practices affect the inputs of plant-originated and microbe-derived
carbon into SOC pools and stability mechanisms. Our investigation measured SOC frac-
tions (DOC, POC, MOC), SOC mineralization rate (SCMR), microbial necromass carbon,
lignin phenols, enzyme activities, and microbial phospholipid fatty acids (PLFAs) over
a long-term (17 years) field experiment with four treatments: mineral fertilization alone
(CF), manure-mineral combination (CM), straw-mineral application (CS), and integrated
manure-straw-mineral treatment (CMS). The CMS treatment exhibited notably elevated
levels of POC (7.42 g kg−1), MOC (10.7 g kg−1), and DOC (0.108 g kg−1), as well as a lower
SCMR value (1.85%), compared with other fertilization treatments. Additionally, the CMS
treatment stimulated the buildup of both bacterial and fungal necromass while enhancing
the concentrations of ligneous biomarkers (vanillin, syringyl, and cinnamic derivatives),
which correlated strongly with the elevated contents of fungal and bacterial PLFAs and
heightened activity of carbon-processing enzymes (α-glucosidase, polyphenol oxidase,
cellobiohydrolase, peroxidase, N-acetyl-β-D-glucosidase). Furthermore, fungal and bacte-
rial microbial necromass carbon, together with lignin phenols, significantly contributed
to shaping the composition of SOC. Through random forest analysis, we identified that
the contents of bacterial and fungal necromass carbon were the key factors influencing
DOC and MOC. The concentrations of syringyl phenol and cinnamyl phenols, and the
syringyl-to-cinnamyl phenols ratio were the primary determinants for POC, while the
fungal-to-bacterial necromass carbon ratio, as well as the concentrations of vanillyl, sy-
ringyl, and cinnamyl phenols, played a critical role in SCMR. In conclusion, the manure
combined with straw incorporation not only promoted microbial growth and enzyme
activity but also enhanced plant- and microbial-derived carbon inputs. Consequently, this
led to an increase in the contents and stability of SOC fractions (DOC, POC, and MOC).
These results suggest that manure combined with straw is a viable strategy for soil fertility
due to its improvement in SOC sequestration and stability.
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1. Introduction
The dynamics of soil organic carbon (SOC) directly influence soil fertility maintenance,

agricultural productivity enhancement, and global carbon balance regulation [1]. Amid
escalating climate challenges and food demand pressures, improving soil carbon sequestra-
tion through agricultural interventions has emerged as a global scientific priority. Dissolved
organic carbon (DOC), particulate organic carbon (POC), and mineral-associated organic
carbon (MOC) are the main components of SOC. DOC, in liquid form, is easily decomposed
by microbes and aids nutrient availability. POC, linked to soil particles, consists of partially
decomposed plant and animal matter, enhancing soil structure and slowing decomposition.
MOC, tightly bound to minerals, decomposes very slowly, contributing to long-term carbon
storage and soil fertility [2]. Straw incorporation combined with manure application, as
typical methods for regulating carbon input, can alter the composition of the soil carbon
pool by introducing exogenous organic matter. Nevertheless, critical knowledge gaps
persist regarding the long-term partitioning behavior and stabilization processes of various
SOC fractions under long-term effects.

Crop residues rich in cellulose and hemicellulose, and their incorporation into the field,
can substantially enhance soil POC. However, this process is constrained by the slow degra-
dation rate of lignin phenolic compounds [3]. In contrast, humified substances in manure
tend to bind more readily with mineral surfaces, forming MOC, which exhibits significantly
higher chemical stability compared to free components [2,4]. Recent research indicated that
combining these two methods can enhance the carbon pool structure by providing comple-
mentary carbon inputs [5,6]. Straw offered labile carbon for quick cycling, while organic
fertilizers added stable components that extended carbon retention [7]. However, long-term
field trials are needed to confirm the effects of this synergy on carbon stabilization.

Microbial metabolites and plant-derived compounds are key precursors for SOC for-
mation. Microbial necromass carbon, including amino sugars, can make up 40–60% of
SOC, reflecting microbial-mediated carbon transformation efficiency [8,9]. Lignin phenols,
key components of plant cell walls, and their oxidized derivatives (e.g., vanillic acid and
p-hydroxybenzoic acid) can form covalent bonds with minerals, affecting the chemical
stability of MOC [10,11]. In agricultural ecosystems under different fertilization regimes,
microbial necromass carbon and lignin phenols differently affected SOC [12–14]. For in-
stance, nitrogen addition enhanced microbial necromass dynamics, particularly influencing
MOC through increased amino sugar accumulation [15,16]. In contrast, high straw-input
systems showed an 88.7% increase in ligneous component concentrations and a 74.2% in-
crease in SOC contributions [17]. The distinct chemical properties and decomposition rates
of manure and crop residues regulated microbial metabolism, necromass accumulation,
and lignocellulose degradation, ultimately determining SOC composition. Current research
has predominantly focused on microbial necromass and lignin independently, resulting
in limited understanding of their interactive effects on the dynamics and stabilization
mechanisms of SOC fractions.

While many short-term experiments have documented the carbon sink effects of straw
or organic fertilizers, long-term data remain limited. Research is especially lacking in
two critical areas: (1) the growth and decline patterns of POC and MOC, as well as the
stabilization mechanisms of SOC over decadal scales; and (2) the differential contributions
of microbial necromass carbon and lignin phenols to SOC fractions and stability. To address
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these gaps, this study employed a 17-year field observation experiment to elucidate: (1) the
regulatory pathways through which long-term straw incorporation combined with manure
application affects SOC fractions and stability; and (2) the functional partitioning and
synergistic mechanisms of microbial necromass carbon and lignin phenols in shaping SOC
fractions and stability. These insights will enhance theoretical frameworks for optimizing
farmland carbon management and support evaluations of agricultural soil carbon sink
potential under global change.

2. Materials and Methods
2.1. Experimental Site and Design

The experiment was conducted at the Shuitou Experimental Base of Shanxi Agricul-
tural University, located in Yuncheng City, Shanxi Province. This region experiences a
mean annual temperature of 13.4 ◦C with 525 mm of precipitation, featuring 2040 sunshine
hours and 212 frost-free days annually. The soil in the experimental area is classified as
Calcaric-Fluvic Cambisol [18] with initial topsoil properties showing 10.9 g kg−1 organic
carbon, 89.6 mg kg−1 available N, 13.1 mg kg−1 available P, 170 mg kg−1 exchangeable
K, and alkaline pH of 8.4. The experiment commenced in 2007 and comprised four fer-
tilization treatments: mineral-only fertilization (CF), manure-mineral combination (CM),
straw-mineral integration (CS), and full manure-straw-mineral treatment (CMS). Each
experimental plot measured 3 m in width and 20 m in length, encompassing a total area
of 60 square meters, with three replicates assigned to each treatment. Twelve replications
within four plots were randomly arranged. A 0.5 m protective row was established outside
the plots to minimize the impact of edge effects on the experiment. The chemical fertilizers
utilized in the study were urea, containing 46% nitrogen (N), and double superphosphate,
containing 46% phosphorus pentoxide (P2O5), which were used as seed fertilizers and
applied together with the seeds in October. The application rates were 360 kg per hectare
for urea and 326 kg per hectare for double superphosphate. The organic fertilizer used was
decomposed chicken manure, which contained 21% organic matter, 1.71% total nitrogen,
and was applied at an annual rate of 15 tonnes per hectare in October before planting wheat
for both the CM and CMS treatments. Following the wheat harvest in June each year, the
straw from the CS and CMS treatments was completely crushed and reincorporated into
the field, whereas the straw from the CF and CM treatments was removed.

2.2. Sample Collection

Following the wheat harvest in late June 2024, composite soil samples were collected
from the surface layer (0–20 cm) using a five-point sampling method and immediately
transported to the laboratory. All extraneous materials, such as stones, roots, and straw
residues, were meticulously removed by manual extraction. A subset of the samples was
cryopreserved at −80 ◦C for subsequent analysis of soil enzyme activity and microbial
community composition, typically analyzed within one month. Another portion was
naturally air-dried, sieved through a 2 mm mesh for the determination of organic carbon
fractions, and further sieved through a 0.15 mm mesh for the analysis of organic carbon,
lignin phenols, and amino sugar compounds.

2.3. SOC Mineralization Rate

Initially, 10 g fresh soil samples were adjusted to a moisture content equivalent to
60% of their water-field capacity, which was determined using the ring knife method
(Method S1). The samples were then transferred into 500 mL culture flasks, each equipped
with a small beaker containing 10 mL of 0.5 mol L−1 NaOH solution (Sinopharm Chemical
Reagent Co., Ltd., Shanghai, China) to absorb CO2 released during incubation. Four
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replicates were prepared for each soil sample, along with control flasks devoid of soil.
The flasks were sealed and incubated in a dark environment at 25 ◦C. On days 3, 6, 9,
12, 15, 18, 21, 24, 27, and 30, the beakers containing NaOH were removed, and 20 mL
of 1 mol L−1 BaCl2 solution (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China)
along with two drops of phenolphthalein indicator were added. The mixture was then
titrated with 0.2 mol L−1 HCl solution (Sinopharm Chemical Reagent Co., Ltd., Shanghai,
China) to quantify CO2 emissions. The NaOH solution was replaced after each sampling
event. To ensure sufficient oxygen supply, all culture flasks were aerated for 30 min at each
sampling interval. The weighing method was employed to standardize the soil moisture
content across all soil samples. Additionally, the initial weight of the soil was maintained
by periodically adding distilled water as necessary [5].

SOC mineralization amount (SMA) calculation:

SMA = CHCl × (V0 − V)× 22
0.03

SOC cumulative mineralization amount (CMA) calculation:

CMA =
n

∑
i=1

SMA

SOC mineralization rate (SCMR) calculation:

SCMR =
CMA
SOC

Among these parameters, CHCl represents the concentration of the titrated HCl solu-
tion, which was 0.2 mol L−1; V0 and V denote the blank titration volume and the volume of
HCl consumed during titration, respectively, both measured in mL; i indicates the number
of sampling instances; SOC refers to the soil organic carbon content.

2.4. SOC Fractions

Initially, a 20.0 g soil sample, which had been previously passed through a 2 mm
mesh sieve, was combined with 100 mL of deionized water. This mixture underwent
oscillation and dispersion, resulting in a supernatant that represented the dissolved or-
ganic carbon (DOC). Subsequently, 100 mL of a 0.5% sodium hexametaphosphate solution
(Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) was added to the remaining
precipitate. Following thorough oscillation and dispersion, the resulting suspension was
filtered through a 0.053 mm mesh sieve. The residue retained on the sieve was then dried
in an oven set at 45 ◦C and weighed to determine the particulate organic carbon (POC)
content. The filtrate obtained from the soil sample was also dried and weighed to ascertain
the mineral-associated organic carbon (MOC) content [2]. The POC and MOC contents
were determined through elemental analysis using an Elementar vario PYRO cube (vario
PYRO cube, Germany)

2.5. Microbial Necromass Carbon

As microbial necromass biomarkers, soil amino sugars were quantified according
to established protocols [19]. Specifically, 0.5 g of air-dried soil samples were accurately
weighed and hydrolyzed with 6 mol L−1 hydrochloric acid (Sinopharm Chemical Reagent
Co., Ltd., Shanghai, China) at 105 ◦C for 8 h under constant temperature conditions. After
cooling to room temperature, the hydrolysates were supplemented with 100 µL inositol
(Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) as internal standard, vortex-
mixed, and filtered. The clarified solutions were concentrated via rotary evaporation
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(65 ◦C), neutralized using KOH (pH 6.6–6.8) (Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, China), then centrifuged (4000 rpm, 10 min) for phase separation. The colloidal
fractions underwent methanol solubilization and repeated centrifugation for salt removal.
Purified extracts were transferred into derivatization vessels for nitrogen-assisted solvent
evaporation (45 ◦C), resolubilized in ultrapure water, and lyophilized. Derivatization
involved sequential addition of 300 µL reaction reagent with 30 min incubation at 80 ◦C,
followed by 1 mL acetic anhydride (Sinopharm Chemical Reagent Co., Ltd., Shanghai,
China) treatment for 20 min acetylation at identical temperature. Post-derivatization
processing included extraction with 1 mL dichloromethane (Sinopharm Chemical Reagent
Co., Ltd., Shanghai, China) and 1 M HCl (Sinopharm Chemical Reagent Co., Ltd., Shanghai,
China) phase separation. The organic layers were washed with deionized water, dried
under nitrogen purge (45 ◦C), then reconstituted in 300 µL n-hexane/ethyl acetate (1:1
v/v) for GC analysis. Chromatographic separation enabled quantification of glucosamine
(GluN), mannosamine (ManN), galactosamine (GalN), and muramic acid (MurA). Fungal
necromass carbon (FNC, g kg−1) and bacterial necromass carbon (BNC, g kg−1) were
calculated according to the following formulas:

FNC =

(
GLuN
179.17

− 2 × MurA
251.23

)
× 179.17 × 9

BNC = MurA × 45

The formulas incorporate molecular weights of GluN (179.17 g mol−1) and MurA
(251.23 g mol−1), with coefficients 9 and 45 applied for fungal and bacterial necromass
carbon conversion, respectively.

2.6. Lignin Phenols

The extraction of lignin phenolic monomer substances was performed through alkaline
CuO oxidation methodology [20]. Preliminary extraction removed interfering compounds
including n-alkanes, alkanols, fatty acids, and steroids through sequential organic solvent
treatments. Post-extraction, oxidative treatment with CuO yielded three lignin phenol
categories: vanillyl (V-type), syringyl (S-type), and cinnamyl (C-type) derivatives. These
analytes were derivatized with trimethylsilyl groups prior to gas chromatography-mass
spectrometry (GC-MS, Agilent 7980B-5977a, America). Phenolic monomer concentrations
were determined by GC-MS, with total lignin phenol content calculated through summation
of V+S+C components [21]. Ratios of syringyl-to-vanillyl and cinnamyl-to-vanillyl phenols
served as oxidative degradation indices, where lower values corresponded to a higher
degree of oxidative degradation.

2.7. Soil Enzyme Activity and Phospholipid Fatty Acid

The activities of soil enzymes, including α-glucosidase, β-glucosidase, polyphenol
oxidase, cellobiohydrolase, peroxidase, and N-acetyl-β-D-glucosaminidase, were extracted
using Solarbio activity detection kits and quantified using a multi-functional microplate
reader (BioTek Synergy LX, Agilent, America).

Phospholipid fatty acid (PLFA) analysis [22] was implemented to characterize mi-
crobial biomass and community composition. Specifically, the procedure involved the
following steps: First, 5.0 g of freeze-dried soil samples were measured, followed by
phospholipid extraction with a methanol-chloroform-citric acid mixture (2:1:0.8 v/v). Sub-
sequently, phospholipid isolation was performed using solid-phase extraction columns.
Finally, methylation of the phospholipids was conducted using methanol, a methanol-
toluene mixture, and n-hexane solutions. The resulting phospholipid fatty acids were
quantitatively analyzed via gas chromatography (Agilent-6890N, America), and qualita-
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tive identification was achieved using the MIDI Sherlock microbial identification system.
The PLFAs were used as proxies for the biomass of total bacteria and fungi. Based on
the interpretations provided in Table S1, the content of phospholipid fatty acids is given
as nmol g−1.

2.8. Statistical Analysis

The one-way ANOVA (Duncan’s test, p < 0.05) was performed to analyze the differ-
ences in organic carbon fractions, microbial residues, lignin phenols, enzyme activities,
and PLFA among treatments using SPSS 24.0 software. The Pearson’s correlation and
Mantel’s test were employed to examine the relationships between microbial necromass,
lignin phenols, PLFAs, and enzyme activities using the vegan R package (version 4.3.2) [23].
Additionally, a random forest prediction model and variance partitioning analysis were
conducted to evaluate the effects of microbial residues and lignin phenols on organic carbon
fractions using the rfPermute R package and Canoco 5.0, respectively. In the random forest
prediction model, the importance of each predictor variable is quantified by the percentage
increase in mean squared error (MSE). Higher MSE% values indicate greater importance.
The R² metric evaluates the model’s goodness of fit, with values closer to 1 indicating higher
prediction accuracy [24]. The figures were generated using Origin 2024 software.

3. Results
3.1. SOC Fraction and Stability

Fertilization regimes exhibited significant variations in the composition and stabiliza-
tion dynamics of SOC (Figure 1). Among all treatments, the CMS treatment showed the
highest levels of SOC, DOC, and MOC, with values of 16.97 g kg−1, 108.3 mg kg−1, and
10.7 g kg−1, respectively, significantly higher than the values observed in the CF, CM, and
CS treatments. The POC content in the CMS treatment was 7.42 g kg−1, significantly higher
than that in the CF and CM treatments. Additionally, the MOC-to-POC ratio in the CMS
treatment was 1.45, significantly higher than that in the CS treatment, though no significant
difference was observed compared to the CF and CM treatments. The SCMR in the CMS
treatment was 1.85%, which was significantly lower than the rates observed in the CF and
CS treatments.

3.2. Microbial Necromass and Lignin Phenols

Different fertilization treatments significantly influenced soil microbial necromass
(Figure 2). The bacterial necromass carbon content in the CMS treatment was 0.66 g kg−1,
representing a significant increase of 52.0%, 19.4%, and 31.9% relative to CF, CM, and CS
treatments respectively. Fungal and total microbial necromass carbon in the CMS treatment
measured 5.67 and 6.34 g kg−1, respectively, demonstrating significantly elevated levels
compared to the CF and CS treatments while remaining statistically comparable to the CM
treatment. The fungal-to-bacterial necromass ratio exhibited no notable variations among
the CM, CS, and CMS treatments; however, both the CM and CMS treatments exhibited
significantly higher ratios compared to the CF treatment.

The contents of soil lignin phenolic monomers exhibited significant variation across
the different treatments (Figure 3). Specifically, the CMS treatment had vanillyl and total
lignin phenol concentrations of 112.1 and 324.5 mg kg−1 respectively, exceeding values from
the CF, CM, and CS treatments. The syringyl phenol content of the CMS (144.8 mg kg−1)
and CS (134.2 mg kg−1) treatments showed no statistical difference, though both values
surpassed those of CF and CM treatments. Additionally, the cinnamyl phenol concentration
in the CMS treatment was 67.6 mg kg−1, which was also significantly higher than in the
CF and CM treatments. The syringyl-to-vanillyl and cinnamyl-to-vanillyl phenol ratios
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in the CMS treatment were the lowest at 1.30 and 0.60, respectively, though no significant
differences were detected compared to the CF, CM, and CS treatments.
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Figure 1. Effects of different fertilization treatments on the soil organic carbon (SOC) (A), dissolved
organic carbon (DOC) (B), particulate organic carbon (POC) (C), mineral-associated organic carbon
(MOC) (D), MOC-to POC ratio (MOC/POC) (E), and SOC mineralization rate (SCMR) (F). Different
lowercase letters indicate significant differences between treatments (p < 0.05). The error line shows
the standard deviation of the three repeated measurements. CF, CM, CS, and CMS indicate chemical
fertilizer, manure combined with chemical fertilizer, straw returning combined with chemical fertilizer,
and straw returning combined with manure and chemical fertilizer.

3.3. Enzyme Activity and Microbial Community Composition

The effects of different fertilization treatments on soil enzyme activities varied signifi-
cantly (Table 1). The activities of β-glucosidase and N-acetyl-β-D-glucosaminidase were
consistently measured across the CMS, CS, and CM treatments, and exhibited significantly
higher values compared to the CF treatment. The CMS treatment led to significantly higher
α-glucosidase, polyphenol oxidase, and peroxidase activities compared to the CM and CF
treatments, while exhibiting comparable levels to the CS treatment. Additionally, cellu-
lobiase hydrolase activity in the CMS treatment was greater than that in the CS and CF
treatments, yet remained statistically similar to that of the CM treatment.
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Figure 2. Effects of different fertilization treatments on the soil bacterial necromass carbon (A),
fungal necromass carbon (B), microbial necromass carbon (C) contents, and fungal necromass-to-
bacterial necromass carbon ratio (D). Different lowercase letters indicate significant differences
between treatments (p < 0.05). The error line shows the standard deviation of the three repeated
measurements. CF, CM, CS, and CMS indicate chemical fertilizer, manure combined with chemical
fertilizer, straw returning combined with chemical fertilizer, and straw returning combined with
manure and chemical fertilizer.
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Figure 3. Effects of different fertilization treatments on the soil vanilly phenols (A), syringyl
phenols (B), and cinnamyl phenols (C), lignin phenols (D) contents, syringyl phenols-to-vanilly
phenols ratio (E), and cinnamyl phenols-to- vanilly phenols ratio (F). Different lowercase letters
indicate significant differences between treatments (p < 0.05). The error line shows the standard
deviation of the three repeated measurements. CF, CM, CS, and CMS indicate chemical fertilizer,
manure combined with chemical fertilizer, straw returning combined with chemical fertilizer, and
straw returning combined with manure and chemical fertilizer.
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In the CMS treatment, the concentrations of total PLFAs, bacterial PLFAs, and fungal
PLFAs were significantly higher than those in the CF and CS treatments, but no significant
difference was detected compared to the CM treatment. Additionally, the CS treatment
showed significantly greater levels of total PLFAs, bacterial PLFAs, and fungal PLFAs
compared to the CF treatment. The fungal-to-bacterial PLFA ratio in the CMS treatment
was the lowest at 0.20, which was significantly lower than the ratios observed in the CF
and CS treatments, while no significant difference was found when compared to the CM
treatment (Figure 4).

Table 1. Effect of different fertilization treatments on soil enzyme activity.

Treatments αG
(µmol·d−1·g−1)

βG
(µmol·d−1·g−1)

PPO
(µmol·d−1·g−1)

CB
(µmol·d−1·g−1)

NAG
(µmol·d−1·g−1)

POD
(µmol·d−1·g−1)

CF 15.3 ± 1.2 c 67.0 ± 5.9 b 312.7 ± 12.5 b 67.6 ± 10.5 b 6.1 ± 2.7 b 73.81 ± 8.97 c
CM 21.7 ± 0.5 b 95.8 ± 10.5 a 318.1 ± 29.9 b 78.8 ± 3.2 ab 13.2 ± 1.9 a 81.29 ± 7.95 bc
CS 24.7 ± 2.8 ab 103.1 ± 12.9 a 341.5 ± 45.3 ab 75.1 ± 4.6 b 13.9 ± 1.4 a 90.92 ± 6.92 ab

CMS 26.6 ± 2.1 a 99.7 ± 10.1 a 391.9 ± 14.3 a 87.8 ± 2.7 a 15.7 ± 1.4 a 97.52 ± 4.41 a

αG, βG, PPO, CB, NAG, and POD respectively indicate α-glucosidase, β-glucosidase, polyphenol oxidase,
cellobiohydrolase, N-acetyl-β-D-glucosaminidase, peroxidase. Different lowercase letters indicate significant
differences between treatments (p < 0.05). CF, CM, CS, and CMS indicate chemical fertilizer, manure combined
with chemical fertilizer, straw returning combined with chemical fertilizer, and straw returning combined with
manure and chemical fertilizer.
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Figure 4. Effects of different fertilization treatments on total phospholipid fatty acid (PLFA) (A),
bacterial PLFA (B), fungal PLFA (C), and fungal PLFA-to-bacterial PLFA ratio (D). Different lowercase
letters indicate significant differences between treatments (p < 0.05). The error line shows the standard
deviation of the three repeated measurements. CF, CM, CS, and CMS indicate chemical fertilizer,
manure combined with chemical fertilizer, straw returning combined with chemical fertilizer, and
straw returning combined with manure and chemical fertilizer.

3.4. Effects of Enzyme and Microorganism on Microbial Necromass and Lignin Phenols

Pearson correlation analysis and Mantel’s test were employed to investigate the in-
terrelationships among soil microbial necromass, lignin phenols, enzyme activities, and
PLFAs, as depicted in Figure 5. The analysis revealed a significant positive correlation
between soil enzyme activities and microbial PLFAs. Conversely, the bacteria-to-fungi
ratio demonstrated a negative correlation with soil enzyme activities, with a particularly
significant association observed with cellobiohydrolase activity. Mantel’s analysis further



Agronomy 2025, 15, 1424 10 of 18

indicated that the activities of enzymes such as α-glucosidase, β-glucosidase, peroxidase,
and N-acetyl-β-D-glucosidase, along with total PLFAs, bacterial PLFAs, and fungal PLFAs,
were significantly or highly significantly positively correlated with microbial necromass
(p < 0.05, Mantel’s r > 0.25). Moreover, the enzymatic activities of α-glucosidase, polyphe-
nol oxidase, cellobiohydrolase, and peroxidase, in addition to total PLFAs, bacterial PLFAs,
and fungal PLFAs, exhibited significant or extremely significant positive correlations with
lignin phenols (p < 0.05, Mantel’s r > 0.25).

Figure 5. Results of correlation analysis and the Mantel analysis of microbial necromass, lignin
phenols, enzymatic activity, and microbial PLFAs (n = 12). MC: bacterial, fungal, and total microbial
necromass carbon; Lignin: vanillyl phenol, syringyl phenol, cinnamyl phenol, lignin phenol, syringyl-
to-vanillyl phenol ratio, cinnamyl-to-vanillyl phenol ratio; αG: α-glucosidase; βG: β-glucosidase;
PPO: polyphenol oxidase; CB: cellobiohydrolase; POD: peroxidase; NAG: N-acetyl-β-D-glucosidase;
Bac: bacterial PLFAs; Fun: fungal PLFAs; Bac/Fun: bacterial-to-fungal PLFAs ratio. * and ** indicate
statistically significance at p < 0.05 and p < 0.01.

3.5. Effects of Microbial Necromass and Lignin Phenols on SOC Fraction

The relationships between SOC fractions, stability, microbial necromass, and lignin
phenols were analyzed using Pearson’s correlation (Figure 6A). It was found that bacterial,
fungal, and total microbial necromass carbon, along with the fungal-to-bacterial necromass
ratio, syringyl phenol, vanillyl phenol, lignin phenol, and cinnamyl phenol, demonstrated
a negative correlation with SCMR, and a significantly positive or extremely significant posi-
tive correlation with POC. Furthermore, bacterial, fungal, and total microbial necromass
carbon, syringyl phenol, vanillyl phenol, lignin phenol, and cinnamyl phenol showed signif-
icant or extremely significant positive correlations with both MOC and DOC. Additionally,
the syringyl-to-vanillyl and cinnamyl-to-vanillyl phenol ratios were positively correlated
with SCMR, while exhibiting negative correlations with the MOC, DOC, and SOC.

The influence of soil microbial necromass and lignin phenols on the SOC fractions was
further examined using variance partitioning analysis (Figure 6B). This analysis demon-
strated that 86.6% of the variation in SOC fractions could be attributed to microbial necro-
mass and lignin phenols. Specifically, microbial necromass accounted for 19.9% of the
variation, lignin phenols contributed 18.7%, and the combined effect of microbial necromass
and lignin phenols explained 48.0% of the variation in SOC fractions.

By employing predictive analysis through the random forest model, we identified the
key factors influencing SOC fractions (Figure 6C–F). Notably, in the case of DOC, bacterial
necromass carbon (33.0%), total microbial necromass carbon (18.7%), and the cinnamyl-to-
vanillyl phenol ratio (12.3%) were identified as the main drivers of its variation. For the POC,
the syringyl phenol (15.0%), syringyl-to-vanillyl phenol ratio (15.1%), cinnamyl-to-vanillyl
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phenol ratio (11.6%), fungal necromass carbon (13.2%), and cinnamyl phenol (11.1%) were
found to play significant roles. The MOC was predominantly influenced by total microbial
(28.9%), fungal (20.3%), and bacterial (17.7%) necromass carbon. Regarding the SCMR,
fungal-to-bacterial necromass ratio (16.6%), syringyl phenol (15.3%), vanillyl phenol (14.8%),
lignin phenol (11.9%), and cinnamyl phenol (9.9%) were the most influential factors.
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Figure 6. Effects of microbial necromass and lignin phenols on soil organic carbon fractions and
stability (n = 12). (A) Correlation heatmaps showing the relationship of soil microbial necromass and
lignin phenols with soil organic carbon fractions and stability. (B) Variation partitioning analysis was
used to assess the effects of soil microbial necromass and lignin phenols on soil organic carbon frac-
tion. (C–F) The random forest model elucidated the relative significance of soil microbial necromass
and lignin phenols to soil organic carbon fraction and stability. * p < 0.05, ** p < 0.01. BNC: bacteria
necromass carbon; FNC: fungal necromass carbon; TMC: total microbial necromass carbon; V: vanillyl
phenol; S: syringyl phenol; C: cinnamyl phenol; LP: lignin phenol; S/V: syringyl-to-vanillyl phenol
ratio; C/V: cinnamyl-to-vanillyl phenol ratio. DOC: dissolved organic carbon; POC: particulate
organic carbon; MOC: mineral-associated organic carbon; SCMR: soil carbon mineral rate; Microbial-
C: including bacterial necromass carbon, fungal necromass carbon, microbial necromass carbon,
and fungal-to-bacterial necromass carbon ratio; Plant-C: including vanillyl phenol, syringyl phenol,
cinnamyl phenol, lignin phenol, syringyl-to-vanillyl, and cinnamyl-to-vanillyl phenol ratios. SOM: in-
cluding soil organic carbon, dissolved organic carbon, particulate organic carbon, mineral-associated
organic carbon.

4. Discussion
4.1. Effect of Straw Returning and Manure on Microbial Necromass and Lignin Phenol

The long-term application of straw returning and manure (CS, CM, and CMS) signifi-
cantly increased soil bacteria, fungi, and microbial necromass carbon compared to using
only chemical fertilizers (CF) (Figure 2). This is because organic amendments boosted soil
nutrients (Table S2), and stimulated microbial growth (Figure 4), speeding up microbial
metabolism and increasing necromass carbon from bacteria and fungi. The decomposition
of plant residues by soil microorganisms initiates rapid necromass formation, with micro-
bial necromass becoming integral components of SOC [25]. Xu et al. [26] demonstrated
that persistent organic amendments substantially increased subsoil microbial necromass
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carbon, promoting soil carbon sequestration. The characteristics of substrates play a crucial
role in determining the efficiency of converting organic materials into microbial necromass
carbon [27], with variations in the composition of organic inputs differentially affecting
microbial dynamics. The study revealed a slightly higher accumulation of bacterial and
fungal necromass carbon in soils amended with manure (CM) compared to those amended
with straw (CS) (Figure 2). This difference was likely attributable to the lower C:N ratio
and increased nutrient bioavailability in manure, which promoted microbial proliferation.
In contrast, the lignocellulosic composition of straw, characterized by higher C:N ratios, re-
sulted in slower decomposition kinetics [28]. Notably, the CMS treatment exhibited greater
microbial necromass carbon accumulation than the CS and CM amendments (Figure 2).
This enhancement was attributed to the synergistic effects of combined organic inputs,
which increased carbon diversity, improved microbial PLFAs (Figure 4), and stimulated
enzymatic activity (Table 1). These findings are supported by Liu et al. [29], who demon-
strated that incorporating animal manure with corn straw in agricultural fields markedly
elevates soil microbial necromass carbon.

Fertilization regimes exerted a significant impact on soil lignin phenolic monomer,
with CMS treatments demonstrating the highest accumulation of monomers (Figure 3). The
combination of straw and manure enhanced soil nutrient availability (Table S1), thereby
stimulating crop growth, increasing root exudate production (e.g., phenolic acids), and
accumulating root stubble residues, which collectively contributed to elevated soil lignin
phenolic content. Moreover, long-term manure application supplied labile carbon sub-
strates that were preferentially metabolized by microorganisms [30], leading to the preser-
vation of recalcitrant carbon and potentially facilitating lignin phenol accumulation in the
CMS treatment. Liu et al. [29] also demonstrated that long-term application of organic
fertilizer facilitated the microbial processing of lignin side-chains, while also promoting
the stabilization of phenolics through humification processes. Microbial degradation of
lignin generates phenolic derivatives, such as p-hydroxybenzoic and vanillic acids, which
subsequently formed stable phenolic–protein complexes via humification and Maillard re-
actions [31]. This mechanism accounted for the observed accumulation of vanillyl, syringyl,
and cinnamyl derivatives in the CMS treatment (Figure 3).

4.2. Effect of Microbial Necromass and Lignin Phenol on SOC Fraction

Manure and straw application increase SOC by stimulating microbial activity and
promoting the formation of diverse carbon compounds. This study revealed distinct
variation in SOC components across the CM, CS, and CMS treatments, with CMS exhibiting
the highest levels of SOC, DOC, POC, and MOC (Figure 1). This enhancement resulted from
the synergistic mechanisms between organic amendments and straw. Manure supplies
labile carbon substrates and essential nutrients, whereas straw offers structural carbon
characterized by elevated carbon-to-nitrogen ratios. The concurrent application of these
materials mitigates microbial nitrogen limitations during decomposition, and enhances
the efficiency of carbon sequestration. Notably, the CMS treatment exhibited significantly
reduced carbon mineralization rates compared to the application of single amendments
(Figure 1F), thereby confirming improved carbon accumulation and stabilization through
the strategy of co-application.

The distribution patterns of SOC fractions (DOC, POC, and MOC) demonstrated
significant correlations with microbial necromass and lignin phenols (Figure 6B). According
to the random forest model, bacterial necromass carbon and total microbial necromass
carbon predominantly affected DOC levels (Figure 6C), potentially due to the release of
soluble metabolites during microbial biomass turnover [32]. The POC was influenced
by specific lignin biomarkers, namely syringyl and cinnamyl phenols, as well as fungal
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necromass carbon (Figure 6D), indicating its composition of partially decomposed organic
amendments. The structural complexity of lignin polymers, as indicated by lower syringyl-
to-vanillyl and cinnamyl-to-vanillyl phenol ratios in the CMS treatment, likely contributed
to enhanced POC retention by reducing its susceptibility to degradation.

For POC, syringyl phenol, cinnamyl phenol, fungal necromass carbon, as well as
the syringyl-to-vanillyl and cinnamyl-to-vanillyl ratios, played critical roles in shaping its
composition and distribution (Figure 6D). This was attributed to the fact that POC primarily
comprises undegraded or partially decomposed organic matter. Lignin phenols, which are
decomposition products of plant residues, exhibit complex structures and strong resistance
to degradation, potentially allowing them to be more retained in POC. Consequently, the
syringyl-to-vanillyl and cinnamyl-to-vanillyl phenols ratios can serve as indirect indicators
of the decomposition extent of POC. The higher POC content observed in the CMS treatment
may be explained by its lower syringyl-to-vanillyl and cinnamyl-to-vanillyl ratios, reflecting
the recalcitrant characteristics of lignin.

The formation of MOC was primarily driven by microbial necromass components
(Figure 6E). This necromass, comprising remnants of deceased microorganisms, includes
stable components such as amino sugars and peptidoglycan that significantly contribute
to MOC accumulation [33,34]. The interactions between microbial biomolecules, which
possess positively charged amino groups, and soil minerals are charge-mediated and facili-
tate the formation of organo-mineral complexes [35]. Although plant-derived compounds
such as lignin can contribute to MOC formation through hydrophobic interactions [36,37],
their role appeared to be less significant compared to that of microbial-derived precur-
sors [38,39]. Long-term organic fertilization enhanced MOC formation through several
mechanisms: it increased microbial necromass production, promoted organo-mineral
associations—especially those involving iron-bound complexes—and improved mineral
availability for carbon stabilization [40,41]. These processes collectively accounted for the
increased SOC sequestration capacity observed in integrated amendment practices.

4.3. Effect of Microbial Necromass and Lignin Phenol on SOC Mineraliation Rates

The SOC mineralization rates were observed to be lowest in the CMS and CM treat-
ments when compared to CF, CS, and CM treatments (Figure 1F). This finding suggested
that the manure combined with straw incorporation enhanced the stability of SOC more
effectively than treatments involving either manure or straw alone. These results are con-
sistent with the findings of Huang et al. (2024) [42], which demonstrated that sustained
organic amendments significantly enhanced SOC stability and sequestration by alleviating
microbial nitrogen limitations and improving soil aggregation. The nitrogen derived from
manure effectively alleviated the microbial nitrogen limitations caused by the high C:N
ratio of straw, thereby promoting efficient microbial carbon metabolism. This biological
process facilitated the accumulation of microbial byproducts, particularly polysaccharides
and lipid complexes, which serve as essential precursors for stabilized organic carbon [43].
Simultaneously, this integrated approach accelerated the humification process of straw,
wherein recalcitrant components like lignin undergo oxidation and condensation reactions
under microbial influence [44], resulting in the formation of humic acid and humin. These
compounds possessed intricate aromatic structures with high chemical stability, enabling
their prolonged persistence in soil. Moreover, cementing agents in organic fertilizers, in-
cluding polysaccharides and proteins, as well as decomposition products from straw, acted
synergistically to promote soil particle aggregation, thereby facilitating the formation of
macroaggregates (>250 µm) (Table S2). These aggregates encapsulated organic carbon,
protecting it from microbial degradation and enzymatic activity, which in turn reduced
decomposition rates.
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The random forest model identified the fungal-to-bacterial necromass ratio and lignin
phenol monomers as key determinants of the SOC mineralization rate (Figure 6F). Through
the application of the random forest model, we identified that the primary determinants
of SOC mineralization rate were the fungal-to-bacterial necromass ratio, as well as lignin
phenols and their monomers (Figure 6F). The observed inverse relationship between SOC
mineralization rate and fungal-to-bacterial necromass ratio (Figure 6A) underscored the
pivotal role of fungal dominance in SOC stability. The cellular architecture of fungi, pre-
dominantly composed of chitin-melanin complexes and recalcitrant polysaccharides [43],
provides chemically stable substrates rich in aromatic constituents that are resistant to
enzymatic degradation. Fungal enzymatic systems facilitate the conversion of lignocellu-
lose into aromatic humic polymers, thereby enhancing the chemical stability of SOC [45].
In contrast, bacterial biomass, which primarily consists of peptidoglycan (nitrogen-rich
biopolymers), is more susceptible to rapid biodegradation. Although bacterial extracellular
polysaccharides contribute to aggregate formation, their carbon matrices remain vulnerable
to mineralization [46]. Fungal networks play a crucial role in the formation of macroag-
gregates by intertwining hyphae and secreting extracellular compounds such as glomalin
proteins, which effectively encapsulate particulate organic matter within aggregate matri-
ces [47]. Zhang et al. [9] have shown that fungal necromass were preferentially localized
within aggregates, in contrast to bacterial remnants, which were more susceptible to decom-
position due to soil moisture fluctuations and disruption from tillage. Consequently, higher
fungal-to-bacterial necromass ratios enhanced physical protection mechanisms, thereby
prolonging the residence time of SOC.

Another significant factor influencing the SOC mineralization rate was the presence of
lignin phenols and their monomers, which exhibited a negative correlation with SOC min-
eralization rate (Figure 6A). This finding suggested that increased concentrations of lignin
phenols may enhance SOC preservation through two primary mechanisms. Firstly, oxida-
tive byproducts resulting from lignin degradation function as natural adhesives, chemically
interacting with mineral surfaces such as clay particles to enhance soil aggregation and
structural integrity [38,48]. Secondly, these aromatic compounds serve as chemically stable
carbon reservoirs due to their inherent resistance to microbial degradation, thereby facili-
tating prolonged carbon storage and increasing SOC levels [49]. Importantly, POM was
found to contain substantial amounts of lignin derivatives [50], indicating its crucial role in
SOC stability through simultaneous physical protection within aggregates and chemical
bonding with mineral surfaces during the decomposition of plant residues [51]. Overall,
it is reasonable to conclude that long-term application of manure combined with straw
returning not only increased the microbial necromass and lignin phenol contents but also
improved the macroaggregate formation and thus contributed to SOC stability. It is crucial
to emphasize that, although these results provided valuable insights into the relevant phe-
nomena occurring in Calcaric-Fluvic Cambisols, other soil types, such as acidic, sandy, or
clay soils, may demonstrate significantly different reaction mechanisms. To formulate more
generalized conclusions, future research should aim to extend investigations to encompass
a wider array of soil environments. This approach would not only enhance the applicability
of the research findings but also provide more robust support for global soil management
strategies (Figure 7).
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Figure 7. Conceptual diagram of the accumulation and contribution of microbial necromass carbon
and lignin phenols to SOC fraction and stability under manure combined with straw incorporation.
αG: α-glucosidase; βG: β-glucosidase; PPO: polyphenol oxidase; CB: cellobiohydrolase; POD: perox-
idase; NAG: N-acetyl-β-D-glucosidase; SOC: soil organic carbon; DOC: dissolved organic carbon;
POC: particulate organic carbon; MOC: mineral-associated organic carbon. The upward arrow along
the dotted line indicates an upward trend.

5. Conclusions
A 17-year agricultural field study investigated the effects of long-term application of

manure combined with straw returning on microbial necromass and lignin phenols, and
their contributions to SOC fractions and stability. This integrated fertilization approach
outperformed individual applications, enhancing microbial biomass and enzymatic ac-
tivity, which facilitated the accumulation of both microbial necromass and plant-origin
phenolic compounds. As a result, this synergistic management strategy primarily built
SOC fractions through the accelerated accumulation of microbial necromass and plant
lignin phenols. Specifically, DOC and MOC were predominantly influenced by microbial
necromass, whereas POC was mainly affected by plant lignin phenols. The enhanced SOC
stability under the combined treatment was attributed to two main factors: optimized
fungal-to-bacterial necromass ratio and increased lignin phenol concentrations. These
findings offer mechanistic insights into sustainable soil management, demonstrating how
integrated organic amendments concurrently regulate biological and biochemical processes
to augment carbon sequestration potential.
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treatments on soil nutrients and aggregates.
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