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Abstract19

Manure is widely applied in greenhouses to enhance soil organic carbon (SOC) and improve20

fertility. However, how SOC fractions and their chemical stability change under different soil21

textures and long-term manure inputs remains unclear. We investigated greenhouse soils with22

2–50 years of manure application in loam and sandy loam. SOC, easily oxidizable carbon (EOC),23

microbial biomass carbon (MBC), dissolved organic carbon (DOC), particulate organic carbon24

(POC), and mineral-associated organic carbon (MAOC) were quantified. The molecular structures25

of SOC were analyzed via 13C NMR spectroscopy. Results showed that SOC in loam stabilized26

after about 20 years of manure application, whereas sandy loam reached equilibrium within 227

years. In loam, aromatic C and carbonyl C in SOC increased, raising the aromaticity index (ARM);28

in sandy loam, alkyl C increased, elevating A/OA and the hydrophobicity index (HI). Loam29

contained higher SOC, EOC, POC, and MAOC contents than sandy loam, with SOC positively30

correlated with EOC, POC, and MAOC, whereas in sandy loam SOC was positively correlated31

only with EOC and MAOC, and negatively with fPOC. In loam, ARM and HI promoted SOC32

accumulation by stimulating EOC and POC, which enhanced MAOC formation. In sandy loam,33

HI mainly promoted SOC through increasing EOC, which enhanced MAOC formation. In loam,34

MAOC formation was mainly associated with POC, whereas in sandy loam it was driven by EOC.35

Overall, in greenhouses, long-term stability of SOC depends on the transformation of labile36

carbon into stable fractions, with fine-textured soils exhibiting greater sequestration efficiency due37

to higher structural stability and greater MAOC accumulation.38

Keywords: organic carbon sequestration, organic carbon fractions, organic carbon stability,39

greenhouse soils, long-term manure application40
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1. Introduction41

Soil organic carbon (SOC) is a keystone determinant of soil fertility and sustainable42

agricultural production; its quantity and composition directly regulate soil fertility and resilience43

to environmental stress (Beillouin et al., 2023; Oldfield et al., 2019). SOC fractions differ44

markedly in function. Labile carbon pools (e.g., soil labile organic carbon fractions [SLOCF] and45

particulate organic carbon [POC]) are highly sensitive to environmental and management46

perturbations, capturing short-term shifts in soil quality and carbon turnover; whereas stable47

carbon pools (e.g., mineral-associated organic carbon [MAOC]) reflect the long-term stabilization48

and preservation of SOC, functioning as the basis for maintaining structural stability and49

long-term fertility (Das et al., 2023; Zheng et al., 2022; Lavallee et al., 2020; Witzgall et al.,50

2021). Therefore, compared with SOC content, SOC composition can reveal soil productivity,51

nutrient supply, and carbon sequestration potential in greater detail.52

Manure application has been widely demonstrated to significantly enhance SOC content,53

attributable not only to direct carbon inputs but also to its stimulation of microbial activity and the54

consequent promotion of organic matter decomposition and resynthesis (Denoncourt et al., 2025;55

Wu et al., 2024). A global meta-analysis by Gross and Glaser (2021) showed that manure56

application, on average, enhanced SOC stocks by about 35.4%. Although total SOC increases, the57

effects of manure application on different carbon fractions are not consistent. Manure application58

preferentially enriches SLOC and POC, and these labile carbon pools are gradually incorporated59

into stable pools through microbial reorganization and mineral mediation, serving as important60

precursors for MAOC formation (Hao et al., 2025; Zhou et al., 2024). At the molecular level, 13C61

Nuclear Magnetic Resonance (NMR) analyses revealed increases in alkyl C, declines in aromatic62
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C, higher A/OA, and lower ARM following manure application, suggesting a shift of SOC from63

aromatic dominance to more hydrophobic and aliphatic structures (Zhao et al., 2023). The64

efficiency of manure-derived carbon transformation into SOC depends on climatic conditions, soil65

texture, and agricultural systems. Long-term manure application in non-tropical climates can66

increase SOC stocks by about 12.8 Mg ha-1, whereas in tropical regions the increase is only about67

8.5 Mg ha-1 (Gross and Glaser, 2021). However, Galluzzi et al. (2025) pointed out that although68

rising temperatures usually accelerate SOC decomposition, SOC accumulation is simultaneously69

constrained by mineralogical composition. Compared with coarse-textured soils, fine-textured70

soils (such as loam) possess higher surface area and stronger sorptive capacity, which enable them71

to more effectively bind low-molecular-weight fractions such as SLOCF and POC into MAOC,72

thus enhancing SOC long-term storage (Kleber et al., 2015; Islam et al., 2022; Das et al., 2023).73

Under similar temperature and soil texture conditions, SOC in the 0–20 cm plow layer of paddy74

soils averages about 9 Mg ha-1 higher than in upland soils., primarily due to the inhibition of SOC75

mineralization under flooded conditions (Liu et al., 2021).76

In contrast to open-field agriculture, greenhouses are maintained under consistently warm77

and humid environments, with air temperatures typically ranging from 18–35℃ and relative78

humidity of approximately 65–80% (Tan et al., 2025; Yang et al., 2024). Such stable and79

relatively high temperature-humidity regimes enhance microbial activity and substrate80

decomposition, thereby accelerating SOC turnover. Consequently, to improve soil fertility,81

manure inputs in greenhouses often reach 30–120 Mg ha-1 yr-1; however, SOC accumulation82

remains considerably lower than anticipated (Zhang et al., 2022; Tan et al., 2025). Zhang et al.83

(2022) found that continuous annual application of 37.5 Mg ha-1 of chicken manure resulted in a84
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new SOC equilibrium after five years, with SOC content increasing by 1.27-fold, yet only 24% of85

the exogenous carbon was retained. In addition, the majority of greenhouse studies span only86

1–10 years, and although apparent equilibrium in total SOC has been observed, such short-term87

stabilization does not represent an endpoint, as SOC may continue to accumulate or shift over88

longer timescales. Evidence from open-field studies indicates that net SOC accumulation,89

particularly MAOC, typically requires continuous organic inputs for more than 20–30 years90

before becoming pronounced (Dietz et al., 2024; Just et al., 2023). To more comprehensively91

evaluate the effects of manure application on SOC in greenhouses, it is necessary to analyze SOC92

accumulation dynamics and carbon fraction distribution over much longer timescales.93

Accordingly, this study examined greenhouse soils with loam and sandy loam spanning 2–5094

years of manure application, employing analyses of SOC fractions (SLOCF, POC, MAOC)95

combined with 13C NMR spectroscopy to systematically compare the composition and molecular96

structural features of SOC fractions across different manure application years. The aims of this97

study were: (1) to compare variations in SOC content, structural features, and molecular98

composition between loam and sandy loam soils in greenhouses under different years of manure99

application; and (2) to determine the relationships between changes in SOC fractions and100

molecular structural features with long-term SOC accumulation. The findings will provide a101

scientific basis for formulating greenhouse manure application strategies and sustaining soil102

fertility over the long term.103

2. Materials and methods104

2.1 Site description105

The sampling sites for this study were located in Wujianfang Town (41°49'12"N,106
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120°43'12"E) and Yangshibao Town (41°37'48"N, 122°45'36"E), which are two key regions for107

greenhouse agriculture in Liaoning Province, northeast China. Greenhouse agriculture has108

steadily developed in these two regions since 1970 and 1988, respectively, and has gradually109

expanded with the advancement of farming techniques and improved economic benefits. To110

improve production efficiency and support local agriculture, the government organized111

standardized planting schedules, crop rotation, and water-nutrient management training, thus112

providing ideal conditions for investigating the composition of SOC fractions and their113

stabilization characteristics under varying durations of manure application in greenhouses.114

By 2020, the greenhouses in these two regions had planting histories ranging from 2–50115

years (Table 1). The soil in Wujianfang Town is classified as Luvisols, while the soil in116

Yangshibao Town is classified as Cambisols (FAO, 2015). The soil texture was classified based117

on the proportion of sand, silt, and clay particles in the collected samples, using the United States118

Department of Agriculture soil texture triangle. Soils in Wujianfang and Yangshibao were119

classified as loam and sandy loam, respectively (Table 1). Each greenhouse sample plot was 60 m120

× 15 m, with an average daytime temperature of 22–36 °C and nighttime temperature of 15–18 °C.121

A three-crop rotation system of tomato-bean-tomato was implemented annually. Tomato is the122

main crop, with a planting density of 82,500 plants ha-1.123

The greenhouses were treated annually with approximately 41.25 Mg ha-1 (dry weight) of124

mixed cow and pig manure composts, providing a carbon input of 11.58 Mg ha-1 yr-1. The125

compost contained 28.07% carbon and 2.24% nitrogen. Additionally, chemical fertilizers were126

applied at annual rates of 300–400 kg ha-1 N, 300–400 kg ha-1 P2O5, and 450 kg ha-1 K2O, in127

combination with a drip irrigation system. To compare the effects of the greenhouse, open-field128
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soils located within 100 m of the sampled greenhouse were selected as controls (CK). These129

control fields followed the same tomato-soybean-tomato rotation, with similar chemical fertilizer130

application rates but no manure application.131

2.2 Soil sampling and analysis132

Soil samples were collected in May 2020. Greenhouse plots with similar manure application133

durations were grouped into loam (Wujianfang Town) and sandy loam (Yangshibao Town) soils.134

Each group consisted of 6 to 8 samples, for a total of 90 samples. In each greenhouse plot, soil135

samples were collected from five points arranged in an X-pattern at a depth of 0–20 cm and136

combined to form a composite sample. To ensure consistency and reduce variability, samples with137

marked differences in soil texture were excluded, and only soils with a neutral pH (6–8) were138

retained. This approach was adopted to minimize potential bias from soil property heterogeneity139

and to ensure the reliability of the experimental results. The same sampling and screening140

methods for the CK were applied to the CK adjacent to the greenhouse plots. After screening, 42141

samples remained. Among these, four samples were collected from greenhouse sandy loam aged142

30–32 years, and loam aged 9–11 years and 28–31 years, while the remaining groups consisted of143

three samples each (Table 1).144

2.3 SOC and sequestration analysis145

The SOC content was determined using the potassium dichromate (K2Cr2O7) oxidation146

method (Lu, 2000).147

SOC stock (SOCstock, Mg C ha-1) was estimated by Eq. (1) (Liu et al., 2015):148

4 30.20 10 10    stockSOC SOC BD (1)149
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Where SOC is the SOC content (g kg−1 soil), BD is the soil bulk density (g cm−3), and 0.20150

is the depth of the plow horizon (m). 104 is the conversion factor for hectare to square meters (m2),151

and 10−3 is the overall unit conversion factor for adjusting the units to Mg C ha-1.152

SOC sequestration rate (SOCS, %) was estimated using Eq. (2) (Liu et al., 2015; Lu et al.,153

2009):154

100
 stock -n stock -CK

S
n

SOC SOCSOC
C - input

(2)155

Where SOCstock-n and SOCstock-CK represent the carbon stocks (Mg C ha-1) in greenhouse soil156

with n years of manure application and in the control group, respectively. C-inputn represents the157

cumulative C input from manure application over n years (Mg C ha-1).158

2.4 Fraction of SOC159

The SLOCF (EOC, DOC, and MBC), POC (cPOC and fPOC), and MAOC was separated160

from the soil samples and measured to evaluate the long-term impact of manure application on the161

turnover and accumulation of different forms of SOC in the greenhouse.162

KMnO4 oxidation method (Vieira et al., 2007) was used to measure EOC in the samples. The163

fumigation extraction method (Vance et al., 1987) was used to measure DOC and MBC in the164

samples. DOC content was determined using the extract from the non-fumigated samples. MBC165

content was estimated using Eq. (3):166

f

0.45



OC DOCMBC (3)167

where OCf and DOC represent the organic carbon (OC) contents of the fumigated and168

non-fumigated samples, respectively (g kg-1 soil), and 0.45 is a constant value representing the169

OC extraction efficiency.170

The contents of POC and MAOC were measured using a particle size fractionation method.171

https://doi.org/10.5194/egusphere-2025-5094
Preprint. Discussion started: 3 November 2025
c© Author(s) 2025. CC BY 4.0 License.



9

An air-dried soil sample (10 g) was placed in a 50 mL centrifuge tube, and 35 mL of 1.85 g cm-3172

NaI solution (85 g NaI dissolved in 100 mL of water) was added. After shaking the tube 10 times,173

the sample was centrifuged at 4000 rpm for 20 minutes. The NaI solution was then removed, and174

the residue on the tube wall was rinsed. The remaining soil was rinsed 2-3 times with deionized175

water and then treated with 30 mL of 5 g L-1 Na6P6O18 solution, followed by shaking at 200 rpm176

for 18 hours to disperse aggregates. The dispersion was successively sieved through 250 µm and177

53 µm mesh sieves. Different fractions were collected: cPOC >250 µm, fPOC 250–53 µm, and178

MAOC <53 µm. Each fraction was dried at 40 ºC to constant weight. The carbon content of each179

fraction was determined using the K2Cr2O7 oxidation method.180

The contributions of each carbon fractions (SLOCF, POC, and MAOC) to SOC (%) was181

estimated using Eq. (4):182

Proportion of SLOCF, POC, or MAOC (%)183

  ( ,   ,  ) 100 
SOC Fraction SLOCF POC MAOC

SOC
(4)184

2.5 13C NMR analysis and spectral indicators185

The molecular structure of SOC was characterized using Cross-Polarization-Magic Angle186

Spinning (CPMAS) solid-state 13C NMR spectroscopy (Bruker AVANCE III 400, Switzerland).187

To remove paramagnetic materials and concentrate OC, soil samples were pretreated with 10%188

hydrofluoric acid (HF) solution (Schmidt et al., 2011). The processed samples were dried to189

constant weight at 40 °C, sieved through a 60-mesh sieve, and stored for NMR analysis.190

The processed samples were analyzed on a Bruker AVANCE III 400 NMR spectrometer191

(Switzerland), operating at a 13C resonance frequency of 100 MHz, equipped with a 4 mm192

CPMAS probe. The measurement parameters included a 5 kHz MAS rotation rate, 1 ms contact193
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time, 0.8 s recovery delay, and 140,000 scans. The spectra were divided into 4 chemical shift194

regions, with each chemical shift region and its corresponding label as follows: alkyl C (0–45195

ppm), O-alkyl C (45–110 ppm), aromatic C (110–160 ppm) and carbonyl C (160–220 ppm). The196

relative intensities of each SOC structure were calculated by integrating the areas of these regions.197

Three SOC stability indicators were calculated: the aromaticity index (ARM), hydrophobicity198

index (HI) (Mustafa et al., 2022), and the ratio of alkyl C to O-alkyl C (A/OA) (Kubar et al.,199

2018).200

2.6 Statistical analysis201

Statistical analyses were performed using IBM SPSS Statistics 22 software (IBM, Armonk,202

New York, USA). Significant differences among treatments were analyzed using one-way analysis203

of variance (ANOVA) with Tukey’s HSD post hoc test for multiple comparisons. Data204

visualization and Pearson correlation analysis were performed using OriginPro 2023 (OriginLab205

Corp., Northampton, MA, USA). Pearson correlation coefficients (r) and their significance levels206

(P) were calculated and visualized as a heatmap. The circle size indicates the strength of the207

correlation, and the color gradient (red for positive and blue for negative correlations) represents208

the direction. Statistically significant correlations are marked with asterisks (* for P < 0.05, ** for209

P < 0.01, *** for P < 0.001). Solid-state 13C NMR spectra were processed and integrated using210

MestreNova software (Mestrelab Research, Santiago de Compostela, Spain).211

The partial least squares structural equation model (PLS-SEM) was used to explore the212

pathways by which SOC fractions (SLOCF, POC, and MAOC) and structural stability indices of213

organic carbon (ARM, HI, and A/OA) influence SOC content in greenhouse. Based on our214

hypotheses, an a priori model was first constructed (Fig. S1). The model was subsequently215
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modified and simplified according to external model quality (heterotrait–monotrait ratio,216

composite reliability, Cronbach’s alpha, and convergent validity), internal model quality217

(explained variance, R2), and model fit (standardized root mean square residual, SRMR, and218

normed fit index, NFI). The model was constructed using the R package “plspm” (Hair et al.,219

2022).220

3. Results221

3.1 SOC content and sequestration in the greenhouse222

In the greenhouse, SOC content did not continuously increase with the prolonged application223

of manure, and the SOC stock remained much lower than the carbon input from manure224

application. In the loam, after 20 years of manure application, SOC content stabilized between225

33.1–37.0 g kg-1, with a SOC stock of approximately 77.5 Mg C ha-1, and SOCS at 16.1% (Fig. 1a,226

b). Although both SOC content and stock stabilized after 20 years, SOCS continued to decrease227

annually with the prolonged application of manure. After 48–50 years of manure application,228

SOCS decreased to 7.2% (Fig. 1c). In contrast, the effect of manure application on SOC content229

was relatively weak in the sandy loam. After 2 years of manure application, the SOC content and230

stock in the sandy loam were 13.3 g kg-1 and 33.0 Mg C ha-1, respectively, representing only231

42.2% and 42.6% of those in the loam (Fig. 1a, b). Although SOCS was higher in the sandy loam232

(54.9%) after 2 years of manure application, it markedly decreased as the application years233

increased. After approximately 30 years, SOCS in the sandy loam decreased to 4.0%, only 49.2%234

of that in the loam (Fig. 1c).235

3.2 Dynamic changes in SLOCF, POC, and MAOC in the greenhouse236

The application of manure enhanced SOC content of various fractions in the greenhouse.237
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SLOCF took the shortest time to reach a new equilibrium, followed by POC, with MAOC238

requiring the longest. Specifically, DOC and MBC contents in both soil textures stabilized after 2239

years of manure application in greenhouses. EOC stabilized after 9–11 years in loam (5.77–6.92 g240

kg-1), whereas sandy loam required 21–24 years to reach equilibrium (3.67–4.60 g kg-1),241

representing only 32% of the loam's (Fig. 2c). In loam, cPOC and fPOC contents reached their242

peak (5.01 and 6.80 g kg-1) after 28–31 and 20–23 years of manure application, respectively, and243

then slightly decreased (Fig. 2d, f). In sandy loam, cPOC content remained at 1.19–1.62 g kg-1244

within 2–32 years; the fPOC content reached its peak (3.08 g kg-1) at 2 years and significantly245

decreased to 1.81 g kg-1 at 30–32 years (Fig. 2d, f). In loam, MAOC content gradually stabilized246

after 28 years of manure application, and reached highest (21.83 g kg-1) after 48–50 years (Fig.247

2h). In sandy loam, MAOC content tended to stabilize after 4 years of manure application,248

maintaining at 6.21–7.54 g kg-1 (Fig. 2h). Compared to sandy loam, loam exhibited significantly249

higher contents of all OC fractions except DOC and MBC. Sandy loam showed 62.38%, 60.55%,250

and 65.41% reductions in cPOC, fPOC, and MAOC contents, respectively, relative to loam (Fig.251

2a, b).252

In the greenhouse, the proportion of OC fractions in SOC follows the order: MAOC >253

EOC > fPOC > cPOC > DOC > MBC. In SLOCF, the proportion of DOC and MBC in SOC254

peaked at 2 years of manure application in both soil textures and then declined to levels similar to255

those of CK. The proportion of EOC in SOC significantly increased in the greenhouse, with the256

increase in the sandy loam being significantly higher than that in the loam (Fig. 3a, b). In the loam,257

the proportion of cPOC and fPOC in SOC reached 14.1% and 20.0%, respectively, after 20–23258

years of manure application, and then decreased to 12.2% and 16.3% after 48–50 years. In259
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contrast, the proportion of MAOC in SOC gradually increased. Notably, when manure application260

was less than 48 years, the proportion of MAOC remained lower than that in CK (Fig. 3c). In the261

sandy loam, the proportion of cPOC and fPOC peaked at 12.7% and 24.5%, respectively, after 2262

years of manure application, and then declined. Over 4–32 years, the proportions of cPOC and263

fPOC remained consistently at 9%–10% and 14%–15%, respectively. MAOC reached its264

maximum value of 52.3% after 4–6 years of manure application and then stabilized between 47%265

and 51% thereafter (Fig. 3e).266

3.3 Correlations among SOC, SLOCF, POC, and MAOC in the greenhouse267

In greenhouses with loam, SOC was highly positively correlated with EOC, cPOC, fPOC,268

and MAOC (P < 0.001). Among them, MAOC showed the strongest correlation with SOC.269

Additionally, SOC was significantly positively correlated with cPOC/SOC and fPOC/SOC, and270

negatively correlated with DOC/SOC and MBC/SOC (P < 0.01, Fig. 4a). In contrast, SOC was271

only highly positively correlated with MAOC in the sandy loam (P < 0.001). No significant272

correlation was found between cPOC and either SOC or MAOC, while fPOC was negatively273

correlated with both SOC and MAOC (P < 0.05). The MAOC/SOC was significantly positively274

correlated with SOC (P < 0.05), while cPOC/SOC and fPOC/SOC were significantly negatively275

correlated with SOC (P < 0.01, Fig. 4b).276

3.4 Chemical composition and stability of SOC based on 13C NMR analysis277

The solid-state 13C NMR spectra and the relative contributions of various carbon functional278

groups in SOC are shown in Fig. 5a and 5b, and Table 2. The 0–45 ppm region corresponds to the279

alkyl C group, predominantly consisting of CH2 bonds, which are characteristic of branched280

aliphatic C functional groups. The 45–110 ppm region corresponds to the O-alkyl C group,281
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typically associated with methoxy C/N-alkyl compounds, mainly derived from lignin derivatives282

such as guaiacol and vanillin, as well as C-N bonds in amino acids. The aromatic C group is283

prominent in the 110–160 ppm range and is strongly associated with aromatic C and phenolic C284

structures. The 160–220 ppm region is predominantly dominated by the carbonyl C group,285

including amides, carboxylic acids, and esters.286

Long-term manure application significantly altered the distribution of OC functional groups287

in greenhouse soils, with notable variations observed between different soil textures (Fig. 5a, b).288

Compared to CK, the proportion of alkyl C in the loam decreased by 13.9% at 9–11 years of289

manure application, and subsequently increased by 2.6% at 28–31 years. The proportion of290

O-Alkyl C exhibited a gradual decline, decreasing by 16.7% at 28–31 years. In contrast, the291

proportions of aromatic C and carbonyl C steadily increased, rising by 17.5% and 10.5%,292

respectively, at 28–31 years (Table 2). In the sandy loam, manure application increased the293

proportion of alkyl C while decreasing the proportions of O-alkyl C and aromatic C. Compared to294

CK, the proportion of alkyl C increased by 12.9% at 30–32 years, while the proportions of295

O-alkyl C and aromatic C decreased by 6.2% and 5.3%, respectively. The proportion of carbonyl296

C remained relatively stable, maintaining at 15.56%–19.11% (Table 2).297

In the loam, long-term manure application primarily increased ARM, followed by HI and298

A/OA. ARM increased with the extension of manure application years. HI increased only between299

28–31 years, remaining relatively stable at 2 years and 9–11 years. A/OA decreased at 2 and 9–11300

years. Compared to CK, after 28–31 years of manure application in the greenhouse, ARM, HI,301

and A/OA increased by 249.44%, 29.39%, and 49.90%, respectively, with an overall increase of302

54.61% in SOC stability (Fig. 5c). In contrast, the SOC stability indicators in the sandy loam were303
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significantly lower than those in the loam. In the sandy loam, ARM decreased with the extended304

manure application years, while HI and A/OA gradually increased. Compared to CK, although the305

ARM of greenhouse soils after 30–32 years of manure application decreased by 0.12, HI and306

A/OA increased by 0.29 and 0.99, respectively (Fig. 5d).307

There were significant differences in the correlation patterns between the two soil textures. In308

the loam, SOC and all its fractions were significantly negatively correlated with alkyl C and309

O-alkyl C, but showed highly significant positive correlations with aromatic C and carbonyl C (P310

< 0.001, Fig. 6a). All SOC fractions were significantly positively correlated with ARM, but311

negatively with A/OA. HI was significantly positively correlated only with SOC, POC, and312

MAOC, but not with SLOCF (EOC, DOC, and MBC, Fig. 6a). In contrast, in the sandy loam,313

POC showed generally weak correlations with functional groups and stability indices; only cPOC314

was significantly positively correlated with alkyl C and HI, and negatively with O-alkyl C (Fig.315

6b). SOC, SLOCF, and MAOC were positively correlated with alkyl C, but generally negatively316

with O-alkyl C, aromatic C, and carbonyl C. Notably, DOC showed no significant correlation with317

either aromatic C or carbonyl C. The strongest correlation was observed between carbonyl C and318

MAOC (P < 0.001), but correlations with other SOC fractions were weak. SOC, SLOCF, and319

MAOC were all significantly positively correlated with HI, but negatively with ARM. A/OA320

exhibited significant positive correlations with SOC, EOC, MBC, and MAOC, but was not321

significantly associated with DOC (Fig. 6b).322

3.5 Pathways of long-term SOC storage in greenhouses323

In loam, SOC content was primarily driven by MAOC and EOC. Although no direct path324

was found from POC to SOC, SOC stability indices (ARM and HI) exerted significant positive325
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effects on POC accumulation, and POC indirectly contributed to SOC content through its326

promotion of MAOC formation. By contrast, the path from MAOC to EOC was not significant327

(Fig. 7a). In sandy loam, SOC content was jointly influenced by MAOC and POC. SOC stability328

(HI) significantly enhanced EOC accumulation, which subsequently promoted MAOC formation329

and ultimately increased SOC content. However, the path between SOC stability (HI) and cPOC330

showed relatively low significance, and no direct association was detected between cPOC and331

MAOC (Fig. 7b).332

4. Discussion333

4.1 Effects of manure application on SOC composition and chemical structure in greenhouse334

soils335

Manure application in greenhouses significantly increased SOC content, playing a key role in336

enhancing soil fertility. However, with continuous application, SOC in loam stabilized after 20337

years, whereas in sandy loam equilibrium was reached within only 2 years (Fig. 1). This338

stabilization likely reflects a new balance in SOC, where additional carbon inputs are offset by the339

higher mineralization rates characteristic of greenhouse soils (Stewart et al., 2007). The difference340

in equilibrium time can be attributed to soil texture: fine-textured soils (e.g., loam) provide more341

binding sites that enhance SOC stability and slow decomposition, while sandy loam, with limited342

binding capacity, undergoes faster SOC decomposition and therefore reaches equilibrium more343

rapidly (Wiesmeier et al., 2019; Mao et al., 2024).344

Manure application significantly increased the contents of SOC fractions in greenhouse soils.345

Among them, MAOC represented the highest content and proportion (Fig. 2, 3), indicating that346

MAOC plays a central role in long-term carbon sequestration in greenhouse soils. This finding is347
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consistent with previous studies highlighting the dominant role of MAOC in SOC stabilization.348

Manure application promotes the complexation of OC with mineral oxides, thereby significantly349

enhancing the stability of MAOC and effectively facilitating SOC sequestration (Zhang et al.,350

2011). With prolonged manure application, EOC, cPOC, and fPOC and their relative proportions351

in SOC tended to stabilize (Fig. 2, 3). This phenomenon can be attributed to the rapid turnover352

characteristics of EOC and POC combined with greenhouse conditions. Manure-derived EOC and353

POC are more prone to microbial decomposition under elevated temperatures, and with prolonged354

manure application, their inputs and losses eventually reach a dynamic balance, thereby355

suppressing further increases in their contents and relative contributions to SOC (Zheng et al.,356

2022; Zhou et al., 2024). In contrast to the other carbon fractions, DOC and MBC contents357

showed no significant differences across manure application durations or soil textures (Fig. 2e, g),358

accounting for less than 2.5% of SOC, indicating that they are mainly regulated by the amount of359

manure applied. Although their contributions are limited, they could serve as indicators of360

microbial metabolism and carbon transformation processes (Francioli et al., 2016; Li et al., 2021;361

Yan et al., 2023). For example, Wu et al. (2024) reported that organic matter addition altered the362

relative abundances of Bacteroidetes and Acidobacteria, thereby affecting the expression of key363

carbon-cycle genes such as cbbL and cbbM, which in turn regulated the distribution of carbon364

fractions.365

Although the trends of SOC fraction dynamics were generally consistent between the two366

soil textures, their distribution patterns differed significantly. Loam exhibited significantly higher367

levels of EOC, POC, and MAOC, and the sustained increase in the proportion of MAOC with368

prolonged manure application reflects an enhanced capacity for soil organic matter accumulation369
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and stabilization within persistent carbon pools. In contrast, sandy loam contained lower levels of370

these fractions, indicating a markedly limited potential for long-term SOC sequestration. This is371

consistent with the findings of Zhou et al. (2024), who reported that light-textured soils are less372

effective in sequestering SOC due to insufficient clay content and adsorption sites. A global373

cropland study by Ling et al. (2025) further demonstrated that fine-textured soils with higher374

proportions of clay and silt provide more binding and protective sites for organic matter, thereby375

promoting the formation and stabilization of MAOC. In contrast, sandy soils with limited binding376

sites tend to store SOC predominantly in free particulate forms, which further explains the377

observed differences in SOC fractions between loam and sandy loam in this study. Manure378

application not only altered SOC and its fractions but also significantly modified the composition379

of SOC functional groups. In the loam, the application of manure decreased the proportion of380

alkyl C and O-alkyl C in SOC, while increasing the proportions of aromatic C and carbonyl C381

(Fig. 5a, Table 2). O-alkyl C mainly originates from cellulose, peptides, and other unstable382

organic components. Alkyl C derives from primary plant bio-polymers and metabolic products of383

soil microorganisms. In comparison with the more resistant aromatic C and carbonyl C, they can384

be preferentially biodegraded (Panettieri et al., 2014; Lan et al., 2022). Alkyl C and O-alkyl C385

gradually transform into more stable forms of OC through oxidation by enzymes secreted by386

microorganisms and reactive oxygen species. For instance, Yao et al. (2022) found that in the387

process of OC decomposition by microorganisms, oxidation reactions and free radical reactions in388

the soil can also convert compounds containing alkyl C into carbonyl-containing compounds389

(such as ketones and aldehydes), thereby promoting the formation of aromatic C structures. At the390

early stage of manure application (approximately 2 years), the ARM of SOC in loam increased,391
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while the HI and A/OA were significantly lower than those in the CK (Fig. 5c).This may be due392

to the rapid decomposition of large amounts of labile components (e.g., O-alkyl C and alkyl C)393

under the high-temperature conditions of greenhouses, leading to a relative increase in the394

proportion of aromatic C (Xu et al., 2020). With the extension of manure application years, the395

alkyl C and carbonyl C structures in SOC gradually rose, ultimately improving the stability of396

SOC.397

The changes in the proportions of SOC functional groups in the sandy loam exhibited398

characteristics distinct from those in the loam. The proportion of alkyl C gradually increased with399

prolonged manure application, whereas the proportions of O-alkyl C, aromatic C, and carbonyl C400

show an overall decreasing trend (Fig. 5b, Table 2). This is likely because of the lower content of401

clay and silt in the sandy loam, which reduces the physical protection of soil particles on SOC402

(An et al., 2021; Yao et al., 2022). In sandy loam, manure application significantly altered HI,403

A/OA, and ARM, with HI and A/OA increasing but ARM decreasing, in contrast to loam (Fig.404

5d). This indicates that, although manure application in the sandy loam does not favor the405

formation of the most stable aromatic C, it has a positive effect on SOC stability by enhancing its406

hydrophobicity and increasing the proportion of alkyl C. Previous studies have also demonstrated407

that alkyl C, as a major contributor to thermal stability and hydrophobicity, can enhance the408

resistance of SOC to decomposition in soil (Almendros and González-Pérez, 2025). These results409

suggest that loam, due to its higher clay and silt contents, not only facilitates the gradual410

transformation of EOC and POC into MAOC but also achieves long-term SOC stabilization411

through the accumulation of recalcitrant structures such as aromatic C and carbonyl C. In contrast,412

sandy loam, constrained by limited binding sites, exhibits lower levels of SOC fractions and413
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structural stability, relying more on hydrophobic stabilization driven by alkyl C, which results in414

markedly lower SOC sequestration potential compared with loam.415

4.2 Correlations between SOC fractions and chemical structures and sequestration416

pathways in greenhouse soils417

In the loam, the higher clay and silt contents significantly enhanced the capacity for SOC418

accumulation, mainly attributable to mineral protection driven by soil texture (Datta et al., 2017;419

Yan et al., 2023). Although SLOCF and POC are generally difficult to preserve in soils over the420

long term, these fractions continuously associate with mineral particles during decomposition and421

form more stable MAOC through processes of adsorption, aggregation, and re-precipitation (Zhou422

et al., 2024; Six et al., 2002). Consequently, MAOC showed significant positive correlations with423

EOC, cPOC, and fPOC (Fig. 4a). Previous studies have shown that cPOC and fPOC initially424

attach to the surfaces of clay and silt particles, gradually forming stable MAOC through425

physicochemical interactions such as cation bridging, hydrogen bonding, and van der Waals426

forces (Six et al., 2002; Rocci et al., 2021; Zhou et al., 2024). Additionally, SLOCF, particularly427

POC derived from DOC, can also enter the POC pool and further enhance SOC stability by428

facilitating MAOC formation (Si et al., 2024). These precursor–product linkages directly429

influence the long-term stability of SOC in loam (Ji et al., 2024; Si et al., 2024).430

In contrast, the sandy loam, with its low clay and silt contents, exhibited a weaker SOC431

accumulation capacity, where SOC was positively correlated only with EOC and MAOC, but432

negatively correlated with fPOC (Fig. 4b). This finding differs from the results of Rocci et al.433

(2021), who reported that increases in both MAOC and POC directly contributed to SOC pool434

enhancement. However, in the sandy loam soil under greenhouses in this study, the negative435
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correlation between POC and MAOC suggests that the accumulation of POC may not have436

contributed to effective stabilization, but rather may have accelerated the decomposition of437

existing MAOC. This interpretation is supported by Angst et al. (2023), who indicated that438

continuous addition of exogenous organic matter to soils approaching carbon saturation could439

trigger a microbial priming effect, thereby accelerating MAOC mineralization. Furthermore, 13C440

tracer experiments have shown that low-quality litter (e.g., plant residues with high lignin content441

and high C/N ratios) can induce strong priming effects, accelerating MAOC loss and offsetting442

the newly formed MAOC (Elias et al., 2024). In addition, Liang et al. (2023) found that in soils443

dominated by low-reactivity clays, rhizodeposition-derived bioavailable carbon inputs can deplete444

the MAOC pool, indicating that limited mineral protection capacity increases the susceptibility of445

MAOC to carbon-induced mobilization.446

This study also found that the correlations between SOC fractions, functional groups, and447

stability indices differed significantly between loam and sandy loam (Fig. 6). Previous studies448

have shown that fine-textured soils, particularly within the MAOC fraction, tend to accumulate449

microbial transformation products and chemically restructured stable compounds such as carboxyl,450

aromatic, and long-chain alkyl groups, whereas coarse-textured soils preferentially retain partially451

decomposed plant residues, leading to higher proportions of O-alkyl C (Jindaluang et al., 2013;452

Niu et al., 2024; Witzgall et al., 2021). In this study, EOC, POC, and MAOC in loam showed453

significant positive correlations with SOC stability indices such as ARM and HI (Fig. 6a),454

indicating that even metabolically active fractions may contribute to long-term SOC stabilization455

through mineral associations when mineral adsorption sites are abundant. In contrast, the organic456

carbon fractions in sandy loam were mainly positively correlated with alkyl C, HI, and A/OA,457
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while fPOC showed no significant relationships with SOC chemical structures or stability indices458

(Fig. 6b), indicating that these particulate organic carbons were not effectively adsorbed or459

protected. This finding aligns with Witzgall et al. (2021), who observed in controlled litter460

decomposition experiments that fine-textured soils preferentially retained microbially restructured461

SOC, whereas coarse-textured soils released more CO2 and retained only limited plant-derived462

fragments.463

In loam and sandy loam, MAOC represents the primary driver of SOC accumulation, but the464

contribution pathways of EOC and POC differ markedly (Fig. 7). In loam, although EOC can be465

partially transformed into residues and incorporated into MAOC through microbial metabolism,466

its contribution is not significant. This does not imply the absence of such a process; rather, the467

abundant clay and mineral binding sites in loam make the microbial reprocessing and mineral468

association of POC the predominant sources of MAOC, thereby masking the effect of EOC469

incorporation (Liu et al., 2025; Zhou et al., 2024). Therefore, the role of EOC in loam is mainly470

reflected in its short-term enhancement of SOC content, while the long-term accumulation of471

MAOC relies more on the transformation of POC and mineral protection. In contrast, in sandy472

loam, the limited clay and sorption sites markedly reduce the efficiency of POC conversion into473

MAOC, resulting in POC remaining largely in the form of particulate residues (Christy et al.,474

2023; Fohrafellner et al., 2024). This explains why there was no significant path detected between475

POC and MAOC in sandy loam, while POC still directly promoted SOC content through its own476

accumulation. Under such conditions, the molecular characteristics of EOC, such as small477

molecules rich in carboxyl and phenolic hydroxyl groups, enable rapid diffusion and preferential478

occupation of scarce mineral binding sites, making it a key precursor of MAOC (Christy et al.,479
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2023). This is consistent with several studies reporting that in soils with low fine particle content,480

inputs of labile or soluble organic carbon contribute relatively more to the stable carbon pool481

(Peng et al., 2025; Simon et al., 2025). In summary, the results of this study indicate that the482

long-term stabilization of SOC in greenhouse soils is not the accumulation of a single carbon pool,483

but rather a synergistic process in which labile carbon fractions serve as substrates that are484

gradually incorporated into stable pools through microbial metabolism and transformation,485

thereby achieving long-term preservation.486

The results of this study provide guidance for the management of manure application in487

greenhouse soils with different textures. It should be noted that this study did not include488

structural characterization of submicron-scale mineral–OC complexes (e.g., X-ray absorption fine489

structure spectroscopy), and therefore could not distinguish the differences among clay mineral490

types (e.g., montmorillonite vs. kaolinite) in the formation and stabilization of MAOC. In addition,491

this study primarily analyzed the relationship between SOC fractions and stabilization, lacking492

direct evidence on the microbial communities driving carbon transformation. Future studies could493

integrate metagenomic sequencing techniques to elucidate the community structure and metabolic494

traits of functional microorganisms that play key roles in carbon transformation across soils with495

different textures, thereby advancing the understanding of SOC stabilization processes in496

greenhouses through a multi-scale approach.497

5. Conclusions498

In greenhouse soils, SOC content gradually stabilized with increasing years of manure499

application, with loam reaching equilibrium after approximately 20 years, whereas sandy loam500

attained a new balance within only 2 years. Under equivalent manure inputs, loam contained501
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significantly higher amounts of EOC, POC, and MAOC than sandy loam, with SOC stocks being502

approximately 2–3 times higher. In loam, SOC showed significant positive correlations with EOC,503

POC, and MAOC, indicating their synergistic role in long-term SOC stabilization. By contrast, in504

sandy loam, SOC was positively associated only with EOC and MAOC, but negatively with fPOC,505

reflecting the limited capacity of sandy loam to incorporate POC into the stable pool under506

constrained clay and sorption sites. Further analysis revealed that manure application in loam507

enriched aromatic and carbonyl C, a structural feature conferring greater stability and enhancing508

the efficiency of EOC and POC transformation into MAOC, thereby facilitating long-term SOC509

accumulation. Conversely, SOC in sandy loam was dominated by hydrophobic alkyl C, where510

increases in HI primarily stimulated EOC accumulation, and SOC stabilization largely depended511

on the continuous replenishment of EOC and its derivatives. Taken together, these findings512

demonstrate that long-term SOC sequestration is not determined solely by the quantity of external513

inputs, but is strongly governed by the efficiency with which labile fractions are transformed into514

MAOC. Overall, the response of greenhouse SOC to long-term manure application is essentially515

regulated by both the distribution of C fractions and the structural stability of their chemical516

composition.517
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Table 1. Manure application years and soil mechanical composition at greenhouse sampling sites.751

Sampling

Sites

Manure

application

years

Points

Soil bulk

density

g cm-3

pH

1:2.5
Sand % Silt % Clay %

Soil

texture

Wujianfang

Town

CK 3 1.12±0.03 7.06±0.23 43.6±1.5 21.0±1.8 35.4±1.7

Loam

2 3 1.19±0.06 6.98±0.22 43.7±3.0 20.7±3.3 34.9±0.9

9-11 4 1.13±0.03 7.05±0.19 42.3±1.6 20.9±2.8 36.8±4.1

20-23 3 1.15±0.04 7.00±0.15 42.6±1.5 23.3±1.9 34.1±2.0

28-31 4 1.10±0.04 6.93±0.20 43.5±1.2 20.0±2.3 36.5±1.2

38-40 3 1.07±0.03 6.36±0.21 43.2±1.7 20.7±2.5 36.1±2.2

48-50 3 1.14±0.06 6.60±0.13 44.4±1.0 19.6±0.9 36.0±1.3

Yangshipu

Town

CK 3 1.24±0.03 6.42±0.24 70.9±2.1 8.2±1.9 20.9±2.8

Sandy

Loam

2 3 1.25±0.03 6.84±0.23 70.1±3.0 8.6±0.9 21.3±3.1

4-6 3 1.27±0.01 7.02±0.33 70.6±2.6 8.3±2.7 21.1±0.9

11-13 3 1.23±0.02 7.15±0.28 70.43±2.6 9.4±0.9 20.2±2.1

21-24 3 1.21±0.01 7.09±0.06 69.4±2.7 7.1±1.5 23.5±4.2

30-32 4 1.25±0.04 7.14±0.24 68.7±2.6 7.5±1.4 23.9±3.5
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755

Fig. 1. Changes in (a) soil organic carbon (SOC), (b) manure-derived carbon input and SOC stock,756

and (c) SOC sequestration rate following manure application over various years in greenhouses.757

Bars represent the standard errors. Within each soil texture, bars with different lowercase letters758

indicate significant differences among years of manure application (P < 0.05).759
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760

Fig. 2. Content and variations of (a) soil labile organic carbon fractions (SLOCF), (b) particulate761

organic carbon (POC), and mineral-associated organic carbon (MAOC) in greenhouse soils (loam762

and sandy loam); and dynamic changes in (c) easily oxidizable organic carbon (EOC), (e)763

dissolved organic carbon (DOC), (g) microbial biomass carbon (MBC), (d) coarse particulate764

organic carbon (cPOC), (f) fine particulate organic carbon (fPOC), and (h) mineral-associated765

organic carbon (MAOC) across different years of manure application in greenhouse soils. Bars766

represent the standard errors. Within each soil texture, bars with different lowercase letters767

indicate significant differences among years of manure application (P < 0.05).768
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769

Fig. 3. Proportions of soil labile organic carbon fractions (SLOCF: easily oxidizable organic770

carbon [EOC], microbial biomass carbon [MBC], and dissolved organic carbon [DOC]),771

particulate organic carbon (POC: coarse POC [cPOC] and fine POC [fPOC]), and772

mineral-associated organic carbon (MAOC) to soil organic carbon (SOC) in greenhouse soils773

under different manure application years in (a, c) loam and (b, d) sandy loam.774

775
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776

Fig. 4. Pearson correlations among soil organic carbon (SOC) fractions and their relative777

proportions in greenhouses for (a) loam and (b) sandy loam. Note: SOC fractions include total778

SOC, easily oxidizable organic carbon (EOC), dissolved organic carbon (DOC), microbial779

biomass carbon (MBC), coarse particulate organic carbon (cPOC), fine particulate organic carbon780

(fPOC), and mineral-associated organic carbon (MAOC). Their relative proportions to SOC781

include EOC/SOC, DOC/SOC, MBC/SOC, cPOC/SOC, fPOC/SOC, and MAOC/SOC. *782

Correlation was significant at P ≤ 0.05; ** Correlation was significant at P ≤ 0.01; ***783

Correlation was significant at P ≤ 0.001.784
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785

Fig. 5. Solid-state CPMAS 13C NMR spectroscopy of greenhouse soils under varying years of786

manure application in (a) loam and (b) sandy loam. Soil organic carbon (SOC) stability indicators787

during different manure application years in (c) loam and (d) sandy loam under greenhouse788

conditions. A/OA: the ratio of alkyl C to O-alkyl; HI: hydrophobicity index; ARM: aromaticity789

index.790
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792

Fig. 6. Pearson correlations between soil organic carbon (SOC) fractions and SOC chemical793

structure and stability indices in greenhouses (a) loam and (b) sandy loam. Note: SOC fractions794

include total SOC, easily oxidizable organic carbon (EOC), dissolved organic carbon (DOC),795

microbial biomass carbon (MBC), coarse particulate organic carbon (cPOC), fine particulate796

organic carbon (fPOC), and mineral-associated organic carbon (MAOC). SOC stability indices797

include aromaticity index (ARM), humification index (HI), and the ratio of alkyl C to O-alkyl798

(A/OA). * Correlation was significant at P ≤ 0.05; ** Correlation was significant at P ≤ 0.01; ***799

Correlation was significant at P ≤ 0.001.800

801
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802

Fig. 7. Partial least squares structural equation models (PLS-SEM) illustrating the pathways803

through which soil organic carbon (SOC) chemical stability indices influence SOC fractions and804

SOC content in greenhouse soils: (a) loam; (b) sandy loam. Numbers on arrows denote path805

coefficients, while numbers adjacent to arrows represent weight contributions. Solid and dashed806

lines indicate significant and non-significant relationships, respectively. Note: SOC fractions807

include easily oxidizable organic carbon (EOC), dissolved organic carbon (DOC), coarse808

particulate organic carbon (cPOC), fine particulate organic carbon (fPOC), and mineral-associated809

organic carbon (MAOC). SOC chemical stability indices include aromaticity index (ARM) and810

humification index (HI).811
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