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A B S T R A C T

The effects of cropland abandonment on soil enzyme activity and soil organic carbon (SOC) stability, along with
the driving factors, are poorly understood. Here, we aimed to systematically and comprehensively evaluate soil
enzyme activity, SOC stability, and the associated driving factors in different vegetation zones after cropland
abandonment on the Loess Plateau, China. We selected grasslands with different recovery times along a rainfall
gradient encompassing the steppe zone (SZ), forest-steppe zone (FSZ), and forest zone (FZ). We measured and
compared the changes in soil enzyme activity (saccharase, polyphenol oxidase, urease, phosphatase, and cata-
lase) and SOC stability as a function of recovery time; we also evaluated the relationships between these two
parameters. In SZ and FSZ, soil enzyme activity, fractions of oxidizable carbon (including very labile [C1], labile
[C2], and less labile [C3]), and the carbon management index (CMI) increased with recovery time, whereas the
SOC stability index (SI) decreased. Conversely, in FZ, polyphenol oxidase activity increased linearly, urease and
catalase activities decreased linearly, and the change in saccharase activity was represented by a cubic equation
regression. SI showed no obvious changes with recovery time, whereas C1, C2, and C3 initially decreased and
then increased. Redundancy analysis showed that, in FSZ and FZ, soil enzyme activity, C1, C2, C3, and SI were
influenced by vegetation diversity, coverage, and soil nutrient levels. In comparison, in SZ, these parameters
were mainly influenced by soil nutrient levels. Soil enzyme activity was strongly correlated with C1 and C3 in SZ
and FSZ, but not in FZ. Overall, in SZ and FSZ, soil enzyme activity increased with recovery time, whereas SOC
stability decreased. In contrast, both parameters were relatively stable in FZ, which had higher mean annual
precipitation and mean annual temperature.

1. Introduction

Cropland abandonment is considered an effective measure for
controlling soil erosion and improving vegetation coverage and soil
quality (Good et al., 2013; Wertebach et al., 2017); however, that sy-
nergistic complex process between the soil and plants is time con-
suming (Korb et al., 2010). The soil provides the necessary water and
nutrients for plant growth, while plants cycle the nutrients in the soil
and enhance its quality by contributing organic matter (Korb et al.,
2010). This dynamic interaction leads to the formation of grasslands
during the recovery of land abandoned after use for crops. This process

effectively improves soil conditions and restores degraded environ-
ments; thus, it has been subject to increasing focus in the field of
ecology (Xiao et al., 2020).

Soil enzymes are derived from root exudates, litter, and microbial
activity (Pausch and Kuzyakov, 2018). They are active components in
various biochemical processes and nutrient cycles (Li et al., 2014),
providing early warning of biological changes in the soil (Bandick and
Dick, 1999). Furthermore, soil enzymes are good indicators of soil
quality (Bastida et al., 2006); and are highly sensitive to environmental
and anthropogenic stimuli (Rutigliano et al., 2009). Consequently, soil
enzyme activity has been extensively investigated to objectively
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evaluate fertility and biological activity (Roldan et al., 2005).
Vegetation coverage, biomass, and plant diversity have important

effects on soil enzyme activity (Bandick and Dick, 1999; Ren et al.,
2018). Furthermore, water availability is the main factors limiting soil
enzyme activity as it affects biological activity and metabolism (Collins
et al., 2008). This is especially true in the arid and semi-arid region of
the Loess Plateau in China (Cui et al., 2019). Changes in the pattern of
precipitation could greatly alter the wetting–drying cycle of the soil,
improving the utilization of soil nutrients (Denef et al., 2001), which
might further influence soil enzyme activity (Ren et al., 2017). In ad-
dition, different types of soil enzymes contribute to the transformation
and cycling of different soil nutrients. For instance, soil saccharase,
urease, and polyphenol oxidase are important hydrolytic enzymes that
are involved in the transformation and cycling of soil carbon, nitrogen,
and phosphorus, respectively. Therefore, the activity of different soil
enzymes might vary largely and significantly in response to different
environmental factors (Ren et al., 2017; Xu et al., 2020b).

The stability of soil organic carbon (SOC) is vital to the soil carbon
cycle (Lal, 2003; Xu et al., 2020a). SOC reflects the ability of the soil to
resist external disturbance as well as restore and maintain homeostasis
(Jastrow et al., 2007). Not surprisingly, the decomposition and trans-
formation of various carbon compounds directly influence SOC stabi-
lity. Active carbon fractions (very labile [C1] and labile [C2]) of soil
oxidizable carbon are important components of SOC that are readily
decomposed and oxidized. These components accurately reflect the
changes in soil quality and nutrient cycling (Chang et al., 2018). Fur-
thermore, these components provide readily available energy sources
that stimulate microbial activity (Phillips et al., 2011). In contrast,
passive carbon fractions (less labile [C3] and non-labile [C4]) of soil
oxidizable carbon have stable molecular structures, persisting in the soil
for a long time by combining with minerals (Kiem and Kögel-Knabner,
2003). Changes in the fractions of active carbon and passive carbon
reflect SOC stability (Chan et al., 2001). SOC stability affects the de-
composition and storage of soil carbon, substantially impacting soil
quality and nutrient cycling, which could potentially mitigate global
climate change (Lal, 2003). Conversely, SOC instability hinders plant
growth, aggravates soil degradation, and contributes to climate change,
blocking sustainable development (Lal, 2004). Therefore, the seques-
tration and stability of SOC should be systematically and comprehen-
sively evaluated following cropland abandonment in the various ve-
getation zones of the Loess Hilly Region. This process could provide a
solid theoretical foundation for the successful restoration of vegetation
in this area.

Soil enzyme activity increases with vegetation restoration (Xiao
et al., 2020). Indeed, the conversion of carbon and nitrogen in the soil
mainly depends on soil enzyme systems. Consequently, soil chemical
properties are likely closely related to soil enzyme activity (Cui et al.,
2019). However, previous studies have not associated soil enzyme ac-
tivity with soil properties or plant diversity (de Vries et al., 2012;
Lauber et al., 2008). Moreover, the effects of cropland abandonment on
SOC stability, as well as the relationships between soil enzyme activity
and SOC stability, in the Loess Plateau remain largely unknown.

Here, we aimed to systematically and comprehensively evaluate soil
enzyme activity, SOC stability, and the associated driving factors in
different vegetation zones after cropland abandonment on the Loess
Plateau, China. The key objectives included elucidating: (1) the changes
in soil enzyme activity and SOC stability in different vegetation zones
after cropland abandonment; (2) the factors driving the changes in soil
enzyme activity and SOC stability; and (3) the relationship between soil
enzyme activity and SOC stability. We hypothesized that (1) the active
carbon fractions (C1 and C2) would be more sensitive than the passive
carbon fractions (C3 and C4) to recovery time, thus reducing SOC sta-
bility after cropland abandonment; (2) the changes in soil enzyme ac-
tivity following cropland abandonment would be positively correlated
with rainfall gradients; and (3) the changes in soil enzyme activity and
SOC stability would be mainly affected by plant diversity and soil

nutrients, whereas SOC stability would be negatively correlated with
soil enzyme activity, in the three vegetation zones. The results of this
study are expected to help formulate effective guidelines for vegetation
restoration in this region and similar regions globally.

2. Materials and methods

2.1. Study area

The study site included the steppe zone (SZ), forest-steppe zone
(FSZ), and forest zone (FZ) located on the north to south (N-S) latitude
belt of the Loess Plateau of China, extending from 37.01° to 40.41° N
and 09.626° to 111.78° E. Mean annual precipitation (MAP), mean
annual temperature (MAT), and vegetation type show pronounced
gradient characteristics from south to north. MAP ranges between
405.4 and 600.6 mm, while MAT ranges between 8.4 and 9.8 °C
(Fig. 1). The terrain in this area is broken, with vertical and horizontal
gullies. There is major soil and water loss throughout the area, which
belongs to a typical ecologically fragile area. The soil is mainly loess,
sandy loam, and aeolian sand. These soil types have weak cohesion,
poor corrosion resistance, and are susceptible to soil erosion. Before the
1950s, extreme weather (such as droughts, heavy rain, and strong
winds) occurred frequently, along with unregulated human activity
(such as grazing and farming); consequently, the ecological environ-
ment in this area was severely damaged, soil erosion was severe, and
soil quality and vegetation coverage were reduced. In 1999, the gov-
ernment began to implement the “Grain-for-Green” project in this re-
gion. As a result, vegetation coverage has increased significantly, and
soil erosion has been effectively controlled. Thus, overall, soil and en-
vironmental quality has improved. Grassland ecosystems cover ~80%
of the Loess Plateau and are dominated by Bothriochloa ischaemum (L.),
Stipa bungeana Trin, Heteropappus altaicus, Lespedeza bicolor Turcz, and
Stipa grandis (Cui et al., 2019).

2.2. Selection of study site

To determine the dynamics of soil enzyme activity and soil organic
carbon (SOC) stability after cropland abandonment in different vege-
tation zones, we used the “space for time” method. A total of 19 sites,
representing three vegetation zones, were selected depending on the
recovery period since abandonment. There were eight groups of SZ that
had been abandoned for 1, 5, 6, 8, 10, 15, 25, and 30 years; five groups
of FSZ that had been abandoned for 7, 17, 20, 25, and 30 years, and
three groups of FZ that had been abandoned for 9, 21, and 30 years.
Three 10 m × 10 m plots were marked at each site in each vegetation
zones, to produce a total of 57 plots, including 30, 18, and nine plots in
the three vegetation zones, respectively. Adjacent plots were located at
least 50 m apart. All selected plots had similar elevation, slope, slope

Fig. 1. Mean annual precipitation (MAP) and mean annual temperature (MAT)
of the study site on the Loess Plateau of China. Notes: SZ, steppe zone; FSZ,
forest-steppe zone; FZ, forest zone.

H. Xu, et al. Catena 196 (2021) 104812

2



aspects, and slope gradient. In addition, we selected two slope-cropland
plots in SZ and three slope-cropland plots in FSZ and FZ, respectively, to
represent 0-year controls, as grasslands in this region have evolved
from slope croplands after abandonment. Details of the sampling sites
are shown in Table 1.

2.3. Investigation of plants and soil sampling

Three 1 m × 1 m quadrats were selected per plot. Slopes, plant
types, coverage, height, and number of plants in each quadrat were
surveyed. Ten soil core samples were collected from the topsoil layer
(0–0.2 m) per plot using a soil drilling sampler (0.04 m inner diameter)
after removing the litter layer and mixing the cores to form a composite
sample. Soil samples were brought to the laboratory, to remove all
traces of roots, stones, and visible fauna. Samples were then separated
into two portions. One portion was air-dried and sieved (0.25 mm) to
determine soil chemical properties including SOC, soil total nitrogen
(TN), soil total phosphorus (TP), soil available nitrogen (AN), soil
available phosphorus (AP), soil available potassium (AK), soil oxidiz-
able carbon fractions, soil pH, and soil particles. The remaining portion
was stored at −4 °C to determine soil enzyme activity, including sac-
charase activity, polyphenol oxidase activity, urease activity, phos-
phatase activity, and catalase activity.

2.4. Laboratory analyses

SOC and TN were determined by the Walkley and Black (Nelson and
Sommers, 1982) and Kjeldahl (Bremner, 1982) methods, respectively.
TP and AP were measured colorimetrically by the ammonium mo-
lybdate (Schade et al., 2003) and Olsen (Olsen and Sommers, 1982)
methods, respectively. AN was determined by the alkaline KMnO4

method (Subbiah and Asija, 1956). In turn, AK was measured in 1 M
NH4OAc soil extracts by flame photometry (Knudsen et al., 1982). Soil
oxidizable carbon fractions were determined by the Walkley and Black
method (Chan et al., 2001; Xu et al., 2020a). Briefly, 0.5 g of soil was
added to a 500 mL Erlenmeyer flask, followed by the addition of 10 mL
(0.167 mol L−1) of K2Cr2O7 (0.167 mol L−1). Then, 5, 10, and 20 mL of
concentrated H2SO4 (18 mol L−1) were added (corresponding to con-
centrations of 6, 9, and 12 mol L−1), followed by titration with FeSO4

(1 mol L−1). The measured organic carbon was recorded as Cfrac1,
Cfrac2, and Cfrac3. C1 is the content of Cfrac1, C2 is the difference

between Cfrac2 and Cfrac1, C3 is the difference between Cfrac3 and
Cfrac2, and C4 is the difference between SOC content and Cfrac (Cfrac1
and Cfrac2 and Cfrac3). Soil particles were analyzed by the method
described by Xiao et al (2014). Soil pH was estimated for a 1:2.5 soil/
water mixture using an electronic pH meter fitted with a glass electrode
(WTW pH 330, WTW, Weilheim, Germany). Soil enzyme activity was
determined using the assays modified from Guan (1986) and described
by Xue et al (2017). In brief, saccharase activity was determined by 3,
5-dinitro salicylic acid colorimetry using sucrose as the substrate and
expressed as μmol glucose g−1 dry sample. Urease activity was de-
termined by indophenol colorimetry using urea as the substrate and
expressed as μmol ammonium g−1 dry sample. Phosphatase activity
was determined by disodium phenyl phosphate colorimetry and ex-
pressed as μmol phenol g−1 dry sample. Catalase activity was titrated
over 20 min using 0.1 mol·L−1 KMnO4 and expressed as μmol KMnO4

g−1 dry sample. Polyphenol oxidase activity was determined using io-
dine titrimetric method and expressed as μmol I2 g−1 dry sample.

2.5. Calculation of relationships among parameters

Margalef richness (R), Shannon-Weiner diversity (H′), and Pielou
evenness (E) were selected as indices to study the response of vegeta-
tion diversity to the number of years of recovery. These indices were
calculated as (Beijing, 1995):

=R (S 1)/lgN (1)

= p pH lni i (2)

=E H /lgS (3)

where, S is the number of species in the plot. N is the total number of
species. pi is the relative importance of species i.

The very labile (C1) and labile (C2) fractions of oxidizable carbon
represent the active carbon pool (Cactive). The less labile (C3) and non-
labile (C4) fractions of oxidizable carbon represent the passive carbon
pool (Cpassive) (Chan et al., 2001). The SOC stability index (SI) was
selected to study the response of SOC stability to vegetation restoration
and was calculated as:

= = + +SOC stability index (SI)  C /C (C3  C4) / (C1  C2)passive active (4)

The C1 was considered labile carbon (CL). Non-labile carbon (CNL)

Table 1
The details of the sample sites selected for the study.

Vegetation zones Sampling site Recovery years
(yr)

Altitude (m) Geographic
coordinates

Slope (°) Dominant community species

SZ S1 0 1203 40.41°N, 110.53°E 18 Setaria italica
S2 1 1202 40.40°N, 110.41°E 20 Artemisia scoparia, xeris denticulata
S3 5 1214 40.41°N, 110.58°E 18 Stipa bungeana, Lespedeza bicolor, Artemisia scoparia
S4 6 1239 40°35′N, 110.38°E 15 Stipa bungeana, Lespedeza bicolor, Artemisia capillaris
S5 8 1139 40°25′N, 111.08°E 15 Stipa bungeana, Lespedeza bicolor, xeris denticulata
S6 10 1214 40.38°N, 110.67°E 20 Artemisia capillaris, Stipa bungeana, Medicago
S7 15 1227 39.83°N, 111.64°E 18 Stipa bungeana, Lespedeza bicolor, Artemisia capillaris
S8 25 1235 40.04°N, 111.61°E 17 Bothriochloa ischaemum, Stipa bungeana,
S9 30 1135 40.34°N, 110.62°E 16 Stipa bungeana、Lespedeza bicolor、Artemisia capillaris

FSZ S10 0 1045 37.54°N, 110.31°E 23.5 Ricinus communis
S11 7 1303 37.15°N, 111.09°E 32 Stipa bungeana, Potentilla bifurca, Lespedeza bicolor
S12 17 1303 37.15°N, 111.09°E 31 Stipa bungeana, Lespedeza bicolor, Potentilla bifurca
S13 20 1136 38.49°N, 111.06°E 31 Artemisia leucophylla, Artemisia sacrorum, Lespedeza bicolor, Stipa

bungeana
S14 25 1221 37.23°N, 109.26°E 27 Artemisia sacrorum, Stipa bungeana, Lespedeza bicolor
S15 30 1108 38.36°N, 111.13°E 32 Artemisia sacrorum, Stipa bungeana, Lespedeza bicolor

FZ S16 0 1040 37.01°N, 111.57°E 12 Setaria italica
S17 9 1139 37.57°N, 111.27°E 26.5 Stipa bungeana, Lespedeza bicolor, Artemisia capillaris
S18 21 1034 38.03°N, 111.78°E 24 Artemisia sacrorum, Stipa bungeana, Cleistogenes squarrosajiaohao
S19 30 1048 38.03°N, 110.16°E 24 Artemisia sacrorum, Stipa bungeana, Cleistogenes squarrosa, Artemisia

leucophylla

Note: SZ, steppe zone; FSZ, forest-steppe zone; SZ, forest zone.
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was calculated as CNL = SOC − CL (Maia et al., 2007). Other related
indices were obtained by the following equations (Blair et al., 1995):

=Carbon preference index (CPI)  SOC /SOCgrassland cropland (5)

=Lability  C /CL NL (6)

=Lability Index (LI)  Lability / Labilitygrassland cropland (7)

= × ×Carbon Management Index (CMI)  CPI LI 100 (8)

The rate of change (K) in soil enzyme activity, oxidizable carbon
fractions, CMI, and SI were determined by the linear regression or cubic
equation regression analysis of soil enzyme activity, oxidizable carbon
fraction content, CMI, SI, and number of years of recovery.

= + ×f y K(x) x0 1 (9)

= =K f x df d( ) (x)/ x1 (10)

= + × + × + ×F y x b x c x(x) a0
3 2 (11)

= =K F x dF d( ) (x)/ x2 (12)

where, f x( ) represents liner equation regression model. K1 indicates
the rate of change of different parameters determined by the linear
equation regression model. x is the interval of years of recover-
y. F (x) represents cubic equation regression model. K2 indicates the
rate of change of different parameters determined by the cubic equation
regression model. a, b, c are the model parameters of cubic equation
regression model.

2.6. Statistical analysis

One-way ANOVA was used to analyze the effects of years of re-
covery on plant diversity, soil chemical properties, soil enzymatic ac-
tivity, soil oxidizable carbon fraction content, CMI, and SI. Means were
compared by Duncan’s post hoc test (P < 0.05). The S-W test was used
to check the distribution of variations; all data followed a normal dis-
tribution. Pearson’s correlation analysis was applied to determine cor-
relations among soil enzymatic activity, soil oxidizable carbon fraction

content, and SI. All statistical analyses were performed in SPSS v. 21.0
(IBM Corp., Armonk, NY, USA). Figures were drawn using Origin v. 9.0
(OriginLab Corp., Northampton, MA, USA).

Redundancy analysis (RDA) was used to determine the relationships
among environmental variables (plant diversity and soil chemical
properties) and species variables (soil enzymatic activity, soil oxidiz-
able carbon fraction content, and SI) in the three vegetation zones.
Before RDA, gradient lengths were measured by Detrended
Correspondence Analysis (DCA). The first gradient lengths of the three
vegetation zones were < 3 (0.66, 0.54, and 0.34), thus a linear method
was applied. The red arrows represent the environmental variables, and
the black arrows represent the species variables. Acute, obtuse, and
right angles between arrows indicate positive, negative, and no corre-
lations, respectively. Factors influencing soil enzyme activity, soil oxi-
dizable carbon fraction content, and SOC stability in the vegetation
zones were identified. The first gradient length in the DCA was < 3
(0.04); therefore, RDA was performed using Canoco v. 5.0. to determine
the relationships among environmental variables (MAP, MAT, plant
diversity, and soil chemical properties) and species variables (soil en-
zymatic activity, soil oxidizable carbon fraction content, and SI).

3. Results

3.1. Changes in the Margalef richness (R), Shannon-Weiner diversity (H′),
and Pielou evenness (E) indices of the vegetation zones after cropland
abandonment

H′ and E of steppe zone (SZ) initially increased for 0 to 5 years after
cropland abandonment, and proceeded to stabilize thereafter. In con-
trast, R did not change significantly. R for forest-steppe zone (FSZ) had
the same characteristics as H′ during recovery. R initially increased,
peaked after 25 years, and decreased in subsequent years. E gradually
increased over the recovery period. H′, R, and E of forest zone (FZ)
initially increased from year 0 to 9 after cropland abandonment, and
stabilized thereafter (Fig. 2).

Fig. 2. Changes in the Margalef richness (R), Shannon-Weiner diversity (H′), and Pielou evenness (E) indices of the vegetation zones across the chronosequence.
Note: Values on vertical bars are means ± standard error (SE); SZ, steppe zone; FSZ, forest-steppe zone; FZ, forest zone.
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3.2. Soil enzyme activity dynamics in the vegetation zones after cropland
abandonment

The activity of soil enzymes linearly increased with recovery years
after cropland abandonment in SZ (saccharase, urease, phosphatase,
and catalase activity), FSZ (saccharase, polyphenol oxidase, phospha-
tase, and catalase activity), and FZ (polyphenol oxidase activity).
Polyphenol oxidase activity did not change significantly in SZ but
varied to a greater extent during the early period of recovery than
during the late period of recovery. Urease activity increased marginally
in FSZ over the recovery period, showing lower variation during the

early recovery period than during the late recovery period. The change
in saccharase activity was represented by a cubic equation regression
with time, which initially decreased from year 0 to 9 after cropland
abandonment in FZ, but increased thereafter. Phosphatase activity de-
creased marginally after cropland abandonment in FZ, whereas urease
and catalase activity decreased distinctly over time (Fig. 3). The rates of
change in saccharase, phosphatase, and polyphenol oxidase activities
were overall higher after cropland abandonment for FSZ (0.356, 0.157,
and 0.005, respectively) than for SZ (0.248, 0.102, and 0, respectively)
and FZ (-, -, and 0.002, respectively) (except for saccharase, 21 year).
Similarly, the rates of change in urease and catalase activity were

Fig. 3. Changes in the soil enzyme activity of the vegetation zones across the chronosequence. Notes: SZ, steppe zone; FSZ, forest-steppe zone; FZ, forest zone.
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higher after cropland abandonment for SZ (0.022 and 0.011, respec-
tively) than for FSZ (0 and 0.004, respectively) and FZ (0.020 and
0.002, respectively) (Fig. 3; Tables S1, S2).

3.3. Changes in soil organic carbon (SOC) in the vegetation zones after
cropland abandonment

In SZ and FSZ, SOC linearly increased with the number of years of
recovery. SOC initially decreased during year 0 to 9 after cropland
abandonment in FZ, but increased thereafter (Fig. 4). The rate of
change in SOC was lower after cropland abandonment for SZ (0.042)
than for FSZ (0.060) (Fig. 4; Table S1).

3.4. Dynamics in the soil oxidizable carbon fraction of the vegetation zones
after cropland abandonment

Very labile (C1), labile (C2) and less labile (C3) of soil oxidizable
carbon fractions in SZ and C1, C2, C3, and non-labile (C4) of soil oxi-
dizable carbon fraction in FSZ linearly increased with the number of
years of recovery after cropland abandonment. C1, C2, and C3 initially
decreased in FZ during years 0 to 9 after cropland abandonment, but
increased thereafter. In contrast, C4 did not significantly change after
cropland abandonment (Fig. 5). The rates of change after cropland
abandonment in C1, C2, and C3 for SZ (0.014, 0.010, and 0.007, re-
spectively) were higher than those for FSZ (0.011, 0.008, and 0, re-
spectively) (Fig. 5; Table S1).

3.5. Changes in carbon management index (CMI) in the vegetation zones
after cropland abandonment

In SZ and FZ, CMI linearly increased with the number of years of
recovery after cropland abandonment. However, CMI in FSZ did not
change significantly (Fig. 6). The rate of change after cropland aban-
donment in CMI was higher for SZ (1.478) than for FZ (1.239) (Fig. 6;
Table S1).

3.6. Changes in SOC stability index (SI) in the vegetation zones after
cropland abandonment

In SZ and FSZ, SI linearly decreased with the number of years of
recovery after cropland abandonment. In contrast, SI did not change
significantly after cropland abandonment in FZ (Fig. 7). The rate of
change in SI after cropland abandonment was higher for FSZ (0.016)
than for SZ (0.010) (Fig. 7; Table S1).

3.7. Influence of soil factors, R, E, and H′ on soil enzyme activity and SOC
stability

The RDA analysis showed certain differences in the relationships
among soil enzyme activity, soil oxidizable carbon fractions, SI, and
environmental factors for the three vegetation types (Fig. 8a, b, c). For
SZ, vegetation diversity and soil chemical factors explained 71.3% of
the variation in soil enzyme activity, soil oxidizable carbon fraction
content, and SI. The first two axes explained 56.4% and 19.6% of the
variation, respectively. Simple term effects showed that E explained
48.1% of the variation, whereas total carbon (TN), H′, SOC, and cov-
erage explained 18.1%, 4.3%, 3.8%, and 3.8% of the variation, re-
spectively. SOC, TN, available potassium (AK), available nitrogen (AN),
available phosphorus (AP), E, and H′ were positively correlated with
C1, C2, C3, urease activity, phosphatase activity, and catalase activity
but were negatively correlated with C4 and SI. R, clay, silt, and cov-
erage were positively correlated with C4 and SI but were negatively
correlated with C1, C2, C3, urease activity, phosphatase activity, and
catalase activity (Fig. 8a).

For FSZ, vegetation diversity and soil chemical factors explained
72.6% of the variation in soil enzyme activity, soil oxidizable carbon
fraction content, and SI. The first two axes explained 80.2% and 5.5% of
the variation, respectively. Simple term effects showed that TN ex-
plained 35.1% of the variation, whereas E, sand, AK, and SOC explained
18.8%, 9.8%, 5.8%, and 4.8% of the variation, respectively. SOC, TN,
AK, AN, coverage, R, E, and H′ were positively correlated with C1, C2,
C3, total phosphorus (TP), urease activity, phosphatase activity, poly-
phenol oxidase activity, saccharase activity, and catalase activity but
were negatively correlated with SI (Fig. 8b).

Fig. 4. Changes in the soil organic carbon (SOC) content of the vegetation zones across the chronosequence. Notes: SZ, steppe zone; FSZ, forest-steppe zone; FZ, forest
zone.
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For FZ, vegetation diversity and soil chemical factors explained
95.0% of the variation in soil enzyme activity, soil oxidizable carbon
fraction content, and SI. The first two axes explained 93.9% and 4.4% of
the variation, respectively. Simple term effects showed that R explained
79.2% of the variation, whereas TN, AK, AN, and sand explained
10.0%, 3.1%, 2.5%, and 1.7% of the variation, respectively. SOC, TN,
AN, AP, and sand were positively correlated with C1, C2, C3, urease
activity, saccharase activity, and catalase activity but were negatively
correlated with C4, polyphenol oxidase activity, and SI. R, E, H′, TP,
and pH were significantly and positively correlated with C4, polyphenol
oxidase activity, and SI but were negatively correlated with C1, C2, C3,
urease activity, saccharase activity, and catalase activity (Fig. 8c).

4. Discussion

4.1. Effect of time of recovery and vegetation zone on soil enzyme activity

Our results showed that overall soil enzyme activity increased after
cropland abandonment in steppe zone (SZ) and forest-steppe zone
(FSZ). This observation is consistent with previous studies (An et al.,
2009; Xiao et al., 2020; Xu et al., 2020b). Soil enzymes are mainly
derived from root exudates, litter, and microorganisms (Pausch and
Kuzyakov, 2018). Vegetation restoration has positive effects on the end
root system (Han et al., 2012), litter biomass (Chang et al., 2017), and
soil microbial activity (Xu et al., 2020b), which, in turn, increase soil

Fig. 5. Changes in the very labile soil oxidizable carbon fraction (C1), labile soil oxidizable carbon fraction (C2), less labile soil oxidizable carbon fraction (C3), and
nonlabile soil oxidizable carbon fraction (C4) of the vegetation zones across the chronosequence. Notes: SZ, steppe zone; FSZ, forest-steppe zone; FZ, forest zone.
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enzyme activity. In parallel, soil enzyme activity is strongly influenced
by substrate supply (Yin et al., 2019). After the vegetation cover has
recovered, plant litter accumulates on the soil surface, increasing soil
nutrients (Xu et al., 2019). In turn, the amounts of carbon and nitrogen
available to soil microorganisms also increase (Bowles et al., 2014).
Similarly, vegetation stimulates soil enzyme activity, contributing to
the development of a conducive soil environment and nutrient accu-
mulation and cycling (Ren et al., 2017). Simultaneously, the accumu-
lation of organic carbon significantly improves the biological and
chemical properties of soil, increasing the number and diversity of

microorganisms as well as the number of enzymes secreted (An et al.,
2009). After cropland abandonment, plants grow profuse root systems
in the soil. As these systems develop, the energy requirements of the
plant for growth increase. Root growth and metabolism reportedly alter
microbial communities and populations (Jones et al., 2009). Roots se-
crete numerous enzymes (Han et al., 2012) and enhance soil enzyme
activity. After cropland abandonment, soil water retention and fertility
are augmented (Liu et al., 2018). These responses increased the mi-
gration of soil material, along with soil water, promoting enzyme
movement and activity. The current study demonstrated that soil

Fig. 6. Changes in the soil organic carbon management index (CMI) of the vegetation zones across the chronosequence. Notes: SZ, steppe zone; FSZ, forest-steppe
zone; FZ, forest zone.

Fig. 7. Changes in the soil organic carbon stability index (SI) of the vegetation zones across the chronosequence. Notes: SZ, steppe zone; FSZ, forest-steppe zone; FZ,
forest zone.
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enzyme activity sensitively reflects the process of vegetation recovery
after cropland abandonment, with increased soil enzyme activity in-
dicating improvements in soil biological properties in response to ve-
getation restoration.

The current study showed higher rates of change in saccharase ac-
tivity, phosphatase activity, and polyphenol oxidase activity after
cropland abandonment in FSZ than in SZ and in forest zone (FZ).
Conversely, higher rates of change were observed in urease activity and
catalase activity after cropland abandonment in SZ than in and FZ.
Redundancy analysis (RDA) (Fig. 8) showed that Margalef richness (R),
Shannon-Weiner diversity (H′), and Pielou evenness (E), and soil

organic carbon (SOC) were the dominant factors responsible for the
changes in phosphatase activity and polyphenol oxidase activity in FSZ
after cropland abandonment. In contrast, vegetation coverage and SOC
were the main factors influencing changes in saccharase activity,
phosphatase activity, and polyphenol oxidase activity. In turn, sac-
charase activity was strongly and positively correlated with vegetation
coverage. High plant diversity supported higher soil enzyme levels.
Increases in plant diversity enhance plant productivity (Chang et al.,
2017) and reduce surface transpiration, increasing soil water content
and nutrients (Liu et al., 2018). These effects provided more carbon and
nitrogen sources for soil enzymes and increased the quantity of enzymes

Fig. 8. Relationships among plant di-
versity, soil physicochemical properties
index, soil enzyme activity, soil oxidiz-
able carbon fraction, and soil organic
carbon index (SI) according to re-
dundancy analysis (RDA) and % of
variance explained by each factor. (a)
Analysis of the relationships among
plant diversity, soil physicochemical
properties index, soil enzyme activity,
soil oxidizable carbon fraction, and SI
in the steppe zone (SZ). (b) Analysis of
the relationships among plant diversity,
soil physicochemical properties index,
soil enzyme activity, soil oxidizable
carbon fraction, and SI in the forest-
steppe zone (FSZ). (c) Analysis of the
relationships among plant diversity, soil
physicochemical properties index, soil
enzyme activity, soil oxidizable carbon
fraction, and SI in the forest zone (FZ).
Notes: R, Margalef richness; H′,
Shannon-Weiner diversity; E, Pielou
evenness; SA, soil saccharase activity;
POA, soil polyphenol oxidase activity;
UA, soil urease activity; PA, soil phos-
phatase activity; CA, soil catalase ac-
tivity; SOC, soil organic carbon; C1,
very labile soil oxidizable carbon frac-
tion; C2, labile soil oxidizable carbon
fraction; C3, less labile soil oxidizable
carbon fraction; C4, non-labile soil oxi-
dizable carbon fraction; TN, soil total
nitrogen; TP, soil total phosphorus; AN,
soil available nitrogen; AP, soil avail-
able phosphorus; AK, soil available po-
tassium.
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secreted. In SZ, however, soil enzyme activity was only slightly affected
by plant diversity. In addition, we found that soil enzyme activity in FZ
first decreased and then increased (saccharase activity), or decreased
(urease activity, catalase activity), which contradicted our second hy-
pothesis. RDA (Fig. 9) showed that the mean annual precipitation
(MAT), mean annual temperature (MAP), SOC, total nitrogen (TN),
available nitrogen (AN), available potassium (AK), H′, E, and vegetation
coverage were the main factors influencing the changes in enzyme
activity, except saccharase activity. FZ had relatively higher MAT, MAP
(Fig. 1), SOC, TN, AN, and AK (Fig. 4, S1), with soil enzyme activity
being positively correlated with soil nutrient content but negatively
correlated with plant diversity (Fig. 8c). Thus, FZ had environmental
conditions that were conducive to microbial survival and metabolic
activity. Rainfall also affected the restoration of primary productivity
and soil organic matter at the ecosystem level, which, in turn, influ-
enced substrate availability and microbial nutrient metabolism (Ru
et al., 2017). The sloped croplands in FZ had relatively higher soil en-
zyme levels and activity than SZ and FSZ. A previous study showed that
soil microbial activity increased with MAP (Cui et al., 2019). In the
present study, plant diversity did not significantly increase in FZ over
9 years. Consequently, enzyme activity in this region increased non-
significantly or decreased. Saccharase activity and urease activity are
key enzymes for carbon and nitrogen mineralization in the soil, re-
spectively (Li et al., 2003), and are often strongly affected by the supply
of substrates (Yin et al., 2019). This observation was confirmed in the
current study through the initial decline and subsequent increase in
SOC and TN content (Fig. S1). The results showed that MAT, MAP, soil
nutrients, and plant diversity were the main factors affecting soil en-
zyme activity after cropland abandonment, and soil enzyme activity in
FZ, which had relatively higher MAT and MAP, showed no significant
changes.

4.2. Effect of recovery time and vegetation zone on SOC stability

SOC, very labile (C1), labile (C2) and less labile (C3) of soil oxi-
dizable carbon fractions increased linearly in SZ and FSZ, whereas SOC
stability decreased linearly after cropland abandonment. Plant litter
and root exudates are the main sources of soil carbon (Fontaine et al.,
2007). In general, plant biomass, plant coverage, root system devel-
opment, and number of root systems increase with recovery time
(Chang et al., 2017; Han et al., 2012; Xu et al., 2020b). Litter and root
exudates are returned to the soil by microorganisms; thus, the soil

capacity for carbon also increases with time (Pausch and Kuzyakov,
2018). In parallel, soil erosion and nutrient loss decline over time (Liu
et al., 2018). Thus, soil microbial activity increases during the period of
recovery, with soil carbon storage and conversion being enhanced
(Leon et al., 2016). RDA showed that soil nutrient levels were the
dominant factors driving changes in soil oxidizable carbon fractions and
SOC stability in the current study. In particular, the soil nutrient con-
tent (except for available nutrients) increased with time since cropland
abandonment (Fig. S1). Therefore, nutrient levels caused soil oxidizable
carbon fractions to increase and SOC stability to decrease. In addition,
the rates of increase in the fractions were higher for C1 (0.014 and
0.011) and C2 (0.010 and 0.008) than for C3 (0.007 and 0.006) in SZ
and FSZ. This difference explained the decline in SOC stability over
time, supporting our first hypothesis. Our study showed that cropland
abandonment enhanced the SOC and active carbon fractions; however,
SOC under these conditions was unstable.

For FZ, SOC, C1, C2, and C3 decreased at the onset of recovery. This
phenomenon might be attributed to the relatively low plant growth
during the early stages of recovery (Liu et al., 2013). Consequently,
very low plant productivity was returned to the soil. Plant growth de-
pends on an increase in the metabolic rate and the consumption of large
quantities of soil organic matter (Groenendijk et al., 2002). However, in
our study, SOC, C1, and C3 were lower at the later stage of recovery
(30 years) than at 0 years. SOC, C1, and C3 are affected by soil nu-
trients, temperature, and humidity (Ziegler et al., 2013). Relatively
high rainfall and temperature influence plant growth and microbial
activity by affecting the physical structure and nutrient levels of soil
(Smith, 2008). Thus, FZ might have supported comparatively high plant
productivity, soil organic matter decomposition rates, root exudate le-
vels, and soil microbial activity at 0 years. Plant biomass and root
exudates are returned to the soil as carbon sources via microbial action
(Pausch and Kuzyakov, 2018). During the latter stages of recovery from
cropland abandonment, plants are restored, but to a level below that in
the sloped cropland. In parallel, the soil nutrient content is lower than
that of the sloped cropland (Fig. S1). In particular, SOC, C1, C2, and C3
showed no significant change after 0 years. In addition, SOC stability
did not significantly change over time. This observation contradicted
our second hypothesis. The soil nutrient content after cropland aban-
donment was either lower than, or not significantly different to, that of
sloped cropland (Fig. S1). Initially, C1, C2, and C3 decreased and then
increased with the number of years of recovery, thus offsetting the in-
fluence of the active carbon fractions on SOC stability. Therefore, SOC

Fig. 9. Relationships among plant di-
versity, soil physicochemical properties
index, mean annual precipitation
(MAP), mean annual temperature
(MAT), soil enzyme activity, soil oxi-
dizable carbon fraction, and soil or-
ganic carbon index (SI) according to
redundancy analysis (RDA) and % var-
iance explained by each factor. Notes:
R, Margalef richness; H′, Shannon-
Weiner diversity; E, Pielou evenness;
SA, soil saccharase activity; POA, soil
polyphenol oxidase activity; UA, soil
urease activity; PA, soil phosphatase
activity; CA, soil catalase activity; SOC,
soil organic carbon; C1, very labile soil
oxidizable carbon fraction; C2, labile
soil oxidizable carbon fraction; C3, less
labile soil oxidizable carbon fraction;
C4, non-labile soil oxidizable carbon
fraction; TN, soil total nitrogen; TP, soil
total phosphorus; AN, soil available ni-
trogen; AP, soil available phosphorus;
AK, soil available potassium.
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stability did not change significantly.

4.3. Association between soil enzyme activity and SOC stability

The activity of soil enzyme is closely related to C1 and C3 trans-
formation and changes in SOC stability, possibly because of the mutual
promotion and synergy among soil enzyme activity, soil oxidizable
carbon fraction content, and soil microbial biomass (Cui et al., 2019).
Soils with high nutrient levels generally have comparatively higher
microbial content and soil enzyme activity, with increased soil enzyme
activity accelerating soil carbon decomposition and transformation
(Xaio et al., 2020). For FZ, the effects of soil enzyme activity (except for
saccharase activity) on C1, C2, C3, and SOC stability index (SI) were not
significant (Table 2). Therefore, we believe that changes in soil enzyme
activity had no effect on soil oxidizable carbon fractions or SOC stabi-
lity. However, there were significant correlations among catalase ac-
tivity, polyphenol oxidase activity, saccharase activity, and non-labile
(C4) of soil oxidizable carbon fraction. Soil enzyme activity, soil oxi-
dizable carbon fractions, and changes in SOC stability are associated
with soil chemical properties, plant diversity, soil microbial type and
quantity, parent material, temperature, moisture, aggregates, and fauna
(Sardans and Peñuelas, 2005). These interactions are extremely com-
plex. Future research should focus on elucidating the reasons for the
changes in soil enzyme activity and SOC stability in the various vege-
tation zones. The mechanisms by which soil enzyme activity alters SOC
stability must also be investigated.

Overall, this study provided new insights into the manner in which
vegetation restoration affects soil enzyme activity and SOC stability in
different vegetation zones (SZ, FSZ, and FZ), facilitating the assessment
of changes in soil enzymes after vegetation restoration in the arid and
semi-arid regions of the Loess Plateau (China) and global climate
change assessment. In parallel, we provided direct evidence of the
factors that drive the changes in soil enzyme activity and SOC stability
in the three vegetation zones. However, the results of the current study
contradict the findings of Tang et al. (2010) and Jiang et al. (2018).
These previous studies showed that SOC stability enhanced the overall
ecological restoration. In our study, SOC stability was enhanced in SZ
and FSZ after cropland abandonment, but not in FZ. Soucémarianadin
et al. (2018) showed that SOC stability is also affected by soil type and
climate. Tang et al. (2010) studied soils in a tropical temperate climate,
whereas Jiang et al. (2018) studied red soil in a subtropical climate. In
comparison, in our study, we studied loess soils in arid and semi-arid
regions. Thus, it was not possible to determine whether these differ-
ences were driven by soil type or climate. In addition, SOC stability is

influenced by plant lignin and the soil microbial community (Ma et al.,
2019), the chemistry of the tissues of different plant and tree species
(Angst et al., 2019), plant biomass, and soil depth (Xu et al., 2020a).
Thus, future research should focus on evaluating SOC stability under
different soil types and climatic conditions. Moreover, additional fac-
tors, such as soil microbial community, plant biomass, plant species,
and plant functional characteristics, influencing the changes in SOC
stability should be evaluated after cropland abandonment.

5. Conclusion

Mean annual precipitation and temperature were the main factors
affecting soil enzyme activity, soil oxidizable carbon fractions, and SOC
stability. They caused different changes in these parameters over time
in different vegetation zones after cropland abandonment. The results
showed that active carbon fractions (very labile [C1] and labile [C2]) of
soil oxidizable carbon fractions exhibited relatively higher rates of in-
crease than passive carbon fractions (less labile [C3] and non-labile
[C4]) of soil oxidizable carbon fraction, resulting in a decrease in SOC
stability with the number of years of recovery in steppe zone (SZ) and
forest-steppe zone (FSZ). In contrast, the SOC stability of forest zone
(FZ) did not significantly change. Contrary to our hypothesis, the
changes in soil enzyme activity with time did not positively correlate
with rainfall gradients. Briefly, the soil enzyme activity increased lin-
early with time in SZ and FSZ. In FZ, polyphenol oxidase activity in-
creased linearly, urease and catalase activities decreased linearly, and
the change in saccharase activity was represented by a cubic equation
regression with time. The rates of change in saccharase, phosphatase,
and polyphenol oxidase activities were overall higher in FSZ than in SZ
and FZ. Plant diversity and soil nutrient levels were the main factors
affecting soil enzyme activity and SOC stability in FSZ and FZ, with
catalase, phosphatase, and urease activities being negatively correlated
with SOC stability. Soil enzyme activity and SOC stability in SZ were
weakly correlated with plant diversity. The findings of this study are
expected to help guide the evaluation of soil enzyme activity and the
management of SOC and global climate change in various vegetation
zones after cropland abandonment on the Loess Plateau of China.
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Table 2
Pearson correlations among soil enzyme activity, soil oxidizable carbon fraction, and soil organic carbon index (SI) for the vegetation zones.

Vegetation zones Soil enzyme activity C1 C2 C3 C4 SI

Catalase activity 0.469* 0.416* 0.508** −0.042 −0.375*
Polyphenol oxidase activity −0.239 −0.110 −0.216 −0.275 0.010

SZ Phosphatase activity 0.716** 0.323 0.663** −0.288 −0.434*
Urease activity 0.726** 0.159 0.622** −0.276 −0.499**

Saccharase activity 0.159 0.193 0.347 −0.029 −0.132
Catalase activity 0.679** 0.222 0.520** −0.274 −0.528**

Polyphenol oxidase activity 0.535** 0.036 0.422* −0.148 −0.155
FSZ Phosphatase activity 0.530** 0.257 0.447* −0.056 −0.291

Urease activity 0.778** 0.284 0.612** 0.027 −0.328
Saccharase activity 0.537** 0.424* 0.382* −0.037 −0.448*
Catalase activity 0.494 0.019 0.466 −0.691* −0.184
Polyphenol oxidase activity −0.396 −0.047 −0.544 0.821** 0.019

FZ Phosphatase activity −0.037 −0.166 0.079 −0.140 0.236
Urease activity −0.184 −0.462 −0.182 −0.001 0.312
Saccharase activity 0.785** 0.422 0.820** −0.769** −0.358

Notes: SZ, steppe zone; FSZ, forest-steppe zone; SZ, forest zone; C1, very labile soil oxidizable carbon fraction; C2, labile soil oxidizable carbon fraction; C3, less labile
soil oxidizable carbon fraction; C4, nonlabile soil oxidizable carbon fraction.

⁎ Indicates a significant difference at the level of 0.05.
⁎⁎ Indicates a significant difference at the level of 0.01.

H. Xu, et al. Catena 196 (2021) 104812

11



Acknowledgements

This work was supported by the National Key Research and
Development Program of China (2016YFC0501707) and Natural
Science Foundation of China (41771557). We thank the reviewers for
providing valuable comments to improve the manuscript, and Editage
(www.editage.cn) for English language editing.

Declaration of Competing Interest

All the authors declare no conflicts of interest.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.catena.2020.104812.

References

An, S., Huang, Y., Zheng, F., 2009. Evaluation of soil microbial indices along a re-
vegetation chronosequence in grassland soils on the Loess Plateau. Northwest China.
Appl. Soil Ecol. 41 (3), 286–292.

Angst, G., Mueller, K., Eissenstat, D., Trumbore, S., Freeman, K., Hobbie, S., Chorover, J.,
Oleksyn, J., Reich, P., Mueller, C., 2019. Soil organic carbon stability in forests:
Distinct effects of tree species identity and traits. Glob. Change Biol. 25 (4),
1529–1546.

Bandick, A., Dick, R., 1999. Field management effects on soil enzyme activities. Soil Biol.
Biochem. 31 (11), 1471–1479.

Bastida, F., Moreno, J., Hernández, T., García, C., 2006. Microbiological activity in a soil
15 years after its devegetation. Soil Biol. Biochem. 38 (8), 2503–2507.

Beijing, 1995. Plant community diversity in Ongling mountain, Beijing, China: Ⅱ. Species
richness, evenness and species diversities. Acta Ecol. Sinica.

Blair, G., Lefroy, R., Lisle, L., 1995. Soil carbon fractions based on their degree of oxi-
dation, and the development of a carbon management index for agricultural systems.
Aust. J. Agric. Res. 46 (7), 393–406.

Bowles, T., Acosta-Martínez, V., Calderón, F., Jackson, L., 2014. Soil enzyme activities,
microbial communities, and carbon and nitrogen availability in organic agroecosys-
tems across an intensively-managed agricultural landscape. Soil Biol. Biochem. 68,
252–262.

Bremner, J., 1982. Nitrogen - total. Methods of soil analysis chemical methods part 72,
532–535.

Chan, K., Bowman, A., Oates, A., 2001. Oxidizible organic carbon and soil quality changes
in an oxic paleustalf under different pasture leys. Soil Sci. 166 (1), 61–67.

Chang, J., Zhu, J., Xu, L., Su, H., Gao, Y., Cai, X., Peng, T., Wen, X., Zhang, J., He, N.,
2018. Rational land-use types in the karst regions of China: Insights from soil organic
matter composition and stability. Catena. 160, 345–353.

Chang, X., Chai, Q., Wu, G., Zhu, Y., Li, Z., Yang, Y., Wang, G., 2017. Soil organic carbon
accumulation in abandoned croplands on the Loess Plateau. Land Degrad. Dev. 28
(5), 1519–1527.

Collins, S., Sinsabaugh, R., Crenshaw, C., Green, L., Porras-Alfaro, A., Stursova, M.,
Zeglin, L., 2008. Pulse dynamics and microbial processes in aridland ecosystems. J.
Ecol. 96 (3), 413–420.

Cui, Y., Fang, L., Deng, L., Guo, X., Han, F., Ju, W.L., Wang, X., Chen, H., Tan, W., Zhang,
X., 2019. Patterns of soil microbial nutrient limitations and their roles in the variation
of soil organic carbon across a precipitation gradient in an arid and semi-arid region.
Sci. Total Environ. 658, 1440–1451.

Denef, K., Six, J., Bossuyt, H., Frey, S., Elliott, E., Merckx, R., Paustian, K., 2001. Influence
of dry-wet cycles on the interrelationship between aggregate, particulate organic
matter, and microbial community dynamics. Soil Biol. Biochem. 33 (12), 1599–1611.

de Vries, F., Manning, P., Tallowin, J., Mortimer, S., Pilgrim, E., Harrison, K., Hobbs, P.,
Quirk, H., Shipley, B., Cornelissen, J., Kattge, J., Bardgett, R., 2012. Abiotic drivers
and plant traits explain landscape-scale patterns in soil microbial communities. Ecol.
Lett. 15 (11), 1230–1239.

Fontaine, S., Barot, S., Barré, P., Bdioui, N., Mary, B., Rumpel, C., 2007. Stability of or-
ganic carbon in deep soil layers controlled by fresh carbon supply. Nature 450
(7167), 277–280.

Good, M., Schultz, N., Tighe, M., Reid, N., Briggs, S., 2013. Herbaceous vegetation re-
sponse to grazing exclusion in patches and inter-patches in semi-arid pasture and
woody encroachment. Agric. Ecosyst. Environ. 179 (4), 125–132.

Groenendijk, F., Condron, L., Rijkse, W., 2002. Effects of afforestation on organic carbon,
nitrogen and sulfur concentrations in New Zealand hill country soils. Geoderma 108
(1–2), 91–100.

Guan, S., 1986. Soil Enzyme. Agriculture Press, Beijing.
Han, X., Tong, X., Yang, G., Xue, Y., Zhao, F., 2012. Difference analysis of soil organic

carbon pool in returning farmland to forest in loess hilly area. Trans. Chin. Soc. Agric.
Eng. 28 (12), 223–229.

Jastrow, J., Amonette, J., Bailey, V., 2007. Mechanisms controlling soil carbon turnover
and their potential application for enhancing carbon sequestration. Clim. Change. 80
(1–2), 5–23.

Jiang, M., M. L., Lin, W., Xie, J., Yang, Y., 2018. Effects of ecological restoration on soil

organic carbon components and stability in a red soil erosion area. Acta Ecol. Sinica,
38(13), 4861–4868.

Jones, D.L., Nguyen, C., Finlay, R., 2009. Carbon flow in the rhizosphere: carbon trading
at the soil–root interface. Plant Soil. 321 (1/2), 5–33.

Kiem, R., Kögel-Knabner, I., 2003. Contribution of lignin and polysaccharides to the re-
fractory carbon pool in C-depleted arable soils. Soil Biol. Biochem. 35, 101–118.

Knudsen, D., Peterson, G., Pratt, P., 1982. Lithium, Sodium, and Potassium. Methods of
Soil Analysis Part 2 Chemical and Microbiological Properties. American Society of
Agronomy, Madison (WI).

Korb, J., Johnson, N., Covington, W., 2010. Slash pile burning effects on soil biotic and
chemical properties and plant establishment: Recommendations for amelioration.
Restor. Ecol. 12 (1), 52–62.

Lal, R., 2003. Soil erosion and the global carbon budget. Environ. Int. 29 (4), 437–450.
Lal, R., 2004. Soil carbon sequestration impacts on global climate change and food se-

curity. Science 304 (5677), 1623–1627.
Lauber, C., Strickland, M., Bradford, M., Fierer, N., 2008. The influence of soil properties

on the structure of bacterial and fungal communities across land-use types. Soil Biol.
Biochem. 40 (9), 2407–2415.

Leon, D., Moora, M., Öpik, M., Neuenkamp, L., Gerz, M., Jairus, T., Vasar, M., Bueno, C.,
Davison, J., Zobel, M., 2016. Symbiont dynamics during ecosystem succession:
cooccurring plant and arbuscular mycorrhizal fungal communities. Fems. Microbiol.
Ecol. 92 (7), fiw097.

Li, D., Wu, Z., Chen, L.J., Yang, J., Zhu, P., Ren, J., Peng, C., Gao, H., 2003. Dynamics of
urease activity in a long-term fertilized black soil and its affecting factors. Chin. J.
Appl. Eco. 14 (12), 2208–2212.

Li, J., Pu, L., Han, M., Zhu, M., Zhang, R., Xiang, Y., 2014. Soil salinization research in
China: Advances and prospects. J. Geogr. Sci. 24 (5), 943–960.

Liu, C., Li, Z., Chang, X., He, J., Nie, X., Liu, L., Xiao, H., Wang, D., Peng, H., Zeng, G.,
2018. Soil carbon and nitrogen sources and redistribution as affected by erosion and
deposition processes: A case study in a loess hilly-gully catchmentm China. Agric.
Ecosyst. Environ. 253, 11–22.

Liu, Y., Su, Y., Zhang, L., Wang, J., Xu, X., 2013. Study on dynamic change of organic
carbon in young Robinia pseudoacacia plantation in Loess Plateau. J. Nanjing
Forestry Univ. 37.

Ma, Y., Mccormick, M., Szlavecz, K., Filley, T., 2019. Controls on soil organic carbon
stability and temperature sensitivity with increased aboveground litter input in de-
ciduous forests of different forest ages. Soil Biol. Biochem. 134, 90–99.

Maia, S., Xavier, F., Oliveira, T., Mendonça, E., Filho, J., 2007. Organic carbon pools in a
Luvisol under agroforestry and conventional farming systems in the semi-arid region
of Ceará. Brazil. Agrofor. Syst. 71 (2), 127–138.

Nelson, D., Sommers, L., 1982. Total carbon, organic carbon and organic matter. In:
Methods of Soil Analysis Part 2. Chemical and Microbial Properties.

Olsen, S., Sommers, L., 1982. Phosphorus. Methods of Soil Analysis. Part 2. Chemical and
Microbiological Properties, 2nd ed. American Society of Agronomy, Madison (WI).

Pausch, J., Kuzyakov, Y., 2018. Carbon input by roots into the soil: Quantification of
rhizodeposition from root to ecosystem scale. Glob. Change Biol. 24 (1), 1–12.

Phillips, R., Finzi, A., Bernhardt, E., 2011. Enhanced root exudation induces microbial
feedbacks to N cycling in a pine forest under long-term CO2 fumigation. Ecol. Lett. 14
(2), 187–194.

Ren, C., Zhang, W., Zhong, Z., Han, X., Yang, G., Feng, Y., Ren, G., 2018. Differential
responses of soil microbial biomass, diversity, and compositions to altitudinal gra-
dients depend on plant and soil characteristics. Sci. Total Environ. 610–611,
750–758.

Ren, C., Zhao, F., Shi, Z., Chen, J., Han, X., Yang, G., Feng, Y., Ren, G., 2017. Differential
responses of soil microbial biomass and carbon-degrading enzyme activities to al-
tered precipitation. Soil Biol. Biochem. 115, 1–10.

Roldan, A., Salinas-Garcia, J., Alguacil, M., Caravaca, F., 2005. Changes in soil enzyme
activity, fertility, aggregation and C sequestration mediated by conservation tillage
practices and water regime in a maize field. Appl. Soil Ecol. 30 (1), 11–20.

Ru, J., Zhou, Y., Hui, D., Zheng, M., Wan, S., 2017. Shifts of growing-season precipitation
peaks decrease soil respiration in a semiarid grassland. Glob. Change Biol. 24 (3),
1001–1011.

Rutigliano, F., Castaldi, S., Ascoli, R., Papa, S., Carfora, A., Marzaioli, R., Fioretto, A.,
2009. Soil activities related to nitrogen cycle under three plant cover types in
Mediterranean environment. Appl. Soil Ecol. 43 (1), 40–46.

Sardans, J., Peñuelas, J., 2005. Drought decreases soil enzyme activity in a Mediterranean
Quercus ilex L. forest. Soil Biol. Biochem. 37 (3), 455–461.

Schade, J., Kyle, M., Hobbie, S., Fagan, W., Elser, J., 2003. Stoichiometric tracking of soil
nutrients by a desert insect herbivore. Ecol. Lett. 6 (2), 96–101.

Smith, P., 2008. Land use change and soil organic carbon dynamics. Nutr. Cycl.
Agroecosyst. 81 (2), 169–178.

Soucémarianadin, L., Cécillon, L., Guenet, B., Chenu, C., Baudin, F., Nicolas, M., 2018.
Environmental factors controlling soil organic carbon stability in french forest soils.
Plant Soil 426, 267–286.

Subbiah, B.V., Asija, G.L.A., 1956. Rapid procedure for estimation of available nitrogen in
soils. Curr. Sci. 25.

Tang, G., Xu, W., Sheng, J., Liang, Z., Zhou, B., Zhu, Min, 2010. The variation of soil
organic carbon and soil particle-size in Xinjiang oasis farmland of different years.
Acta Pedol. Sin. 47 (2), 279–285.

Wertebach, T., Hölzel, N., Kämpf, I., Yurtaev, A., Tupitsin, S., Kiehl, K., Kamp, J.,
Kleinebecker, T., 2017. Soil carbon sequestration due to post-soviet cropland aban-
donment: estimates from a large-scale soil organic carbon field inventory. Glob.
Change Biol. 23 (9), 3729–3741.

Xiao, L., Liu, G., Li, P., Li, Qiang, Xue, Sha, 2020. Ecoenzymatic stoichiometry and mi-
crobial nutrient limitation during secondary succession of natural grassland on the
Loess Plateau, China. Soil Tillage Res. 200, 104605.

H. Xu, et al. Catena 196 (2021) 104812

12

http://www.editage.cn
https://doi.org/10.1016/j.catena.2020.104812
https://doi.org/10.1016/j.catena.2020.104812
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0005
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0005
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0005
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0010
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0010
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0010
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0010
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0015
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0015
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0020
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0020
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0030
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0030
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0030
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0035
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0035
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0035
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0035
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0045
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0045
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0050
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0050
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0050
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0055
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0055
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0055
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0060
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0060
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0060
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0065
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0065
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0065
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0065
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0070
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0070
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0070
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0075
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0075
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0075
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0075
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0080
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0080
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0080
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0085
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0085
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0085
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0090
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0090
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0090
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0095
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0100
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0100
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0100
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0105
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0105
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0105
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0115
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0115
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0120
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0120
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0130
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0130
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0130
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0135
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0140
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0140
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0145
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0145
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0145
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0150
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0150
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0150
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0150
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0155
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0155
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0155
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0160
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0160
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0165
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0165
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0165
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0165
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0170
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0170
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0170
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0175
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0175
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0175
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0180
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0180
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0180
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0190
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0190
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0195
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0195
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0200
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0200
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0200
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0205
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0205
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0205
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0205
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0210
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0210
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0210
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0215
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0215
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0215
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0220
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0220
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0220
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0225
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0225
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0225
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0230
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0230
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0235
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0235
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0240
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0240
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0245
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0245
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0245
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0250
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0250
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0255
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0255
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0255
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0260
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0260
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0260
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0260
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0265
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0265
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0265


Xiao, L., Xue, S., Liu, G., Zhang, C., 2014. Fractal features of soil profiles under different
land use patterns on the Loess Plateau, China. J. Arid Land 6, 550–560.

Xu, H., Wang, X., Qu, Q., Zhai, J., Song, Y., Qiao, L., Liu, G., Xue, S., 2020a. Cropland
abandonment altered grassland ecosystem carbon storage and allocation and soil
carbon stability in the Loess Hilly Region, China. Land Degrad. Dev. 31, 1001–1013.

Xu, H., Qu, Q., Lu, B., Li, P., Xue, S., Liu, G., 2020b. Response of soil specific enzyme
activity to vegetation restoration in the Loess hilly region of China. Catena. 191,
104564.

Xu, H., Qu, Q., Li, P., Guo, Z., Wulan, E., Xue, S., 2019. Stocks and stoichiometry of soil
organic carbon, total nitrogen, and total phosphorus after vegetation restoration in

the Loess Hilly Region, China. Forests 10 (1), 27.
Xue, S., Yang, X., Liu, G., Gai, L., Zhang, C., Ritsema, C., Geissen, V., 2017. Effects of

elevated CO2 and drought on the microbial biomass and enzymatic activities in the
rhizospheres of two grass species in Chinese loess soil. Geoderma 286, 25–34.

Yin, R., Deng, H., Wang, H., Zhang, B., 2019. Vegetation type affects soil enzyme activ-
ities and microbial functional diversity following re-vegetation of a severely eroded
red soil in sub-tropical China. Catena. 115, 96–103.

Ziegler, S., Billings, S., Lane, C., Li, J., Fogel, M., 2013. Warming alters routing of labile
and slower-turnover carbon through distinct microbial groups in boreal forest organic
soils. Soil Biol. Biochem. 60 (60), 23–32.

H. Xu, et al. Catena 196 (2021) 104812

13

http://refhub.elsevier.com/S0341-8162(20)30362-3/h0270
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0270
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0275
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0275
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0275
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0280
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0280
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0280
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0285
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0285
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0285
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0290
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0290
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0290
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0295
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0295
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0295
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0300
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0300
http://refhub.elsevier.com/S0341-8162(20)30362-3/h0300

	Responses of soil enzyme activity and soil organic carbon stability over time after cropland abandonment in different vegetation zones of the Loess Plateau of China
	Introduction
	Materials and methods
	Study area
	Selection of study site
	Investigation of plants and soil sampling
	Laboratory analyses
	Calculation of relationships among parameters
	Statistical analysis

	Results
	Changes in the Margalef richness (R), Shannon-Weiner diversity (H′), and Pielou evenness (E) indices of the vegetation zones after cropland abandonment
	Soil enzyme activity dynamics in the vegetation zones after cropland abandonment
	Changes in soil organic carbon (SOC) in the vegetation zones after cropland abandonment
	Dynamics in the soil oxidizable carbon fraction of the vegetation zones after cropland abandonment
	Changes in carbon management index (CMI) in the vegetation zones after cropland abandonment
	Changes in SOC stability index (SI) in the vegetation zones after cropland abandonment
	Influence of soil factors, R, E, and H′ on soil enzyme activity and SOC stability

	Discussion
	Effect of time of recovery and vegetation zone on soil enzyme activity
	Effect of recovery time and vegetation zone on SOC stability
	Association between soil enzyme activity and SOC stability

	Conclusion
	Declaration of Competing Interest
	Acknowledgements
	mk:H1_25
	Declaration of Competing Interest
	mk:H1_27
	Supplementary material
	References




