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Ecological restoration is considered an effective strategy for increasing soil carbon storage and mitigating climate
change. However, the impact of revegetation in desert areas on the stability of soil organic carbon (SOC) is still
unclear. We investigated the content and stability of SOC in restoration sites along a chronosequence in the
Tengger Desert, focusing on the mineral-associated organic carbon (MAOC) and particulate organic carbon
(POC) fractions. The content of SOC significantly increased with site age from 0.37 g kg™ ! at year 0-5.32 g kg !
at year 66. Revegetation significantly changed the SOC fraction and improved SOC stability as a factor of site age.
In the 66-year-old site, the levels of MAOC and POC were increased by 255.67 and 9.24 times, respectively. The
percentage of MAOC was increased from 1.50% to 28.92%, whereas that of POC was decreased from 98.50% to
71.08%. Based on our findings, the content and proportion of MAOC and POC are closely related to plant input,
soil variables, and the soil microbial community. We estimate that the maximum content and proportion of
MAOC are 2.65 g kg ™! and 36.71% with continuous succession, based on the soil clay and silt contents. Overall,
revegetation improved the stability of SOC. Our study highlights the importance of the revegetation of temperate
desert areas to further mitigate climate change.

1. Introduction

Drylands account for approximately 45% of the global terrestrial
area (Schimel, 2010). The desertification, soil and vegetation degrada-
tion in arid areas caused by climate change and human factors have
affected about 11.37 108 ha soil and 25.76 108 ha rangeland vegetation
(Lal, 2001), seriously threatening ecological security and human sur-
vival. In this context, vegetation restoration is recognized as the most
effective measure to control desertification and restore soil (Le Houérou,
2000; Li et al., 2022a, 2022b). It has been estimated that afforestation in
suitable drylands (4.48 108 ha) could lead to a total of 32.3 Gt net cu-
mulative carbon (C) sequestration for a period of 80 years (2020-2100)
(Rohatyn et al.,, 2022). Since the 1950s, the impact of vegetation
restoration on soil C pools has been attracting considerable attention

(Lal, 2004; Nosetto et al., 2006; Cunningham et al., 2012; Zhang et al.,
2021), and it has become a consensus that the amount of soil C increases
substantially after revegetation (Nosetto et al., 2006; Cunningham et al.,
2012; Yang et al., 2014; Li et al., 2020, 2022a, 2022b). However, the
effects of vegetation restoration on soil C stability and the underlying
mechanisms are still largely unclear, impeding accurate estimates of soil
C storage and balance.

The stability of the soil organic carbon (SOC) pool is determined by
the different C fractions, which have different protective mechanisms
and turnover rates (Christensen, 1996; Smith et al., 2002; Yu et al.,
2022). The physical separation of SOC into particulate organic C (POC)
and mineral-associated organic C (MAOC) is a popular classical
approach and the basis for understanding the responses of SOC forma-
tion and persistence to environmental changes (Cotrufo et al., 2019;
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Witzgall et al., 2021; Heckman et al., 2022). The POC is largely
composed of structural polymeric compounds of partially decomposed
plant residues (Baldock and Skjemstad, 2000; Haddix et al., 2020), and
biochemical resistance and physical protection are the main factors
determining POC persistence (Lavallee et al., 2020; Witzgall et al.,
2021). However, microbial necromass and metabolites are the major C
sources of MAOC (Cotrufo et al., 2013; Liang et al., 2017), and these
low-molecular-weight organic compounds are generally thought to form
MAOC via “direct sorption pathway” with mineral particles or via the “in
vivo microbial turnover pathway” (Sokol et al., 2019). The POC and
MAOC differ in their biogeochemical properties and turnover rates due
to their different sources and mechanisms of physicochemical protection
(Lavallee et al., 2020). The microbial efficiency-matrix stabilization
(MEMS) hypothesis and a growing body of evidence suggest that mi-
crobial processing of high-quality substrates results in more MAOC than
low-quality ones (Cotrufo et al., 2013; Cyle et al., 2016; Lavallee et al.,
2018), and MAOC stores more microbial necromass than POC (Grie-
pentrog et al., 2014; Angst et al., 2019). Consequently, the MAOC
decomposition rate is lower than that for POC, and MAOC generally has
a longer residence time (decades—centuries) than POC (years—-decades)
(Kleber et al., 2015). Because of this, MAOC can be used as an important
functional pool for long-term SOC sequestration (Sokol and Bradford,
2019). Grasping the dynamics of the content and distribution of POC and
MAOG, and their driving forces, is the key to understand the impacts of
revegetation on soil C pool stability.

The formation and decomposition of SOC fractions are closely
related to plant inputs, soil physicochemical properties, and soil mi-
crobial activities (Golchin et al., 1994; Kogel-Knabne et al., 2008;
Kramer et al., 2012; Kalbitz and Kaiser, 2008; Cotrufo et al., 2019; Angst
et al., 2021). Plant input and compounds with low N contents dominate
POM (Golchin et al., 1994), whereas MAOC is largely composed of
N-rich microbial products (Kogel-Knabner et al., 2008). Soil texture af-
fects MOAC formation via controlling the amount of mineral surface
area available for binding (Kogel-Knabner et al., 2008; Haddix et al.,
2020). Cotrufo et al. (2019) found that the SOC fraction and SOC stock
were significantly related to land cover type, soil properties, and net
primary production. In the past decades, although many studies inves-
tigated the changes in soil C pools during vegetation restoration
(Nosetto et al., 2006; Cunningham et al., 2012; Poeplau and Don, 2013;
Yang et al., 2014; Yu et al., 2017; de Moraes Sa et al., 2018; Li et al.,
2022a, 2022b), only few studies revealed the effects of vegetation
restoration on soil C pools stability from the perspective of C fractions.
The biological and environmental factors driving the changes in SOC
fractions, and the underlying mechanisms, are still largely unclear. With
extreme climate events caused by global climate change (Abiodun et al.,
2017), vegetation type and dominant species may change, and soil C
may be re-released into the atmosphere (Bachelet et al., 2001; Cha-
turvedi et al., 2011; Li et al., 2022a, 2022b). The magnitude of this
potential is closely related to SOC stability and fractional characteristics.
As POC dominates heterotrophic respiration (Elliott, 1986; Arevalo
et al., 2012), it can predict short-term SOC decomposition (Alvarez and
Alvarez, 2000). In cases where a large MAOC pool compensates for POC
with a relatively low decomposition rate, MAOC can also largely
contribute to SOC decomposition (Christensen, 1987). With vegetation
succession, the dynamic changes in the relative contents of POC and
MAOC alter the stability of SOC. Therefore, comprehending the re-
sponses of the different C fractions with different stability levels to
revegetation can deepen our understanding of ecological restoration.

Hence, based on a chronosequence of revegetation sites on the
southeastern edge of the Tengger Desert, China, our objectives were to
(1) investigate the effects of revegetation on various SOC fractions and
the C pool size and (2) evaluate how revegetation influences SOC
composition, accumulation, and stabilization by integrating plant input,
soil properties, and microbial communities. We hypothesized that (1)
the higher litter mass input induced by revegetation increases microbial
biomass and its contribution to SOC via reducing nutrient limitation,
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thereby facilitating microbial growth, and (2) revegetation will increase
MAOC formation, thereby improving SOC stabilization and enhancing
long-term C sequestration in soils due to increased clay and silt levels
and a higher number of microorganisms. The results of this study can
facilitate a deeper understanding of the effects of revegetation efforts on
soil C cycling and accumulation and enable us to predict the effects of
long-term ecological restoration on SOC pools stabilization and soil C
sequestration potential.

2. Materials and methods
2.1. Site description

The study area was located in the Shapotou region on the south-
eastern edge of the Tengger Desert, China (37°32'N, 105°02'E, 1339 m
a.s.]) (Fig. 1). Average annual temperature is 10 °C, with a minimum of
—25.1 °C in January and a maximum of 38.1 °C in July. Average annual
precipitation is 186.2 mm, with an annual potential evapotranspiration
of approximately 3000 mm. The soil is classified as wind-borne sand
(FAO-ISRIC-ISSS, 1998; Yang et al., 2020), which is loose, infertile, and
prone to erosion. Natural vegetation covers less than 1% of the area, and
rainfall is the only water resource for plant growth and development.
The mobile sand dune vegetation is dominated by Hedysarum scoparium
Fisch., Agriophyllum squarrosum Moq., and Stilpnolepis centiflora
(Maxim.) Krasch.

A non-irrigated, artificial sand-binding vegetation protection system
(ecological restoration area) began to be constructed in 1956 to protect
the Lanzhou-Baotou railway from sand burial. At first, straw checker-
board sand barriers (measuring 1 x 1 m) were built on mobile sand
dunes, and subsequently, native shrub seedlings were planted within the
straw checkerboard at a density of 16 individuals per 100 m2. To enable
long-term in situ observation and research, the vegetated area was
further expanded along a south-north direction through the same
approach in 1964, 1973, 1987, 1999, and 2011. At present, an ecolog-
ical recovery area (16 km long and 700 m wide) with a chronosequence
is being formed (Li et al., 2007). After the establishment of the vegeta-
tion protection system, herbaceous plant species gradually colonized the
area, and biological soil crusts (BSCs) started to develop (such as cya-
nobacteria-, algae-, lichen-, and moss-dominated crusts). At 66 years
after the establishment of the protection system, more than 10 herb
species occurred in this area, with a vegetation coverage of 50%. The
vegetation pattern gradually transformed from single-shrub community
to a complex community of shrubs and herbs (Li et al., 2016). The plant
types include semi-shrubs, shrubs, forbs, and grasses, such as Artemisia
ordosica Krasch, Caragana korshinskii Kom, H. scoparium Fisch., Eragrostis
minor Host, Setaria viridis (L.) Beauv., Chloris virgata Sw., Bassia dasy-
phylla (Fisch. Et Mey.) O. Kuntze, and A. capillaris Thunb.

2.2. Site selection and soil sampling preparation

Five sites along the chronosequence were selected for this study in
2022, namely four revegetation sites established in 1956 (66 y, stand
age hereinafter), 1973 (49y), 1987 (35y), and 2011 (11 y), along with a
mobile sand dune as control site (0 y). In July 2022, three sampling plots
(10 x 10 m) were established at each of the five sites, and three intact
soil cores (5 cm in diameter and 0-10 cm in depth) were obtained
randomly from each plot to estimate fine root biomass. Within each plot,
three subplots (1 x 1 m) were selected randomly for litter mass inves-
tigation; briefly, the litter was collected from the soil surface and taken
to the laboratory, where it was oven-dried at 65 °C for 48 h and sub-
sequently weighted.

One composite soil sample (about 0.5 kg) was prepared from each
plot by thoroughly mixing 10 topsoil samples (0-10 cm) which were
collected with a soil auger (5 cm inner diameter) in a random S-shaped
pattern across the sample area, and a total of 15 composite samples were
obtained. Each composite sample was sieved through a 2-mm mesh to
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Fig. 1. General view of the research sites. The top panel shows the vegetation protection system of the Baotou-Lanzhou Railway, 0 y represents mobile sand dune
site; 11 y, 35y, 49 y and 66 y represent vegetation established in 2011, 1987, 1973 and 1956, respectively.

remove any recognizable plant material and then divided into two parts.
The first part was stored at —20 °C for the analysis of the soil microbial
community composition, and the other part was air-dried at room
temperature for the analysis of SOC fractions and physicochemical
properties. Additionally, bulk soil density (BD) was determined by col-
lecting three replicate soil cores using steel cylinders (5.5 cm in diameter
and 4.2 cm in height).

Fine root (<2 mm diameter) biomass was collected and estimated
from nine soil cores per site by weighing all living roots. Root samples
were picked from the soil, cleaned, and dried to constant weight at
65 °C. In addition, three square litter collectors with an area of 1 m? and
a height of 0.2 m were randomly placed at each site to collect above-
ground litterfall from mid-August 2021 to mid-August 2022. All litter
samples were dried to constant weight at 65 °C.

2.3. SOC fraction and soil sample analyses

A classic method was used to determine POC and MAOC fractions,
based on the size following chemical dispersion of aggregates (Cam-
bardella and Elliott, 1992; Cotrufo et al., 2019). Briefly, 20 g of air-dried
2-mm-sieved soil was shaken in 100 mL sodium hexametaphosphate
(0.5%) dispersing solution for 18 h. The dispersed soil samples were
rinsed onto a 53-pm sieve, and the fraction remaining on the sieve (>53
pm) was defined as POC and that passing through it (<53 pm) was
defined as MAOC. The fractions were oven-dried at 60 °C and pulver-
ized, followed by analysis for C concentration in a total organic carbon
analyzer (Vario TOC, Elementar, DE).

Soil particle-size distributions were determined by a laser diffraction
analyzer (S3500, Microtrac Inc., Largo, FL, USA) after ultrasonic
dispersal. The SOC content was determined by a total organic carbon
analyzer (Vario TOC, Elementar, DE). The soil total nitrogen content
(TN) was determined by a Kjeltec System (2300, Foss Inc., Hillergd,
Denmark), and the total phosphorus content (TP) was measured color-
imetrically after digestion with HClO4~H2SO4.

Soil microbial community composition was characterized using
phospholipid fatty acid (PLFA) analysis as described by Bossio and Scow
(1998). In short, we used chloroform: methanol: citrate buffer (1:2:0.8,
v: v: V) to extract lipids from 2 g of freeze-dried soil and subsequently

separated the phospholipids from nonpolar lipids and converted them
into fatty acid methyl esters (FAMEs). Each fatty acid was quantified by
comparing the individual peak area with that of the internal standard
(methyl nonadenoate; C19:0), and its quantity was expressed in
nmol g*l dry soil. The iso-, anteiso- (i13:0, i14:0, i115:0, al5:0, i16:0,
i17:0 and a17:0), and 10Me- (10Me17:0 and 10Me18:0) branched PLFAs
were used for Gram-positive bacteria (G+ bacteria) as representative
markers of specific microbial groups; Gram-negative bacteria (G— bac-
teria) were investigated using monounsaturated and cyclopropyl PLFAs
(17:1w8¢, 18:105c, 18:1w7c, cy17:0 and cy19:0) and fungi via 16:1w5c,
18:109c and 18:3w6c PLFAs (Willers et al., 2015; Joergensen, 2021).
The bacterial biomass was calculated as the sum of G+ and G-bacterial
PLFAs; the sum of bacterial and fungal biomass was defined as the total
microbial biomass.

2.4. Data analysis

Most statistical analyses were carried out using SPSS Statistics 21.0
for Windows (IBM Corp.). Statistically significant differences among
sites were tested using one-way ANOVA followed by the least significant
difference test at p < 0.05. Pearson’s analysis was performed to examine
the relationships among MAOC, POC, distribution of MAOC, plant input,
soil variables, and soil microbial community. Based on the existing
theory and the results of Pearson’s correlation analysis, there is a fact
that a robust maximum value of MAOC estimate can emerge as a func-
tion of only the content of clay and silt and the type of mineral (Haddix
et al., 2020; Georgiou et al., 2022). Therefore, we first analyzed the
relationship between stand age and content of clay and silt, and esti-
mated the maximum content of clay and silt that continued to increase
with stand age. Secondly, we quantitatively analyzed the relationship
between the content and proportion of MAOC and clay and silt content,
and then estimated the maximum content and proportion of MAOC
according to the maximum content of clay and silt. As the content of
MAOC and POC were altered by revegetation, plant input (litter mass
and fine root biomass), soil variables (CS, BD, TN, TP, and C:N), and soil
microbial (bacterial PLFAS and fungal PLFAs), the structural equation
model (SEM) was fitted based on the known and potential relationships
among different variables to investigate the direct and indirect effects of
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environmental factors on the responses of SOC fractions contents to
restoration age, using the AMOS software (17.0). We chose the x2 test
and the root mean square error (RMSE) of approximation to evaluate
model fitness and sequentially optimized the SEMs until we attained the
final model.

3. Results
3.1. Soil properties, litter mass, and fine root biomass

The levels of SOC, TN, TP, C: N ratio, clay and silt content, litter
mass, and fine root biomass increased significantly along the chro-
nosequence (p < 0.05), while those of BD and sand content decreased
significantly (p < 0.05; Table 1, Fig. 2). The contents of SOC, TN, TP, C:
N ratio, and clay and silt content increased by 13.38, 5.09,1.45,1.37, and
130.67 times, respectively, whereas those of BD and sand content had
decreased by 8.44% and 15.70% after 66 years of revegetation (Table 1).
In the sand dune, litter mass and fine root biomass were not investigated.
After 66 years of revegetation, litter mass and fine root biomass were
10.11 and 2.69 g m~2, respectively (Fig. 2).

3.2. Soil microbial community composition

Revegetation increased the amounts of total, bacterial, and fungal
PLFAs as well as the fungal: bacterial PLFA ratio; the effects depended on
the site age (p < 0.05; Fig. 3). In the sand dune, the levels of total,
bacterial, and fungal PFLAs were 16.77, 5.76, and 1.43 nmol g’l,
respectively, and the fungal: bacterial PFLA ratio was 0.25. In the 66-
year-old site, the levels of total, bacterial, and fungal PLFAs had
increased by 54.85%, 70.53%, and 203.74% and the fungal: bacterial
PFLA ratio by 78.29% (Fig. 3).

3.3. MAOC and POC

Revegetation increased the levels of MAOC and POC as well as the
proportion of MAOG, but it decreased the proportion of POC (p < 0.05;
Fig. 4). In the O-year-old site (sand dune), the MAOC and POC levels
were 0.006 and 0.369 g kg™!, respectively. In the 66-year-old site, the
levels of MAOC and POC had increased by 255.67 and 9.24 times,
respectively (Fig. 4a). The proportions of MAOC and POC were 1.50%
and 98.50% at O years and 28.92% and 71.08% at 66 years (Fig. 4b).

The rates of MAOC and POC sequestration were not significantly
different across the sites; POC sequestration was generally more pro-
nounced than MAOC sequestration. The MAOC and POC sequestration
rates first increased and then decreased along the chronosequence. The

Table 1
Soil properties of the research sites.
Properties Stand age
Oy 11y 35y 49y 66y
SoC (gkg ™) 0.37 £ 0.77 + 3.01 £ 4.42 £ 5.32 &+
0.01e 0.04 d 0.08¢ 0.08 b 0.04a
TN (g kgfl) 0.11 £ 0.16 + 0.41 + 0.50 + 0.67 +
0.01d 0.02d 0.02¢ 0.04 b 0.04a
TP (g kg™ 0.11 + 0.14 + 0.17 + 0.22 + 0.27 +
0.01e 0.01d 0.01c 0.00 b 0.0la
BD (g em~3) 1.54 £ 1.52 £ 1.48 £ 145+ 141 £
0.0la 0.01a 0.01 b 0.01c 0.01d
C:N 3.35+ 4.80 + 7.41 + 8.95 + 7.94 +
0.18 b 0.40 b 0.50a 0.85a 0.43a
Clay and silt 0.12 + 1.39 £ 8.49 & 11.97 + 15.80 &+
content (%) 0.03e 0.45d 1.21c 1.88b 1.77a
Sand content 99.88 + 98.61 + 91.51 + 88.03 + 84.20 +
(%) 0.03a 0.45a 1.21b 1.88c 1.77d

Note: values are mean + SE. The different lowercase letters indicate significant
differences at p < 0.05 level between the different stand age. SOC, soil organic
carbon; TN, total nitrogen; TP, total phosphorus; BD, bulk density.
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Fig. 2. Effect of revegetation on litter mass and fine root biomass. Error bars
represent standard errors of the means (n = 3). Different letters indicate sig-
nificant differences among stand age at p < 0.05.

levels were lowest in the 35-year-old site, namely 0.003 and 0.013 g
kg~! y1, respectively. The maximum levels were reached in the 49-
year-old site with 0.043 and 0.117 g kg ' y™!, respectively (Fig. 4c).

3.4. Atribution analysis of MAOC and POC

The contents of MAOC and POC and the proportion of MAOC were
positively correlated with litter mass, fine root biomass, clay and silt
content, SOC, TN, TP, C: N ratio, total PLFAs, bacterial PLFAs, fungal
PLFAs, and fungal: bacterial PLFA ratio and negatively with sand con-
tent and BD (p < 0.01; Table 2).

To identify and quantify the relationships between the contents of
MAOC and POC and the environmental variables, we further performed
SEM analysis. The SEM explained 96% and 98% of the variance in the
content of MACO and POC, respectively (Fig. 5). Revegetation indirectly
increased the content of MAOC by improving the soil quality and
increasing the fungal PLFAs; the standardized total effects of soil and
fungal PLFAs were 0.996 and 0.339. However, the fungal PLFAs and
plant characteristics negatively affects the POC throughout the chro-
nosequence with a standardized path coefficient of —0.58 and —0.20,
respectively.

3.5. Maximum MAOC value

There was a non-linear relationship between clay and silt content
with site age and between the proportion of MAOC with clay and silt
content (p < 0.001; Fig. 6a and b). In contrast, MAOC was significantly
linearly related to clay and silt content (p < 0.001; Fig. 6¢). The
maximum clay and silt content, the proportion of MAOC, and the MAOC
were 27%, 36.71%, and 2.65 g kg™! in the 0-10 cm soil with the
extension of stand age, respectively.

4. Discussion

Revegetation in dryland is not only considered as an effective way to
curb and reverse land desertification, but also an important way to
mitigate global climate change because of its huge C sequestration po-
tential (Bastin et al., 2019; Lewis et al., 2019; Rohatyn et al., 2022). Both
the pros and cons of this approach have been widely reported. On the
one hand, a large body of scientific research supports revegetation as an
effective way to mitigating global warming. Firstly, revegetation is
known to cool the local climate by increasing evaporation and inducing
increased cloud formation and precipitation (Yosef et al., 2018; Rohatyn
et al., 2022). Furthermore, Griscom et al. (2017) and Bastin et al. (2019)
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Fig. 3. Effect of revegetation on soil microbial community composition. Different letters indicate significant differences among stand age at p < 0.05.

also have confirmed that reforestation has considerable C sequestration
capacity, and thus planting has a cooling effect by lowering atmospheric
CO4 concentration (Lewis et al., 2019). Additionally, revegetation in
dryland promotes succession of floral communities and provides habitat
for faunal communities. Our previous research showed that with the
increase of revegetation age, the predominant plant gradually changed
from perennial shrubs to annual herbaceous plants, and the number of
species, coverage and biomass also increased significantly (Li et al.,
2007, 2022a, 2022b).

On the other hand, the warming effects of revegetation have also
long been recognized over large areas (Betts, 2000; Rohatyn et al.,
2022). Revegetation changed the ground albedo, reduced shortwave
radiation and increased net radiation and sensible heat flux, and thus
creating local and potential global warming effects (Bonan, 2008).
Especially in some dryland regions, the warming effect of albedo caused
by revegetation may even be stronger than the cooling effect of C
sequestration, because bright desert land turns to darker dense vegeta-
tion cover after revegetation (Rotenberg and Yakir, 2010). Furthermore,
revegetation can also lead to loss of species that are well-adapted to the
less-vegetated habitat. However, these are specialist species that are
endemic or rare, especially in sand dunes (Provoost et al., 2011; Darke
et al., 2013; Anglister et al., 2019). For instance, Agriophyllum squarro-
sum is a nutritious, adaptable and medicinal plant that dominates sand
dunes, but it disappeared from the revegetated sites that we monitored
over time (Li et al., 2016, 2022a, 2022b). Moreover, the changes in floral
communities also have a non-negligible impact on faunal communities.
A recent study demonstrated that the disappearance of psammophile
rodents was closely link to the stabilization of mobile dunes and the
presence of Acacia saligna, an invasive species brought to Israel for the
purpose of dune stabilization (Anglister et al., 2019).

4.1. Effect of revegetation on MAOC

In general, the dynamics of SOC depend on the relationship between
soil C input and output (Davidson and Janssens, 2006; Crowther et al.,
20165 Zhu et al., 2017), and this relationship tends toward an equilib-
rium in a stable ecosystem in the long term (Harden et al., 2018).
Revegetation can create novel ecosystems which are in continuous
succession during the initial phase. Consequently, revegetation not only
changes soil properties, plant inputs, and the soil microbial community
but also interrupts the established equilibrium and leads to new SOC
dynamics which may require decades, or even centuries, to reach a new
equilibrium (Hong et al., 2020). The total SOC content increased
significantly with site age, along with the MAOC content and proportion
(Fig. 3), indicating that revegetation not only promoted the accumula-
tion of total SOC but also increased the contribution of MAOC to the
total SOC.

In this study, the clay and silt content strongly affected the MAOC
proportion (Table 2), which was consistent with the findings of Haddix
etal. (2020) and Yu et al. (2022). In another study, revegetation altered
the soil formation environment and increased dust deposition (<0.063
mm); dust was the main material transported to the soil (Reynolds et al.,
2001; Li et al., 2006), which had an important impact on soil develop-
ment and particle composition in the revegetation area. The accumu-
lated dustfall on sand the dune surface formed a protective layer and
stabilized the sand surface, providing favorable conditions for soil for-
mation and development (Yaalon and Ganor, 1973). Dustfall is rich in
nutrients such as P, Mg, Na, and K and effectively increases soil fertility
(Reynolds et al., 2001), which in turn affects plant community compo-
sition and productivity. Throughout the chronosequence, the clay and
silt contents notably increased (Table 1), which might facilitate an in-
crease in MAOC because clay and silt can protect MAOC from rapid
decomposition by binding to the mineral surfaces (Lugato et al., 2021).
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Fig. 4. Effect of revegetation on the concentration and distribution of MAOC and POC. Different letters indicate significant differences among stand age at p < 0.05.

Table 2
Pearson correlation coefficients (r) between MAOC, POC and proportion of
MAOC and plant input, soil variables, and soil microbial community.

Properties MAOC POC PMAOC
Plant input Litter mass 0.911%** 0.931%** 0.924**
Fine root biomass ~ 0.747** 0.788** 0.849**
Soil variables Clay and silt 0.960%** 0.994%* 0.943%*
content
Sand content —0.960**  —0.994** —0.943**
SOC 0.995%* 0.972%* 0.907%*
TN 0.954** 0.980** 0.919**
TP 0.947** 0.950** 0.867**
BD —0.947%*  —0.954**  —0.882%*
C:N 0.905** 0.782%* 0.823**
Soil microbial Total PLFAs 0.976** 0.934** 0.916**
community Bacterial PLFAs 0.976** 0.934** 0.916**
Fungal PLFAs 0.899%* 0.936%* 0.812**
F:B 0.911** 0.936%* 0.839**

Note: Significant differences are marked as **, p < 0.01; *, p < 0.05. SOC, soil
organic carbon; TN, total nitrogen; TP, total phosphorus; BD, bulk density; F:B,
Fungal: Bacterial PLFAs, PMAOC, proportion of MAOC in bulk soil.

With increasing site age, soil texture and nutrient conditions become
progressively more suitable for plant growth. As the soil BD decreased,
the levels of TN and TP gradually increased (Table 1), providing nutri-
ents for plant growth and consequently increasing the levels of SOC and
MAOC (Fig. 2). Soluble constituents of plant litter are preferentially
adsorbed to minerals (Kalbitz and Kaiser, 2008; Kramer et al., 2012).
Moreover, the increase in litter mass and fine root biomass may also be
an important factor for the increase in MAOC, and plant-derived C
largely contributes to MAOC (Coward et al., 2018; Huang et al., 2019;
Angst et al., 2021; Yu et al., 2022).

The variations in the microbial community also had a clear effect on
MAOC accumulation in the revegetated sites, most likely because of the

differences in the degradability of tissues and the ability of microor-
ganisms to degrade organic matter (Liu et al., 2018). In this study, the
soil fungal: bacterial PLFAs were significantly higher in older sites than
in other sites (Fig. 3), indicating that the decomposition stage of soil
organic matter was shifted form the early stage to the late stage with the
increase of stand age. Therefore, the formation and accumulation of
MAOC was accelerated, and MAOC was predominantly formed from
low-molecular-weight compounds derived from the decomposition of
labile plant inputs (Cotrufo et al., 2013; Lugato et al., 2021). Notably,
the increase in MAOC may be closely related to the increase in the POC
level. As POC generally decomposes more rapidly than MAOC (Parton
et al.,, 1987; Feng et al., 2016), it also has a shorter retention time
(Kleber et al., 2015). The nutrients and energy released during the
decomposition of POC have fully met the needs of microbial growth.
Therefore, from the perspective of microbial nutrient acquisition, there
is no need to degrade a large amount of MAOC to obtain the nutrients
needed for growth of microorganism, which is conducive to the accu-
mulation of MAOC.

4.2. Effect of revegetation on POC

The POC level increased with increasing site age, which can be
attributed to the considerable increase in plant input (Fig. 2). The litter
and fine root biomass values in the 0-year-old site were negligible,
whereas in the 66-year-old site, these values were 10.11 and 2.69 g m 2,
respectively (Fig. 2). The increase in litter and fine root biomass was the
main driver of POC, which is mainly composed of structural polymeric
compounds of plant origin (Baldock and Skjemstad, 2000); these com-
pounds have a relatively short lifespan, with an average residence time
in the range of years to decades (von Liitzow et al., 2007).

More interestingly, the proportion of POC decreased with increasing
site age, suggesting that the pattern of SOC accumulation changed from
POC to MAOC. The decrease in the proportion of POC was related to soil
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Fig. 6. Prediction of the effect of revegetation on the distribution of MAOC using the predictor of clay and silt content.

texture. The clay and silt content increased by 130.67 times after 66
years of revegetation (Table 1), which significantly increased the con-
tent and percentage of MAOC, thus decreasing the POC proportion.
Moreover, the development and formation of BSCs are not conductive to
the formation and accumulation of POC. According to a previous study,
the development of BSCs is enhanced by revegetation (Li et al., 2000,
2006). Although BSCs can increase the survival rate of shrub seedlings
due to reduced soil erosion (Li et al., 2006), they inhibit the entry of
organic matter (e.g., litter) into the soil. After the degradation of the
organic matter on the soil surface, only low-molecular-weight com-
pounds and dissolved C could be transported to the soil layer beneath
the BSCs, where they are preferentially adsorbed on the mineral parti-
cles to form MAOC (Kramer et al., 2012; Hall et al., 2020). This explains

the decrease in POC proportion with increasing site age. The changes of
litter quality may also be another reason for the decreased proportion of
POC. A previous study in our study sites implied that the litter quality
improved with site age (Li et al., 2023). Based on the MEMS hypothesis
(Cotrufo et al., 2013; Liang et al., 2017), high-quality litter is more
efficiently converted into microbial biomass and necromass and forms
organo-mineral associations that accumulate in the soil (Cotrufo et al.,
2013; Lavallee et al., 2018).

In the present study, the standardized path coefficients for the effects
of bacterial and fungal PLFAs on POC content assessed by SEM were 0.56
and 0.58, respectively (Fig. 5b). Bacterial PLFAs were significantly
positively correlated with POC, whereas fungal PLFAs were significantly
negatively correlated with POC (Fig. 5b). Traditionally, the easily
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degradable C has been considered primarily bacterial, while recalcitrant
substrates was considered to be dominated by fungi (Hunt et al., 1987;
Wardle et al., 2004). Bacterial and fungal PLFAs increases with the in-
crease of POC, which is considered to drive short-term SOC decompo-
sition and it is mostly plant-derived (Yu et al., 2022). However, the
increase in the fungal PLFAs accelerated the decomposition of recalci-
trant components in POC, so the fungal PLFAs was negatively correlated
with POC. In addition, the microbial numbers significantly increased
with site age (Fig. 3); consequently, their requirements of C also
increased, which in turn increased the consumption of POC. As POC is
not protected physically or chemically by soil minerals, it is more easily
degraded by microorganisms than MAOC (Cotrufo et al., 2019; Georgiou
et al., 2022), which makes it the main driver of heterotrophic respiration
(Elliott, 1986; Arevalo et al., 2012). Therefore, the increase in microbial
abundance may be another important reason for the decreasing POC
proportion over time.

4.3. Effect of revegetation on SOC storage and stability

Revegetation significantly increased the SOC content, and this effect
was dependent on site age (Table 1). This information, however, does
not provide a valid estimate of SOC stability, which can be better re-
flected by the relative distribution of MAOC and POC. In the study,
MAOC and POC showed the same dynamics along the chronosequence,
although their proportions showed different trends (Fig. 4). Whilst the
POC dominated in all sites, the proportion of MAOC gradually increased
with site age (Fig. 4). This leads us to infer that revegetation gradually
improved the stability of SOC, which was dependent on site age.

In our previous study, we showed that the content of clay and silt was
13.67%-26.99% in the native vegetation area (Li et al., 2020a). In the
present study, we estimated the maximum content and proportion of
MAOC based on the linear relationship between clay and silt content and
site age; the results showed that the maximum value of clay and silt
content would be 27% in the 0-10-cm soil layer, and the MAOC content
and proportion would reach maximum levels of 2.65 g kg ' and 36.71%,
respectively (Fig. 6). The content and percentage of MAOC reached
58.11% and 78.78%, respectively, of the maximum values after 66 years
of revegetation. Although the SOC was still dominated by POC, our
findings indicate that with ongoing vegetation succession, MAOC will
continue to increase. Therefore, the stability of SOC in the sand-fixing
vegetation area will increase over time.

Revegetation is considered an effective way to increase C seques-
tration and mitigate climate change (IPCC, 2014; Li et al., 2020b; Piao
et al., 2020), resulting in an increased C storage in biomass and soil (Yao
et al., 2018; Piao et al., 2020). Our result also suggests that vegetation
succession also increased the content and stability of SOC; however, this
effect was strongly correlated with soil texture. Our results highlight a
promising model for improving the potential of SOC stability through
improved soil texture by sound management practices.

5. Conclusions

Both MAOC and POC have been regarded as reliable indicators of the
stability of SOC in recent years. Therefore, quantitative data are needed
to determine the contribution of MAOC and POC to SOC storage in
restored ecosystems. We expect that the contribution of MAOC to SOC
will increase gradually and eventually reach a steady state with vege-
tation succession on mobile sand dunes. In the present study, revege-
tation significantly increased SOC storage, and the stability of SOC was
enhanced by the changes in the proportions of MAOC and POC. The
MAOC and POC contents largely depend on the plant input, soil prop-
erties, and the soil microbial community. The proportion of MAOC
gradually increased with site age, whilst that of POC gradually
decreased. This indicates that revegetation positively affects the storage
and stability of SOC, governed by site age. We estimated that the
maximum values of the content and proportion of MAOC will increase to
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2.65 g kg™ and 36.71%, respectively. This suggests that although
revegetation improved the stability and storage of SOC, the soil
sequestration potential is still high. Our results deepen our under-
standing of the functions of MAOC and POC in desert ecosystems. We
highlight the importance of the revegetation of temperate desert eco-
systems to increase the storage and stability of SOC and further mitigate
global change.
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