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ABSTRACT

Natural revegetation has been reported to play a very active role in ecosystem carbon (C) and nitrogen (N) sinks
in degenerated ecosystems. However, the responses of C and N sequestration and stabilization in soil organic
matter (SOM) to natural revegetation remain inadequately understood. In this study, we analyzed C and N
contents and 5'3C and 8'°N values of SOM, free light fraction (FLF), intra-aggregate particulate organic matter
(IPOM) and mineral-associated organic matter (MAOM) along ~ 160 years of natural revegetation on the Loess
Plateau of China. The results showed that natural revegetation significantly (P < 0.05) enhanced soil C and N
contents in FLF, [IPOM, MAOM, SOM in the surface soil (0-20 cm) during the later stages of revegetation, which
exhibited smaller impact on the deeper soil (20-60 cm). Natural revegetation significantly increased distribution
proportions of C and N in FLF (i.e., 18.00-36.00%, 8.46-22.57%, respectively), and that in IPOM (i.e., from
11.60 to 25.38%, 10.89-26.92%, respectively), while it decreased that in MAOM (i.e., from 56.25 to 37.00%,
67.69-50.24%, respectively) in the surface soil, thereby altering C and N stabilization in SOM (0-20 cm). The
climax Quercus liaotungensis forest exhibited the highest C distribution proportion in FLF and IPOM, and the
lowest C distribution proportion in MAOM in the surface soil. The 5'3C and 5!°N were enriched with the
decomposition of SOM and soil profile depths at each revegetation stage. The highest 5!3C and §'°N values (0-60
cm) and the lowest C:N ratio (0-20 cm) of SOM, FLF, and IPOM were found in the farmland. In conclusion, ~160
years of natural revegetation substantially promoted C and N sequestration in SOM, whereas altered C and N
stabilization in SOM of the surface soil through shifting C and N towards more non-protected and pure physically
protected SOM fractions rather than the most stable MAOM. Meanwhile, soil §'°C and §!°N in SOM and its
fraction were changed along with natural revegetation. The most enriched soil §!°N in the farmland implied that
soil N cycle in the farmland was more open to N losses relative to the other revegetation stages.

1. Introduction

and identified as requiring either passive (i.e., natural revegetation) or
active (i.e., afforestation) forest restoration (Minnemeyer et al., 2011;

Unreasonable land use, particularly in the forms of excessive logging
and the transition of ambient forests to farmland, is a global issue that
has led to the loss of natural vegetation, land degradation, and seriously
threaten forest ecosystem services (Khormali et al., 2009; Karchegani,
et al., 2011; Zhang et al., 2020; Ayoubi et al., 2021). Currently, forest
restoration is a global priority (Suding et al., 2015; Crouzeilles et al.,
2016) as two billion hectares of forests have been degraded worldwide

Crouzeilles et al., 2016). Natural revegetation has been widely
confirmed to be a viable approach for the revitalization of damaged
ecosystems through the renewal of supportive environments, facilitating
soil and water preservation (Sun et al., 2015), to augment the efficiency
of ecosystems (Ayoubi et al., 2011; Baker and Eckerberg, 2016). Under
natural revegetation the functional traits of plants (Wang et al., 2022),
as well as the composition, structure, coverage, and biodiversity of
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vegetation communities were observed to be greatly altered (Crouzeilles
et al., 2016; Krishna et al., 2020). These adjustments alter amounts and
qualities of plant residue inputs into soil, the physicochemical attributes
of soil (Rosenzweig et al., 2016), soil water patterns (Chen et al., 2022),
and soil microbe populations (Krishna et al., 2020; Cai et al., 2022).
Ultimately, these factors can dramatically impact the cycles of carbon
(C) and nitrogen (N) in ecosystems (Sullivan et al., 2019), particularly in
terms of soil C and N sequestration (Yang et al., 2019; Lv et al., 2021;
Wang et al., 2021; Wang et al., 2022).

Natural revegetation has been identified as a promising avenue for
the mitigation of climate change by facilitating C and N sequestration in
both plants and soil (Deng et al., 2014; Hancock et al., 2019). Globally,
the average cumulative rates for soil organic carbon (SOC) and total
nitrogen (TN) were 33.8 g C m ™2 year "' and 0.9 g N m2 year !,
respectively, for forests that emerged on former agricultural lands
(Zhong et al., 2021). Although the impacts of natural revegetation on
soil C and N sequestration are widely documented (Deng et al., 2013;
Gao et al., 2020; Khorchani et al., 2022), these studies primarily set their
focus on variations in the total SOC and TN concentrations, or stocks
(Deng et al., 2013; Gao et al., 2020). While, it remains inadequately
understood exactly how C and N in soil organic matter (SOM) are sta-
bilized through natural revegetation. Stabilization refers to a decrease in
the potential loss of C and N in SOM (Pinheiro et al., 2015). The Cand N
in SOM are stabilized through three primary mechanisms: (i) physical
protection by soil aggregates; (ii) chemical association among C and fine
soil particles (e.g., clay, silt, Fe and Al oxides); (iii) biochemical recal-
citrance of soil organic molecules (Sollins et al., 1996; Briedis et al.,
2018). Physicochemical stabilization of C and N in SOM, and composi-
tion of organic matter (OM) play crucial roles in deciding the persistence
of C and N in terrestrial ecosystems (Williams et al., 2018). Thus,
elucidating how natural revegetation impacts the C and N sequestration
and stabilization in SOM is essential for estimating the long-term
acquisition and storage of soil C and N, and their influences on
climate change.

The constituents of SOM encompass a highly diverse array of organic
components of different origins (Prater et al., 2020), which may be
partitioned into separate operational fractions with varying microbial
accessibility (Startsev et al., 2020), turnover times (Yeasmin et al.,
2020), and stabilizing strategies (Samson et al., 2020). Soil physical
fractionation based on density and particle size has been broadly utilized
to divide raw SOM samples into three distinct segments (Six et al., 1998;
Pinheiro et al., 2015). These include a free light fraction (FLF) and intra-
aggregate particulate organic matter (IPOM), which are mainly
comprised of new and partly decayed plant residues (Christensen, 1992;
Samson et al., 2020; Francisco et al., 2021). The FLF is not protected
through physical or chemical means by soil, and exhibits rapid decom-
position rates and turnover times, which is recognized as an active soil
pool (Wander, 2004; Yang et al., 2017; Williams et al., 2018). [IPOM
represents a slowly mineralized soil pool with a longer turnover time
relative to FLF, owing to its being physically protected by soil aggregates
(Six et al., 1998; Wander, 2004; Marin-Spiotta et al., 2008; Kauer et al.,
2021). The third fraction is mineral-associated organic matter (MAOM),
which is considered to be a passive soil pool with the lowest bioavail-
ability and decomposition rate, and the longest residence time in soil
across SOM fractions via chemical bonding to silt- and clay-sized min-
eral particles (Karchegani et al., 2012; Lavallee et al., 2020; Macedo
et al., 2021; Pierson et al., 2021). Therefore, a comprehensive assess-
ment of the impacts of natural revegetation on C and N allocations in
SOM, FLF, IPOM, and MAOM have significant implications toward
elucidating stabilizing kinetics of soil C and N as impacted by natural
revegetation.

The combination of stable C and N isotopic signatures and soil
physical fractionation methods can provide effective data for investi-
gating SOM formation and persistence (Santos et al., 2020), and C and N
pathways within and between SOM fractions (Atere et al., 2020). The
different photosynthetic pathways of Cz and C4 plants leads to fixing of
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biomass C with distinct isotopic indicators, which assists with tracking
alterations in SOC pool (Santos et al., 2020; Minick et al., 2021). Distinct
513C that is naturally presented by Cg (mean 8'>C ~—28%o) and C4 plants
(mean S1%C ~ -1 2%0) allows for the identification of dynamic modifi-
cations in OM as freshly obtained plant C materials are integrated into
existing OM in soils (Skjemstad et al., 1990; Minick et al., 2021). Soil
5'°N may be employed as a reliable tracer to reveal N cycling (Feyissa
et al., 2020), where its value of SOM fractions may be combined with
soil N cycling processes to assess the level of SOM decomposition and
conversion of microbes (Yang et al., 2017). Generally, enriched soil 515N
values represent a greater level of SOM decomposition (Plaza et al.,
2016; Prater et al., 2020), which is the result of microbes preferentially
metabolizing N, and due to the integration of microbe compounds;
thus, enhancing §'°N with SOM decomposition (Kramer et al., 2017;
Minick et al., 2021). Consequently, accurate assessment of variations in
513C and 6!°N values of SOM fractions along with natural revegetation
can better elucidate the dynamic shifts in soil C and N cycling processes
during natural revegetation.

The Loess Plateau, which inhabits the mid and upper ranges of the
Yellow River in China, spans 624,000 km? (Zhong et al., 2021). It is one
of the world’s most highly vulnerable and extremely eroded regions (Fu
et al., 2011). Toward the resolution of these environmental challenges
since the 1950's, significant interventions have been undertaken by the
government of China (Zhong et al., 2021). The most important endeavor
was the introduction of the largest ecological engineering “Grain for
Green” program in China in 1999, which involved the conversion of
croplands at inclines of >15° to grassland, shrubland, or forest through
natural revegetation or afforestation (Deng et al., 2014). To date, this
project has transformed > 16,000 km? of farmland on the Loess Plateau
to grassland or forest (Xu et al., 2018), leading to a 28% increase in
vegetation cover from 1999 to 2013, and a 87.5% decrease in sediments
flowing into the Yellow River. Earlier research has recorded the varia-
tions in soil C and N concentrations or stocks to the active renewal of
vegetation (i.e., afforestation) (Han et al., 2019; Song et al., 2021), or
short-term natural revegetation (<50 years) (Deng et al., 2016) in this
region. However, the effects of protracted (>150 years) natural reveg-
etation on the reserves and stabilization of C and N in SOM pool remain
unknown. In current study, we hypothesize that: (i) long-term natural
revegetation increases C and N sequestration in SOM and its fraction,
and the climax forest possesses the greatest C and N sequestration in
SOM and its fraction; (ii) long-term natural revegetation alters the C and
N stabilization in SOM through shifting C and N towards more non-
protected and pure physically protected SOM fractions, and corre-
spondingly reducing C and N allocations in the most stable MAOM,; (iii)
The 8'3C and 8'°N values in SOM and its fraction were modified along
with long-term natural revegetation. The farmland possesses the most
enriched 3'3C and 8'°N values in SOM. To test this hypothesis, we
coupled soil physical fractionation procedures and the analysis of stable
isotopes to analyze organic C and TN concentrations and stocks, C:N
ratio, and §'°C and 5'°N values in SOM, FLF, IPOM, and MAOM.
Furthermore, we examined the concentrations of soil microbial biomass
C and N (MBC and MBN, respectively), and soil physiochemical attri-
butes, i.e., soil pH, moisture, and bulk density (BD), and plant charac-
teristics (i.e., litter/root biomass, litter C:N ratio) at several soil depths
(0-20, 20-40, and 40-60 cm) along with ~ 160 years natural revege-
tation of former farmland to stages of pioneer weed, herb, shrub, to early
forest, and eventually to climax forest.

2. Materials and methods
2.1. Study site

This investigation was conducted in the Ziwuling Mountains
(northwest  face), in the central Loess Plateau region

(36°00'14"-36°01'09”"N and 109°00'56”-109°01'52"E), in Fu County,
Shaanxi Province, China (Fig. 1a and b). This area is characterized by



W. Yang et al.

100°0'E 104°0'E 108°0'E 112°0'E
fl 1 1

Catena 220 (2023) 106647

109°1'E 109°1'30"E 109°2'E

30N
36°11'30"N

36°

116°0'}
!

~
(a)

36°0'N 38°0N 40°0'N
)

34°0N

e Loess Plateau, China

0 45 90 180 270 360

32°0'N

A
40°0'N

36°11'N
36°11'N

38°0N

T T T
104°0E 108°0'E 112°0'E

( Time sequence

Revegetation stages e

Farmland

z

LS

§

%

2

{ z z

2 3
] =
] S

R

&

2 ey

[

z T

-2

&

a
z &) A\ z
% \ i %
3 2

=)
109°1°E 109°130"E 109°2'E

Climax forest

Early forest

s\ sgar

Pioneer weed Herb

Farmland

Shrub

Early forest  Climax forest

Fig. 1. (a) Geographic coordinates of Loess Plateau of China, (b) Locations of the sampling sites in the in Fu County, Shaanxi Province, China. Pink circles represent
sampling plots of farmland stage (FS); sky blue circles represent sampling plots of pioneer weed stage (PWS); red circles represent sampling plots of herb stage (HS);
yellow circles represent sampling plots of shrub stage (SS); dark blue circles represent sampling plots of early forest stage (EFS); grey circles represent sampling plots
of climax forest stage (CFS), (c) conceptual diagram of primary stages during natural revegetation process, (d) photographs of study location for each revegetation
stage. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

typical hilly and gullied landscapes with altitudes that range from 1157
to 1369 m asl (above sea level) (Yan et al., 2020). The continental
monsoon climate of this region has an average yearly temperature and
rainfall of 9 °C and 576.7 mm, respectively. The soil is of the cinnamon
type and categorized as Ustalfs according to the USDA Soil Taxonomy.
This area has undergone intense soil erosion due to its loose soil and
incessant human interference. The combination of natural revegetation
with continued deforestation in the Ziwuling Mountain region has
induced the emergence of secondary forests that span ~ 23,000 km?,
In the study area natural revegetation revitalized deserted agricul-
tural lands, where Zea mays L. was the original main crop (Zhong et al.,
2018). Since 1860, the abandonment of this land occurred a number of
times when the local population was displaced due to war, food scarcity,
and other disasters. As a consequence, over the last ~ 160 years various

revegetation stages have been observed, ranging from pioneer weeds, to
herbs, to shrubs, to early and climax forests (Zhong et al., 2018). Chen
et al. (1954) revealed that Populus davidiana Dode was the dominant
species in this region following ~ 100 years of revegetation. The ages of
pioneer weeds, herbs, and shrubs was determined through discussions
with local elders, and by investigating land agreements between farmers
and the government. Six typical natural revegetation stages were
selected as samples for this investigation: (1) farmland stage (control, O-
yr., FS) where Zea mays L. was the primary rotation crop before reveg-
etation; (2) pioneer weed stage (~15 yrs., PWS) dominated by Artemisia
lavandulaefolia DC and Stipa bungeana Trin.; (3) herb stage (~30 yrs.,
HS) where Triarrhena sacchariflora (Maxim.) Nakai was the primary
dominant species; (4) shrub stage (~50 yrs., SS), Hippophae rhamnoides
Linn. community was predominant; (5) early forest stage (~110 yrs.,



W. Yang et al.

EFS) dominated by P. davidiana; and (6) climax forest stage (~160 yrs.,
CFS) dominated by Quercus liaotungensis Koidz (Fig. lc, d). The
geographical data and vegetation characteristics for each revegetation
stage in this study are shown in Table S1.

2.2. Field sampling

Samples were gathered in October 2019, and four replicate plots
were randomly established for each revegetation stage (Fig. 1b). The
plot sizes were 2 m x 2 m for the farmland, pioneer weed, and herb
communities, 5 m x 5 m for the shrub community, and 20 m x 20 m for
the early and climax forests, respectively. To reduce the impacts of the
localized site environments on the results, the distances between adja-
cent plots for each revegetation stage were 100 m at minimum, but not
greater than 2 km at elevations lower than 120 m. All surveyed soils
were developed from the same parent materials (i.e., loess parent ma-
terial) and soil type (i.e., cinnamon soil). For each revegetation phase,
all plots were on similar slope gradients and aspects to ensure equivalent
environments. The S-shaped sampling technique was employed to
randomly extract nine soil samples (5 cm diameter x 20 cm deep) from
each plot at 0-20, 20-40, and 40-60 cm depths, respectively. The soil
samples from each layer of every plot were completely mixed to produce
a single composite. Overall, 72 soil cores were obtained (24 plots x 3 soil
depths). A cutting ring was employed for the 0-20, 2040, and 40-60 cm
soil depths to ascertain the bulk soil density for each plot. Three 1 x 1 m
quadrats from each plot were selected at random for litter sample
collection. A total of three root sample cores (10 cm diameter x 20 cm
deep) from each plot were stochastically extracted with a root drill at
soil depths of from 0 to 20, 20-40, and 40-60 cm, respectively. Thus, 72
litter and 216 root samples were obtained.

2.3. Laboratory analyses

The soil samples were cleared of all roots and organic debris, fol-
lowed by sifting through a 2 mm sieve and complete mixing, after which
they were segregated as three subsamples. To quantify the soil moisture,
the first subsample was dried at 105 °C to a constant weight, whereas to
assess soil pH the second subsample was dried in ambient air and passed
through a 1 mm sieve. The third subsample was dried in ambient air and
sifted through a 2 mm sieve to determine the C and N concentrations in
the SOM, FLF, and IPOM. The fresh soil and solid soil cores that were
extracted with the cutting ring were heated to 105 °C and dried to an
even weight to quantify the soil moisture and bulk density, respectively.
The soil pH was determined with a pH meter, and the soil/water ratio
was 1:2.5. The microbial biomass C (MBC) and microbial biomass N
(MBN) concentrations were quantified using the chloroform fumigation-
extraction technique (Vance et al., 1987). Each root sample block was
continuously rinsed with water using a 0.15 mm sieve, after which the
remaining roots were collected. Subsequently, the litter and root sam-
ples were thoroughly cleaned and dried in an oven at 65 °C to a constant
weight to measure the biomass of litter and roots, respectively.

2.4. Physical fractionation of SOM

To achieve functionally distinct SOM pools, the soil samples were
separated via combined density and size fractionation using a technique
derived from Six et al. (1998), Yang et al. (2017), and Samson et al.
(2020). To summarize, a 25 g of 2 mm air-dried sample was placed in a
100 mL centrifuging tube with 50 mL of a 1.70 g cm ™ Nal solution. The
tube was then stoppered and shaken for 1 h at 200 rpm, and the soil
suspension was centrifugated at 1000 x g for 20 min. The FLF that
floated on the Nal supernatant was separated with a 0.45 pm nylon
membrane using a glass vacuum filtration device. The material that
lingered on the filter was then cleaned using 75 mL of 0.01 M CaCl; to
remove any residual Nal, which was followed by 100 mL of ultrapure
water. The materials that floated within the centrifuge tube were
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extracted twice with Nal, and these two subfractions were transferred to
a pre-weighed 50 mL glass beaker using ultrapure water, heated and
dried at 50 °C and weighed to create a FLF sample (Yang et al., 2017;
Samson et al., 2020). The soil remaining at the bottom of the centrifuge
bottle was rinsed twice with 50 mL of ultrapure water, centrifuged, and
the supernatant was removed. The washed soil sample was dispersed in
0.5% sodium hexametaphosphate (SHMP), and soil suspension was sif-
ted through a 53 pm sieve to separate IPOM from MAOM, and the
detailed separation method of IPOM and MAOM was in line with Six
et al. (1998), and our previously described methods (Yang et al., 2017).
The obtained IPOM and MAOM samples were dried in an oven at 50 °C
and weighed.

2.5. C and N concentrations and stable isotope measurements

To eliminate the total inorganic C, the bulk soil (i.e., whole SOM),
FLF, IPOM, and MAOM fractions acquired through the soil fractionation
process were subjected to 1 M HCI at room temperature for 24 h. The
oven-dried SOM fractions were pulverized in a ball mill to prepare them
for organic C and TN concentration, and isotope analyses for C and N.
The concentrations of C and N in the SOM fractions and plant materials
were measured using a Vario PYRO cube elemental analyzer (Elementar
Analysensystem, Germany). On average, after using this fractionation
procedure, the soil mass recovery was 94.1%, C recovery was 93.9%,
and N recovery was 93.5%. The stable C and N isotopes of the SOM
fractions were evaluated using an IsoPrimelO0 isotope ratio mass
spectrometer (Isoprime Ltd., Cheadle Hulme, UK). The ratios of the
stable C and N isotopes were conveyed in § X (%o) as follows:

6X = [(RsampLe/Rstanparp) — 1] x 1000%o [6))

Where X is C or N, Rsampik is the (*3c/*2c) or (°N/1N) ratio, and
Rstanparp is the Pee Dee Belemnite standard 13¢/12¢C ratio, or the
15N /N ratio of the atmospheric Nj. Following every twelfth sample,
standards were determined, and the precision of the recurrent mea-
surements was & 0.15%o for 8'3C and + 0.2%. for §'°N, respectively.

Soil C or N stock (g m_z) of each SOM fraction were determined
using the equation below:

Soil Cor N stock = Con. x BD x T x 10 2)

where Con. is the concentration of organic C or TN for each SOM fraction
(gkg™ 1), BD is the density of the bulk soil (g em ™), and T is the soil layer
thickness (cm).

2.6. Statistical analyses

The analysis of all data was performed with SPSS 24 statistical
software. The data were tested for normalcy and variance homogeneity,
and the data with non-normal distribution and/or non-variance homo-
geneous were log- or cube root-converted to satisfy suppositions for
statistical analysis. One-way ANOVA was used to assess the influences of
both natural revegetation and soil depth on the root biomass, soil pH,
moisture, BD, MBC, MBN, C and N concentrations, SOM fraction stocks,
5'3C and 5'°N values of SOM fractions, C and N distribution proportions
in SOM fractions, and C:N ratios of SOM fractions, respectively. The
impacts of natural revegetation on the biomass, content of C and N, and
litter C:N ratios were determined by One-way ANOVA. Significant var-
iations between the means of the groups were evaluated with Duncan’s
test at P < 0.05. Two-way ANOVA was used to determine the effects of
natural revegetation, soil depth, and their interactions on plant and soil
attributes, C and N concentrations, 5'3C and §'°N, and C:N ratios of SOM
fractions. Pearson’s correlation analysis was performed to examine the
association between C and N in SOM fractions and plant soil properties.
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3. Results
3.1. Characteristics of plants and soil

Within the 0-20 cm soil layer, root biomass was greatest in the
farmland, early forest, and climax forest between revegetation stages
(Table S2). However, root biomass of the 20-60 cm soil layers exhibited
no significant changes between revegetation stages (Table S2). Litter
biomass progressively increased along with natural revegetation and
attained its maximum in the climax forest (Fig. S1a). The litter C:N ratio
was greatest in the climax forest and least in the farmland between
revegetation stages (Fig. S1b). Natural revegetation substantially
impacted on root biomass, soil pH, moisture, MBC, and MBN (Table 1).
The pH of the 0-20 cm soil layer gradually declined along with natural
revegetation (Table S2). Soil moisture (0-20 cm) was greatest in the
climax forest, being followed by early forest, shrub, and pioneer weed,
and lowest in the herb and farmland stages (Table S2). Soil BD (0-20 cm)
was greatest in the farmland and herbs between revegetation stages
(Table S2). The concentrations of MBC and MBN (0-20 cm) progres-
sively increased along with natural revegetation (Table S2). Soil mois-
ture (20-40 cm), as well as BD, MBC, and MBN (20-60 cm) showed
negligible changes along with natural revegetation (Table S2). Soil pH,
moisture, BD, MBC, and MBN were substantially impacted by soil depth
(Table 1). Soil MBC and MBN concentrations declined in step with
deeper soil layers for each revegetation stage (Table S2).

3.2. C and N concentrations and stocks of SOM fractions

Natural revegetation significantly (P < 0.001) impacted on organic C
and total N in SOM, FLF, and IPOM, while it had no significant influence
(P > 0.05) on organic C and total N in MAOM (Table 1). The organic C
concentration and stock of SOM, FLF, and IPOM in the 0-20 cm soil layer
for both climax forest and early forest were considerably greater than
those of shrub, herb, pioneer weed, and farmland (Table 2, Fig. 2a, b, d).
The organic C stock of MAOM in the 0-20 cm soil layer was greatest in
the climax forest and smallest in the herb stage between revegetation
stages (Fig. 2c). The organic C concentration and stock of SOM (20-40
cm), FLF and IPOM (20-60 cm) were greatest in the climax forest be-
tween revegetation stages (Table 2, Fig. 2a, b, d). The organic C stock of
SOM in the 40-60 cm soil layer, and MAOM in the 20-60 cm soil layers
were not statistically significant between revegetation stages (Fig. 2c).
The total N concentration and stock of SOM, as well as the N stock of FLF

Table 1
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(0-20 cm) in the climax forest and early forest were substantially higher
in contrast to the other revegetation stages (Table 2, Fig. 2e, h). The total
N concentration and stock of IPOM (0-20 cm) in the herb and farmland
stages were markedly lower than those in the other revegetation stages
(Table 2, Fig. 2f). The total N concentration and stock of MAOM in the
0-20 cm soil layer were highest in the climax forest and lowest in the
shrub stage (Table 2, Fig. 2g). The total N stock of FLF in the 20-40 cm
soil layer, and IPOM in the 20-60 cm soil layer were highest in the
climax forest between revegetation stages (Fig. 2e, f). The total N stock
of SOM (20-40 cm), total N concentration of MAOM (20-40 c¢m), and
total N concentration and stock of SOM and MAOM in the 40-60 cm soil
layer changed little between revegetation stages (Table 2, Fig. 2g, h).
The organic C and total N concentrations in SOM, FLF, IPOM, MAOM
were strongly impacted by the soil depth (Table 1). The organic C and
total N concentrations and stocks of SOM, FLF, IPOM, and MAOM in the
0-20 cm soil layer were considerably greater than those in the 20-40
and 40-60 cm soil layers for each revegetation stage, except for the C
concentration and stock of IPOM in the farmland, and organic C and
total N stocks of MAOM for the shrub (Table 2, Fig. 2). The organic C and
total N concentrations and stocks of SOM, FLF, IPOM, and MAOM for
each revegetation stage revealed no significant difference between the
soil layers of 20-40 and 40-60 cm, with very few exceptions (Table 2,
Fig. 2). The C:N ratios of SOM and IPOM in the 0-20 cm soil layer, and of
SOM and FLF in the 20-60 cm soil layer progressively increased along
with natural revegetation (Fig. 3). The C:N ratio of IPOM in the 20-60
cm soil layer, and of MAOM in the 20-40 cm soil layer were highest in
the farmland (Fig. 3b, c¢). The C:N ratio of MAOM in the 0-20 cm and
40-60 cm soil layers remained virtually unchanged, respectively, under
natural revegetation (Fig. 3a, c¢). The C:N ratio of FLF in the 0-60 cm soil
layers was markedly higher than that of SOM, IPOM, and MAOM for
each revegetation stage (Fig. 3).

3.3. C and N distribution in SOM fractions

The FLF in the 0-60 cm soil layers accounted for 0.49-3.58% of the
bulk weight of the soil (Fig. 4); however, it comprised 7.75-36.00% of
the organic C in SOM (SOM-C) content, and 2.76-22.57% of the total N
in SOM (SOM-N) content across revegetation stages (Fig. 5a and d). The
IPOM in the 0-60 cm soil layers made up 10.46-23.31% of the bulk
weight of the soil (Fig. 4), which comprised 9.11-25.38% of the SOM-C
content and 5.78-32.18% of the SOM-N content across revegetation
stages (Fig. 5b and e). The MAOM within the 0-60 cm soil layers made

Statistical significance (F value ¥ V2"®) of the impacts of revegetation stage, soil depth, and their interactivity on plant and soil attributes and C and N in SOM fractions

(0-60 cm) based on two-way ANOVA.

Source of variation RB pH Moisture BD MBC MBN SOM-C FLF-C IPOM-C
Revegetation stage 9.111 16.711 7.031 1.209 76.413 19.941 29.501 41.593 30.918
Soil depth 76.636 113.704 12.148 3.944* 1769.527 703.404 441.649 232.186 211.223
Revegetation stage x Soil depth  4.710 2.529* 5.276 0.761 60.954 13.283 19.309 17.360 15.653
Source of variation MAOM-C  SOM-N FLF-N IPOM-N MAOM-N 3'3Cc-soM 3'3C-FLF 3'3C-IPOM 3'3C- MAOM
Revegetation stage 1.590 7.919 32.949 17.373 1.801 49.178 114.596 64.033 6.284
Soil depth 75.535 256.247 402.298 147.331 81.244 30.831 56.945 42.068 20.332
Revegetation stage x Soil depth  2.320 7.187 23.479 6.726 3.250 0.521 1.043 0.899 0.359
Source of variation 5'°N-SOM  8'°N-FLF  '°N-IPOM &'°N-MAOM  C:N ratio-SOM  C:N ratio-FLF  C:N ratio-IPOM  C:N ratio-MAOM
Revegetation stage 9.336 92.703 41.728 38.277 12.024 13.777 3.162* 1.300

Soil depth 280.862 832.544 583.712 481.291 75.534 9.757 5.011* 28.373

Revegetation stage x Soil depth  1.658 4.382 3.474 2.463* 3.259 3.463 4.405 1.255

RB: root biomass; BD: bulk density; SOM: soil organic matter; free LF: free light fraction; iPOM: intra-aggregate particle organic matter; mSOM: mineral-associated
SOM; SOM-C: organic carbon concentration in SOM; free LF-C: organic carbon concentration in free LF; iPOM-C: organic carbon concentration in iPOM; mSOM-C:
organic carbon concentration in mSOM; SOM-N: total nitrogen concentration in SOM; free LF-N: total nitrogen concentration in free LF; iPOM-N: total nitrogen
concentration in iPOM; mSOM-N: total nitrogen concentration in mSOM. 513C: the 8'3C value; 5'°N: the 5'°N value; C:N ratio: the carbon:nitrogen ratio.

“ P < 0.05
P <0.01;
P < 0.001.
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Table 2

Catena 220 (2023) 106647

Concentrations of organic C and total N (mean =+ SE, n = 4) in SOM fractions during various revegetation stages on the Loess Plateau of China.

Revegetation stages Soil depth (cm) C (g Ckg™!) N (gNkg™)
SOM FLF IPOM MAOM SOM FLF IPOM MAOM
Farmland 0-20 9.74 + 0.64P2 227 + 0.12°P% 1,10 + 0.25°? 5,53 + 0.68"5% 1.175 + 0.0555® 0.148 + 0.003°P? 0.127 + 0.01452  0.797 + 0.0495¢2
(FS) 20-40 5.16 + 0.47°%° 0.49 +0.13%° 0.74 +0.29% 3.52 + 0.34*° 0.668 + 0.071%" 0.030 + 0.006*° 0.060 + 0.025"® 0.522 + 0.056""
40-60 3.27 +0.33%  0.34 + 0.08%® 0.60 + 0.20%* 2.09 + 0.34*° 0.561 + 0.056"" 0.019 + 0.004*® 0.033 + 0.009"® 0.453 + 0.043*"
Pioneer weed 0-20 12.03 + 0.56% 2.15 + 0.30°P? 2.43 + 0.14%* 6.07 £ 0.33%52 1.333 + 0.043%%  0.156 + 0.015% 0.333 + 0.043%% 0.758 + 0.0205¢2
(PWS) 20-40 4.98 + 0.44°% 0,72 +0.14%>  0.62 +0.07%° 3.14 + 0.24*° 0.796 + 0.100"° 0.044 + 0.010*° 0.093 + 0.027"® 0.607 + 0.063%"
40-60 3.66 + 0.35°"  0.28 + 0.04%® 0.46 +0.03%° 2,55+ 0.28%° 0.572 + 0.042° 0.016 + 0.003*® 0.043 + 0.008"® 0.471 + 0.0314¢
Herb 0-20 8.15+0.320% 1.47 £0.12°* 1.45+0.12% 4.31 +£0.27% 1.007 + 0.066°® 0.085 + 0.003 ®* 0.137 + 0.011%%  0.670 + 0.048%
(HS) 20-40 4,07 +0.29%°  0.50 +0.025° 0.39 +0.11%° 273 + 0.18%° 0.633 + 0.094*%° 0.027 + 0.003%° 0.064 + 0.040°%® 0.472 + 0.0424°
40-60 3.44 +0.12% 0.35+0.08%® 0.35 +0.07%° 2.40 + 0.09*° 0.560 + 0.029® 0.019 + 0.005*® 0.034 + 0.009"® 0.445 + 0.038""
Shrub 0-20 11.94 + 1.00%* 3.29 + 0.63% 2.78 + 0.40% 575 + 1.25%% 1.322 + 0.094%* 0.261 + 0.011% 0.357 + 0.050%® 0.667 + 0.077*
(SS) 20-40 5.10 + 0.65"%° 0.52 £ 0.19%° 0.81 +0.06®° 3.57 + 0.49** 0.679 + 0.081%° 0.044 + 0.015*° 0.083 + 0.008"" 0.528 + 0.0614%°
40-60 3.90 +0.76"% 0.62 + 0.18%° 0.57 + 0.06*%" 2.55 + 0.58*° 0.534 + 0.0524° 0.040 + 0.012*° 0.055 + 0.006"® 0.419 + 0.038""
Early forest 0-20 16.77 + 1.07% 5.19 + 0.50%% 4.05 + 0.34%%  7.37 +£ 0.714% 1.656 + 0.085*% 0.323 + 0.038%%  0.354 + 0.024"* 0.888 + 0.054"P2
(EFS) 20-40 4.43 +0.33*% 0,92 +£0.125° 0.50 +0.06®° 2.91 + 0.36"° 0.546 + 0.041%° 0.031 + 0.005*° 0.040 + 0.003"® 0.445 + 0.038"°
40-60 3.24 +0.414° 0.51 +0.05%® 0.45 +0.05%° 2.20 + 0.35*° 0.588 + 0.095® 0.026 =+ 0.005**® 0.051 + 0.009"> 0.476 + 0.0824°
Climax forest 0-20 21.76 + 1.26% 7.76 + 0.67% 5.52 + 0.36*" 8.15 4+ 1.31%% 1.854 + 0.089" 0.419 + 0.032%% 0.398 + 0.040*® 0.999 =+ 0.046"*
(CFS) 20-40 5.94 + 051" 1.57 £ 0.13"" 1.57 +0.43" 267 + 0.43*° 0.737 + 0.032*%" 0.057 + 0.007*° 0.232 + 0.030"" 0.428 + 0.0574°
40-60 452 +0.06° 1.30 +£0.20"° 0.82 +0.114" 226 + 0.35*° 0.572 + 0.031° 0.034 + 0.005**® 0.077 + 0.016"° 0.439 + 0.0274°

Different superscript upper-case letters imply statistically significant differences at the a = 0.05 level between revegetation stages at the same soil depth. Different
superscript lower-case letters imply statistically significant differences at the a = 0.05 level between soil depths at the same revegetation stage. See Table 1 for

abbreviations.

up 71.23-82.24% of the bulk weight of the soil (Fig. 4) but comprised
37.00-70.00% of the SOM-C content, and 50.24-82.34% of the SOM-N
content across revegetation stages (Fig. 5c, f). The percentage of soil
mass decreased from MAOM, to IPOM, and to FLF in the 0-60 cm soil
layers for each revegetation stage (Fig. 4). The percentage of FLF mass
(0-20 cm) progressively raised along with natural revegetation (Fig. 4a).
The percentages of IPOM and MAOM mass (0-40 cm) changed little
along with natural revegetation (Fig. 4a and b).

The FLF-C/SOM-C in the 0-60 cm soil layers, and IPOM-C/SOM-C in
the 0-40 cm soil layers progressively increased along with natural
revegetation (Fig. 5a and b). The MAOM-C/SOM-C in the 0-20 cm soil
layer gradually reduced along with natural revegetation, and which in
the 20-40 cm soil layer was lowest in the climax forest between
revegetation stages (Fig. 5c). The FLF-N/SOM-N in the 0-20 cm soil
layer of the climax and early forests, and shrub stages was markedly
greater than that of the herb, pioneer weed, and farmland stages
(Fig. 5d). The IPOM-N/SOM-N in the 0-20 cm soil layer was highest in
the climax and early forests, shrub, and pioneer weed stages, and in the
20-60 cm soil layer was highest in the climax forest (Fig. 5e). The
MAOM-N/SOM-N in the 0-20 cm soil layer was highest in the farmland
and herb stage, and in the 20-40 cm soil layer was lowest in the climax
forest (Fig. 5f).

3.4. Natural stable isotope abundance of SOM fractions

Natural revegetation notably affected the 5'°C and §'°N values of
SOM, FLF, IPOM, MAOM (Table 1). The §'3C value of SOM, FLF, and
IPOM in the 0-60 cm soil layer were greatest in the farmland between
revegetation stages (Table 3). The 5'3C value of SOM in the 0-20 c¢m soil
layer was lowest in the early and climax forests (Table 3). The SOM and
IPOM (20-60 cm), and FLF (40-60 cm) of the climax and early forests,
shrub, herb, and pioneer weed stages were significantly (P < 0.05) more
depleted in 5'3C than were those of the farmland (Table 3). The §'°C
value of MAOM (0-20 cm) changed little along with natural revegeta-
tion (Table 3). The SOM in the 0-20 cm soil layer of farmland and herb
stages were significantly (P < 0.05) more enriched in §'3C than were
those of shrub, early and climax forests (Table 3). The FLF, IPOM, and
MAOM in the 0-20 cm soil layer of farmland were significantly (P <
0.05) more enriched in 5'°N than were those of the other revegetation
stages (Table 3). The 5'3C and 8'°N values decreased from MAOM, to
SOM, IPOM, and FLF (Table 3). Moreover, 5'3C and '°N values of SOM,
FLF, IPOM, MAOM were clearly impacted by soil depth (Table 1). The

8'3C and §'°N values of SOM, FLF, IPOM, MAOM in the 0-20 cm soil
layer were considerably more depleted than those in the 20-60 cm soil
layers for each revegetation stage, with very few exceptions (Table 3).

3.5. Linking SOM fractions to plant and soil characteristics

Pearson’s correlation analysis revealed that the C and N concentra-
tions of SOM, FLF, IPOM, and FLF-C/SOM-C, IPOM-C/SOM-C, FLF-N/
SOM-N, IPOM-N/SOM-N, C:N ratio of SOM, MBC, and MBN (0-60 cm)
across revegetation stages were all significantly positively (P < 0.05)
associated with litter and root biomass (Table 4). MAOM-C/SOM-C and
MAOM-N/SOM-N displayed significant negative correlation with litter
and root biomass (Table 4). The §'3C value of SOM, FLF, MAOM, and
55N value of FLF, MAOM-C/SOC, and MAOM-N/SOM-N across reveg-
etation stages had negative correlation significantly (P < 0.05) with
litter biomass (Table 4). The 513C and 8'°N values of SOM, FLF, IPOM,
MAOM, and MAOM-C/SOM-C, MAOM-N/SOM-N across revegetation
stages had significant negative correlations with root biomass (Table 4).
The C and N concentrations of SOM, FLF, IPOM, and MAOM, and C:N
ratios of SOM and MAOM across revegetation stages show positive
relationship significantly (P < 0.01) with one another. Further, they all
demonstrated substantial positive associations with the soil moisture,
MBC, MBN, and were significantly (P < 0.01) adversely correlated with
the soil pH and BD (Table 4). The 513C and 8!°N values of SOM, FLF,
IPOM, and MAOM across revegetation stages were significantly (P <
0.05) positively related to soil pH and BD; however, they were sub-
stantially adversely correlated with soil moisture, MBC, MBN, and the C
and N concentrations of SOM, FLF, and IPOM (Table 4). The FLF-C/
SOM-C, IPOM-C/SOC, FLF-N/SOM-N, and IPOM-N/SOM-N ratios were
substantially positively associated with soil moisture, MBC, MBN, C and
N concentrations of SOM, FLF, and IPOM, which were strongly adversely
related to the soil pH (Table 4).

4. Discussion

Natural revegetation markedly promoted organic C and TN accu-
mulation in SOM and its fractions in the surface soil (0-20 ¢cm) on the
Loess Plateau of China (Table 2; Fig. 2). The concentrations and stocks of
C and N in SOM and its fractions of the surface soil did not obviously
increase during the early stages of revegetation (i.e., pioneer weed, herb,
and shrub stages), while they were greatly enhanced during the later
stages of revegetation (i.e., early and climax forests) (Table 2; Fig. 2).
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Fig. 2. The organic C and total N stocks (mean + SE, n = 4) in SOM fractions during different revegetation stages on the Loess Plateau of China. Various superscript
upper-case letters imply statistically significant differences at the a = 0.05 level between revegetation stages at the same soil depth. Various superscript lower-case
letters imply statistically significant differences at the o = 0.05 level between soil depths at the same revegetation stage. FS: Farmland stage; PWS: Pioneer weed
stage; HS: Herb stage; SS: Shrub stage; EFS: Early forest stage; and CFS: Climax forest stage. See Table 1 for abbreviations.

The greatest C and N stocks in SOM in the surface soil of the climax forest
were mainly resulted from an increase in C and N in FLF and IPOM
(Fig. 2). This finding was similar with Wang et al. (2021) who reported
that enhanced total SOC pools along with post-agricultural restoration
was primarily derived from increments of non-protected C. The FLF is
non-protected OM, and is primarily comprised of undegraded and

partially decayed plant residues (Christensen, 1992; Francisco et al.,
2021), including unattached particles of litter and root material (Die-
tterich et al., 2021), spores, and fungal hyphae (Modak et al., 2020). The
IPOM is also largely comprised of new and partly decayed plant residues
(Samson et al., 2020); however, it is physically protected by soil ag-
gregates (Kauer et al., 2021). In this study, the biomass of litter and root
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during different revegetation stages on the Loess Plateau of China. Various
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o = 0.05 level between revegetation stages in each soil fraction. Various lower-
case letters over the bars imply statistically significant differences at the a =
0.05 level between SOM fractions at each revegetation stage. See Table 1 and
Fig. 2 for abbreviations.

were progressively enhanced along with natural revegetation (Table S2;
Fig. S1). It was inferred that greatly increased plant detritus (i.e., litter,
roots, etc.) that as one of the most important components of FLF and
IPOM entering the soil (Table S2; Fig. S1), which greatly facilitated C
and N accumulation in FLF, IPOM, and the bulk SOM (0-20 cm) in the
latter phases of revegetation, especially in the climax forest (Table 2;
Fig. 2). This inference was supported by the result of Pearson’s corre-
lation analysis, which indicated that FLF-C, IPOM-C, FLF-N, and IPOM-N
were intimately related to litter and root biomass (Table 4).
Simultaneously, increased C and N stocks in SOM of the surface soil
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Fig. 4. Mass proportion (mean + SE, n = 4) of FLF, IPOM, and MAOM in the
bulk soil (0-20, 20-40, and 40-60 cm depths) of different revegetation stages
on the Loess Plateau of China. Different supper-case letters over the bars indi-
cate statistically significant differences at the o« = 0.05 level between revege-
tation stages in each soil fraction. Different lower-case letters over the bars
indicate statistically significant differences at the « = 0.05 level between SOM
fractions in each revegetation stage. See Table 1 and Fig. 2 for abbreviations.

in climax forest were partially ascribed to the enrichment of C and N in
MAOM, even though their increased stocks were far lower than for FLF
and IPOM (Fig. 2). MAOM has been widely recognized as the largest and
most stable soil fraction, which contains the oldest C and N (Lavallee
et al., 2020), owing to its tendency to bind to silt- and clay-sized mineral
particles that protect it against decomposition (Santos et al., 2020).
Numerous studies have documented that MAOM is microbially-derived,
instead of plant-originating OM (Rocci et al., 2021), which predomi-
nantly consists of microbial residues (e.g., microbial biomass or necro-
mass) (Prater et al., 2020), and microbial by-products derived from the
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microbial growth, transformation, and decomposition process of OM
(Plaza et al., 2016; Samson et al., 2020). It was well known that OM can
be reallocated between fractions during soil physical fractionation
through microbial decomposition (Angst et al., 2019). Generally, IPOM
is a precursor to the formation of MAOM (Jilling et al., 2020). Soil mi-
crobes break down plant-derived IPOM, and its progressive fragmenta-
tion results in smaller, more soluble compounds that are produced by
microbes, or as microbial by-products, and bound to mineral particles to
eventually form finer and more stable MAOM (Craig et al., 2021).
Olayemi et al. (2022) documented that MAOM increased along with
enhanced IPOM decomposition. Additionally, high quality plant C

inputs, particularly from root detritus and exudation, have been re-
ported to provide abundant available substrates to microbes, and pro-
mote microbial proliferation and activity, which result in increased
microbial by-products that drive MAOM formation (Sokol et al., 2019;
Pierson et al., 2021). In the current study, root biomass, MBC, MBN
concentrations, and the concentrations and stocks of IPOM in the surface
soil progressively increased along with natural revegetation, and
reached a maximum in the climax forest (Table 2 and Table S2; Fig. 2).
Our results revealed that MAOM-C and MAOM-N showed positive
relationship strongly with root biomass, MBC, MBN, IPOM-C, and IPOM-
N (Table 4). However, MAOM-C and MAOM-N had no correlation with
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Table 3

The §'3C (%o) and 5'°N (%) values in SOM fractions during various revegetation stages on the Loess Plateau of China.

Catena 220 (2023) 106647

Revegetation stages Soil depth (cm)

513C (%0)

5'°N (%0)

SOM FLF IPOM MAOM SOM FLF IPOM MAOM

Farmland 0-20 -21.26 + 0.32%% 22,69 + 0.27°° -22.54 + 0.42°° _20.84 +1.08%" 221 +0.18"° 0.44 +0.18"° 1.07 +£0.16*° 3.94 + 0.08""
(FS) 20-40 ~19.55 + 0.86** -20.91 + 0.55%%" _20.75 + 0.52*® _19.10 + 0.80%  4.06 + 0.50*%% 2.24 + 0.18"  3.06 + 0.33* 5.86 + 0.17A?
40-60 -18.87 + 1.214%  _20.15 + 0.86™* -20.08 + 0.85*" -18.35 + 1.08** 4.31 +0.125%% 258 + 0.17%* 3.29 £ 0.19% 6.13 + 0.18"

Pioneer weed 0-20 -25.03 +£ 0.12%®° -27.40 £ 0.14°> -26.89 +£0.12°° -21.19 +0.34"" 1.61 +0.14*®® _1.95 +0.17°®° _1.14 + 0.27® 2.36 + 0.13*°
(PWS) 20-40 -23.40 + 0.21532 2579 + 0.255% _25.28 + 0.28%2 -19.58 + 0.27%%  4.19 £ 0.21%%? 0.75 + 0.105* 1.87 +£ 0.135%® 4.94 + 0.18%°
40-60 -23.37 £ 0.17%% 2572 + 0.25% -25.19 + 0.23%% -19.47 + 0.23%% 4.53 + 0.29%%? 0.99 + 0.10°P* 2.01 £ 0.14°* 528 + 0.225°

Herb 0-20 -24.20 + 0.07%® -26.78 £ 0.12%" -25.18 + 0.45° -20.97 +0.41"° 223 +0.08"" -1.53 +0.14®® -0.35 + 0.03®® 252 +0.13%°
(HS) 20-40 23124+ 0.1258% 2568 + 0.16°% —24.11 £ 0.30%2 -19.84 + 0.34"% 4,82 + 0.22% 1.11 £0.11% 222 +0.10% 5.15 + 0.24%
40-60 -23.25 +0.17% _25.85 +0.18% _24.27 + 0.11%%" _20.03 + 0.18"%%" 5,06 + 0.18% 1.39 +0.09%* 241 + 0.11°%® 548 + 0.17%

Shrub 0-20 —25.67 + 0.28°" _27.41 + 0.10° -26.44 + 0.09> -22.49 + 0.68" 1.40 + 0.22°® _1.89 + 0.16%% —0.59 + 0.115% 1.63 + 0.10"
(SS) 20-40 -24.00 + 0.26% -25.65 + 0.31%%@ _25.02 +0.275% -20.91 +0.30%* 3.60 + 0.27%* 0.35+0.05%° 1.57 £ 0.15%® 3.90 + 0.29%
40-60 -23.96 + 0.265% 2539 + 0.35%% _24.64 + 0.39%2 _20.74 + 0.29%  4.05+0.15%% 0.89 +0.08 >* 213+ 0.12°® 4.47 + 0.18%

Early forest 0-20 -25.97 + 0.21°" _27.86 + 0.26> -26.92 + 0.06°> -22.60 + 0.86"" 0.82 +0.31%° -2.35+0.13° -1.06 + 0.11% 1.78 + 0.16
(EFS) 20-40 -23.47 + 0.80% -25.33 £ 0.20%% -24.39 +0.48%% -20.05 + 0.36"%* 3.77 +0.21% 059 +0.11®° 1.93 +£0.17°® 4.69 + 0.22%°
40-60 -23.58 +£ 0.23%% 2554 + 0.34%0  _24.58 + 0.4752 _20.34 + 0.15%  4.53 £ 0.28%P? 1.32 4+ 0.11%% 2,62 +0.1132 553 + 0.24%°

Climax forest 0-20 -25.80 + 0.25°" -27.81 + 0.12®° -26.11 £ 0.14> -22.57 + 0.64*® 1.11 + 0.20% -1.89 + 0.195% 0.05 + 0.19%¢  2.25 + 0.09%
(CFS) 20-40 —24.39 + 0.29%  _26.48 + 0.36%® -25.17 +0.40%% _21.24 +0.225% 358 +0.12%° 0.59 +0.12°° 248 +0.17*® 4.73 + 0.17%"
40-60 -23.90 + 0.25%% _25.95 + 0.33%% _24.34 £ 0.135%2 _20.56 + 0.21%  4.44 £ 0.03%%? 1.37 +0.12%  3.41 £0.11%% 562+ 0.14"%

Different superscript upper-case letters imply statistically significant differences at the a = 0.05 level between revegetation stages at the same soil depth. Different
superscript lower-case letters imply statistically significant differences at the a = 0.05 level between soil depths at the same revegetation stage. See Table 1 for

abbreviations.

litter biomass, which further supported previous study showing that
MAOM is independent of original plant litter (Prater et al., 2020). We
deduced that the highest C and N stocks in MAOM of the surface soil in
the climax forest were primarily led by greatly increased C and N in
IPOM, microbial biomass (i.e., MBC, MBN), and the root biomass in the
climax forest that drove MAOM formation (Table 2 and Table S2; Fig. 2).

Unsurprisingly, the root biomass, C and N stocks in SOM fractions
greatly decreased along soil depth increments across the entire soil
profile (Table S2; Fig. 2), which aligned with earlier studies showing
that the contents of C and N in SOM fractions declined with soil depth
(Ojeda et al., 2018; Wuaden et al., 2020). On average, 56% of root
biomass, 70% of FLF-C, 75% of FLF-N, 65% of IPOM-C, 64% of IPOM-N,
51% of MAOM-C, 44% of MAOM-N, 58% of SOM-C, and 51% of SOM-N
were allocated to the surface soil across revegetation stages (Table S2;
Fig. 2). This suggested that the vertical distributions of C and N in SOM
fractions were largely concentrated in the surface soil rather than the
deeper soil across revegetation stages. The greater allocation of C and N
in SOM fractions of the surface soil for each revegetation stage relative
to the deeper soil resulted primarily from a thick litter layer that covered
the surface soil (Fig. 1), and most root materials distributing in the
surface soil (Table S2). These abundant plant residues input into the
surface soil greatly promoted C and N accumulation in the surface soil
for every revegetation stage (Fig. 2; King and Hofmockel, 2017; Gabriel
et al., 2018). Conversely, greatly decreased C and N in SOM fractions of
the deeper soil for each restoration stage were mainly attributed to
limited organic inputs (e.g., litter and root) (Table 2 and Table S1;
Fig. 2). The stocks of FLF-C, IPOM-C, and IPOM-N in the 20-60 cm soil
layers, and FLF-N in the 20-40 cm soil layer were highest in the climax
forest (Fig. 2), which may have still been affected by the greatest litter
input (Fig. Sla; Samson et al., 2020; Dietterich et al., 2021). The stocks
of MAOM-C (20-60 cm) and MAOM-N (40-60 cm) remained unaffected
by natural revegetation (Fig. 2), which was primarily attributed to the
root biomass (Sokol et al., 2019; Pierson et al., 2021), as well as biomass
of microbes (i.e., MBC and MBN; Prater et al., 2020). These were
important driving factors for MAOM variations not being impacted by
vegetation revegetation in deeper soil (Table S2).

Natural revegetation greatly altered the distribution and stabiliza-
tion of C and N in SOM fractions (Fig. 5). The FLF is widely recognized as
the freshest and most labile fraction with a rapid decomposition rate,
which is not physically or chemically protected by the soil and is
accessible to microbes (Yang et al., 2017; Williams et al., 2018).
Conversely, the MAOM is the oldest and most persistent fraction with
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lower bioavailability and decomposition rates with a prolonged resi-
dency in the soil as it chemically binds to minerals (Lavallee et al., 2020;
Macedo et al., 2021; Pierson et al., 2021). The IPOM has a faster
decomposition rate and shorter residence time relative to those of
MAOM; however, it has longer residence time compared to that of FLF
due to IPOM being physically protected by soil aggregates (Six et al.,
1998; Lavallee et al., 2020; Kauer et al., 2021). In this study, the dis-
tribution proportions of C in FLF (i.e., FLF-C/SOM-C) and that of N in
IPOM (i.e., IPOM-N/SOM-N) (0-60 cm), and that of C in IPOM (i.e.,
IPOM-C/SOM-C), and that of N in FLF (i.e., FLF-N/SOM-N) in the surface
soil gradually increased along with natural revegetation (Fig. 5). How-
ever, the distribution proportions of C and N in MAOM in the surface soil
gradually decreased along with natural revegetation (Fig. 5). These
changes implied that natural revegetation altered C and N stabilization
in SOM through increasing distribution proportions of non-protected
and pure physically protected C and N, and decreasing distribution
proportions of chemical protected C and N (Fig. 5) (Sollins et al., 1996;
Briedis et al., 2018; Wang et al., 2021). Generally, the C:N ratio de-
creases during decomposition of SOM, and a higher C:N ratio implies a
lower SOM decomposition rate (Artemyeva et al., 2021). In present
study, C:N ratio of SOM in the surface soil progressively enhanced along
with natural revegetation, which was primarily the result of increased C:
N ratio in FLF and IPOM (Fig. 3). The lower decomposition of FLF and
IPOM in the surface soil of the climax forest (Fig. 3; Artemyeva et al.,
2021) may have been primarily ascribed to higher litter C:N ratio that is
resistant to decomposition in climax forest (Fig. S1). Additionally, our
previous study reported that natural revegetation enhanced the inherent
biochemical recalcitrance of SOC pool (Zhang et al., 2022). Santos et al.
(2020) have reported that MAOM was primarily comprised of low mo-
lecular weight and low C/N ratios of labile compounds, which quickly
decomposed once exposed to microbes (Lavallee et al., 2020). The
MAOM as the most stable fraction, and its stability is strongly dependent
on its capacity to chemically bind to minerals (Santos et al., 2020;
Macedo et al., 2021). However, IPOM has been reported to exhibit a
higher inherent biochemical recalcitrance (e.g., lignified material) than
MAOM (Haddix et al., 2020; Kauer et al., 2021). We presumed that
increased inherently biochemical recalcitrance of SOC in the climax
forest (Zhang et al., 2022) might be preserved in IPOM (Kauer et al.,
2021). It was deduced that natural revegetation greatly modified C and
N stabilization in SOM of the surface soil by increasing the allocation of
C and N in FLF and IPOM, and decreasing the C and N allocation in
MAOM (Fig. 5). This may have been driven by FLF and IPOM in the
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Table 4
Correlation analysis of C and N in SOM fractions and soil properties (0-60 cm) across revegetation stages on the Loess Plateau of China.
LB RB pH Moisture BD MBC MBN FLF-C IPOM-C MAOM-C FLF-N IPOM-N MAOM-N

SOM-C 0.649 0.773 -0.871 0.717 -0.335 0.946 0.900 0.929 0.947 0.914 0.966 0.882 0.873
FLF-C 0.608 0.753 -0.806 0.743 -0.302 0.891 0.822 1 0.923 0.721 0.958 0.818 0.723
IPOM-C 0.737 0.725 -0.830 0.740" -0.313" 0.912 0.843 0.923 1 0.776 0.927" 0.904 0.739"
MAOM-C 0.371 0.678 -0.810 0.599 -0.327 0.846 0.826 0.721 0.776 1 0.839 0.759 0.911
SOM-N 0.417* 0.737 -0.841 0.645 -0.349 0.922 0.908 0.886 0.894 0.922 0.932 0.885 0.935
FLF-N 0.577 0.747 -0.866 0.732" -0.332" 0.933 0.883 0.959 0.928 0.837 1 0.866 0.794"
IPOM-N 0.583 0.621 -0.813 0.601 -0.348" 0.835 0.838 0.815 0.903 0.762 0.866 1 0.687
MAOM-N 0.098 0.683 -0.722 0.548 -0.318 0.815 0.805 0.723 0.739 0.911 0.794 0.687 1
513C-soM -0.509* -0.376 0.562 -0.358 0.327 -0.540 -0.526 -0.499 -0.582 -0.313 -0.513 -0.584 -0.327
813C-FLF -0.470* -0.303 0.491 -0.328 0.276* -0.508 -0.504 —-0.459 -0.539 -0.270* -0.458 -0.546 -0.299*
§'3c-IPOM -0.378 -0.317 0.492 -0.302 0.306 -0.505 -0.505 —-0.450 -0.552 -0.325 -0.473 -0.567 -0.339
513C-MAOM -0.461* -0.472 0.668 -0.409 0.364 -0.612 -0.605 -0.604 -0.618 -0.485 -0.651 -0.639 -0.428
515N-sOM -0.303 -0.698 0.818 -0.505 0.337 -0.880 -0.898 -0.788 -0.868 -0.853 -0.859 -0.837 -0.791
8'°N-FLF -0.435* -0.617 0.776 -0.467 0.354 -0.874 —-0.895 -0.723 -0.840 -0.743 -0.787 -0.808 -0.719
5'5N-IPOM 0.022 -0.581 0.701 -0.373 0.327 -0.825 -0.861 -0.628 -0.779 -0.764 -0.730 -0.745 -0.740
515N-MAOM -0.361 -0.622 0.795 -0.436 0.383 -0.872 -0.903 -0.700 -0.822 -0.763 -0.796 -0.800 -0.715
FLF-C/SOM-C 0.465* 0.566 -0.575 0.486 -0.177 0.596 0.559 0.778 0.635 0.327 0.673" 0.611 0.351
IPOM-C/SOM-C 0.538 0.346 -0.485 0.418 -0.088 0.476 0.430 0.505 0.680 0.228 0.470 0.655 0.220
MAOM-C/SOM-C -0.672 -0.534 0.563 -0.451 0.130 -0.617 -0.590 -0.727 -0.728 -0.311 -0.641 -0.716 -0.354
FLF-N/SOM-N 0.432* 0.711 -0.849 0.635 -0.309 0.886 0.864 0.912 0.856 0.742 0.956 0.833" 0.690
IPOM-N/SOM-N 0.570 0.388 -0.587 0.375 -0.213 0.520 0.558 0.533 0.655 0.410 0.544 0.848 0.314
MAOM-N/SOM-N  -0.681 -0.588 0.753 -0.505 0.254* -0.772 -0.798 -0.758 -0.816 -0.624 -0.796 -0.935 -0.554
C:N ratio-SOM 0.719 0.702 -0.756 0.602" -0.317 0.801 0.751 0.814 0.815 0.746 0.800 0.735 0.588"
C:N ratio-FLF 0.629 -0.089 0.269* -0.054 0.099 —-0.256* -0.316 -0.062 -0.152 -0.397 —0.247* -0.199 -0.407
C:N ratio-IPOM -0.072 -0.004 0.126 0.073 0.061 0.021 -0.106 0.050 0.081 -0.107 -0.020 -0.258* -0.096
C:N ratio-MAOM 0.374 0.496 -0.672 0.432° -0.320 0.650 0.657 0.507 0.579 0.836 0.638" 0.645 0.569

See Table 1 for abbreviations.
“ P < 0.05;
" P <0.01.

climax forest being recalcitrant to decomposition, which slowed the
formation of MAOM in the surface soil (Fig. 3; Jilling et al., 2020;
Olayemi et al., 2022).

Natural revegetation significantly (P < 0.001) altered the 5!°C and
5'°N stable isotope signature between SOM fractions (Table 1), and
affected the turnover of C and N (Table 3). In this study, the s'3C value of
SOM, FLF, and IPOM (0-60 cm) were most enriched in the farmland in
contrast to the other revegetation stages (Table 3), which could be
because of the 5'3C value of FLF and IPOM being akin to the existing
standing vegetation (Midwood et al., 2021). Abundant maize straw
produced by C4 plants was returned to the farmland soil, which typically
possessed a mean 513C value of ~11%o to —14%o (Zhang et al., 2022). The
changes in 5'3C value were widely employed to track the incorporation
of photosynthetically fixed C into SOM fractions (Midwood et al., 2021).
We found that the 8'3C value gradually increased with SOM decompo-
sition from FLF, to IPOM, and to MAOM for each soil depth of each
revegetation stage (Table 3), which agreed with earlier studies (Plaza
etal., 2016; Midwood et al., 2021). In this study, gradually decreasing C:
N ratio, from FLF, to IPOM, and to MAOM further confirmed the pro-
gressively increased decomposition of SOM (Fig. 3). Microbial process-
ing may result in 13¢_enrichment in soil C (Ehleringer et al., 2000), as
bacteria prefer to metabolize 2C-rich compounds (Balesdent et al.,
1987; Plaza et al., 2016), ultimately leading to more 2C loss through soil
respiration, whereas 3C is retained during the decomposition of SOM
(Midwood et al., 2021). Simultaneously, microbes have been reported to
prefer to use '*N during SOM decomposition (Nadelhoffer and Fry,
1994; Plaza et al., 2016); thus, enriching 5'°N in soil and losing more
14N to the ambient atmosphere from FLF, to IPOM, and to MAOM for
each soil depth of each revegetation stage (Table 3; Plaza et al., 2016;
Prater et al., 2020). Additionally, 8'3C and 8'°N values in SOM, FLF,
IPOM, and MAOM became more enriched in deeper soil (20-60 cm) than
the surface soil (0-20 cm) with very few exceptions (Table 3). This has
been suggested to result from the enhanced distribution ratio of C and N
in MAOM (20-60 cm), which implied an increased SOM decomposition
in deeper soil (Fig. 5c and f). This resulted in the loss of 12¢ and 14N, and
enrichment of 8'3C and 8'°N under microbial processing (Plaza et al.,
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2016; Midwood et al., 2021). Generally, increases in 51°N value
occurred with increased N decomposition and higher N loss (Prater
et al., 2020). The most enriched 5'°N value in SOM, FLF, and IPOM were
exhibited in the farmland implying that the soil N cycle of the farmland
was more open to N losses, which was largely in the form of gaseous N
via nitrification and denitrification in contrast to the other revegetation
stages (Table 3; Prater et al., 2020). This deduction was backed by our
observation that a lower C:N ratio of SOM in the farmland indicated
greater SOM decomposition (Fig. 3; Artemyeva et al., 2021), which
primarily resulted from a lower litter C:N ratio in farmland in contrast to
the other revegetation stages (Fig. S1).

5. Conclusions

Natural revegetation over ~ 160 years greatly promoted C and N
sequestration in SOM, primarily through C and N accumulation in FLF
and IPOM, as well as slow increasing C and N content of MAOM in the
surface soil during later revegetation stages. The distribution pro-
portions of C and N in FLF and IPOM increased, while that in MAOM
decreased along natural revegetation in the surface soil. The §'3C and
5'°N values gradually increased with the decomposition of SOM and soil
depths for each revegetation stage. The more enriched 5!°N value of
SOM fractions and lower C:N ratio of SOM in the farmland implied that
soil N cycle was more vulnerable to the loss of N in conjunction with
higher SOM decomposition in the farmland. Our results suggested that
natural revegetation played an essential role in C and N sinks through
the enhancement of C and N sequestration in SOM and its fractions of the
topsoil, and greatly altered the C and N stabilization in SOM in the
surface soil through increasing relative distribution of non-protected
and pure physically protected C and N, and decreasing relative distri-
bution of chemical protected C and N, respectively. This study repre-
sents a step forward in understanding of the variations and driving
patterns of C and N in SOM following natural revegetation, and it pro-
vides scientific basis for the evaluation of ecological rejuvenation
practices and soil C and N management in degraded ecosystems.
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