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Abstract

Background Land-use change caused by vegetation
restoration in karst areas plays an active role in soil
carbon sink. However, the response of soil organic
carbon (SOC) accumulation and turnover to land-use
change after farmland abandonment is still poorly
understood.

Methods and aims In this study, we investigated the
impacts of converting farmland (maize) (FL) to eco-
nomic forests [Juglans regia L. (walnut) plantation
(JP), and Rosa roxburghii Tratt plantation (RP)], arti-
ficial grassland (AG), or natural grassland (NG) on
the distribution of SOC and §'°C in the karst deserti-
fication control.
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Results The SOC stock in the 0-40 cm profile
was 67%, 59%, 14%, and 8% higher in RP, JP, AG,
and NG than in FL (control). The 8'3C values in
AG, RP, and JP were significantly lower than those
in NG and FL at the 0-5 cm depth. It was observed
that the 8'°C increased with soil depth. However,
the SOC content decreased. The p values ranged
from —6.94 to -3.88 and increased in the order of
RP<AG<FL<JP<NG. Redundancy analysis
(RDA) showed that total nitrogen content and soil
C/N ratio accounted for significant differences in soil
8'*C and SOC levels.

Conclusions Our results suggested that economic
forests triggered higher SOC accumulation than artifi-
cial grassland and natural revegetation after farmland
abandonment, but the rate of soil C turnover follow-
ing afforestation was still higher than that followed by
natural revegetation in the short term.

Keywords Soil organic carbon - 1*C - Farmland
abandonment - Afforestation - Karst desertification

Introduction

Soil organic carbon (SOC) pool is the largest carbon
pool in terrestrial ecosystems, and even small changes
in it can have significant impacts on the global cli-
mate change and the carbon cycle (Batlle-Bayer et al.
2010). Land use and management strategies have an
impact on SOC stock, and SOC turnover responds
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rapidly to climate and land-use changes (Keiblinger
et al. 2023; Kochy et al. 2015; Lozano-Garcia et al.
2017, 2020). In the last thousand years, and par-
ticularly in the last 200 years, the global population
has experienced significant growth, leading to an
increased demand for food. By converting natural
land into agricultural land, human activities have
expedited the mineralization of soil organic matter
(SOM) and soil erosion, leading to a carbon loss of
approximately 133 Pg in the top 2 m of soil world-
wide (Sanderman et al. 2017). Lozano-Garcia et al.
(2017) emphasized that the conversion of natural
vegetation to agricultural land will result in a sig-
nificant long-term decrease in SOC stocks. On the
contrary, converting farmland to grasslands, shrub-
lands, and forests is considered an effective meas-
ure for increasing carbon inputs from vegetation and
enhancing SOC sequestration (Han et al. 2023; Li
et al. 2012; Veloso et al. 2018). However, there is
still some uncertainty regarding the response of SOC
turnover to vegetation restoration. Revegetation of
sloping farmland or abandoned land may result in
land-use changes that can have negative impacts on
soil ecological processes and ecosystem functioning
(Hu et al. 2010). The rate of soil carbon (C) accumu-
lation after conversion is influenced by factors such
as previous land use types, climatic characteristics,
soil properties, tree species, and the duration of con-
version (Deng and Shangguan 2017; Li et al. 2012;
Wang et al. 2018). These factors may complicate the
effects of vegetation restoration on SOC turnover.
Land-use change affects the carbon sequestration pro-
cess with varying patterns (Lan et al. 2021; You et al.
2021). Thus, studying the effects of land-use change
caused by vegetation restoration on SOC accumula-
tion is crucial for improving soil carbon sink capacity
and land management practices.

With the advancement of stable isotope tracer tech-
nology, there is a growing utilization of stable carbon
isotopes to measure SOC turnover rates, track the
source and destination of SOC (degradation, migra-
tion, and transformation), and document changes in
C3 and C4 vegetation, which can provide valuable
insights into environmental changes (Andriollo et al.
2017; Li and Schaefter 2020; Schellekens et al. 2023).
The 8'3C values in plant C vary with different vegeta-
tion types and environmental conditions (Paul et al.
2020). This is due to the unique isotopic fractionation
of different SOC during the C cycle under different
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plant types, resulting in distinctive §'°C values (Liu
et al. 2020a). These differences can be reflected by
changes in the '3C/'2C ratio of SOC as plant material
enters the soil system (Qiao et al. 2015). Han et al.
(2015) showed that plant functional types are impor-
tant in controlling SOC content and vertical variation
of 8"3Cgqc. Paul et al. (2020) reported that the aver-
age increase in SOM §'°C values with depth is pri-
marily attributed to changes in vegetation 8'°C values
over the past 20,000 years. In addition, the composi-
tion of soil 8'3C is also influenced by climate, soil
type, soil properties, and other factors (Wang et al.
2017; You et al. 2021). The vertical enrichment of the
soil 813C has been shown to correlate with SOC turn-
over, and the slope of the linear regression () of the
logarithm of the SOC concentration in the soil profile
on the 8'3C value could reflect the dynamics of SOC,
the lower the P value, the faster the SOC decompo-
sition rate (Acton et al. 2013; Garten et al. 2000;
Wang et al. 2017). Understanding the variation of
the 8'3Cc value along soil profiles helps to explain
the accumulation or consumption of SOC after land
use conversion. This method has been widely used
to assess soil C turnover dynamics on a global scale
(Wang et al. 2018). But most of these studies focus
on alpine ecosystems (Huang et al. 2022; Li et al.
2020; Zhao et al. 2019) and temperate ecosystems in
northern China (Che et al. 2022; Qu et al. 2022; You
et al. 2021). However, few studies have focused on
subtropical karst ecosystems (Han et al. 2020). There-
fore, it is necessary to study the impacts of land-use
changes on the vertical distribution of 8'*C to accu-
rately assess the benefits of ecological restoration in
the karst region.

Karst landscapes are widespread throughout the
world, and surface and near-surface karst outcrops
cover 20% of the planet’s ice-free arid areas (Ford
and Williams 2007). As the world’s largest karst
ecosystem, the karst region of southwestern China
is experiencing serious soil erosion, regional rock
desertification, and the progressive impoverishment
of local residents because of its unique geological
background, extensive karstification, and unsustain-
able land use in the modern era (Chen et al. 2021; Dai
et al. 2018). Against the seriousness of this issue, the
Chinese government launched the “Green for Grain”
program in 1999. This program aims to convert slope
farmland to forests or grasslands, thereby reduc-
ing soil erosion and restoring the region’s damaged
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ecosystem. The treatment of karst rocky desertifica-
tion is typically characterized by farmland abandon-
ment, which serves as a prime example of vegetation
restoration in ecologically fragile areas worldwide
(Xiao and Xiong 2022). This approach has led to a
substantial enhancement of regional ecosystem ser-
vices (Cai et al. 2023). The SOC storage capacity
is affected by the evolution of rocky desertification
(Wang et al. 2022a). And changes in land use have
a significant impact on SOC accumulation. However,
there is still a lack of understanding of the mechanism
of soil C turnover after farmland abandonment in
the karst desertification control. Ahmed et al. (2012)
reported that karst soils are rich in organic mat-
ter, with more than 66% of SOC stored in the upper
0-30 cm soil layer. The SOC pool in karst regions
is more susceptible to environmental factors due to
the relatively high level of microbial activity in the
upper soil layers. In recent years, many researchers
have come to agree that the karstification and land
use changes in southwest China may be able to act
as a carbon sink in the global carbon cycle (Tong
et al. 2018; Zeng et al. 2016). This helps to explain
the natural phenomenon of the “C missing sink™ in
the global C balance. The history of aboveground
vegetation affects soil quality restoration in degraded
ecosystems and inevitably influences SOM dynam-
ics during the restoration process. Land-use change
is an important factor that directly affects carbon
storage patterns in karst areas (Li et al. 2022; Wang
et al. 2022b; Zhang et al. 2020). 3'"°C analysis is an
effective tool to examine the degree of soil quality
recovery during the restoration process of degraded
ecosystems (Chen et al. 2002). Therefore, studying
the response of SOC and soil 8'*C to land-use change
after farmland abandonment in the karst desertifica-
tion control is of great importance to understand the
mechanisms by which land-use change affects SOC in
karst ecosysterms.

Therefore, in order to clarify the relationship
between land-use change after farmland abandon-
ment and the accumulation of SOC and the turnover
of soil C in the karst desertification control. Here,
we estimated the SOC stocks in the soil profiles of J.
regia plantation (JP), R. roxburghii plantation (RP),
artificial grassland (AG), natural grassland (NG), and
farmland (FL) (control). We also analyzed the trend
of 8'3C values with depth, and compared the SOC
turnover rates under different land uses using soil

profile organic carbon content and corresponding
8!3C values. The objectives of this study were (1) to
elucidate the effects of land-use change after farm-
land abandonment on the distribution of SOC and soil
8!3C and the main controlling factors; (2) to compare
the differences in SOC turnover rates among the five
land uses. We hypothesized that (1) the 8'*Cgq val-
ues in the topsoil layer under all land uses were sig-
nificantly different due to the differences in C input
sources from vegetation; (2) All of the converted land
uses had increased SOC stocks and accelerated SOC
turnover rate compared with farmland. This study is
instructive for soil carbon management in ecologi-
cally fragile karst ecosystems.

Materials and methods
Study site

The study site is located at the Salaxi Field Observa-
tion Station of the State Research Center for Karst
Desertification Prevention Engineering Technology
in Bijie City, Guizhou Province, Southwest China
(105°01°12"~105°08°38” E, 27°11°09"~27°17°28”
N) (Fig. 1). The study area is dominated by a plateau
mountain terrain with significant relief, 1500-2180 m
above sea level. The average annual temperature of
this region is 12.8 °C, and the annual rainfall is about
984.4 mm, belonging to north subtropical humid
monsoon climate. The rainy season, which accounts
for 52% of the annual rainfall, lasts from June to Sep-
tember. The lithology in this area is mainly limestone.
The main soil type is zonal yellow soil, with lime soil
and yellow brown soil being distributed in a smaller
range.

Zea mays L. (Maize) has been a staple crop in
the region, but long-term extensive management has
resulted in vegetation destruction, severe soil ero-
sion, the exposure of large rocks, and significant rock
desertification. These issues have further exacerbated
local poverty. Since 2010, large-scale ecological
restoration projects have been implemented by the
Chinese government in this area to promote rocky
desertification control. Most of the cultivated lands
were abandoned, allowing the recovery of vegeta-
tion (through natural revegetation, grass planting, and
afforestation programmes). Juglans regia L. belongs
to the family Juglandaceae and exhibits strong
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Fig. 1 Location of study area and sampling sites

drought tolerance. It can grow rapidly in karst areas
with calcareous soil and harsh habitat conditions,
making it effective in reversing desertification (Chen
et al. 2009). Rosa roxburghii Tratt, belonging to the
Rosaceae family, possesses the traits of rapid growth
and robust adaptability. It can thrive in arid and infer-
tile soil conditions commonly found in karst areas.
J. regia and R. roxburghii have been widely used as
pioneer species in forest ecological restoration in this
region, due to their significant economic and eco-
logical value. Artificial grass planting was used to
increase vegetation cover and prevent soil erosion in
the karst desertification control. Lolium perenne (L.)
is the dominant plant species in artificial grasslands.
At the same time, due to the export of rural labor
force caused by “rocky desertified cropland” under
karst geological background, the abandonment of
farmland occurred frequently and allowed the natural
recovery of grasslands in this region, and the domi-
nant species were Neyraudia reynaudiana (K.) Keng,
Miscanthus floridulus (L.) Warb, and Imperata cylin-
drical (L.) Beauv. Additionally, a portion of the land
has been maintained as farmland using traditional
practices. These sites had been cultivated for at least
100 years before the conduct of vegetation restora-
tion. For the present study, we selected the farmland
(specifically a maize field) as the control to investi-
gate the effects of land-use changes after farmland
abandonment on SOC stocks and 8'°C values in soil
profiles. All five land uses selected for this study were
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adjacent to each other and had the same geochemical
background and soil type. More details can be found
in Table 1.

Soil sampling and analyses

In August 2020, 10 years after restoration commenced,
the collection of soil samples in the field was com-
pleted. Three sampling plots were set up under the
same land use (JP, RP, AG, NG, and FL), and three
sampling points were selected for each plot. Five soil
cores were randomly collected from each sampling
point at five depths (0-5 cm, 5-10 cm, 10-20 cm,
20-30 cm, and 30—40 cm) using a 5-cm diameter soil
auger connected to a handle with marking scales. Soil
samples from three sampling points in the same plot
were mixed according to depth. They were then divided
into two parts: one part was placed in an aluminum box
and dried at 105 °C for 24 h for the determination of the
gravimetric soil water content (SWC, %), and the other
part was taken back to the lab in a self-sealing bag to air
dry. At the same time, a stainless-steel cutting ring with
a volume of 100 cm® was used to collect undisturbed
soil cores at the same depth in the vicinity of the drilled
soil cores. The soil cores were then dried at 105 °C
until a constant weight was achieved in order to deter-
mine the soil bulk density (BD). Natural air-drying of
soil samples was conducted, followed by the removal of
roots and plant material. The samples were then ground
into a fine powder and passed through a 100-mesh sieve
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Table 1 Description of the

Elevation (m)

Vegetation
coverage (%)

Management measures

Land use Slope (°
study site e pe ()
JpP 15
RP 10
NG 9
AG 9
JP, J. regia plantation; RP, FL 3

R. roxburghii plantation;
NG, natural grassland; AG,
artificial grassland; FL,
farmland

1900 70-82 Artificial management.

1895 75-89 Artificial management.

1892 75-90 No human activities.

1892 80-92 Ploughed and fertilized
in the planting year;
harvested 3—4 times per
year.

1893 60-73 Ploughed 1-2 times per

year; fertilized with
inorganic fertilizers and
farm manure.

(0.15 mm diameter). Air-dried sifted soil samples were
treated with 0.5 mol/L HCl at 25 °C for 24 h to remove
carbonates (Midwood and Boutton 1998). Afterward,
they were washed with distilled water until neutral and
dried at 60 °C. The samples were then crushed and
stored for analysis. The total nitrogen (TN) and SOC
contents were measured using an elemental analyzer
(FlashSmart, Thermo Fisher Scientific Inc., Waltham,
MA, USA). The soil 8'°C was measured using the
EA-IRMS system (EA Isolink & Delta V Advantage,
Thermo Fisher Scientific Inc., Waltham, MA, USA).

8'3C value represents the relative difference
between the ratio of two carbon isotopes in a sample
and a corresponding ratio in a standard sample. It is
an indicator used to describe the degree of variation
in the natural abundance of 8'*C when comparing a
sample with a standard sample (Breecker et al. 2015).
The calculation formula is as follows:

513C = (Rsample/Rstandard - 1) % 1000%o (1)
where Ry, 18 the 13C/!2C ratio of the sample and
R is the '3C/'2C ratio of the Vienna Pee Dee

standard

Belemnite (VPDB) standard. The analytical precision
of 8°C was <0.1%o.

Calculations

The SOC stocks (Mg ha!) at different soil depths
were calculated as follows (Li et al. 2021):

SOC,,,,; = SOC x BD x D x 107! )

Where SOC is the measured SOC content (g kg');
BD is the soil bulk density (g cm™); D represents the

thickness of the soil depth (cm). The SOC stock in the
entire 0—40 cm profile was the sum of each soil layer.

Statistical analysis

The slope of a linear regression () relating soil §'°C
value to the log-transformed SOC content was used
to describe the SOC turnover rate under different
land-use types. All data were checked for the homo-
geneity of variances and normality before apply-
ing ANOVA. Two-way ANOVA was performed to
detect the effects of land uses, soil depths and their
interaction (land-use * depths) on SOC contents,
SOC stocks, 8'°C values, and soil physicochemi-
cal properties. One-way ANOVA was conducted to
evaluate significant differences with respect to dif-
ferent land uses. Turkey HSD post hoc texts were
further conducted to assess differences among
means at the level of p <0.05. The IBM SPSS Sta-
tistics 24 (IBM Inc., Armonk, NY, USA) was used
to conduct statistical analyses. Relationships of
SOC and 8'3C between soil physicochemical prop-
erties were analyzed using a linear regression model
with Origin 2021 software (Origin Software Inc.,
Fairview, TX, USA). Redundancy analysis (RDA)
from the CANOCO 5.0 software (Microcomputer
Power, Ithaca, NY, USA) was used to determine the
proportions of variability in '*C and the content of
SOC explained by soil physicochemical variables.
Automatic forward selection of variables sorted
the importance of each explanatory factor. The sig-
nificance of the RDA was assessed using a Monte
Carlo permutation with 499 iterations.
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Results
Changes in SOC stock

The two-way ANOVA results indicate that land-
use types, soil depths, and their interaction signifi-
cantly (p <0.05) influenced the level of SOC stock
(Table 2). In order to test our second hypothesis,
FL was used as the contrast to evaluate the effects
of land-use changes after farmland abandonment on
SOC stocks. At the 0-5 cm depth, the mean SOC
stock in RP was significantly higher than that in other
land uses (P <0.05) (Fig. 2A). And the SOC stocks in
RP and JP were both significantly higher than that in
FL at the depth of 5-40 cm. The SOC stock reached
its maximum value at the depth of 10-20 cm along
the soil profile under different land uses. In the whole

0—40 cm soil profile, the SOC stocks in RP, JP, AG,
NG, and FL were 83.9, 80.3, 57.3, 54.7, and 50.4 Mg
ha'!, respectively. Compared with FL, land conver-
sion increased SOC stocks (Fig. 2B). The SOC stock
at depths of 0-40 cm was 67%, 59%, 14%, and 8%
higher in RP, JP, AG, and NG, respectively, than in
FL.

813C, SOC content, and [ values

In line to our first hypothesis, we found that land-
use type and soil depth and their interactions signifi-
cantly affected the 8'3C and SOC content (Table 2,
P <0.01). In general, the 8'3C values in SOC showed
a similar vertical variation trend along soil profiles
under different land uses (Fig. 3A). With the increase
of soil depth, the 8'°C value gradually increased. The

Table 2 Two-way analysis

. Soil variables Land-use Depth Land-use * Depth
of variance of the effect of
land-use and soil depth on df F P-value df F P-value df F P-value
soil variables
SOC content 4 32 <0.001 4 77 <0.001 16 3 0.004
51%C 4 27 <0.001 4 117 <0.001 16 5 <0.001
SOC, soil organic carbon; SOC stock 4 24 <0001 4 19 <0001 16 3 0.013
SWC, soil water content; 4 4 6
BD, bulk density; TN, total SWC 32 <0.001 21 <0.001 1 2 0.121
nitrogen; C/N, C/N ratio. BD 4 10 <0.001 4 71 <0.001 16 4 <0.001
df reprsents the degree of TN 4 16 <0.001 4 235 <0.001 16 8 <0.001
freedom, F represents the C/N 4 190 <0001 4 11 <0001 16 7 <0001
ratio of two mean squares
SOC stocks (Mg ha™) Changes of SOC stock (Mg ha™)
20 25 30 0 3 6 9 12 15
A B
0-5
—_ ~ 5-10
5 8
g a £
& 10-20 e 10-20
= b0 kS
.5 . =
2030 g a 2 20-30
50 (=
a = RP o
30-40 g e 30-40 -G
¢ . FL C—ING

Fig. 2 Vertical distribution of SOC stock (A) and vertical
changes in SOC stock (B) relative to farmland along the pro-
files. JP: J. regia plantation; RP: R. roxburghii plantation; AG:
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artificial grassland; NG: natural grassland; FL: farmland. Val-
ues are means (n=3) with standard error. Significant differ-
ences were indicating with different lowercase letters (p <0.05)
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8'3C values of the subsurface soil layer were 1.10%o
to 3.40%o higher than those of the 0-5 c¢m soil layer in
all land uses. The mean 8'°C values in FL (-23.50%0)
and NG (-23.66%o) were significantly higher than that
in AG (-24.54%o), JP (-24.63%0), and RP (-25.00%0)
at the depth of 0-5 cm (P<0.05) (Fig. 3A). But
below the 0-5 cm depth, no significant difference
was detected between FL and the converted land uses
except JP.

The content of SOC in mineral soil profiles showed
a decreasing trend from surface to subsoil layer in
all land uses (Fig. 3B). The SOC content in RP and
JP was significantly higher than that in NG, FL, and
AG at the depth of 0-30 cm (P <0.05). However, no
significant differences were found for SOC content
under different land uses at the depth of 30-40 cm
(Fig. 3B).

In the present study, the regression slope () of
the linear relationship between 8'°C value and the
log-transformed SOC content was used as a proxy
of SOC turnover (Fig. 4). The linear regression fit
well for all five land uses, judging by the R? and p
values. Specifically, the  values ranged from —6.94
to -3.88 (Fig. 4), which increasing in the order of
RP<AG<FL<JP<NG. The highest § value was
observed in NG, and lowest in RP.

SWC, BD, TN, and C/N ratio
Soil physicochemical properties differed significantly

among land uses and depths (Table 2, P<0.001).
Meanwhile, the BD, TN, and C/N ratio were all

significantly affected by the interactions of land-use
types and soil depths (Table 2). However, the SWC
was not significantly affected by the interactions
(P>0.05; Table 2).

Specifically, the SWC in NG and AG was higher
than that in RP, JP, and FL in the entire 0—40 cm soil
profile (Fig. 5A). The BD was highest in RP at the
depth of 5-10 cm. And the BD in JP and RP was
higher than that in NG, AG, and FL at the depth of
20-40 cm (Fig. 5B). At the 0—10 cm depth, the TN
contents were similar in NG and FL but higher than
AG, RP, and JP. AG and NG had similar TN contents
which were higher than that in RP and FL at the depth
of 1040 cm (Fig. 5C). RP and JP had higher C/N
ratios as compared to AG, FL, and NG at 0—40 cm
soil depths (Fig. 5D). Generally, the profile patterns
of SWC and soil TN content showed a decreasing
trend, while the soil BD increased along soil profiles
in all land uses.

Factors affecting soil 8'*C and SOC

The relationships between soil §!°C and soil physico-
chemical properties were tested using linear regres-
sion analysis. Results of regression analyses showed
that the 8'°C values in different soil depths were posi-
tively correlated with BD (Fig. 6A), while they were
negatively related to SWC and TN (Fig. 6B, C). The
8'3C value was positively correlated with C/N in FL,
while an inverse relationship was detected between
the 8'°C and C/N in AG (Fig. 6D).

Fig. 3 Vertical distribu- 313C (%o) SOC (gkgh

tion of 8"°C values (A) and 26 25 24 23 22 214 8 12 16 20 24 28

SOC content (B) under A T T T 1

different land uses. JP:

J. regia plantation; RP: 0-5 b bb a'> —40-5

R. roxburghii plantation;

AG: artificial grassland;

NG: natural grassland; FL: ~ 5.00- 1510 ~

farmland. Values are means g g

(n=3) with standard error. _E =

Significant differences were o a,

indicating with different "E 10-20 10-20 §

lowercase letters (p <0.05) 'g 'US)
20-30 - -120-30
30-40 - —-30-40
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Fig. 4 The linear regression between 8'°C and log-trans-
formed SOC content under different land uses. The slope of
linear regression is defined as p value. JP: J. regia plantation;

RP: R. roxburghii plantation; AG: artificial grassland; NG: nat-
ural grassland; FL: farmland
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Fig. 5 Vertical distribution of soil physicochemical properties
under different land uses. A vertical distribution of soil water
content (SWC) under different land uses; B vertical distribu-
tion of soil bulk density (BD) under different land uses; C ver-
tical distribution of total nitrogen (TN) under different land
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uses; D vertical distribution of C/N under different land uses.
JP: J. regia plantation; RP: R. roxburghii plantation; AG: artifi-
cial grassland; NG: natural grassland; FL: farmland. Values are
means (n=3) with standard error. Significant differences were
indicating with different lowercase letters (p <0.05)
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Table 3 Results of RDA analysis of soil 8'°C and SOC con-
tent in relation to edaphic factors determined by interactive
forward selection procedure with unrestricted permutation tests

The effects of soil physicochemical properties on
the soil §'°C and SOC content were assessed by RDA.
The RDA showed that edaphic factors accounted for

Name  Explains (%)  Contribu-  pseudo-F P 85.64% of the total variation in soil 8'*C and SOC

tion (%) content (Fig. 7). The Monte Carlo permutation test
TN 502 587 239 0.002 showed that the variations in 8'C and SOC content
C/N 33.1 387 43.8 0.002 were explained by the first two axes, with the first
BD 29 25 30 0.086 axis explaining 83.15% and the second axis explain-
SWC <0.1 0.1 0.1 0.832 ing 2.49% (Fig. 7). A forward selection of the explan-

TN, total nitrogen; C/N, C/N ratio; BD bulk density, SWC, soil

water content

atory variables indicated that §'°C value and SOC
content were mainly influenced by TN and soil C/N
ratio (Table 3). TN explained most variations in 813C
and SOC content (50.2%), followed by the C/N ratio

(33.1%).
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Fig. 6 Relationships between soil 8'°C and edaphic factors.
A relationship between soil 8'3C and soil bulk density (BD);
B relationship between soil 8'3C and soil water content (SWC);

14 166 8 10 12 14
C/N

16 6 8 10 12 14 16
C/N

16 6 8 10 12 14
C/N

16 6 8 10 12 14
C/N

D relationship between soil 8'C and C/N. IP: J. regia plan-
tation; RP: R. roxburghii plantation; AG: artificial grassland;
NG: natural grassland; FL: farmland

C relationship between soil 8'3C and total nitrogen (TN);
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1.2

RDA2 (2.49%)

NG SWC
® FL

-1.1

1.1 RDA1 (83.15%) 1.2

Fig. 7 Redundancy analysis (RDA) ordination diagram for
soil 8'*C and SOC content with edaphic factors under different
land uses. SOC: soil organic carbon; TN: total nitrogen; C/N:
C/N ratio; BD: bulk density; SWC: soil water content. JP: J.
regia plantation; RP: R. roxburghii plantation; AG: artificial
grassland; NG: natural grassland; FL: farmland

Discussion
Impacts of land-use change on SOC stock

Previous studies have demonstrated that farmland
abandonment in karst areas promotes the recovery
and storage of SOC (Liu et al. 2020b). In the present
study, after 10 years of land conversion, the SOC
stocks in the 0—40 cm soil profiles increased by 8-67%
under different land uses. The RP had 67% higher
SOC stock compared with the farmland at 0-40 cm
depths (Fig. 2B). The soil microbial community in
karst soils contributes substantially to the enhance-
ment of SOC stocks after agricultural abandonment
in degraded karst landscapes (Guo et al. 2021). The
surface of RP contains a significant amount of fresh
litter and abundant microorganisms, which enhances
the input of SOM into the soil (Jobbagy and Jackson
2000). And a higher vegetation cover in the RP can
also reduce surface runoff and sediment redistribu-
tion, thereby reducing soil erosion and the associ-
ated loss of SOC (Dong et al. 2022). About 59%
higher SOC stock was found in JP compared with
the farmland at 0—40 cm soil depths (Fig. 2B). Zhang

@ Springer

et al. (2017) found that the planting of J. regia has
the potential to not only restore vegetation but also
sequester high amounts of carbon in the karst region
of Southwest China. Previous studies have reported
that the concentration of SOC in plantation forests are
often influenced by soil conditions, wood type, and
tree components (Cheng et al. 2015; Di and Huang
2022; Zhao et al. 2023). The surface litter of JP was
sparse and difficult to decompose, leading to a slow
decomposition process and resulting in low storage of
SOC in the surface layer (0—10 cm). Soil bulk density
in the soil layer below 10 cm significantly increased
in JP (Fig. 5B), porosity decreased and microbial
activity weakened, which inhibited the decomposition
of SOM to a certain extent and promoted the accu-
mulation of SOC. Additionally, fine root production
enhances the SOC stock in the subsurface soil layers
(Kengdo et al. 2023). Therefore, the SOC stock in the
subsurface layer was significantly higher than that in
the surface layer. About 14% higher SOC stock was
found in the entire 0—40 cm profile of artificial grass-
lands compared with farmland (Fig. 2B). However,
this was still significantly lower than the SOC stocks
in RP and JP. SOC storage in soils is driven by inputs
throughout the entire soil profile (Hobley et al. 2017).
Herbaceous plants grow slowly in the early stages,
the litter and root systems of plants in grasslands are
underdeveloped, and early new vegetation is less pro-
ductive. This leads to a lower input of SOM and a
more uniform distribution of SOM (Zhao et al. 2022).
Our results also showed that the SOC stock of natural
grassland increased by only 8% compared with farm-
land at the depth of 0—40 cm (Fig. 2B). The possi-
ble reason is that vegetation restoration and less soil
disturbance after farmland abandonment can improve
soil structure to some extent. This condition is con-
ducive to a series of soil microbial activities and the
stabilization of SOC (Han et al. 2023). However, the
low-grade of secondary vegetation succession, less
surface litter and fewer inputs of fresh SOM, and
SOC recovery is slow in the short abandoned time
(Liu et al. 2020b). As a result, the increase in SOC
stock in NG was less than that in RP, JP, and AG.

Changes in 8'3C with depth after land conversion
Our results showed that the average §'°C values

at different soil depths in all land uses ranged from
—25.00%0 to -21.59%o. This result agrees with the
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study of Zhu and Liu (2006) which found that the
8'3C value variation of SOC for yellow soil profiles
in karst areas ranges from —24.8%o to -21.1%o, from
surface to bottom of soil profiles. In this study, the
8'3C values in the 0-5 cm soil layer indicated that FL
had significantly higher values compared with other
land uses, except for NG. The surface vegetation of
RP, JP, and AG consisted of C3 cycle plants, which
had been converted from C4 cycle plants (maize)
with higher 8'3C values. Therefore, the 8'3C value of
the soil surface decreased due to the influence of car-
bon input sources from vegetation. However, no sig-
nificant difference in §'*C was found between FL and
NG at the 0-5 cm depth. Below that depth, there were
no significant difference in 8'>C between land uses
except JP. This was most likely a result of the mask-
ing effect of previous plant residues or soil microor-
ganisms (Bostrom et al. 2007). That is, the decom-
position of newly inputted residues in soil profiles
after land-use conversion may be influenced by old
residues (from previous land uses) that have not fully
decomposed. Therefore, the variation of 813C value
was slow at the deeper soil depths, and it may be dif-
ficult to detect the effects of land-use changes on §!°C
below the 0-5 cm depth just over the 10 years experi-
mental period in this study.

The 8'3C values showed an increasing trend along
the soil profiles, which was opposite to that of SOC
content (Fig. 3). The results were in agreement with
previous relevant studies in karst areas (Han et al.
2015; Lan et al. 2021; Liu et al. 2019). The increase
of 8'°C values along the soil profile is typical of well-
drained soil (Bird et al. 2001). The karst area has a
thin soil layer, poor soil quality, deep groundwater
burial, and a limited capacity to retain soil water and
fertilizer. Therefore, the karst mountain area has good
drainage conditions, which can significantly pro-
mote SOM turnover. The enrichment values of soil
83C along soil profiles in RP, AG, JP, FL, and NG
were 3.40%o, 2.54%o0, 1.90%o0, 1.36%0, and 1.10%o,
respectively. However, Han et al. (2020) found that
the vertical changes in 8'3C were 6%o to 11%o along
soil profiles under land-use changes in karst areas.
The magnitude of change in 8'’C with depth was
significantly larger than that observed in our study.
Zhu and Liu (2006) found that the vertical patterns of
8'3C in SOM exhibit distinct regional characteristics
in karst areas. The differences in vertical enrichment
of 813C can be explained by variations in the quality

and quantity of carbon input from plants, as well as
the subsequent carbon cycling processes in soil pro-
files (Wang et al. 2017). Besides, the shorter land
fallow years (10 years) in this study may be a factor
leading to the lower 8'°C gradients within soil pro-
files. Because the composition of surface SOC is still
partly derived from previous C4 plants in addition to
fresh carbon assimilates (Krull et al. 2005).

The vertical enrichment of soil §'°C can be inter-
preted by the following processes: (1) The mixing of
organic matter inputs with differing isotopic composi-
tions. In this study, vegetation had changed between
C3 and C4 plants for RP, JP, and AG, resulting in a
change in the isotopic signatures of C inputs. Further-
more, the vertical enrichment of 8'3C may be closely
related to the “Suess Effect”. This effect refers to the
depletion of CO, isotopes in the atmosphere due to
the burning of '*C fossil fuels and biomass (Friedli
et al. 1986). As a result, the 8'3C values of surface
SOM correspond to the negative 5'°C values of lit-
ters (Breecker et al. 2015). The deeper the soil layer,
the more enriched the old SOC becomes with §'°C,
while the upper soil layer experiences a depletion of
83, resulting in the enrichment of new SOC. There-
fore, soil 8'3C values are enriched along the profile
(Bostrom et al. 2007; Wynn et al. 2006). However,
based on an archive of soil samples dating back 100
years and modern samples taken from the same sites
in the Russian steppe, Torn et al. (2002) found that
the 8'C profiles of soils appeared similar in modern
and pre-industrial times. This suggests that the accu-
mulation of §'°C with soil depth is not caused by the
depletion of atmospheric 13CO2 from the combus-
tion of fossil fuels. In addition, many studies have
shown that root 8'3C is usually more enriched than
aboveground biomass (especially leaves or branches)
from the same plant (Garten et al. 2000; Powers and
Schlesinger 2002). Thus, if the C in deep soils is
derived primarily from root litter, and the topsoil C
is mainly derived from leaf and branch litter, then
the soil 8'°C becomes enriched with depth (Wynn
et al. 2006). However, the validity of this hypothesis
is questionable when the contribution of root litter to
topsoil C is greater than that of aboveground biomass.
(2) Kinetic fractionation during the maturation of
SOC. The increase of the 8'3C value with increasing
soil depth is related to the isotopic fractionation effect
caused by the fact that microorganisms tend to utilize
the '3C-depleted carbon sources in the environment
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during the degradation of SOM. The accumulation of
13C recombination fraction in the decomposing sub-
strates eventually returns to SOM (Garten et al. 2000;
Li and Schaeffer 2020; Powers and Schlesinger 2002;
Wynn et al. 2005). That is, the spatial variation of the
8'3C value with depth in the same soil profile reflects
the temporal variation of the 8'3C value during SOM
decomposition. This indicates that the process of SOM
decomposition has distinct stages (Chen et al. 2002).
When isotope fractionation is the dominant mechanism
of the enrichment of 8'°C along the soil profile, the
increase of 8'3C with depth can effectively indicate the
dynamics of soil C turnover (Acton et al. 2013).

Effects of land uses on SOC turnover

Differences in plant biomass under various vegeta-
tion covers directly impact the input of organic mat-
ter into the soil through plant litter and root exudates
(Jobbagy and Jackson 2000). Previous studies have
found that the abandonment of agricultural lands
can enhance the SOC stock with varying patterns in
the karst region (He et al. 2022; Hu et al. 2018; Lan
et al. 2021; Xiao et al. 2017). In the present study, we
investigated the effects of land-use changes on the
distribution of SOC and &'3C after farmland aban-
donment using farmland as a control. The vertical
enrichment of soil 8'°C has been shown to be cor-
related with the turnover of soil C. The amplitude of
the 8'3C value rise in different soil profiles reflects
the intensity of the carbon isotope fractionation effect
during the decomposition of SOM. The greater the
rise amplitude, the stronger the fractionation effect.
This means that the decomposition degree of SOM
is higher (Wedin et al. 1995). In the present study,
the fractionation effect of SOC isotopes in the RP
soil was the strongest, indicating a lower stabiliza-
tion of SOC. The linear regression slope (f) between
the logarithm of SOC content and the 8'3C value in
the soil profile is used to represent the rate of SOC
decomposition, a lower p value indicates a higher
SOC turnover rate (Acton et al. 2013; Gautam et al.
2017; Garten 2006; Wang et al. 2018). The results
showed that the  values ranged from —6.94 to -3.88
across all land uses and increased in the follow-
ing order: RP<AG<FL<JP<NG (Fig. 4). SOC
serves as a key factor in driving microbial com-
munity composition, and microbial activity has an
important effect on the stability and sequestration of
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SOC (Chen et al. 2023a, b). The RP with the lowest
f value indicated a faster turnover rate of SOC com-
pared with other land uses. This is attributed to the
abundance of surface litter and microbial activity in
RP. Additionally, there is some degree of mineraliza-
tion of SOM in RP as a result of frequent exposure to
human activities. Therefore, the SOC content in the
RP had lower stabilization. Grass-derived C is more
easily decomposed by soil microbes, and increased
microbial activity further enhances the cycling of
SOC (You et al. 2019). The p value of the artificial
grassland (-6.43) was slightly higher than that of RP
(-6.94) (Fig. 4), indicating that artificial grasslands
had the second highest SOC decomposition rate after
RP. Organic C fractionation in the surface soil in JP
was smaller than that in RP and AG because of the
slow decomposition of the surface litter. Therefore, a
higher f value was found in JP than in RP and AG.
This suggests that J. regia plantation may be more
effective in slowing down soil C turnover compared
with R. roxburghii plantation during ecological resto-
ration. In this study, natural grassland had the high-
est B value and the lowest 8'3C fractionation value in
the soil profile, suggesting a slower turnover rate of
soil C in natural grasslands. Soil aggregate stability is
affected by microbial community composition, and a
slower SOC turnover rate contributes to the stability
of SOC (Chen et al. 2024). Natural grasslands after
farmland abandonment have less litter, fewer inputs
of fresh SOM, insufficient degradation matrix, and
weak decomposition of SOM, root activities, and
microorganisms. Therefore, the SOC turnover rate in
natural grassland was the lowest compared with all
other land uses.

In addition, soil depth also affects the turnover of
SOC (Tesfaye et al. 2016). Under the same climatic
conditions, the content of SOC is directly related to
the characteristics of surface vegetation. This rela-
tionship plays a significant role in controlling the
distribution of SOC along the soil profile (Jobbagy
and Jackson 2000). In this study, the SOC contents
decreased with the deepening of the soil layers under
different land uses. This can be attributed to the accu-
mulation of dead leaves on the surface soil, which
leads to a higher decomposition and turnover rate of
SOC due to the increased presence of microorganisms
(Chen et al. 2002). As a result, the abundance of sur-
face SOM contributes to the higher content of SOC.
From the upper soil to the deeper layers, the sources
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of SOM gradually decrease as soil formation time
extends. However, the loss caused by SOM decom-
position continues to increase (Han et al. 2015). The
deeper the soil layer, the fewer the number of micro-
organisms and the lower the conversion rate of SOM.
Therefore, the distribution pattern of SOC content
decreased gradually along the soil profile (Chen et al.
2005; Fierer et al. 2003; Zhu and Liu 2006). In the
present study, we investigated if soil physicochemical
properties could account for the variations in 8'*C and
SOC content. Our results showed that TN content and
soil C/N ratio were the main factors explained more
than 80% of the variations in 8'°C and SOC content
in this study after running a Monte Carlo test in the
RDA (Table 3). The positive coupling relationship
between SOC and TN has become a consensus. Mo
et al. (2008) reported that the increase of soil nitro-
gen content will result in a decrease in soil respiration
along with a reduction in soil microbial activity, thus
leading to a decrease in SOC turnover. Some studies
have also indicated that soil C/N ratio is a key factor in
relation to the discrimination of stable carbon isotopes
in microbial processes such as SOC decomposition
and respiration (Powers and Schlesinger 2002; Werth
and Kuzyakov 2010). TN is indirectly regulated by
changes in plant community composition via its effect
on the C/N ratio after farmland abandonment in karst
areas, thus affecting the turnover of SOC. Addition-
ally, our study has limitations. Due to the short-term
implementation of ecological restoration projects in
the study site, our study cannot accurately reflect the
impacts of long-term land use changes on the accumu-
lation of SOC. Therefore, this may limit the applica-
bility of the findings of this study.

Conclusions

Economic forest plantations are more effective for
SOC accumulation than artificial grass planting and
natural revegetation after farmland abandonment in
our study area. The input of fresh SOM lead to sig-
nificant lower 8'°C values in economic forests and
artificial grassland than in natural grassland and farm-
land at the 0-5 cm depth. And the masking effect
of previous soil microorganisms or plant residues
may result in insignificant differences in 8'3C values
between farmland and the converted land uses in the
subsurface soil layers. We found that the rate of soil

C turnover following afforestation was still higher
than that followed by natural revegetation in the short
term. Changes in soil 8'3C and SOC were mainly
controlled by TN content and soil C/N ratio. From the
perspective of soil carbon sequestration, we suggest
that plantation with economic tree species is a ben-
eficial practice for short-term farmland restoration
in the karst desertification control. Our results pro-
vide an important reference for the protection of soil
resources and the adjustment of land use structure in
fragile karst ecosystems.
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