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abandoned cropland improves
soil ecosystem multifunctionality
through alleviating nitrogen-
limitation in the China Danxia
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Jing Chen1,2 and Kexue Liu1,2*

1School of Resources and Planning, Guangzhou Xinhua University, Guangzhou, China, 2Ecological
Restoration Research Center, China Institute of south China Urban-Rural Economic and Social
Development, Guangzhou, China, 3College of Natural Resources and Environment, South China
Agricultural University, Guangzhou, China
The microbial requirement for nutrient resources can be estimated by soil

extracellular enzyme stoichiometry (EES) and their stoichiometries.

Implementing the Grain for Green Program has significantly impacted land use

and soil nutrient management in the China Danxia. However, drivers of soil

microbial nutrient limitation changes in abandoned cropland (AC) remained

unclear after vegetation restoration. Here, according to vector analysis, we

evaluated microbial nutrient limitation by studying soil EES across vegetation

restoration types (naturally restored secondary forests (NF) and artificially planted

forests (AF)) with AC as a control. Results showed both NF and AF soils averaged

higher C- and P- acquiring enzyme, indicating rapid C and P turnover rates after

vegetation restoration. However, vegetation restoration resulted in higher C

requirement for microorganisms with higher enzyme C:N and vector length. In

addition, microorganisms shifted from N- (< 45°) to P-limited (> 45°) conditions

with enzyme N:P less than 1 after vegetation restoration, and NF exacerbated

microbial P limitation compared to AF. Decreased N limitation following

vegetation restoration could be contributed to improving soil ecosystem

multifunctionality. The greater variation of EES was explained by the

interaction of pH, soil nutrient, and microbial biomass than by any one of

these factors alone, suggesting that both abiotic and biotic factors regulate

microbial nutrient limitation and microbial process. Overall, our results revealed

vegetation restoration could alleviate N limitation in the China Danxia, and thus

enhance soil ecosystem by regulating lower microbial N limitation, which

provide insight into nutrient management strategies under ecological

restoration of degraded areas.

KEYWORDS

soil enzyme activity, enzyme stoichiometry, microbial nutrient limitation, soil
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1 Introduction

Agricultural overexpansion has degraded ecosystem functions

and destroyed land productivity in some forested areas with poor

site conditions (Santos et al., 2021), resulting in large-scale farmland

abandonment. From 1992–2015, 83 million hectares of cropland

were abandoned globally, equivalent to 5 percent of today’s arable

land (Naess et al., 2021). China implemented the Grain for Green

Program in the 1990s, which has converted a large amount of

sloping and abandoned cropland to grasslands and forests (Wang

et al., 2021). The restoration process of abandoned cropland

changes the original vegetation type and pattern (Gu et al., 2021)

while improving the soil microbial community structure (Zhong

et al., 2020). Additionally, this process effectively improves the

regional site environment and influences the nutrient balance of

terrestrial ecosystems (Knelman et al., 2015). However, as both

above- and below-ground biotic communities growing, uneven

nutrient availability and plant-microbe competition for nutrients

lead to soil nutrient limitation, which negatively impacts soil quality

maintenance and ecosystem stability (Bruggen et al., 2019; Deng

et al., 2019). Therefore, insight into the status and influencing

factors of soil nutrient limitation in abandoned cropland is vital for

assessing soil nutrient availability and guiding soil nutrient

management during vegetation restoration in ecologically

degraded areas.

Soil extracellular enzyme activities (EEA) are direct mediators

of organic matter decomposition, controlling soil material cycling

and energy flow (Blonska et al., 2021). EEA are quick to react to

changes in environmental factor, especially in soil nutrients (Cui

et al., 2021). Insufficient soil nutrient availability often imposes

energy and nutrient constraints on microbial growth and

metabolism, which in turn affects the microbial expression of

EEA (Chen et al., 2019). The optimal allocation model in

ecological economics states that microorganisms can commit

more resources to acquire limiting nutrients (Treseder and

Vitousek, 2001; Sinsabaugh et al., 2008). Extracellular enzyme

stoichiometry (EES) is a measure of equilibrium of availability

and microbial requirements for nutrients (Sinsabaugh et al., 2008;

Sinsabaugh et al., 2009). Globally, the enzymatic C:N:P is highly

constrained, converging on nearly 1:1:1 after logarithmic

transformation (Sinsabaugh et al., 2008). However, as soil

microorganisms secrete EEA in order to obtain limiting nutrients

for growth and metabolism, EES will be altered inevitably

(Sinsabaugh et al., 2009; Cui et al., 2021). Yang et al. (2020)

reported that on the different stages of the restoration of loess

plateau grasslands, the regional EES was 1:1.08:1.28 and N and P co-

limited microorganisms. Guan et al. (2022) noted that while

vegetation restoration exacerbated N shortage in abandoned

cropland, it boosted activities of enzyme related C and N uptake

and decreased enzymatic C:N in karst environments. As shown

above, both EEA and EES are sensitive indicators of the extent to

which microorganisms are energy- and nutrient-limited and may

provide a new perspective for evaluating soil nutrient limitation in

abandoned cropland.

The China Danxia refers to a red terrestrial landscape of

sedimentary origin formed by endogenous (crustal uplift) and
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exogenous (weathering and water erosion) forces, covering an

area of about 822 km2 (UNESCO, 2010). The China Danxia is a

particularly ecologically fragile region in South China because of its

prolonged exposure to exogenous forces, which resulted in its soils

losing ions and nutrient elements and becoming acidic to strongly

acidic, with a loose physical structure, thin soil layers, and exposed

parent material (Peng et al., 2011; Yan and Kasanin-Grubin, 2019).

Consequently, the Grain for Green Program has been implemented

widely in South China due to land degradation in the China Danxia

(Yan and Kasanin-Grubin, 2019). Vegetation restoration has been

shown to be an effective practice in reverse the declining trend of

land productivity by improving a variety of ecosystem services and

functions (Yang et al., 2020; Resch et al., 2021). However, most

previous studies had focused only on soil nutrients, soil enzyme

activities, or soil microbial composition, with little information on

microbial metabolic limitations and comprehensive soil ecosystem.

In this study, a comparison of microbial metabolism characteristics

and soil multifunctionality under different vegetation restoration types

were explored using enzyme stoichiometry for naturally restored

secondary forests (NF) and artificially planted forests (AF) in the soil

degradation area of China Danxia. Abandoned cropland (AC) without

vegetation restoration was used as a control. Specifically, our study

aimed to: (1) compare NF and AF in soil EEA and soil ecosystem

multifunctional (EMF) to AC; (2) distinguish abandoned cropland

from vegetation restoration in terms of microbial nutrient limitation;

(3) analyse whether microbial nutrient limitation affect soil EMF; (4)

reveal how changes in environmental factors affect microbial resource

limitation. We hypothesized that soil microbial resources limitation

and soil multifunctionality may be significantly influenced following

vegetation restoration. Nitrogen as early limiting element in soils and

may be a significant factor in limiting increased soil multifunctionality.

We also hypothesized that the limitation of soil microbial resources

may be controlled by a combination of biotic and abiotic factors and

mainly influenced by soil nutrients and soil microbial biomass.
2 Materials and methods

2.1 Study area

The study region lies within the Danxia Mountain World

Geopark in Renhua County, Shaoguan City, Guangdong Province

(24°51′48″–25°04′12″N, 113°36′25″–113°47′53″E), which is in the

transition area of the mid-subtropical zone to the southern

subtropical zone with an average altitude of 220 m, a mean

annual temperature of 19.9 °C and a precipitation of 1,512.3 mm.

Its geology is characterised by the China Danxia composed of red

glutenite layers, with Alfisols (FAO-UNESCO, 1974) as the main

soil type. The extensive reclamation and farming of forest land in

the 1980s caused a sharp decrease in forests and the degradation of

ecosystems with widespread soil erosion. The Grain for Green

Program’s implementation and the World Geopark led to the

research area eventually becoming a site for ecological restoration.

Capsicum annuum L. and Zea mays L. were the primary crops

planted on the cropland prior to abandonment, and the

abandonment was believed to have lasted for 2–3 years, according
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to local government documents (Renhua County local Chronicles

compilation Committee, 2014). Two types of restored vegetation

were investigated in this study, namely the NF vegetation (> 30

years of age) dominated by Firmiana danxiaensis H. H. Hsue & H.

S. Kiu and Cinnamomum burmannii (Nees et T.Nees) Blume, and

the AF vegetation (> 30 years of age) dominated by Cunninghamia

lanceolata (Lamb.) Hook and Bombax ceiba L., in comparison with

AC. Areas with similar stand conditions, land use history, and soil

types were selected to comprise the study region to reduce the

influence of external conditions on experimental results.
2.2 Soil sample collection

In 2021, three 10 m × 10 m plots were randomly selected in a

representative sampling field of each of the three ecosystems. Five

sampling sites were set up along “X” shaped area in each plot, and

soil samples were collected from both 0–10 and 10–20 cm soil layers

using a soil auger. After removing plant residues and large gravels,

the soil samples collected in the same depth layer from the five

sampling sites of the same plot were mixed well. Fresh soil samples

were passed through 2-mm sieve to determine microbial biomass

and extracellular enzyme activities. The part of soil samples was

naturally air-dried and then passed through 2- and 0.15- mm sieves

for subsequent determination of soil pH and nutrient contents.
2.3 Sample analysis and measurement

Soil pH was determined using a pH potentiometer in deionized

water (soil–water ratio 1:2.5, w/v) (Lu, 2000); soil total carbon

(SOC), nitrogen (STN) and phosphorus (STP) were measured via

potassium dichromate oxidation–reduction method, the Kjeldahl

method, and perchloric acid–hydrofluoric acid digestion procedure

method, respectively (Lu, 2000); microbial biomass carbon (MBC)

and nitrogen (MBN) contents were detected using the chloroform

fumigation-potassium sulfate leaching method with a leaching

factor of 0.45 and 0.54, respectively (Lu, 2000); and microbial

biomass phosphorus (MBP) content was determined using the

chloroform fumigation-sodium bicarbonate leaching method with

a leaching factor of 0.40 (Gai et al., 2021).

The activity of six extracellular enzymes b-1,4-glucosidase (BG),

cellobiohydrolase (CBH), b-1,4-xylosidase (BX), b-1,4-
acetylaminoglucosidase (NAG), leucine aminopeptidase (LAP), and

alkaline phosphatase (AP) was determined by a 96-well fluorometric

plate reader (Spectra Max M5, Molecular Devices Co., LTD, Shanghai)

(Sinsabaugh et al., 2008; Yang et al., 2020). The measured EEA were

calculated as the number of moles of enzyme per gram of soil sample

per hour, and their corresponding substrates were found in Table S1.
2.4 Statistical analysis

EEA vector analysis was used to quantify soil microbial nutrient

limitation using the following formulas (Moorhead et al., 2016):
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X = (BG  +  CBH  +  BX)=½(BG  +  CBH  +  BX) +  AP�

Y = (BG  +  CBH  +  BX)=½(BG  +  CBH  +  BX) + (NAG  +  LAP)�

Vector length = SQRT(X2 + Y2)

Vector angle = DEGREES((ATAN2(X;  Y)))

where vector length indicates the extent to which

microorganisms are C-limitation, with a vector angle< 45° and >

45° indicating that soil microorganisms are N- and P-

limitation, respectively.

The soil microbial stoichiometric homeostasis (1/H) is

calculated using the following regression equation

Lny = c  +  1=H Lnx

where 1/H is the slope, y is the nutrient stoichiometry of soil

microbial biomass, x is the nutrient stoichiometry of soils, and c is a

constant. When 1/H is 0, the regression is insignificant, and

microorganisms are considered to have strong stoichiometric

homeostasis. The regression is significant in the case of 0< 1/H<

0.25, 0.25< 1/H< 0.5, 0.5< 1/H< 0.75, or 1/H > 0.75, when the

microorganisms are “homeostatic”, “weakly homeostatic”, “weakly

plastic”, or “plastic”, respectively (Persson et al., 2010; Xiao et al., 2021).

For soil EMF, 12 soil function indicators (C: SOC, MBC, BG,

CBH, BX, N: STN, MBN, NAG, LAP, P: STP, MBP, and AP) were

selected and subjected to Z-standardization (Delgado-Baquerizo

et al., 2016; Ma et al., 2022), with the mean value of the standardised

indicators representing soil EMF (Wagg et al., 2014).

Statistical analysis was performed using SPSS 24.0 (SPSS Inc.,

Chicago, IL, USA). All variables were analysed using one-way and

two-way ANOVA, and difference significance was tested using the

LSD method (p< 0.05). Values are mean ± standard deviation (SD).

The path whereby soil factors affect EMF was identified using

partial least squares path modelling (PLS-PM) in the R 4.2.1

plspm package. The relationship between soil nutrients, microbial

biomass, and EEA was evaluated using the Mantel test. The effects

of soil nutrients and microbial biomass on soil EES were evaluated

using variance partitioning analysis (VPA). Mantel test, and VPA

were performed using the Vegan package of R 4.2.1. Plots were

generated using Origin 2020b.
3 Results

3.1 Soil physicochemical properties

Vegetation restoration significantly changed soil physicochemical

properties (Table 1). The pH, STN, STP, N:P, MBN, MBP, and N:Pmic

of NF and AF soils were significantly higher than those of AC soils. In

particular, NF soils exhibited significantly higher pH, SOC, STN, C:P,

MBN, and MBP than the other two groups of soils. NF soils exhibited

significantly higher C:N and MBC than AF soils but did not differ

significantly fromAC soils. Both C:Nmic and C:Pmic were highest in AC

soils, with no significant differences between NF and AF soils.
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3.2 Changes in soil EEA and EES

Soil CEEA, NEEA, and PEEA were significantly affected by vegetation

restoration (Figures 1A–C). At the 0–10 cm soil depth, CEEA and PEEA
were significantly increased by 15.16% and 79.10%, respectively, in NF

soils compared to AC soils, while NEEA was significantly decreased in

NF and AF soils. At the 10–20 cm soil depth, NEEA and PEEA were
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significantly increased by 23.71% and 64.48%, respectively, in NF soils,

and PEEA was significantly increased by 51.53% in AF soils compared to

AC soils. In addition, soil depth also significantly affected soil CEEA,

NEEA, and PEEA (Table 2).

Compared to AC soils, vegetation restoration significantly

increased C:NEEA and significantly decreased C:PEEA and N:PEEA at

the 0–10 cm soil depth of NF and AF soils (Figures 1D–F). In contrast,
A B

D E F

C

FIGURE 1

Effect of vegetation restoration on soil EEA and EES in abandoned cropland. (A) CEEA; (B) NEEA; (C) PEEA; (D) CEEA : NEEA; (E) CEEA : PEEA; (F) NEEA :
PEEA. AC, abandoned cropland; NF, naturally restored secondary forest; AF, artificial planted forest; CEEA, the sum of b-1,4-glucosidase, b-
Dcellobiohydrolase and xylosidase; NEEA, the sum of b-N-acetylglucosaminidase and leucine aminopeptidase; PEEA, alkaline phosphatase. Different
lowercase letters indicated significant differences between vegetation restoration types (LSD, P< 0.05).
TABLE 1 Soil physicochemical properties for each vegetation restoration type.

Indicator Unit AC NF AF F

pH 5.23 ± 0.13c 6.21 ± 0.11a 5.96 ± 0.10b 142.79***

SOC g kg-1 10.82 ± 2.65b 17.14 ± 3.17a 11.60 ± 3.17b 275.95***

STN g kg-1 0.73 ± 0.10c 1.41 ± 0.42a 1.25 ± 0.18b 152.56***

STP g kg-1 0.43 ± 0.10b 0.63 ± 0.16a 0.60 ± 0.10a 324.02***

C:N 14.62 ± 2.17a 12.60 ± 2.03a 9.16 ± 1.29b 34.95***

C:P 25.27 ± 1.05b 27.61 ± 2.12a 18.94 ± 2.25c 106.39***

N:P 1.76 ± 0.26b 2.21 ± 0.18a 2.07 ± 0.12a 14.28***

MBC mg kg-1 119.77 ± 41.04a 120.04 ± 64.33a 97.11 ± 63.91b 15.42***

MBN mg kg-1 9.07 ± 2.27c 28.22 ± 13.55a 18.29 ± 9.68b 108.95***

MBP mg kg-1 16.44 ± 4.02c 28.75 ± 1.35a 19.58 ± 3.72b 161.48***

C:Nmic 13.44± 3.87a 4.10 ± 0.49b 4.95 ± 1.01b 262.77***

C:Pmic 7.36 ± 2.09a 4.13 ± 2.11b 4.75 ± 3.02b 81.97***

N:Pmic 0.55 ± 0.03b 0.97 ± 0.43a 0.90 ± 0.45a 40.67***
Values are mean ± SD. AC, abandoned cropland; NF, naturally restored secondary forest; AF, artificial planted forest; SOC, soil organic carbon; STN, soil total nitrogen; STP, soil total
phosphorus; C:N, ratio of SOC to STN; C:P, ratio of SOC to STP; N:P, ratio of STN to STP; MBC, microbial biomass carbon; MBN, microbial biomass nitrogen; MBP, microbial biomass
phosphorus; C:Nmic, ratio of MBC toMBN; C:Pmic, ratio of MBC toMBP; N:Pmic, ratio of MBN toMBP. Different lowercase letters indicated significant differences between vegetation restoration
types at P< 0.05. supplement ***P < 0.001.
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vegetation restoration significantly decreased C:NEEA, C:PEEA, and N:

PEEA at the 10–20 cm soil depth of NF and AF soils compared to AC

soils. In addition, soil depth significantly affected C:NEEA, while it had

no significant effect on C:PEEA and N:PEEA (Table 2).
3.3 Soil microbial metabolic limitation

Vector length at the 0–10 cm soil depth was not significantly affected

by vegetation restoration. The vector length changed significantly from

1.06 to 0.81 at the 10–20 cm soil depth, and decreased after vegetation

restoration, which indicated the microbial C-limitation weakened

gradually (Figure 2A). Compared with AC, both NF and AF exhibited

vector angles > 45°, which indicated a strong P-limitation was present in

soil microorganisms after vegetation restoration (Figure 2B). Vector

length and vector angle exhibited a significant negative correlation, and

microbial P-limitation was switched to microbial N-limitation with C

limitation increasing (Figure 2C). As shown by enzyme stoichiometry,

soil microorganisms were all C-limited. C and N co-limitation on AC

was shifted to C and P co-limitation through vegetation

restoration (Figure 2D).

For soil stoichiometric homeostasis, the linear fit between Ln(C:

N) and Ln(C:Nmic) was significant with 1/H of 1.18 (Figure 2E),

indicating that soil C:Nmic was sensitive to changes in soil C:N. By

comparison, the linear fit between Ln(C:P) and Ln(C:Pmic) was not

significant (Figure 2F), indicating that soil microbial C:Pmic was

strongly stable during vegetation restoration.
3.4 Soil ecosystem multifunctionality

Vegetation restoration significantly increased soil EMF, with

NF soils exhibiting the highest EMF compared to AC and AF soils

(Figure 3). PLS-PM revealed pH and microbial biomass had

significant effect on soil EMF (Figure 4A). The variation in soil

EMF was directly driven by pH, soil nutrient, microbial biomass

and EEA with path coefficient of -0.66, -0.04, 0.97, and -0.53,

respectively (Figure 4B). Moreover, soil nutrient and microbial
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biomass had higher effects on soil EMF with 1.23 and 1.10 of

total standardized effect. EMF was not significantly correlated with

vector length, indicating that EMF was not affected by soil C

limitation (P = 0.103; Figure 4C). EMF had a significant linear

correlation with vector angle under N limitation (P< 0.001) but did

not under P limitation (P = 0.762; Figure 4D), indicating that soil N

limitation primarily influenced EMF.
3.5 Relationship between soil properties,
microbial biomass, and EES

The Mantel test showed that EEA and EES significantly correlated

with most soil nutrients and microbial biomass (Figure 5A). EEA was

positively correlated with pH, total CNP contents, microbial biomass

CNP and their stoichiometries, but negatively correlated with N:P. EES

was positively correlated with pH, STN, C:N, N:P, MBC, MBN, and C:

Nmic, but significantly and negatively correlated with MBP.

The VPA revealed that pH, soil nutrients, and microbial

biomass jointly accounted for 86.66% of the variation of EEA and

EES (Figure 5B). In comparison, soil nutrients and microbial

biomass accounted for 2.13% and 2.87% of the total variation,

respectively. Additionally, the changes in EEA and EES were

explained (44.93%) greatly by their interaction.
4 Discussion

4.1 Effect of vegetation restoration on soil
EEA and EES

Vegetation restoration has commonly been shown to alter

vegetation, soil properties and soil enzyme activities (Deng et al.,

2019; Yang et al., 2020). During the process of vegetation restoration,

vegetation and soil components are slightly linked, coevolved

vegetation-soil interactions can significantly influence ecological

processes (Xiao et al., 2021). In this study, we found vegetation

restoration did not alter or significantly reduce soil C- and N-
TABLE 2 ANOVA results for soil EEA and EES as affected by vegetation restoration (VR), soil depth (SD), and their interactions (VR × SD).

Indicator Vegetation restoration (VR) Soil depth (SD) VR × SD

F P F P F P

CEEA 27.259 < 0.001 403.602 < 0.001 18.416 < 0.001

NEEA 9.466 0.003 235.667 < 0.001 24.707 < 0.001

PEEA 196.427 < 0.001 191.616 < 0.001 18.915 < 0.001

C:NEEA 0.722 0.506 20.056 < 0.001 49.389 < 0.001

C:PEEA 103.409 < 0.001 1.136 0.307 12.864 < 0.001

N:PEEA 79.321 < 0.001 8.036 0.015 14.893 < 0.001

Vector length 34.634 < 0.001 14.779 0.002 46.084 < 0.001

Vector angle 97.668 < 0.001 1.320 0.273 13.494 < 0.001
CEEA, the sum of BG, CBH, and BX; NEEA, the sum of NAG and LAP; PEEA, AP activity; C:NEEA, Ln(BG + CBH + BX):Ln(NAG + LAP); C:PEEA, Ln(BG + CBH + BX):Ln(AP); N: PEEA, Ln(NAG +
LAP):Ln(AP).
frontiersin.org

https://doi.org/10.3389/fpls.2023.1116179
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Wang et al. 10.3389/fpls.2023.1116179
related enzyme activities due to the presence of large amounts of

vegetation litters in NF and AF soils, whose decomposition resulted in

the return of large amounts of C and N nutrients to the soil. This

indicated that the vegetation restoration allowed to meet the N-uptake

needs of microorganisms by inputting sufficient C and N in the form of

litter. Contrary to C- and N- related enzyme, higher P-related enzyme

activity was detected in soils of vegetation restoration compared with

AC. The bioavailable P for plant and microbial uptake is mainly

derived from phosphate decomposition. As vegetation restoration

proceeds, the organic acids secreted by plant roots and extracellular

enzymes secreted by microorganisms promote soil P content and

availability (Xu et al., 2017; Zhu et al., 2021). However, a large

amount of soil P is absorbed by the plant, weakening microbial

uptake of soil P. Soil P content is not sufficient to simultaneously

meet the P uptake requirements of plants and microorganisms, leading

to competition between plants andmicroorganisms for P uptake. Thus,
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microorganisms use more energy to increase relative input to produce

P- related enzymes. The differences in C/N and P- related enzyme

changes after vegetation restoration, indicating microorganisms can

adapt their physiological and biochemical characteristics to

environmental changes by altering the EEA (Sinsabaugh et al., 2008;

Deng et al., 2019).
4.2 Effect of vegetation restoration on soil
microbial metabolic limitation

Vegetation restoration increases vegetation diversity and soil

nutrient uptake by plant communities, which may result in a deficit

in microbially available nutrients (Deng et al., 2019; Guo et al.,

2022). An excellent approach to gain deep insight into microbial

metabolic limitation is to quantify the relative investment in C, N,
A B

DC

E F

FIGURE 2

Effect of vegetation restoration on soil vector characteristics and microbial homeostasis in abandoned cropland. (A) vector length; (B) vector angle;
(C) the relationship of vector length and angle; (D) microbial resource limitation; (E) microbial community homeostasis related to N; (F) microbial
community homeostasis related to P. AC, abandoned cropland; NF, naturally restored secondary forest; AF, artificial planted forest; CEEA, the sum of
BG, CBH, and BX; NEEA, the sum of NAG and LAP; PEEA, AP activity; C:N, ratio of SOC to STN; C:P, ratio of SOC to STP; C:Nmic, ratio of MBC to MBN;
C:Pmic, ratio of MBC to MBP. Different lowercase letters indicated significant differences between vegetation restoration types (LSD, P< 0.05).
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and P acquisition, which can be calculated using the vector

characteristics of C-, N-, and P-related enzymes (Moorhead et al.,

2016; Gai et al., 2021). Our study showed vegetation restoration

caused a slight decrease in vector length but a significant increase in

vector angle (> 45°, Figure 2B). This indicated that the mineralised

decomposition of litter during vegetation restoration alleviated the
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energy requirement of microbial metabolic activities to some extent

but increased the P requirement. Although vegetation restoration

increased soil P content, plants were usually more efficient at

nutrient uptake than microorganisms (Lemanski et al., 2019), and

microorganisms were more likely to be P-limitation. The scatter

plot of NEEA : PEEA vs. CEEA : NEEA (Figure 2D) also indicated that

microorganisms in this region are chronically C-limited and shifted

fromN- to P- limitation after vegetation restoration. The increase in

plant biomass intensifies plant competition with microorganisms

for P uptake. Accordingly, microorganisms need to consume more

energy to synthesize P-related enzymes, resulting in C and P co-

limitation. Naturally restored secondary forests lead to the most P-

limitation of microorganisms owing to high plant abundance and

diversity (Cardinale et al., 2012).

Analysis revealed that soil nutrients (i.e. SOC, STN, and STP)

had a significant correlation with microbial biomass (i.e. MBC,

MBN, and MBP) (Figure 5A), suggesting a strong coupling between

soil nutrients and microbial biomass during vegetation restoration.

Soil microorganisms could adapt to changes in soil nutrients by

regulating nutrient use strategies through homeostasis (Gai et al.,

2021). Homeostasis theory argues that living organisms can

maintain the elemental composition within a narrow range rather

than undergoing drastic changes in response to changes in the

external environment (Sardans et al., 2012). Therefore, the degree of

adaptation of microorganisms in response to environmental

changes can be expressed by the strength of homeostasis (Yu

et al., 2010). During vegetation restoration, vegetation coverage

may affect the regulation of homeostasis (Cleveland and Liptzin,
FIGURE 3

Effect of vegetation restoration on soil ecosystem multifunctionality
in abandoned cropland. AC, abandoned cropland; NF, naturally
restored secondary forest; AF, artificial planted forest. Different
lowercase letters indicated significant differences between
vegetation restoration types (LSD, P< 0.05).
A B

DC

FIGURE 4

The correlation between soil factors, vector characteristics and soil EMF. (A) PLS-PM model; (B) effect size; (C) vector length; (D) vector angle. EMF,
ecosystem multifunctionality. The red and blue lines indicate positive and negative effects, respectively. **P < 0.01.
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2007; Zhou et al., 2018a). Our research revealed C:Pmic was strongly

homeostatic, indicating microorganisms can regulate their

metabolic activity in response to vegetation restoration, and the

series of physiological adjustments can be reflected in the secretion

of C- and P- related enzymes. According to the resource allocation

model, prompted microorganisms to use more energy for P-

acquiring enzyme synthesis (Soares and Rousk, 2019). This result

led to a strong positive relationship between C and P uptake.

Microorganisms can stabilise internal C and P by regulating their

nutrient balance. C:Nmic was also homeostatic but not as strongly as

C:Pmic, because microorganisms do not strictly regulate their

internal N content, and thus microbial N is more susceptible to

changes in soil environment, suggesting that strengthening soil N

management in the soil degradation area of China Danxia may be

more beneficial to ecosystem restoration.
4.3 Effect of vegetation restoration on soil
ecosystem multifunctionality

The improvement of soil EMF was aided by vegetation

regeneration (Figure 3). Indicating that higher soil nutrient

content and availability encouraged soil microbial proliferation,

accelerated the geochemical cycling of soil nutrients, and ultimately

improved soil ecological functions, soil EMF was significantly

associated with soil nutrients, microbial biomass, and EEA

(Figure 4A, Figure S1) (Fry et al., 2018; Liu et al., 2021; Ma et al.,

2022). Soil nutrients greatly influenced how soil enzyme response to

vegetation restoration (Figure 4A; Guo et al., 2022). Inversely,

vegetation restoration can also improve soil nutrient use efficiency

by increasing EEA. In addition, vegetation restoration increases

plant population diversity (in terms of abundance and functional

group richness), indirectly affecting soil EMF (Segura et al., 2021).

Soil EMF was not significantly correlated with C- limitation
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(Figure 4C), indicating that C- limitation was not a major

influencing factor of soil EMF in the study region despite

microbial C- limitation. Soil EMF was significantly correlated

with N- limitation, but not with P- limitation (Figure 4D). These

findings indicate that although soil EMF was strongly correlated

with soil nutrients, soil N instead of soil C and P was the key

influencing factor of regional soil EMF (Table S2). Ma et al. (2022)

also observed that soil EMF was mainly subject to soil N content.

Compared to AF, NF significantly increased soil carbon input

resulting in improvement of N benefits, which stimulated soil

microbial activity (Table 1; Peng et al., 2021), further improving

soil geochemical cycling and EMF. In addition, higher species

diversity in natural ecological succession benefits soil ecosystem

stability (Cardinale et al., 2012).
4.4 Drivers of soil EEA and EES

VPA showed that pH (25.26%), soil nutrients (23.42%), and

microbial biomass (32.99%) accounted for most of the variation of

EES (Figure 5B). Microbial biomass accounted for a larger

proportion than pH and soil nutrients, likely because of the direct

involvement of soil microorganisms in decomposing organic matter

and stimulating EEA (Shi et al., 2018; Moore et al., 2020).

Furthermore, vegetation restoration resulted in changing

environmental conditions, such as increased soil nutrient input

andmicrobial biomass, which greatly enhanced microbial metabolic

activities (Figure 5) and ultimately promoted extracellular enzyme

synthesis. The results of this study fit into the theoretical framework

of soil EES, and microbial nutrient limitation addressed by Yang

et al. (2020). Vegetation restoration of abandoned cropland caused

an increase in plant root biomass and soil EMF with an

enhancement of degradative enzyme activity (Xu et al., 2017;

Moore et al., 2020), leading to C and N mineralization to mitigate
A B

FIGURE 5

Relationship between pH, soil nutrient, microbial biomass, and soil enzyme characteristics (A), and variation partitioning analysis (VPA) of pH, soil
nutrients, and microbial biomass for EEA and EES (B). SOC, soil organic carbon; STN, soil total nitrogen; STP, soil total phosphorus; C:N, ratio of SOC
to STN; C:P, ratio of SOC to STP; N:P, ratio of STN to STP; MBC, microbial carbon biomass; MBN, microbial biomass nitrogen; MBP, microbial
phosphorus biomass; C:Nmic, ratio of MBC to MBN; C:Pmic, ratio of MBC to MBP; N:Pmic, ratio of MBN to MBP. CEEA, the sum of BG, CBH, and BX;
NEEA, the sum of NAG and LAP; PEEA, AP activity. Explanation rates< 0 is not shown. *P < 0.05; **P < 0.01; ***P < 0.001.
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N limitation in the early stage of restoration. The study region is in a

subtropical monsoon climate zone with strong soil leaching and

weathering. Soil P is at risk of being lost and soils tend to exhibit P

deficiency (Vitousek et al., 2010). As vegetation restoration

proceeds, the N limitation is gradually lifted due to the increasing

abundance of N materials. However, because soil P is derived from a

limited number of types of sources, there is competition between

microorganisms and plants for P nutrients. This is especially

obvious for NF soils, where the higher vegetation abundance and

diversity leads to more severe microbial P limitation.

pH also accounted for a high percentage of the variation of soil

EES, suggesting that pH has an important effect on enzyme activity

(Kivlin and Treseder, 2013). As the vegetation restoration proceeded,

soil pH gradually shifted from strongly acidic to weakly acidic pH,

which increased soil microbial abundance and activity and facilitated

the geochemical cycling of soil N (Kemmitt et al., 2006), leading to a

significant increase in soil N content. Zhou et al. (2018b) showed that

soil pH is a key factor affecting P availability in red soils and that a pH

of at least 5.0 should be targeted to increase P availability. Therefore,

microorganisms in NF (pH 6.15–6.28) and AF (pH 5.91–6.01) soils

need to synthesize more P-acquiring enzymes to meet microbial P

requirement. The abandoned cropland in the soil degradation area of

the China Danxia in this study was N-limited but shifted from

microbial N- to P- limitation as vegetation restoration proceeded.

More importantly, while both microbial biomass and pH accounted

for the variation in EES well, the interaction of pH, soil nutrients, and

microbial biomass accounted for the largest variation. Therefore,

biotic and abiotic factors should be considered when investigating

microbial nutrient limitations during ecological restoration. The

findings in this study may help to develop a strategy for nutrient

management and soil ecosystem in the ecological degradation area of

the China Danxia and provide a basis for understanding microbial

nutrient limitation in other ecologically degraded areas during their

ecological restoration.
5 Conclusions

Our research explored microbial nutrient limitation and soil

ecosystem multifunctionality with vegetation restoration from the

perspective of microbial metabolisms in the China Danxia. Soil EEA

and associated stoichiometries were significantly affected by

vegetation restoration. Vector analysis showed microbial

metabolisms from N-limitation to P-limitation with enzyme N:P

less than 1 after vegetation restoration, especially in soil of naturally

restored secondary forests. Moreover, soils of vegetation restoration

could require less C-resources for soil microorganisms with lower

vector length. Vegetation restoration relieved the soil N-limitation

and improved soil N nutrient, and thus promoted soil ecosystem

multifunctionality. Furthermore, the key factor affecting soil

microbial nutrient limitation was the interaction of abiotic (pH

and nutrients) and biotic factors, and soil ecosystem

multifunctionality was affected as well. Our findings can provide

insight into understanding of microbial metabolisms of nutrient

cycling, which is benefit for developing ecological restoration on

nutrient management strategies and soil ecosystem.
Frontiers in Plant Science 09
Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Material. Further inquiries can be

directed to the corresponding author.
Author contributions

CW: Methodology, Validation, Formal analysis, Visualization,

Writing-original draft; QY: Conceptualization; CZ: Investigation,

Writing-review & editing, Funding acquisition; XZ: Methodology,

Formal analysis; JC: Methodology, Formal analysis; KL:

Conceptualization, Writing-review & editing, Funding acquisition. All

authors contributed to the article and approved the submitted version.
Funding

This study is supported by Natural Science Foundation of

Guangdong Province (2021A1515011543), 13th Five-Year Plan Project

of Guangdong Education Science (2020GXJK116), and Key Project of

Natural Science of Guangzhou Xinhua University (2020KYZD02).
Acknowledgments

We thank Tongxu Liu (Institute of Eco-environment and Soil

Science, Guangdong Academy of Science) for revising our

manuscript and Editage for English language editing.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1116179/

full#supplementary-material
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fpls.2023.1116179/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2023.1116179/full#supplementary-material
https://doi.org/10.3389/fpls.2023.1116179
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Wang et al. 10.3389/fpls.2023.1116179
References
Blonska, E., Piaszczyk, W., Staszel, K., and Lasota, J. (2021). Enzymatic activity of
soils and soil organic matter stabilization as an effect of components released from the
decomposition of litter. Appl. Soil Ecol. 157, 103723. doi: 10.1016/j.apsoil.2020.103723

Bruggen, A. H. C. V., Goss, E. M., Havelaar, A., Diepeningen, A. D. V., Finckh, M. R.,
and Morrisjr, J. G. (2019). One health-cycling of diverse microbial communities as a
connecting force for soil, plant, animal, human and ecosystem health. Sci. Total
Environ. 664, 927–937. doi: 10.1016/j.scitotenv.2019.02.091

Cardinale, B. J., Duffy, J. E., Gonzalez, A., Hooper, D. U., Perrings, C., Venail, P.,
et al. (2012). Biodiversity loss and its impact on humanity. Nature 486, 59–67.
doi: 10.1038/nature11148

Chen, Y. Z., Chen, J., and Luo, Y. Q. (2019). Data-driven enzyme (DENZY) model
represents soil organic carbon dynamics in forests impacted by nitrogen deposition.
Soil Biol. Biochem. 138, 107575. doi: 10.1016/j.soilbio.2019.107575

Cleveland, C. C., and Liptzin, D. (2007). C:N:P stoichiometry in soil: Is there a
'Redfield ratio' for the microbial biomass? Biogeochemistry 85, 235–252. doi: 10.1007/
s10533-007-9132-0

Cui, Y. X., Bing, H. J., Fang, L. C., Jiang, M., Shen, G. T., Yu, J. L., et al. (2021).
Extracellular enzyme stoichiometry reveals the carbon and phosphorus limitation of
microbial metabolisms in the rhizosphere and bulk soils in alpine ecosystems. Plant Soil
458, 7–20. doi: 10.1007/s11104-019-04159-x

Delgado-Baquerizo, M., Maestre, F. T., Reich, P. B., Jeffries, T. C., Gaitan, J. J.,
Encinar, D., et al. (2016). Microbial diversity drives multifunctionality in terrestrial
ecosystems. Nat. Commun. 7, 10541. doi: 10.1038/ncomms10541

Deng, L., Peng, C. H., Huang, C. B., Wang, K. B., Liu, Y. L., Hai, X. Y., et al. (2019).
Drivers of soil microbial metabolic limitation changes along a vegetation restoration gradient
on the loess plateau, China. Geoderma 353, 188–200. doi: 10.1016/j.geoderma.2019.06.037

FAO-UNESCO (1974). Soil map of the world (Paris: UNESCO).

Fry, E. L., Savage, J., Hall, A. L., Oakley, S., Pritchard, W. J., Ostle, N. J., et al. (2018).
Soil multifunctionality and drought resistance are determined by plant structural traits
in restoring grassland. Ecology 99, 2260–2271. doi: 10.1002/ecy.2437

Gai, X., Li, S. C., Zhang, X. P., Bian, F. Y., Yang, C. B., and Zhong, Z. K. (2021).
Effects of chicken farming on soil extracellular enzyme activity and microbial nutrient
limitation in lei bamboo forest (Phyllostachys praecox) in subtropical China. Appl. Soil
Ecol. 168, 104106. doi: 10.1016/j.apsoil.2021.104106

Gu, M. H., Liu, S. L., Duan, H. C., Wang, T., and Gu, Z. (2021). Dynamics of community
biomass and soil nutrients in the process of vegetation succession of abandoned farmland in
the loess plateau. Front. Env. Sci. 9. doi: 10.3389/fenvs.2021.580775

Guan, H. L., Fan, J. W., and Liu, X. K. (2022). Soil specific enzyme stoichiometry
reflects nitrogen limitation of microorganisms under different types of soil specific
enzyme stoichiometry reflects nitrogen limitation of microorganisms under different
types of vegetation restoration in the karst areas. Appl. Soil Ecol. 169, 104253.
doi: 10.1016/j.apsoil.2021.104253

Guo, D. L., Ou, Y. S., Zhou, X. H., Wang, X., Zhao, Y. F., Li, J., et al. (2022). Response
of soil enzyme activities to natural vegetation restorations and plantation schemes in a
landslide-prone region. Forests 13, 880. doi: 10.3390/f13060880

Kemmitt, S. J., Wright, D., Goulding, K. W. T., and Jones, D. L. (2006). pH regulation
of carbon and nitrogen dynamics in two agricultural soils. Soil Biol. Biochem. 38, 898–
911. doi: 10.1016/j.soilbio.2005.08.006

Kivlin, S. N., and Treseder, K. K. (2013). Soil extracellular enzyme activities
correspond with abiotic factors more than fungal community composition.
Biogeochemistry 117, 23–37. doi: 10.1007/s10533-013-9852-2

Knelman, J. E., Graham, E. B., Trahan, N. A., Schmidt, S. T., and Nemergut, D. R.
(2015). Fire severity shapes plant colonization effects on bacterial community structure,
microbial biomass, and soil enzyme activity in secondary succession of a burned forest.
Soil Biol. Biochem. 90, 161–168. doi: 10.1016/j.soilbio.2015.08.004

Lemanski, K., Armbruster, M., and Bonkowski, M. (2019). Linking soil microbial
nutrient limitation to fertilizer regime and sugar beet yield. Plant Soil 441, 253–259.
doi: 10.1007/s11104-019-04114-w

Liu, Q., Zhang, Q., Jarvie, S., Yan, Y. Z., Han, P., Liu, T., et al. (2021). Ecosystem
restoration through aerial seeding: Interacting plant-soil microbiome effects on soil
multifunctionality. Land Degrad. Dev. 32, 5334–5347. doi: 10.1002/ldr.4112

Lu, R. K. (2000). Methods for soil agrochemical analysis (Beijing: China Agricultural
Science and Technology Press).

Ma, H. Y., Zhou, J., Ge, J. Y., Nie, J. W., Zhao, J., Xue, Z. Q., et al. (2022). Intercropping
improves soil ecosystem multifunctionality through enhanced available nutrients but
depends on regional factors. Plant Soil. 480, 71–84. doi: 10.1007/s11104-022-05554-7
Frontiers in Plant Science 10
Moore, J. A. M., Sulman, B. N., Mayes, M. A., Patterson, C. M., and Classen, A. T.
(2020). Plant roots stimulate the decomposition of complex, but not simple, soil
carbon. Funct. Ecol. 34, 899–910. doi: 10.1111/1365-2435.13510

Moorhead, D. L., Sinsabaugh, R. L., Hill, B. H., and Weintraub, M. N. (2016). Vector
analysis of ecoenzyme activities reveal constraints on coupled c, n and p dynamics. Soil
Biol. Biochem. 93, 1–7. doi: 10.1016/j.soilbio.2015.10.019

Naess, J. S., Cavalett, O., and Cherubini, F. (2021). The land-energy-water nexus of
global bioenergy potentials from abandoned cropland. Nat. Sustain. 4, 525–536.
doi: 10.1038/s41893-020-00680-5

Peng, S. L., Liao, W. B., Li, Z., Jia, F. L., Wang, Y. Y., Chang, H., et al. (2011).
“Integrated biological surveys on mount danxia,” in Surveys on mount danxia
(Guangdong: Beijing, Sciences Press).

Peng, S. M., Liu, W., Xu, G., Pei, X. J., Millerick, K., and Duan, B. L. (2021). A meta-
analysis of soil microbial and physicochemical properties following native forest
conversion. Catena 204, 105447. doi: 10.1016/j.catena.2021.105447

Persson, J., Fink, P., Goto, A., Hood, J. M., Jonas, J., and Kato, S. (2010). To be or not
to be what you eat: Regulation of stoichiometric homeostasis among autotrophs and
heterotrophs. Oikos 119, 741–751. doi: 10.1111/j.1600-0706.2009.18545.x

Renhua County local Chronicles compilation Committee (2014). Renhua county
annals (Guangzhou: Guangdong people's publishing house).

Resch, M. C., Schutz, M., Buchmann, N., Frey, B., Graf, U., van der Putten, W. H.,
et al. (2021). Evaluating long-term success in grassland restoration: An ecosystem
multifunctionality approach. Ecol. Appl. 31, e02271. doi: 10.1002/eap.2271

Santos, R. S., Wiesmeier, M., Cherubin, M. R., Oliveira, D. M. S., Locatelli, J. L.,
Holzschuh, M., et al. (2021). Consequences of land-use change in brazil's new
agricultural frontier: A soil physical health assessment. Geoderma 400, 115149.
doi: 10.1016/j.geoderma.2021.115149

Sardans, J., Rivas-Ubach, A., and Peñuelas, J. (2012). The C:N:P stoichiometry of
organisms and ecosystems in a changing world: A review and perspectives. Perspect.
Plant Ecol. 14, 33–47. doi: 10.1016/j.ppees.2011.08.002

Segura, C., Jimenez, M. N., Fernandez-ondono, E., and Navarro, F. B. (2021). Effects
of afforestation on plant diversity and soil quality in semiarid SE Spain. Forests 12, 1730.
doi: 10.3390/f12121730

Shi, S. J., Herman, D. J., He, Z. L., Pett-ridge, J., Wu, L. Y., Zhou, J. Z., et al. (2018).
Plant roots alter microbial functional genes supporting root litter decomposition. Soil
Biol. Biochem. 127, 90–99. doi: 10.1016/j.soilbio.2018.09.013

Sinsabaugh, R. L., Hill, B. H., and Shah, J. J. F. (2009). Ecoenzymatic stoichiometry of
microbial organic nutrient acquisition in soil and sediment. Nature 462 (7274), 795–
798. doi: 10.1038/nature08632

Sinsabaugh, R. L., Lauber, C. L., Weintraub, M. N., Ahmed, B., Allison, S. D.,
Crenshaw, C., et al. (2008). Stoichiometry of soil enzyme activity at global scale. Ecol.
Lett. 11, 1252–1264. doi: 10.1111/j.1461-0248.2008.01245.x

Soares, M., and Rousk, J. (2019). Microbial growth and carbon use efficiency in soil:
Links to fungal-bacterial dominance, SOC-quality and stoichiometry. Soil Biol.
Biochem. 131, 195–205. doi: 10.1016/j.soilbio.2019.01.010

Treseder, K. K., and Vitousek, P. M. (2001). Effects of soil nutrient availability on
investment in acquisition of n and p in Hawaiian rain forests. Ecology 82, 946–954.
doi: 10.1890/0012-9658(2001)082[0946:EOSNAO]2.0.CO;2

UNESCO (2010). Available at: http://whc.unesco.org/en/list/1335/ (Accessed
December 5, 2022).

Vitousek, P. M., Porder, S., Houlton, B. Z., and Chadwick, O. A. (2010). Terrestrial
phosphorus limitation: Mechanisms, implications, and nitrogen-phosphorus
interactions. Ecol. Appl. 20, 5–15. doi: 10.1890/08-0127.1

Wagg, C., Bender, S. F., Widmer, F., and van der Heijden, M. G. (2014). Soil
biodiversity and soil community composition determine ecosystem multifunctionality.
P. Natl. A. Sci. 111, 5266–5270. doi: 10.1073/pnas.1320054111

Wang, J. J., Liu, Z. P., Gao, J. L., Emanuele, L., Ren, Y. Q., Shao, M. A., et al. (2021).
The grain for green project eliminated the effect of soil erosion on organic carbon on
china's loess plateau between 1980 and 2008. Agr. Ecosyst. Environ. 322, 107636.
doi: 10.1016/j.agee.2021.107636

Xiao, L., Liu, G. B., Li, P., and Xue, S. (2021). Ecological stoichiometry of plant-soil-
enzyme interactions drives secondary plant succession in the abandoned grasslands of
loess plateau, China. Catena 202, 105302. doi: 10.1016/j.catena.2021.105302

Xu, Z. W., Yu, G. R., Zhang, X. Y., He, N. P., Wang, Q. F., Wang, S. Z., et al. (2017). Soil
enzyme activity and stoichiometry in forest ecosystems along the north-south transect in
eastern China (NSTEC). Soil Biol. Biochem. 104, 152–163. doi: 10.1016/j.soilbio.2016.10.020
frontiersin.org

https://doi.org/10.1016/j.apsoil.2020.103723
https://doi.org/10.1016/j.scitotenv.2019.02.091
https://doi.org/10.1038/nature11148
https://doi.org/10.1016/j.soilbio.2019.107575
https://doi.org/10.1007/s10533-007-9132-0
https://doi.org/10.1007/s10533-007-9132-0
https://doi.org/10.1007/s11104-019-04159-x
https://doi.org/10.1038/ncomms10541
https://doi.org/10.1016/j.geoderma.2019.06.037
https://doi.org/10.1002/ecy.2437
https://doi.org/10.1016/j.apsoil.2021.104106
https://doi.org/10.3389/fenvs.2021.580775
https://doi.org/10.1016/j.apsoil.2021.104253
https://doi.org/10.3390/f13060880
https://doi.org/10.1016/j.soilbio.2005.08.006
https://doi.org/10.1007/s10533-013-9852-2
https://doi.org/10.1016/j.soilbio.2015.08.004
https://doi.org/10.1007/s11104-019-04114-w
https://doi.org/10.1002/ldr.4112
https://doi.org/10.1007/s11104-022-05554-7
https://doi.org/10.1111/1365-2435.13510
https://doi.org/10.1016/j.soilbio.2015.10.019
https://doi.org/10.1038/s41893-020-00680-5
https://doi.org/10.1016/j.catena.2021.105447
https://doi.org/10.1111/j.1600-0706.2009.18545.x
https://doi.org/10.1002/eap.2271
https://doi.org/10.1016/j.geoderma.2021.115149
https://doi.org/10.1016/j.ppees.2011.08.002
https://doi.org/10.3390/f12121730
https://doi.org/10.1016/j.soilbio.2018.09.013
https://doi.org/10.1038/nature08632
https://doi.org/10.1111/j.1461-0248.2008.01245.x
https://doi.org/10.1016/j.soilbio.2019.01.010
https://doi.org/10.1890/0012-9658(2001)082[0946:EOSNAO]2.0.CO;2
http://whc.unesco.org/en/list/1335/
https://doi.org/10.1890/08-0127.1
https://doi.org/10.1073/pnas.1320054111
https://doi.org/10.1016/j.agee.2021.107636
https://doi.org/10.1016/j.catena.2021.105302
https://doi.org/10.1016/j.soilbio.2016.10.020
https://doi.org/10.3389/fpls.2023.1116179
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Wang et al. 10.3389/fpls.2023.1116179
Yan, L. B., and Kasanin-Grubin, M. (2019). Land degradation and management of red
beds in China: Two case studies. J. Mt. Sci. 16, 2591–2604. doi: 10.1007/s11629-019-5560-2

Yang, Y., Liang, C., Wang, Y. Q., Cheng, H., An, S. S., and Chang, S. X. (2020). Soil
extracellular enzyme stoichiometry reflects the shift from p- to n- limitation of
microorganisms with grassland restoration. Soil Biol. Biochem. 149, 107928.
doi: 10.1016/j.soilbio.2020.107928

Yu, Q., Chen, Q. S., Elser, J. J., He, N. P., Wu, H. H., Zhang, G. M., et al. (2010).
Linking stoichiometric homoeostasis with ecosystem structure, functioning and
stability. Ecol. Lett. 13, 1390–1399. doi: 10.1111/j.1461-0248.2010.01532.x

Zhong, Z. K., Zhang, X. Y., Wang, X., Fu, S. Y., Lu, X. Q., Ren, C. J., et al. (2020). Soil
bacteria and fungi respond differently to plant diversity and plant family composition
Frontiers in Plant Science 11
during the secondary succession of abandoned farmland on the loess plateau, China.
Plant Soil 448, 183–200. doi: 10.1007/s11104-019-04415-0

Zhou, X., Sun, H., Pumpanen, J., Sietiö, O.M., Heinonsalo, J., Köster, K., et al. (2018a). The
impact of wildfire on microbial C:N:P stoichiometry and the fungal-to-bacterial ratio in
permafrost soil. Biogeochemistry 142, 1–17. doi: 10.1007/s10533-018-0510-6

Zhou, X. Y., Xu, M. G., Wang, B., Cai, Z. J., and Colinet, G. (2018b). Changes of soil
phosphorus fractionation according to pH in red soils of China: An incubation
experiment. commun. Soil Sci. Plan. 49, 791–802. doi: 10.1080/00103624.2018.1435676

Zhu, H., Bing, H. J., Wu, Y. H., Sun, H. Y., and Zhou, J. (2021). Lowmolecular weight
organic acids regulate soil phosphorus availability in the soils of subalpine forests,
eastern Tibetan plateau. Catena 203, 105328. doi: 10.1016/j.catena.2021.105328
frontiersin.org

https://doi.org/10.1007/s11629-019-5560-2
https://doi.org/10.1016/j.soilbio.2020.107928
https://doi.org/10.1111/j.1461-0248.2010.01532.x
https://doi.org/10.1007/s11104-019-04415-0
https://doi.org/10.1007/s10533-018-0510-6
https://doi.org/10.1080/00103624.2018.1435676
https://doi.org/10.1016/j.catena.2021.105328
https://doi.org/10.3389/fpls.2023.1116179
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Vegetation restoration of abandoned cropland improves soil ecosystem multifunctionality through alleviating nitrogen-limitation in the China Danxia
	1 Introduction
	2 Materials and methods
	2.1 Study area
	2.2 Soil sample collection
	2.3 Sample analysis and measurement
	2.4 Statistical analysis

	3 Results
	3.1 Soil physicochemical properties
	3.2 Changes in soil EEA and EES
	3.3 Soil microbial metabolic limitation
	3.4 Soil ecosystem multifunctionality
	3.5 Relationship between soil properties, microbial biomass, and EES

	4 Discussion
	4.1 Effect of vegetation restoration on soil EEA and EES
	4.2 Effect of vegetation restoration on soil microbial metabolic limitation
	4.3 Effect of vegetation restoration on soil ecosystem multifunctionality
	4.4 Drivers of soil EEA and EES

	5 Conclusions
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References


