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Abstract 
Aims Plant and microbial residues are the pri-
mary drivers mediating soil organic carbon (SOC) 
accumulation in terrestrial ecosystems. However, 
how plant residues and microbial residues affect 
SOC accumulation and the underlying mechanisms 
remain poorly understood, especially in the succes-
sion process of different vegetation types.
Methods In this study, grasslands (GL) and Rob-
inia pseudoacacia plantations (RP) restored for 10, 

20, 30, and 40 years were used as research subjects 
on the Loess Plateau, and farmland was used as a 
control. Several indicators of soil physicochemical 
and plant characteristics, enzyme activity, amino 
sugar, lignin phenols were measured.
Results The results indicated that the contents of 
microbial and plant residue carbon in GL and RP 
increased with the increasing restoration years. 
However, the contribution of plant residue carbon 
to the SOC in GL and RP gradually decreased, 
while microbial residue carbon showed the opposite 
trend. In contrast, microbial residues were the main 
contributor to SOC in GL (62.8–75.1%), while plant 
residues were the main contributor to SOC in RP 
(47.2–58.3%). There was a difference in the bacte-
rial and fungal residue carbon contribution to SOC 
between GL and RP. In GL, the dominant contribu-
tor to SOC changed from bacterial (47.7–37.2%) 
to fungal residues (15.1–37.9%). But in RP, it has 
always been dominated by fungal residue carbon 
(17.4–33.3%).
Conclusions More SOC accumulated in GL and 
RP in the form of microbial and plant residue car-
bon, respectively. In GL and RP, the contribution 
of carbon from fungal residues increased with the 
increase of recovery years. Overall, our research not 
only contributes to understanding the complexity of 
the carbon cycle in ecosystems, but also provides a 
valuable scientific basis for the management of soil 
carbon pools in different vegetation types under cli-
mate change.
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Introduction

As the largest carbon pool in terrestrial ecosystems, 
soil organic carbon (SOC) pool is approximately 
three and four times that of carbon the atmosphere 
and vegetation, respectively (Wang et  al. 2022a). 
Consequently, a minor change in SOC storage can 
lead to considerable variations in atmospheric carbon 
dioxide concentration and ecosystem carbon balance 
(Tian et al. 2022), which will exacerbate or mitigate 
climate change (Voosen 2022). In recent decades, 
more and more studies have focused on SOC con-
version and accumulation in terrestrial ecosystems 
because of the growing need to disentangle the soil 
carbon cycle and its effects on climate change (Hao 
et  al. 2023; Medeiros et  al. 2023). Emerging study 
has found that plant and microbial residues account 
for 19–42% and 40–59% of the terrestrial carbon 
pool, respectively (Chen et al. 2021), which together 
determine the storage of SOC (Liang et  al. 2019; 
He et  al. 2022). Microorganisms play a crucial role 
in regulating plant residues and microbial residues. 
On the one hand, they decompose plant residues 
by secreting extracellular enzymes (Liang and Zhu 
2021), and on the other hand, form microbial resi-
due carbon through anabolic metabolism (Xiao et al. 
2023), both will lead to changes in the contribution of 
plant residues and microbial residues to SOC, affect-
ing the sequestration of SOC pools (Xue et al. 2023; 
Zhang et al. 2023a). Therefore, a deeper understand-
ing of relative contribution of carbon from plant and 
microbial residues to SOC pools and their trends is 
essential to elucidate the stabilization mechanisms of 
SOC and understanding the dynamics of the soil car-
bon pools under climate change.

Due to the varying decomposition rates of shoot 
and root litter from different vegetation types; micro-
bial biomass, community composition, and enzyme 
activity are ultimately affected by the plants present 
(Qian et  al. 2023). This leads to different contribu-
tions of microbial and plant residue carbon to the 
accumulation of SOC. For example, the formation 
of SOC in grasslands (GL) was accumulated mainly 
through the sequestration effect of microbial residues 

(Ma et al. 2018). This is because the root exudates and 
dead roots in GL can be preferentially consumed by 
microorganisms (Roth et  al. 2019), which promotes 
the formation of microbial residues. The relative 
oxygen restriction in forest soils can reduce micro-
bial activity compared to GL, resulting in slower 
lignin decomposition (Charles et al. 2020; Qin et al. 
2024). In consequence, the formation of SOC was 
accumulated primarily through the physical transfer 
of carbon from plant residues (such as lignin) in for-
est ecosystems (Wang et  al. 2021). In addition, the 
contribution of plant residues and microbial residues 
to SOC is not static and will exhibit varying trends 
with the increasing restoration years. For example, 
previous research has found that the accumulation 
of SOC changes from being dominated by plant resi-
dues to being dominated by microbial residues with 
the increasing restoration years (Yang et  al. 2022a). 
In summary, the pathways by which plant and micro-
bial residues regulate the accumulation of soil carbon 
pools are not yet clear because of the wide variations 
in study areas, study subjects, and restoration chron-
osequences. Therefore, further research is needed to 
verify the driving role of microbial and plant residues 
in formation of soil carbon pools.

With widespread academic recognition of amino 
sugars as microbial residue markers (Zhang and 
Amelung 1996), an increasing number of studies 
have focused on the relative contribution of bacte-
rial and fungal residues to SOC (Tian et  al. 2022; 
Xu et  al. 2022; Zhang et  al. 2023b). However, rel-
evant studies on the contribution of fungal and 
bacterial residues to SOC have not reached con-
sistent conclusions. For instance, it has been noted 
that bacterial residues are the main contributors to 
SOC in farmland and grassland (Li et  al. 2024b; 
Yang et  al. 2022b), while another study concluded 
the contribution of fungal residues to SOC sur-
passed that of bacterial residues in forests (Tian 
et  al. 2022). Meanwhile, a global-scale study also 
demonstrated that the contribution of bacterial and 
fungal residues to soil organic carbon (SOC) dif-
fers between various ecosystems (Wang et al. 2021). 
One reason for such differences may be due to 
diversity in the growth, reproduction, and physio-
logical characteristics of fungi and bacteria (Arcidi-
acono et al. 2023; Xiang et al. 2018). Another more 
important reason is that fungi and bacteria also dif-
fer in the type of substrate and the soil environment 
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they inhabit (Beidler et al. 2020), which will affect 
fungal and bacterial growth, and affect the accu-
mulation of SOC (Feng et  al. 2023). Interestingly, 
our previous studies found that the substrate quality 
and soil environments change under different veg-
etation types and restoration years (Cao et al. 2023; 
Sun et al. 2023; Zhang et al. 2019), but whether this 
change affects the contribution of bacterial and fun-
gal residues to SOC accumulation remains poorly 
understood. Therefore, it is necessary to incorpo-
rate different vegetation types as well as restoration 
years in the study, which will help us accurately 
understand the contribution of fungal and bacterial 
residues in the process of SOC accumulation, and 
fill the knowledge gaps on the mechanism of SOC 
accumulation during the vegetation restoration.

The ecological environment of the Loess Plateau 
is relatively fragile, and soil erosion is severe (Xu 
et al. 2019; Ye et al. 2022). In recent decades, with 
the continuous implementation of ecological res-
toration projects, the region has achieved positive 
results in vegetation restoration, with a substantial 
increase in vegetation cover (Tian et al. 2024; Zhang 
et al. 2022), and a substantial increase in ecosystem 
carbon sequestration potential (Wang et  al. 2024; 
Yang et al. 2023). This has provided a key focus for 
research on soil carbon sequestration and ecologi-
cal restoration. To date, research on SOC in eco-
logical restoration of the Loess Plateau has mainly 
focused on estimating soil carbon storage and the 
content and dynamics of soil carbon pools (Ghani 
et al. 2023; Yuan et al. 2023; Zeng et al. 2022). As 
the primary contributors to the soil carbon pool, the 
relative contributions of plant and microbial resi-
dues to SOC accumulation, and the reasons for the 
differences, have not been thoroughly studied in the 
Loess Plateau. Thus, in this study, GL and Robinia 
pseudoacacia plantations (RP) restored for 10, 20, 
30, and 40 years were used as research subjects, 
and three hypotheses were described: (1) With the 
increasing restoration years, the carbon content of 
microbial and plant residues in each vegetation type 
increased significantly; (2) Microbial residue car-
bon is the main contributor to SOC in GL, while 
plant residue carbon is the main contributors in RP; 
(3) In GL and RP restorations, the contribution of 
fungal residues will increase, and bacterial residue 
contributions decrease, over time.

Materials and methods

Study area

The study was conducted at the Wuliwan Watershed 
in Ansai District, Yan’an City, Shaanxi Province, 
China (109°19′-109°22′E, 36°51′-36°52′N), with 
an altitude of 1060–1400  m above sea level. This 
area has semi-arid monsoon climate and the annual 
mean precipitation is approximately 500  mm. The 
annual mean temperature and annual mean frost-free 
period approximately 8.8 ℃ and 160 d. To improve 
the environment in this area, Chinese government 
implemented the Grain for Green Project in 1999. 
The vegetation cover increased significantly, grass-
lands and plantations with different restoration years 
were formed, accounting for 36.9% and 31.3% of the 
Wuliwan Watershed, respectively (Fig.  S1, Zhang 
et  al. 2019). Among which the dominant species of 
grassland were Roegneria kamoji, Stipa bungeana, 
Artemisia sacrorum, and Lespedeza davurica, and the 
dominant species of plantations was Robinia pseu-
doacacia. This provides an ideal template for an in-
depth understanding of the theoretical studies on veg-
etation restoration in Loess hilly areas.

Experimental design and sample collection

The study began in August 2022. After reviewing 
documents from local government departments, vis-
iting local farmers, and combining field surveys, we 
selected three typical vegetation types (RP and GL) 
which had both been restored for four age classes (10, 
20, 30, and 40 years) in the Wuliwan Watershed as 
the research objects for our study. We chose farm-
lands (FL) as the control because both vegetation 
types were FL before restoration. Same as the con-
trol FL, the GL and RP were in maize (Zea mays L.) 
and millet (Setaria italica) rotation before restoration, 
and nitrogen and phosphorus fertilizers were applied 
annually in spring at rates of 43  kg  ha−1and 28  kg 
 ha−1, respectively. Each of the vegetation types with 
different restoration year (GL10, GL20, GL30, GL40, 
and RP10, RP20, RP30, RP40) and the FL were inde-
pendently replicated three times, total 12 GL stands, 
12 RP stands, and three FL stands were selected. The 
geographical features of the selected stands were 
similar, such as soil classification, elevation, slope, 
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and slope aspect (Table S1). Three independent plots 
(20 m × 20 m) were set up at each stand, which were 
convenient for follow-up sampling and index determi-
nation, and data were collected from 81 plots (three 
replicates × 27 stands).

After removing the debris, roots, plant residues, 
and litter from the soil surface, sampling was per-
formed using the “S” sampling method, using a soil 
auger which has 9 cm in diameter, to collect 10 soil 
cores within each plot and mix into a single soil sam-
ple. The collected soil samples were passed through a 
2 mm mesh and then divided into two parts, one was 
stored at 4 °C before the determination of microbial 
biomass, one was air-dried and stored at room tem-
perature (25 °C) to determine physicochemical prop-
erties of the soil, such as pH and soil water content. 
In each sampling plot, we collected one soil sample 
using a ring knife to determine the soil bulk density. 
We randomly selected 20 RP trees for leaf sampling 
in each plot. Healthy mature leaves were collected 
from the upper, middle, and lower parts of the tree 
canopy from four directions, that is, east, west, south, 
and north. Leaves in the well-mixed uniform standard 
samples were recorded as the aboveground biomass 
of the RP. Five 1 m × 1 m subplots within each plot 
were selected using the five-spot-sampling method. 
The aboveground biomass of the herbaceous plants 
in the subplots was recorded as the aboveground bio-
mass of the GL. After removing the aboveground 
plants in GL and RP plots, the roots were excavated 
at a depth of 0–50 cm in each plot and brought back 
to the laboratory as the fine root biomass. The above-
ground plants and fine roots were washed and dried at 
75 ℃ to constant weight, and then the aboveground 
and fine roots were calculated. Three litter collectors 
with 5 m × 5 m in RP, while 1 m × 1 m in GL were 
randomly set up to collect litter, in each plot. Then 
mixed litter material was collected from the same 
plot and brought back to the laboratory, dried at 75 ℃ 
to constant weight as litter biomass, and crushed for 
determination of carbon and nitrogen contents.

Laboratory analysis

Soil physicochemical and plant characteristics 
analyses

Taking the ratio of 1:5 soil to water as the standard, a 
portable pH meter (STARTER 300, OHAUS, USA) 

was used to determine the soil pH. The soil water con-
tent was determined using the weighing method after 
being dried to a constant weight of 105 ℃. We used 
the cutting ring method to determine soil bulk den-
sity (Deng et al. 2014). A laser particle-size analyzer 
was used to determine the soil clay content (Master-
sizer, 2000; Malvern Instruments, Malvern, UK). 
After leaching with 0.05 mol·L−1K2SO4 (soil–liquid 
ratio 1:5), a total organic carbon analyzer was used 
to determine the dissolved organic carbon and dis-
solved organic nitrogen (Liqui TOC II, Elementar, 
Germany). SOC was determined by an elemental ana-
lyzer (Elementar, Vario Max CN, Germany). Micro-
bial biomass carbon and nitrogen were determined 
by chloroform fumigation leaching method (Li et al. 
2021a).

The carbon contents of fine root, litter, and 
plant were determined using the acid hydrolysis-
K2Cr2O7 oxidation method, while nitrogen contents 
of fine root, litter, and plant were determined using 
 H2SO4-H2O2 and  K2SO4, and  CuSO4-5H2O as mixed 
catalysts, and then determined using an AA3 continu-
ous flow analyzer.

Soil enzyme activity determination

The activities of soil oxidase and hydrolase were 
determined by DeForest’s (2009) and Saiya-Cork’s 
et  al. methods (2002), respectively. The phenol oxi-
dase and catalase substrates were synthesized by 
a 1:2 mixture of L dihydroxyphenylalanine and 
EDTA-3Na, 4-MUB-β-D-cellobioside and 4-MUB-
β-D-glucopyranoside were cellobiohydrolase and 
β-1,4-xylosidase substrates, respectively. After the 
incubation, the fluorescence value was detected by 
a multifunctional microplate reader (Tecan Infinite 
M200, Austria). Excitation at 365 nm and fluores-
cence determination at 460 nm (oxidase) and 450 nm 
(hydrolase) wavelengths were performed.

Soil amino sugar assessment

Soil amino sugars were extracted using Joergensen’s 
method (Joergensen 2018). The amino sugar extract 
was analyzed using gas chromatography (GC, Agilent 
Technologies, USA). 1 µL of amino sugar extract was 
injected into the chromatographic for assay. The gas 
chromatography inlet temperature was set at 250 °C, 
the split ratio was 30:1, and  N2 was used as the carrier 
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gas at a flow rate of 0.6 mL·min−1. Soil amino sug-
ars were separated according to the peak times of the 
three amino sugars in the standard sample. The calcu-
lation was as follows (Liang et al. 2019):

 

where the molecular weights of GlcN and MurA 
were 179.2 and 251.2, respectively. The conversion 
factor of fungal GlcN to fungal residue carbon was 9 
and the conversion factor of bacterial MurA to bac-
terial residue carbon was 45. The contribution of 
microbial (fungal and bacterial) residues to SOC = 
 (MRCF +  MRCB)/SOC.

Determination of lignin phenols

Lignin phenol content was determined according to 
the methods of Hedges and Ertel method (Hedges and 
Ertel 1982). Lignin phenols were calculated by add-
ing cinnamyl-type monomers (C), syringyl-(S), and 
vanillyl-(V).

where C, S, and V denote the carbon contents 
related to C-, S-, and V-type phenols (g·kg−1), respec-
tively, and 3% denotes the minimal lignin content of 
the principal plant residues.

Statistical analyses

Statistical tests were performed using SPSS 22 soft-
ware (IBM SPSS Statistics, USA). The distribution of 
all data was performed using the Shapiro-Wilk test, 
and the results were normally distributed. Two-way 
analysis of variance was used to explore the effects 
of different vegetation types and restoration years 
excluding FL on vegetation and soil physicochemi-
cal properties. Duncan’s method was used to test the 
significance of the differences, and the significance 

(1)MRCF =

(

GlcN
(

mg ⋅ kg−1
)

179.2
−

2 ×MurA
(

mg ⋅ kg−1
)

251.2

)

× 179.2 × 9

(2)MRCB = 45 ×MurA
(

mg ⋅ kg−1
)

(3)MRC = MRCF +MRCB

(4)
P =

(

V

33.3%
+

S

90%
+ C

)

3% × SOC
× 100%

level was P < 0.05. The relationship between veg-
etation properties, soil physicochemical properties, 
and enzyme activity was explained by using Spear-
man analysis and Mantel test in R statistical software 
(version 4.2.2). Redundancy analysis was performed 
using the CANOCO 5 software to determine the rela-
tionship between plant residue carbon and microbial 
(fungal and bacterial) residue carbon and their contri-
bution to vegetation and soil physicochemical proper-
ties. Using SmartPLS3 software, based on the effects 
of soil and plant factors on plant residue carbon and 
microbial (fungal and bacterial) residue carbon, a par-
tial least squares path model was established (model 
requirements SRMR < 0.2, NFI > 0.9). Origin 2022 
was used for graphing.

Results

Vegetation characteristics and soil properties with the 
progression of vegetation restoration

In GL, cover, aboveground biomass, the carbon con-
tent of plant, fine root, and litter increased signifi-
cantly during the recovery years. Fine root nitrogen 
content first increased before decreasing, and the 
maximum and minimum values appeared in 30-Y 
and 10-Y, respectively (P < 0.05, Table 1, Table S2). 
In RP, cover first increased and then decreased. The 
peak occurred at 30-Y and the nadir occurred at 
10-Y. Aboveground biomass first decreased and then 
increased. Fine root nitrogen content significantly 
decreased, and litter carbon content showed the oppo-
site trend (P < 0.05). Litter nitrogen content showed a 
trend of decreasing initially and then stabilized.

As shown in Table 2, pH and bulk density in FL 
were significantly higher than GL and RP, respec-
tively, 2.5–7.9% and 3.9–11.1% (pH); 4.6–15.3% and 
5.3–19.1% (bulk density). But soil water content and 
clay content were significantly lower than those of 
GL and RP (P < 0.05). With the increase of the recov-
ery years, the soil water content was FL < GL < RP 
(except for the 40-Y). Furthermore, the pH and bulk 
density in GL and RP continued to decrease, with a 
reduction of 5.5% and 11.2% in GL, 7.5% and 14.5% 
in RP. The clay content first increased, then stabilized, 
and finally increased. Microbial biomass carbon and 
nitrogen were generally manifested as RP > GL > FL 
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among different vegetation types, showed a growing 
trend in GL and RP.

Changes of residues carbon content in different 
vegetation restoration

In the same recovery year, plant residue carbon was 
significantly greater in GL and RP than in FL by 
134.3–214.3% and 560.0–1134.3%, respectively 
(Fig. 1). It increased significantly during the recovery 
period in the GL and RP (P < 0.05). In contrast to the 

plant residue carbon content, the microbial residue 
carbon content was generally GL > RP > FL, but in 
10-Y, it was GL > FL > RP. With an increase in recov-
ery years, the microbial residue carbon content in GL 
and RP increased. Fungal and bacterial residue car-
bon content in GL ranged between 0.5 and 2.4 g·kg−1, 
1.5 and 2.3  g·kg−1, respectively. The proportion of 
fungal residue carbon increased from 24.1% (10-Y) 
to 50.5% (40-Y). Conversely, the proportion of bac-
terial residue carbon decreased from 76.1 to 49.5%. 
Fungal residue carbon content in RP increased from 

Fig. 1  Carbon content of different residues types with four 
restoration years under different vegetation types. Note: The 
FL, GL, and RP characterize the different selected vegetation 
restoration types, which means farmland, grassland, and Rob-
inia pseudoacacia plantations, respectively. The 10, 20, 30, 
and 40 means the four restoration ages, including 10 years, 20 

years, 30 years, and 40 years, respectively. Different capital let-
ters signify the significant difference among different land-use 
types (P < 0.05) at the same restoration years. Different lower-
cases signify significant difference among different restoration 
years (P < 0.05) at the same land-use types, respectively. The 
error bars are the standard errors
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0.7 g·kg−1 to 3.0 g·kg−1, accounting for 51.9–77.4% 
of the carbon content of microbial residues. Bacterial 
residue carbon content ranged from 0.6 to 0.9 g·kg−1, 
showing a trend of increasing first and then stabiliz-
ing, and the proportion of carbon in the microbial 
residues decreased from 47.9 to 22.6%.

Changes of enzyme activity in different vegetation 
restoration

There were statistical differences in soil carbon-
degrading enzyme activities in GL and RP with 
different restoration years (Fig.  2). The activ-
ity of β-1,4-xylosidase, phenol oxidase, and 

cellobiohydrolase were shown as GL > FL > RP, 
compared with FL, GL and RP increased by 
0.2–2.4, 0.09–0.4, and 0.1–1.2 times (GL), 1.0–3.8, 
0.3–1.1 and 0.7–3.0 times (RP), respectively. How-
ever, enzyme activity of catalase was shown as 
GL > RP > FL except for 10-Y. The activities of 
β-1,4-xylosidase, catalase, and cellobiohydrolase 
in the GL increased significantly with increasing 
recovery years (P < 0.05), while phenol oxidase 
activity showed a trend of increasing first and then 
stabilizing. The activities of catalase and β-1,4-
xylosidase in RP increased significantly (P < 0.05), 
while the activities of phenol oxidase and cellobio-
hydrolase first increased and then stabilized, and 

Fig. 2  Soil enzyme activity with four restoration years under 
different vegetation types. Note: The BG, PO, CAT, and CBH 
means β-1,4-xylosidase, phenol oxidase, catalase, cellobiohy-

drolase, respectively. The error bars are the standard errors. 
Treatment codes are the same as Fig. 1
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from 10-Y to 30-Y increased by 0.36 and 0.56 times 
(P < 0.05), respectively.

Contribution of residue carbon to SOC

In RP, the contribution was 58.3% at 10-Y, which 
was markedly higher than that in other years 
(P < 0.05). With the increase in recovery years, the 
contribution of plant residue carbon to SOC exhib-
ited a decreasing trend (Fig. 3). The recovery year 
significantly influenced the contribution of micro-
bial, fungal, and bacterial residue carbon to the 
SOC content (Fig.  3). The contribution of bacte-
rial residue carbon declined with the increase of 
recovery years (47.7–37.2%), while the contribution 
of fungal residue carbon increased (15.1–37.9%), 
which was ultimately manifested by an increase in 
the contribution of microbial residue carbon in GL 
(62.8–75.1%). While the contribution of microbial 
and fungal residue carbon in RP increased signifi-
cantly compared with 10-Y and the contribution 
increased by 22.1% and 47.8% at 40-Y, respectively. 
The contribution of bacterial residue carbon was 
between 9.7 and 16.1%, and the trend decreased as 
the recovery year increased.

Effects of environment on carbon of plant and 
microbial residues

In Fig. 4, the enzyme activities of catalase, pH, clay, 
and fine root biomass were the best explanatory 

variables for plant residue carbon. Microbial biomass 
carbon, microbial biomass nitrogen, and the activi-
ties of cellobiohydrolase and phenol oxidase were 
the most suitable explanatory variables for fungal 
residue carbon. Except for aboveground biomass and 
fine root biomass, the other vegetation characteris-
tics, soil physicochemical properties, and enzyme 
activities were highly correlated with bacterial resi-
due carbon. The Redundancy analysis results showed 
that SOC, STN, pH, litter biomass, and fine root bio-
mass contributed the most to the residues (Fig.  5b, 
d, f, h). In GL, the carbon content of the bacterial 
residues was positively correlated with fine root bio-
mass, total nitrogen content, and microbial biomass 
carbon–nitrogen ratio (Fig. 5c). A significant positive 
correlation existed between the carbon content of fun-
gal residues and litter biomass, and litter carbon con-
tent. But of fungal residues carbon content was nega-
tively correlated with pH and bulk density. Cover, 
soil water content, and clay content had the greatest 
effects on plant residue carbon (Fig.  5a). In the RP, 
cover had the greatest impact on the bacterial residue 
carbon content. Fungal residue carbon content was 
positively correlated with litter biomass and micro-
bial biomass carbon–nitrogen ratio, and negatively 
correlated with pH and bulk density (Fig. 5e, g). fine 
root biomass and litter biomass had substantial effects 
on the plant residue carbon content, with a significant 
positive correlation (Fig. 5e, g).

In GL, fungal residue carbon was directly con-
trolled by vegetation (litter biomass and litter car-
bon–nitrogen ratio), bacterial residue carbon content 

Fig. 3  Pie chart of contribution in plant, microbial, bacterial, 
and fungal residual carbon to soil organic carbon under four 
restoration years under different vegetation types. Note: The 

vegetation type in (a), (b), (c) and (d) are grassland and the 
vegetation type in (e), (f), (g) and (h) are Robinia acacia plan-
tations
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was controlled by microbial biomass carbon–nitro-
gen ratio and vegetation, and pH indirectly affected 
fungal and bacterial residue carbon content through 
microbial biomass carbon–nitrogen ratio and veg-
etation (Fig. 6). In RP, fungal and plant residue car-
bon contents were controlled by microbial biomass 
carbon–nitrogen ratio and vegetation (litter biomass 
and litter carbon–nitrogen ratio), respectively. The 
pH indirectly affected fungal and plant residue car-
bon content by negatively affecting microbial bio-
mass carbon–nitrogen ratio and vegetation. How-
ever, under different vegetation types, residue carbon 
affected SOC in different ways. In GL, the effect of 
residue carbon on SOC was significantly positively 
related with fungal and bacterial residue carbon con-
tent (P < 0.05), but plant residue carbon content was 
not significant. In RP, the effect of residual carbon 
on SOC was significantly positively correlated with 

fungal and plant residual carbon content (P < 0.05), 
but the bacterial residual carbon content was not 
significant.

Discussion

Management affects accumulation of residues under 
different vegetation types

Vegetation restoration promotes the accumulation of 
carbon from microbial and plant residues (Fig.  1), 
which favors SOC formation (Hu and Lan 2020; Yang 
et al. 2022a). The contribution of microbial residues 
to organic carbon was the largest in FL and GL, while 
the SOC in RP was mainly dependent on plant resi-
dues (Table S4). Unlike GL and RP, FL was mowed 
after harvest each year, which reduced the input of 

Fig. 4  Correlations between environmental variables and 
plant, fungal, and bacterial residue carbon. Note: Edge width 
corresponds to the Mantel’s r statistics for the correspond-
ing distance correlations, and edge color denotes the statis-
tical significance. The positive and negative relationships 
between the two variables are represented by dark green and 
light green, respectively. The deeper the color, the stronger the 
relationship. ns indicates no significant difference; * indicates 

P < 0.05; ** indicates P < 0.01; *** indicates P < 0.001. BD: 
soil bulk density, SWC: soil water content, AB: aboveground 
biomass, FRB: fine roots biomass, LB: litter biomass, MBC: 
microbial biomass carbon, MBN: microbial biomass nitrogen, 
BG: β-1,4-xylosidase enzyme activity, CBH: cellobiohydrolase 
enzyme activity, PO: phenol oxidase enzyme activity, CAT: 
catalase enzyme activity
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fresh lignin and directly affected the accumulation of 
carbon in plant residues (Li et al. 2023). The micro-
bial residue carbon content in GL was significantly 
larger than that in RP, whereas the plant residue car-
bon content was significantly lower than that in RP 
(Fig. 1). The uneven distribution of aboveground and 
belowground biomass between GL and RP was a key 
reason for this difference (Table 1). GL has most of 
its biomass concentrated underground and has well-
developed root systems and root exudates (Table 1). 
Nutrient-rich root exudates promote growth and 
increase the activity of soil microorganisms (Yang 
et al. 2022c), and microbial residues from metabolites 
increase with microbial biomass (Ding et  al. 2020). 
This has resulted in higher levels of microbial resi-
due carbon in the soil (Fig. 1). Soil microorganisms 
in the GL transformed plant carbon at a higher rate 
than those in RP (Wang et al. 2021). In contrast, RP, a 
woody plant, is rich in foliage and litter material, and 
aboveground biomass increases the carbon content of 
plant residues (Charles et  al. 2020). Microbial resi-
due carbon is more difficult to accumulate because of 
the presence of an organic layer in RP soils, in which 
microbial residues are less likely to be adsorbed by 
minerals and thus less likely to be conserved (Wang 
et al. 2021).

Tilling disturbs FL soil greatly, inhibits the forma-
tion of aggregates, destroys fungal mycelia, reduces 
the accumulation of carbon from fungal residues, and 
makes the contribution of carbon from bacterial resi-
dues dominant (Yang et al. 2022d; Zhou et al. 2023). 
In this study, we showed that among the microbial 
residue carbon in GL, the content of bacterial residue 
carbon contributed the most to SOC (37.2–47.7%) 
(Fig.  3). Soil pH made a difference to the structure 
of soil microbial communities, biomass, and diver-
sity (Cheng et  al. 2020; Zhou et  al. 2020). Overall, 
soil pH was higher in GL than in RP, and a higher 
pH promoted bacterial growth (Xu et al. 2022). Then 
led to an increase in bacterial residues. Compared 
to woody plants, herbaceous plants have a relatively 
low lignin content, and enzymes produced in bacte-
ria readily degrade substrates at a faster rate (Cotrufo 
et al. 2013). Therefore, bacterial residues are synthe-
sized in the soil at a greater rate and make a greater 
contribution than fungal residues (Huang et al. 2021). 
The carbon content of fungal residues in RP contrib-
uted more (17.4–33.3%) to SOC (Fig. 3). Given the 
mulching effect of litter on the soil (Table 1), which 

reduces the disturbance of the soil by the external 
environment, the mycelia of the fungus are retained 
(Wang et al. 2021). This, coupled with the fact that 
the difficult to decompose components of the litter 
can be better used by fungi, accelerates their growth 
and metabolites, and contributes to fungal residues in 
RP more significantly (Zhao et al. 2023).

Different contributions of plant and microbial 
residual carbon to SOC changed with the recovery 
years

With the increasing restoration years, the above-
ground biomass in GL and RP, as well as that of litter 
biomass, accumulated (Table  1). This has provided 
more carbon and nutrients for root growth, and the 
increase in root exudates stimulated the growth of 
microorganisms (Canto et  al. 2020), further increas-
ing the amounts of microbial residues and their con-
tribution to SOC (Fig. 5). In addition, the microbial 
entombing effect increases the accumulation of 
microbial residues and promotes the formation of sta-
ble organic carbon in soil through microbial in vivo 
turnover (Han et  al. 2024; Wu et  al. 2024). Mean-
while, the increase in soil water content led to an 
increase in microbial activity and a more rapid rate 
of plant residue decomposition (Table 2), resulting in 
a decrease in plant residue content. The enhancement 
of microbial activity was accompanied by a rise in 
the number of microorganisms and, consequently, an 
increase in the content of microbial residues, which 
increased the contribution to SOC (Xue et al. 2024). 
Catalase can depolymerize lignin while cellobiohy-
drolase can degrade cellulose, both provide readily 
available substrates for microorganisms to use (Chen 
et al. 2021; Meng et al. 2022; Zhang et al. 2019). This 
facilitates the accumulation of microbial residues 
while reducing the accumulation of plant residue 
carbon. Next, (Ac-to-Al)v and (Ac-to-Al)s reflect the 
degree of microbial oxidation of side chains (Sokol 
et al. 2019)d and S/V reflect the degree of decompo-
sition of plant residue carbon (Chen et al. 2021). The 
results of this study verify that the (Ac-to-Al)v and 
(Ac-to-Al)s values of GL and RP tended to increase, 
and the C/V and S/V values tended to decrease with 
increasing restoration years (Fig. S2). This has indi-
cated an increase in the level of microbial oxidative 
decomposition, a decrease in the concentration of 
lignin phenols, and an increase in the decomposition 
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of plant residue carbon (Yang et al. 2022a). The inter-
action of clay with amino compounds has a signifi-
cant effect on amino sugar stability and clay is the 
main storage reservoir for microbial residue accumu-
lation (Hu and Lan 2020; Wang et  al. 2022b). The 
increasing of clay content further enhanced the stabil-
ity of microbial residues with an increased contribu-
tion. (Table 1).

Different contributions of bacterial and fungal 
residual carbon to SOC changed with the recovery 
years

In GL and RP restorations, the relative contribution 
of bacterial residue C decreased, and the relative con-
tribution of fungal residue carbon increased (Fig.  3). 
With the increasing restoration years, the soil pH in 
GL and RP gradually decreased, bacterial growth was 
gradually suppressed, and the number of fungal resi-
dues increased (Xu et al. 2022). Furthermore, soil clay 
plays a protective role in the stabilization of microbial 
residues, and especially fungal residues  (Wang et  al. 
2022b). Clay may improve the substrate access to fungi 
during the vegetation restoration, thus enhancing their 
hyphal proliferation (Li et al. 2024a). Moreover, it has 
been shown that the clay content is significantly cor-
related with the content of microaggregates (Abid et al. 
2018), and the small pore size of microaggregates 

hinders the contact between fungal residue carbon and 
extracellular enzymes, and slows down the decompo-
sition of fungal residue carbon (Wang et  al. 2022b). 
Therefore, the content of fungal residue carbon is 
higher in soils with higher clay content during the 
restoration (Table 2). What’s more, the different con-
tributions of bacterial and fungal residual carbon to 
SOC with increasing restoration years was also due 
to their different life history responses (Zhang et  al. 
2016). Most bacteria, such as Actinobacteria and Pro-
teobacteria, are usually classified as r-strategists, which 
have a fast growth rate due to their rapid response to 
effective nutrient inputs (Yang et  al. 2022b). Thus, 
bacteria residues carbon played a dominant role in the 
accumulation of SOC in the early stages of vegeta-
tion restoration (Fig. 3a, b, c). In contrast, most fungi, 
such as Basidiomycota and ectomycorrhizal fungi, are 
typically classified as k-strategists and have a longer 
life cycle (Li et  al. 2021b). Therefore, fungal resi-
dues carbon was crucial for the contribution of SOC 
in the later stages of vegetation restoration (Fig.  3). 
Also, bacteria have thin cell walls that are easily bro-
ken down, whereas fungal cell polymers are relatively 
stable and thus preserved in SOC in the later stage of 
vegetation restoration (Xu et  al. 2022). However, our 
results are inconsistent with the research in the Yunwu 
Mountain Nature Reserve, which found that the con-
tribution of bacterial residues to SOC increased with 
recovery years and was over than that of fungal resi-
dues by (Yang et al. 2022a). The reason for this differ-
ence may be that the microbial carbon content of the 
Yunwu Mountain Nature Reserve soil was higher than 
that after grassland restoration in this study, in which 
the biomass of living bacteria was greater than that of 
fungi. Therefore, bacterial residues contributed more 
to the SOC (Guo et  al. 2021). The soil carbon–nitro-
gen ratio in this study was relatively high, and bacterial 
growth is more easily limited by nitrogen (Wang et al. 
2021), so the results obtained in this study indicated a 
larger contribution of fungal residue carbon.

The accumulation of SOC mediated by plants, fungi, 
and bacteria under different vegetation types

Fungal and bacterial residue carbon were more 
closely correlated with GL, whereas fungal and 
plant residue carbon were more strongly correlated 
with RP (Fig.  6). This result may be ascribed to 
the following reasons: First, the litter and foliage 

Fig. 5  Redundancy analysis showed the effects of vegetation 
characteristics and soil physicochemical properties on resid-
ual carbon and its contribution to soil organic carbon under 
different vegetation types. Note: (a) and (e): the relation-
ships between residual carbon content, its contribution to soil 
organic carbon (blue arrows) and vegetation characteristics 
(red arrows); (c) and (g): the relationships between residual 
carbon content, its contribution to soil organic carbon (blue 
arrow) and soil characteristics (red arrow). LB: little biomass, 
LC: little carbon content, LN: little nitrogen content, FRB: 
fine root biomass, FRC: fine root carbon content, FRN: fine 
root nitrogen content, FRC/N: fine root carbon–nitrogen ratio, 
PC/N: plant carbon–nitrogen ratio, BD: Soil bulk density, 
SWC: soil water content, MBC/MBN: microbial biomass car-
bon–nitrogen ratio, SOC: soil organic carbon, Soil C/N: soil 
organic carbon–total nitrogen ratio, P-contribute: contribution 
of plant residue carbon to soil organic carbon, M-contribute: 
contribution of microbial residue carbon to soil organic car-
bon, B-contribute: contribution of bacterial residue carbon to 
soil organic carbon, F-contribute: contribution of fungal resi-
due carbon to soil organic carbon, P-C: plant residue carbon 
content, M-C: microbial residue carbon content, B-C: bacte-
rial residue carbon content, FC: fungal residue carbon content. 
Treatment codes are the same as Fig. 1

◂
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inputs in RP were substantially higher than those 
in GL (Table 1), and the higher aboveground car-
bon input and lower belowground carbon input 
were unfavorable for microbial anabolism and 
microbial residue accumulation (Dai et  al. 2022). 
Therefore, the contribution of plant residue carbon 
to the SOC in RP was higher. Second, the lower 
pH of the RP may have inhibited microbial activity 
compared with that of the GL, affecting the accu-
mulation of microbial residues (Angst et al. 2021). 
Fungal residue carbon had a significant effect 
on SOC in both GL and RP. With the increase of 
recovery years, difficult to degrade materials such 
as cellulose and lignin gradually increased. The 
role of fungi gradually became apparent because 
fungi can use more recalcitrant components as 
nutrients than bacteria (Zhang et  al. 2024). This 
phenomenon may also be related to the composi-
tion of the microbial cell wall. The main chemical 
component of the bacterial cell wall is peptidogly-
can, which can be broken down into peptides and 
directly used by microorganisms. The fungal cell 
wall is mainly composed of chitin, a more stable 
compound that can be retained in the soil for a 
longer period (Coonan et al. 2020). Therefore, the 
degradation of fungal residues is slower (Fernan-
dez et al. 2016; Jones et al. 2019) and has a greater 
impact on SOC.

Conclusion

Vegetation restoration can improve the physicochemi-
cal properties of soil and contribute to the accumula-
tion and retention of SOC, in which plant and microbial 
residues play a key role. With increasing recovery years, 
the content of plant and microbial residues increased, 
but their contributions to SOC decreased and increased, 
respectively. More organic carbon accumulated in GL 
and RP in the form of microbial and plant residue car-
bon, respectively. The content of bacterial and fungal 
residues both showed an increasing trend. However, 
their contribution to SOC showed different trends. The 
relative contribution of bacterial residue C decreased, 
and the relative contribution of fungal residue carbon 
increased. With an increase in recovery years, the largest 
relative microbial contributions to SOC in GL changed 
from bacterial residue carbon to fungal residue carbon. 
However, RP was dominated by fungal residue carbon. 
Taken together, these results have highlighted the con-
tribution of plant and microbial residues to SOC during 
vegetation restoration, more effectively elucidating the 
role of plants and microorganisms in SOC sequestration. 
Our research not only contributes to understanding the 
complexity of the carbon cycle in ecosystems, but also 
provides valuable scientific evidence for adopting differ-
entiated strategies to manage and conserve soil resources 
under various vegetation types.

Fig. 6  Partial least squares path model revealing the direct and 
indirect effects of plant, fungal, and bacterial residue carbon 
contents on soil organic carbon in grasslands (a) and Robinia 
pseudoacacia plantations (b). Note: MBC/MBN: microbial 
biomass carbon–nitrogen ratio, LB: litter biomass, LC/LN: lit-
ter biomass carbon–nitrogen ratio, FDC: fungal residue carbon, 

BDC: bacterial residue carbon, PDC: plant residue carbon, 
SOC: soil organic carbon. The standardized path coefficient is 
listed on the path in the figure, the thickness of the arrow indi-
cates the path coefficient, the blue represents positive effects, 
red represents negative effects, ** P < 0.01
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