
Catena 202 (2021) 105293

Available online 26 March 2021
0341-8162/© 2021 Elsevier B.V. All rights reserved.

Long-term vegetation restoration promotes the stability of the soil 
micro-food web in the Loess Plateau in North-west China 

Yang Wu a,1, WenJing Chen a,1, Wulan Entemake a, Jie Wang b, HongFei Liu a,e, ZiWen Zhao c, 
YuanZe Li a, LeiLei Qiao b, Bin Yang d, GuoBin Liu b,c, Sha Xue b,c,* 

a State Key Laboratory of Soil Erosion and Dryland Farming on the Loess Plateau, College of Forestry, Northwest A&F University, Yangling 712100, PR China 
b State Key Laboratory of Soil Erosion and Dryland Farming on the Loess Plateau, Institute of Soil and Water conservation, Northwest A&F University, Yangling 712100, 
PR China 
c Institute of Soil and Water Conservation, Chinese Academy of Sciences and Ministry Water Resources, Yangling 712100, PR China 
d Sichuan Academy of Giant Panda, Chengdu 610041, PR China 
e Department of Agroecology, University of Bayreuth, Bayreuth, Germany   

A R T I C L E  I N F O   

Keywords: 
Soil nematode 
Nematode metabolic footprint 
Soil food web 
Loess Plateau 
Vegetation restoration 

A B S T R A C T   

Soil nematode communities play a significant role in soil ecosystems. Indeed, soil nematode metabolic carbon 
footprint, based on nematode biomass, is used to evaluate ecosystem functioning and assess nematode response 
to ecosystem nutrient enrichment. However, it is unclear whether vegetation restoration affects the metabolic 
carbon footprint of soil nematodes and soil food webs. We selected five periods for this study including: (1) 
farmland (0 years), (2) grassland (30 years), (3) shrubland (60 years), (4) pioneer forest (100 years), and (5) 
climax forest (160 years). Community composition, diversity, and metabolic footprint of soil nematodes, and 
carbon flow changes through the food web were investigated. The Shannon diversity (H′) index of the soil 
nematode community increased in the process of restoration, and the Pielou index (J′) appeared to be lower at 
30 years after vegetation restoration than at 60, 100, and 160 years. The connectance of the soil nematode food 
web values increased continuously, from 30 years to 160 years, reaching the highest value at 100 and 160 years, 
which indicated that the food web had the strongest carbon flow at 100 years after vegetation restoration on the 
Loess Plateau, indirectly reflecting the stability of the soil food web. Bacteria were more important than fungi in 
the carbon flow in the food web during vegetation restoration. The study demonstrated that vegetation resto-
ration promoted the input of the availability of external resources, enhanced the metabolic activity of omniv-
orous carnivores and the soil carbon flow, and stabilized the soil food web. However, the increase in vegetation 
restoration time not only changed the species composition but also changed the carbon input, due to the lack of 
interference by agriculture. Therefore, the intrinsic mechanism needs to be studied further.   

1. Introduction 

Vegetation restoration on ex-agricultural lands is an effective way to 
increase species cover, diversity, plant net primary productivity (NPP) 
(Lozano et al., 2014), and improves soil ecosystem function. Studies 
have found that vegetation restoration on ex-agricultural lands signifi-
cantly increases soil carbon pools (Gu et al., 2019), soil nitrogen pools 
(Liu et al., 2019; Yang et al., 2019), and soil microbial community di-
versity (Zhang et al., 2016), thereby improving microbial nutrient 

limitation (Xiao et al., 2020), and changing soil N and P cycles (Zhong 
et al., 2018). The ecosystem function of soil is further affected due to 
changes in the above- and below-ground ecosystems in the process of 
vegetation restoration on ex-agricultural lands. Therefore, vegetation 
restoration on ex-agricultural lands has become a primary method for 
improving the environment as well as the function of the ecosystem. 

Soil nematodes are an important part of the soil food web. Within the 
ecosystem, Soil nematodes participates in the decomposition of organic 
matter, nutrient cycling, maintenance of the ecological diversity, and 
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balance of the food web (Yeates et al., 1993; Ekschmitt et al., 2001; 
Yeates, 2003; Sánchez-Moreno and Ferris, 2007; Yeates, 2007; Sechi 
et al., 2018). Soil nematodes include bacterivores, fungivores, plant- 
parasitic, and omnivore-predator nematodes. They are divided into 
the following three carbon flow pathways: the bacterial channel, the 
fungal channel, and the root channel. Increasing evidence shows that the 
interconnections between these channels play a critical role in regu-
lating soil food webs (Ferris, 2010; Ferris et al., 2012; Zhang et al., 
2017b; Guan et al., 2018). In recent years, in order to better reflect the 
soil food web channel and the utilization of carbon in nematode pro-
duction and respiration, Ferris (2010) proposed the soil nematode 
metabolic footprint (NMF) to reflect carbon flow in the soil nematode 
food web. The metabolic footprint is obtained by calculating the carbon 
content of the nematode lifetime (including growth and egg production) 
and carbon utilization in metabolic activities (Ferris, 2010). The meta-
bolic footprint is divided into the enrichment metabolic footprint and 
the structural metabolic footprint. The enrichment footprint is the 
metabolic footprint of those nematodes that rapidly respond to the 
enrichment of environmental resources, while the structural metabolic 
footprint is a high trophic level metabolic footprint with regulatory 
functions in the food web (Sánchez-Moreno et al., 2009; Ferris, 2010; 
Zhang et al., 2015). The emergence of the concept has improved our 
understanding of carbon flow of soil food webs (Ferris, 2010; Ferris 
et al., 2012; Zhang et al., 2017b; Guan et al., 2018). Thus, the value of 
soil nematodes as bioindicators to reflect the effects of anthropogenic 
and edaphic disturbances on the soil food web has received increasing 
attention from scholars (Zhang et al., 2015; Hu et al., 2016; Guan et al., 
2018). 

A large number of studies used soil nematodes as an indicator to 
reflect soil energy and carbon flow (Sánchez-Moreno and Ferris, 2007; 
Pausch et al., 2016a; Pausch et al., 2016b; Sauvadet et al., 2016; Sechi 
et al., 2018). Therefore, changes in the composition and structure of soil 
nematodes have an important role in ecosystem function. Studies found 
that surface vegetation, vegetation diversity, and soil microbes have a 
significant impact on the diversity, composition and function of soil 
nematode communities after vegetation restoration (Cesarz et al., 2013; 
Zhang et al., 2015; Hu et al., 2016). Yeates (2007) also indicated that 
differences between the aboveground and underground inputs from 
different plant species and different soil or biogeographic factors could 
lead to changes in nematode communities. Further, the top-bottom ef-
fects of plant communities play a significant role in soil-shaping nema-
tode communities (Zhang et al., 2015), which causes changes in soil 
carbon flow and ecosystem functions. However, vegetation restoration 
not only changes species composition and stimulates vegetation growth, 
but it also alters C input because of the lack of interference from agri-
cultural activities. Therefore, the internal mechanisms of how vegeta-
tion restoration affects soil nematodes and thus changes the carbon flow 
of the food web require further study. Recently, there have been some 
studies on the soil carbon flow during vegetation restoration by eluci-
dating the metabolic footprint of the soil nematodes, but consistent 
conclusions have not been reached on the trends of the soil carbon flow 
and driving mechanism during the vegetation restoration process 
(Zhang et al., 2015; Hu et al., 2016). In particular, the effects of different 
vegetation types on the soil carbon flow after vegetation restoration on 
ex-agricultural lands are still unclear. 

The Loess Plateau in northwestern China has a long history of tillage 
(Li et al., 2008; Fu et al., 2010). Due to the special ecological environ-
ment and soil parent material, the Loess Plateau has severe soil erosion, 
making it one of the most vulnerable regions in the world (Li et al., 
2008). Therefore, vegetation restoration has become one of the most 
effective ways to improve the ecological environment of the Loess 
Plateau. However, there are few reports on the changes in soil nematode 
communities and food webs after vegetation restoration on ex- 
agricultural lands on the Loess Plateau. Therefore, our aim was to 
investigate how vegetation restoration on ex-agricultural lands affects 
the structure and functions of the micro-food-webs. We hypothesized 

that: 1) the abundance and diversity of soil nematodes will increase after 
vegetation restoration, 2) the metabolic footprint of soil nematodes will 
increase after vegetation restoration on the Loess Plateau, and 3) The 
soil micro-food-web system will be more stable after vegetation 
restoration. 

2. Material and methods 

2.1. Site description 

We selected sampling sites located on the Lianjiabian Forest Farm of 
the Loess Plateau in northwestern China. This area belongs to the Heshui 
General in the Gansu Province within N (35◦03′E–36◦37′) and E 
(108◦10′–109◦18′), average altitude 1211–1453 m. The study area 
forms part of the Ziwu mountain area, which is 23,000 km2 in size. The 
area is dominated by a temperate continental climate (Wu et al., 2020). 
Since 1842, the farmlands have been abandoned because of famine, war, 
and natural disasters. Studies showed that Populus davidiana achieved 
70% cover in the Ziwuling forest area in about 100 years. In around 150 
to 160 years, it was gradually replaced by Quercus liaotungensis (Chen, 
1954; Zou et al., 2002). The secondary forests in the region have natu-
rally changed from farmland to forest over approximately 160 years 
(Wang et al., 2010b). Other vegetation in the area consists of herb 
species including: Bothriochloa ischaemum (Linn.) Keng, Carex lanceolata 
Boott, Potentilla chinensis Ser., and Stipa bungeana Trin., with shrub 
species including Sophora davidii (Franch.) Skeels, Hippophae rhamnoides 
Linn., Rosa xanthina Lindl., and Spiraea pubescens Turcz., and Populus 
davidiana Dode, and Betula platyphylla Suk is the pioneer forest species. 
The climatic climax vegetation is deciduous broadleaf forest dominated 
by Q. liaotungensis Koidz. (Wang et al., 2010a) (Fig. 1). 

2.2. Experimental design and soil sampling 

We selected the following five stages of vegetation restoration as 
sampling sites by engaging residents and assessing the literature 
(Table 1): (1) farmland (0 years means still farming, main species: corn); 
(2) grassland (30 years, main species: B. ischaemum); (3) shrubland (60 
years, main species: R. xanthina); (4) the pioneer forest (100 years, main 
species: P. davidiana); and (5) the climax forest (160 years, main species: 
Q. liaotungensis). Except for 300 kg ha− 1 nitrogen and 750 kg ha− 1 

phosphate fertilizer applied during the annual sowing period in the 
farmland stage, all treatments have no other human interference. 

Soil sampling was conducted in early September 2017. We selected 
five independent sampling points representing five different stages of 
vegetation restoration based on local conditions. We set up four repli-
cates for each stage. The distances of the replicate plots were within the 
range of more than 100 m and less than 1 km for each stage. Because of 
the difference in surface vegetation, we refer to previous studies in this 
area and set up sample plots of different areas in different vegetation 
(Zhong et al., 2018). We set up 20 m × 20 m plots within a forest 
community. In the shrubland community, we installed 10 m × 10 m 
plots, and in grassland and farmland, we installed 5 m × 5 m plots. We 
used a soil drill of 5-cm diameter and collected 15 soil samples from four 
plots per vegetation community in a serpentine manner at an approxi-
mately 0 to 20-cm depth. The samples were hand-mixed and passed 
through a 2-mm screen. The soil samples were maintained at 4 ◦C and 
used to measure water organic carbon (WOC) and soil nematodes. 
Naturally air-dried soil was used for the analysis of soil properties, and 
the samples were passed through 1-mm and 0.25-mm screens. 

2.3. Soil physical and chemical analysis 

We used the H2SO4–K2Cr2O7 oxidation and the Kjeldahl methods to 
measure soil organic carbon (SOC) and soil total N (TN) concentrations, 
respectively (Bremner and Mulvaney, 1982). Soil total phosphorus (TP) 
concentration was measured using colorimetric analysis after digestion 
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with H2SO4 and HClO4 (Olsen et al., 1982). Soil available P (AP) was 
extracted using 0.5 M NaHCO3 at pH 8.5 and measured colorimetrically 
by the molybdate-ascorbic acid method using a UV spectrophotometer. 
We used a pH-meter (Metrohm 702, Swiss) to measure soil pH at a ratio 
of 2.5:1 (water to soil). Soil moisture content was determined at 110 ◦C 
for 10 h. We used 2.0 mol/L KCl to extract and filter soil ammonium 
(NH4

+-N) and nitrate N (NO3
–-N), which were measured on a flow in-

jection autoanalyzer. A TOC analyzer (liquiTOC II, Elementar, Germany) 
was used to determined WOC concentrations. 

2.4. Soil phospholipid fatty acid analysis (PLFA) 

We extracted fatty acids from 3.0 g of lyophilized soil (Zelles, 1999) 
and analyzed them using a gas chromatograph (7890A GC, Agilent 
Technologies) equipped with MIDI Sherlock software (Microbial ID, 
Inc., Newark, USA). We used an external standard of 19:0 methyl ester to 
quantify the neutral lipid fatty acids (NLFAs) and phospholipid fatty 
acids (PLFAs). A particular NLFA and PLFA can refer to a specific mi-
crobial community; for example, iso- and anteiso-branched fatty acids 
and monounsaturated fatty acids are used as indicators of gram-positive 
bacteria and gram-negative bacteria, respectively. The indicators of 
gram-positive bacteria were i14:0, i15:0, a15:0, i16:0, a16:0, i17:1, and 
a17:0. The gram-negative bacteria were 16:1 ω9c, 16:1 ω7c, i17:1 ω9c, 
17:1 ω8c, 18:1 ω7c, 18:1 ω5c, cy17:0, ω7c, and cy19:0 ω7c. The lipid 
18:2w6c indicated fungal PLFAs, and the 16:1 ω5c indicated arbuscular 
mycorrhizal fungi (AMF) NLFAs. The lipid 16:0 10-methyl, 17:0 10- 
methyl, and 18:0 10-methyl indicated actinomycetes. In addition, the 
sum of the gram-positive bacteria (G +), gram-negative bacteria (G − ) 
and 14:0, 15:0, 16:0, 17:0, 18:0, and 20:0 was used as total bacteria 
(Mckinley et al., 2005; Bach et al., 2010; Briar et al., 2011; Dempsey 
et al., 2013; Zhang et al., 2017a; Guan et al., 2018). The PLFAs were 
converted into microbial biomass carbon according to the following 
formulas: 363.6 nmol PLFA = 1 mg bacterial biomass carbon; 11.8 nmol 
PLFA = 1 mg fungal biomass carbon; and 1.047 nmol neutral lipid fatty 
acid = 1 μg AMF biomass carbon (Olsson et al., 1995; Frostegård and 
Bååth, 1996; Vries et al., 2013; Guan et al., 2018). 

2.5. Soil nematode community analysis 

We used the modified Baermann funnel method (Ingham and Santo, 
1994) to extract soil nematodes from fresh soil (100 g). Nematodes were 
killed at 60 ◦C and fixed with triethanolamine formalin, transferred to a 

Restoration times

Farmland
（~ 0 years）

Grassland 
(~ 30 years)

Shrubland 
(~ 60 years)

Pioneer forest 
(~ 100 years)

Climax forest 
(~ 160 years)

Fig. 1. Location of the study site on the Loess Plateau and conceptual diagram of the major stages during vegetation restoration stages.  

Table 1 
Geographical and vegetation characteristics with vegetation restoration in the 
Ziwuling forest region of the Loess Plateau.  

Site Succession 
stage (in 
year) 

Biome Altitude 
(m) 

Slope 
(◦) 

Main plant species 

S1 0 year Farm ~1280 0◦ Corn 
S2 30 year Grass ~1416 15◦ Bothriochloa 

ischaemum, Lespedeza 
dahurica 

S3 60 year Shrub ~1346 21◦ Sophora davidii, 
Carex lanceolata, 
Hippophae 
rhamnoides 

S4 100 year the 
pioneer 
forests 

~1445 14◦ Populus davidiana, 
Spiraea schneideriana, 
Carex lanceolata 

S5 160 year the 
climax 
forests 

~1427 22◦ Quercus liaotungensis, 
Rosa hugonis, Carex 
lanceolata  

Table 2 
Soil physicochemical properties with vegetation restoration.  

Site SOC TN TP WOC AP NO3
–-N NH4

+-N pH 
g∙kg− 1 g∙kg− 1 g∙kg− 1 mg∙kg− 1 mg∙kg− 1 mg∙kg− 1 mg∙kg− 1 

0 years  10.64± 1.13± 0.077± 55.97± 9.46± 4.00± 6.16± 7.68±
(0.31)b  (0.04)b  (0.01)a  (3.48)b  (2.66)a  (1.95)a  (2.00)a  (0.17)a 

30 years  12.81± 1.30± 0.057± 60.25± 1.80± 0.73± 7.68± 7.48±
(0.58)bc  (0.13)b  (0.00)b  (4.75)b  (0.19)b  (0.10)b  (1.43)a  (0.17)ab 

60 years  16.41± 1.58± 0.059± 70.16± 2.18± 0.83± 9.19± 7.33±
(0.86)cd  (0.13)c  (0.00)b  (5.81)c  (0.28)b  (0.15)b  (0.06)b  (0.15)bc 

100 years  18.69± 1.66± 0.064± 78.4± 2.52± 1.27± 8.13± 7.13±
(0.45)d  (0.04)cd  (0.00)b  (7.74)ac  (0.13)bc  (0.08)b  (0.32)b  (0.19)c 

160 years  23.74± 1.93± 0.06± 86.05± 4.43± 1.20± 8.18± 7.15±
(5.98)a  (0.34)a  (0.00)b  (7.32)a  (1.41)c  (0.02)b  (1.26)b  (0.06)c 

Note: Soil organic carbon: SOC, Soil total nitrogen: TN, Soil total phosphorus: TP, Water-soluble organic carbon: WOC, Available phosphorus: AP. The results are means 
± (standard error) (n = 4). Different letters in table indicate significant difference (P < 0.05) by the ANOVA and LSD multiple test. 
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flame glass slide, and counted using an inverted composite microscope. 
According to the method adopted by Bongers (1988), 100 specimens 
were randomly selected from the fixed soil nematodes, and the genus 
was identified using the method developed by the UNL Nematology Lab 
(https://nematode.unl.edu/nemakey.htm). They were then categorized 
into plant parasites (PP), bacterivores (Ba), fungivores (Fu), and 
omnivores-predators (OP), according to (Yeates et al., 1993). 

The Shannon diversity (H′) index and Pielou index (J′) were calcu-
lated according to the following formula: H′ = -ΣPilnPi and J′ = H′/lnS 
(Shannon and Weaver, 1950; Pielou, 1966). The c-p scale is assigned 
according to the r and K characteristics of soil nematodes. The nema-
todes were divided into four trophic groups: plant parasites (Ppx), 
bacterivores (Bax), fungivores (Fux), and omnivores-predators (OPx) 
(where x = 1–5), where x represents the c-p scale. Low nutrient level 
nematodes had a c-p value of 1–2, while high nutrient level nematodes 
had a c-p value of 3–5 (Ferris et al., 2001). The enrichment index (EI) 
and structural index (SI) were calculated according to EI = 100 * e/(b +
e) and SI = 100 * s/(b + s), respectively, where b, e, and s represented 
the abundance of individuals in guilds in different nematode component 
(including basal component, enrichment component and structural 
component) weighted by their kb, ke and ks values, respectively, indi-
cating the response of soil nematode to resources (Ferris et al., 2001). 
We assumed that the dry weight of soil nematodes was 20% of the fresh 
weight, and the carbon content in nematodes was 52% of the dry weight. 
The formula for calculating the carbon content in nematode biomass is 
52% × 20% Wt / 100 (μg g− 1), where Wt indicates the fresh weight of 
soil nematodes (Ferris, 2010; Guan et al., 2018). The nematode meta-
bolic footprint (NMF) uses the formula NMF = Σ (Nt [0.1 wt/mt + 0.273 
(W0.75)]), where Nt represents the number of individuals in the genus t, 
while wt and mt represent soil nematode weight and c-p values, 
respectively (Ferris, 2010; Ferris et al., 2012; Guan et al., 2018). The 
nematode metabolic footprint (NMF) divides into enrichment footprints 
and structural footprints. The enrichment footprint (Fe) shows the 
responsiveness to resource pulses, and the structural footprint (Fs) 
shows the impact on higher trophic levels on the metabolic activity in 
the food web (Ferris, 2010; Ferris et al., 2012; Zhang et al., 2015). 

The connectance is the potential for carbon flow in the food web 
(Sánchez-Moreno et al., 2011; Ferris et al., 2012). We assumed that all 
species in the soil sample can freely hunt for prey; S = ab, where the 
number of occurrences of any predator (a) and any prey (b) in each 
sampling points of the stages; F = AB, where the number of occurrences 
of predator (A) and prey (B) groups in all sampling points of a stage. 
Connection (C) = S/F (Ferris et al., 2012; Guan et al., 2018). 

2.6. Statistical analysis 

We used IBM SPSS Statistics 20.0 (IBM Corp, Armonk, NY, USA) to 
perform statistical analyses for one-way Analysis of Variance (ANOVA) 
with Least Significant Difference multiple comparisons test (P < 0.05). 
We used Redundancy Analysis (RDA) to analyze the effect of soil 
properties on nematode genera using CANOCO 5.0 (Microcomputer 
Power, Ithaca, NY, USA). The multi-response permutation procedure 
(MRPP) was used to statistically examine differences in soil nematode 
community composition (Weand et al., 2010). Principal coordinates 
analysis (PCoA) was used to compare nematode genus composition in 
relation to different stages using R packages (3.6.0) “FactoMineR” and 
“factoextra,” and the multi-response permutation procedures (MRPP 
significance) test using the R “vegan” package. To identify the inde-
pendent contribution (%) of environmental drivers (soil physical and 
chemical properties) on plant parasites, bacterivores, fungivores, and 
omnivores-predators, principal component analysis (PCA) was used to 
extract one axis to represent community changes, and the explanation 
rates were: 48.08%, 37.18%, 52.11% and 30.25% during different 
stages were used to construct linear models in the “relaimpo” package in 
R (3.6.0). We used AMOS (Analysis of Moment Structure) to develop a 
structural equation model (SEM) to analyze the energy channels in the 

soil nematode communities. 

3. Results 

3.1. Nematode community composition and diversity 

A total of 39 nematode genera were identified in the soil at five 
vegetation restoration stages (Table S1). The bacterivore abundance in 
160 years was significantly higher than other restoration stages 
(Table S2, P < 0.05). The fungivores abundance were higher in 30 and 
160 years than other stages. However, no differences in plant parasites 
and omnivore-predators were detected between stages (Table S2, P <
0.05). 

The soil nematode Shannon’s diversity index increased significantly 
with vegetation restoration (Fig. 2B, R2 = 0.83, P < 0.05). The Pielou 
index from 30 years to 160 years increased significantly (Fig. 2A, R2 =
0.99, P < 0.001). The soil nematode Shannon’s diversity index in 160 
years was significantly higher than 30 years. The Pielou index in 100 
years was significantly higher than 30 years (P < 0.05). The PCoA 
analysis showed that nematode community composition was signifi-
cantly different among different stages. The first two PCoA axes 
accounted for 34.3% of the total variance (Fig. 3, P = 0.001). 

3.2. Soil microbial and nematode biomass carbon and metabolic 
footprints 

Compared to the 0 years, the significant increases in biomass carbon 
of total microbes and fungi values in 30, 100, and 160 years. In 100 years 
of restoration, the biomass carbon of bacteria was significantly greater 
than that of others (Fig.S1, P < 0.05). The biomass carbon of bacter-
ivores in 100 years was significantly higher than that in 30 and 60 years, 
while there was no significant difference between the other treatments 
(Fig. S2A, P < 0.05). The biomass carbon of fungivores showed an up-
ward trend, except at 0 years (Fig. S2B). The biomass carbon of plant 
parasites increased with vegetation restoration, but not significant 
(Fig. S2C, P < 0.05). The biomass carbon of omnivore-predators was 
significantly increase in 160 years than that in 60 and 0 years (Fig. S2D, 
P < 0.05). 

The enrichment footprint and structural footprint was significantly 
increase with restoration period, and achieved its highest value at 160 
years. Compared to in 100 years, the significant decreases in fungivore 
footprint value in 0, 30, and 60 years. The bacterivore footprint was 
significantly greater in 160 years than that in 30 and 60 years. Except for 
in 160 years, omnivore-predator and plant parasite footprint exhibited 
no significant changes (Table 3, P < 0.05). The nematode functional 
metabolic footprint (total area) showed 160 years > 100 years > 60 
years > 0 years > 30 years. Of these, 30, 60, and 160 years were in 
quadrant D, while 0 and 100 years were in quadrant B (Fig. 4). The 
connectance value of soil food web in 100 years and 160 years was 
significantly increase than that in 60 years (Fig. 5). 

3.3. Factors controlling soil nematode community and soil micro-food 
webs 

We used RDA to evaluate the relationship between soil environ-
mental factors and nematode genera. The first two RDA axes accounted 
for 67.34% of the total variance (Fig. 6). The SOC, AP, pH, and NO– 3-N 
were significantly related to nematode distribution (Table S3, P < 0.05). 

Constructing the SEM with different soil microbes and nematode 
components, we calculated the carbon flow at different nutrient levels in 
the soil food web (χ2 = 2.736, df = 4, P = 0.603, CFI = 1.000, GFI =
0.961, RMSEA = 0.000). The vegetation restoration stages had a direct 
impact on the biomass carbon of bacteria and omnivores-predators. 
Moreover, the biomass carbon of bacterivores had a direct effect on 
that of omnivores-predators (Fig. 7, P < 0.05). The vegetation restora-
tion time had a marginal effect on the biomass carbon of plant parasites 
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and fungi. The biomass carbon of bacteria had a marginal effect on 
omnivores-predator nematodes (Fig. 7, P < 0.1). The model explained 
76.6% of the variance in the biomass carbon of omnivores-predators, 
and 13.6%, 13.8%, and 14.1% of the variance in the biomass carbon 
of bacterivores, fungivores, and plant parasites, respectively. The vari-
ance in bacterial and fungal biomass carbon was explained by 17.6 and 
16.2% by the model, respectively (Fig. 7). 

4. Discussion 

4.1. Effect on soil nematodes with vegetation restoration 

Soil nematodes are important indicators of soil ecosystem function 
changes. Several studies showed that different vegetation types (Cesarz 
et al., 2013; Eisenhauer et al., 2013; Mejia-Madrid, 2018; Gu et al., 

2019; Olatunji et al., 2019; Sun et al., 2019) and different vegetation 
restoration time periods (Hu et al., 2016; Ciobanu et al., 2019; Coffey 
and Otfinowski, 2019; Jackson et al., 2019) significantly alter the di-
versity and abundance of soil nematode communities. In our study, soil 
nematode diversity increased significantly with vegetation restoration 
(Fig. 2), which indicated that 160 years of restoration on the Loess 
Plateau led to a more diverse and structured soil nematode community. 
The studies found vegetation restoration raise soil microbial diversity 
and below-aboveground biomass (Zhang et al., 2016; Zhang et al., 
2018), resulting in an increase in soil resource input, improving the soil 
microenvironment (Cui et al., 2018), and promoting changes in soil 
nematode communities. In addition, the top-down (resource control) 
effect of different vegetation species influence soil nematode commu-
nities (Nico et al., 2013; Zhang et al., 2015), and caused changes in soil 
nematode diversity. 

The principal component analysis showed that the nematode com-
munity composition significantly differed with vegetation restoration 
(Fig. 3). Several studies also confirmed our results that different vege-
tation types (Cesarz et al., 2013; Campos-Herrera et al., 2019) and the 
same species in different stages of restoration (Zhang et al., 2015) 
significantly affect the composition of soil nematode communities. 
Particularly, in our study, the bacterivore and fungivore nematode 
abundance and carbon content raised significantly with vegetation 
restoration, indicating that the top-down effect of vegetation not only 
significantly change the diversity and abundance of soil nematodes, but 
also has a significant impact on the composition of soil nematode 
communities (Scharroba et al., 2012; Shao et al., 2012; Eisenhauer et al., 
2013). The vegetation restoration tends to change soil environment with 
causing soil nutrient accumulation, enhancing soil enzyme activities, 
and promoting soil microbe growth (Wu et al., 2020). The soil envi-
ronment changed the abundance and carbon content of the bacterivore 
and fungivore nematode through bottom-up (resource control) effects 
(Eisenhauer et al., 2013). Similarly, the abundance and carbon content 
of plant parasites nematodes had an increase trend during natural 
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Table 3 
Soil nematode metabolic footprints with vegetation restoration (μg C kg− 1 soil).   

Enrichment footprint Structure footprint PP footprint FF footprint BF footprint OP footprint 

0 years 14.21±
(6.17)ab 

10.82±
(5.12)c 

5.39±
(1.23)b 

3.15±
(0.67)bc 

10.95±
(6.86)ab 

2.47±
(0.90)b 

30 years 3.37±
(1.80)b 

1.29±
(0.42)c 

8.38±
(2.88)b 

1.7±
(0.44)c 

4.52±
(1.82)b 

0±(0) 

60 years 1.84±
(0.36)b 

29.69±
(10.90)bc 

5.2±
(1.71)b 

1.96±
(0.51)ac 

1.89±
(1.12)b 

28.73±
(11.07)bc 

100 years 11.27±
(6.28)ab 

54.57±
(20.39)b 

5.48±
(1.46)b 

5.12±
(0.77)d 

9.99±
(5.66)ab 

52.1±
(19.67)bc 

160 years 18.90±
(7.18)a 

72.10±
(25.30)ab 

40.50±
(22.47)a 

3.48±
(0.52)abd 

22.93±
(7.67)a 

68.48±
(25.13)ac 

Note: BF, bacterivores; FF, fungivores; OP, omnivores-predators; PP, plant parasites; The results are means ± (standard error) (n = 4). Different letters in table indicate 
significant difference (P < 0.05) by the ANOVA and LSD multiple test. 
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vegetation restoration in our study, although not significant. Previous 
study found that the belowground biomass of vegetation increase 
significantly and reach its maximum value in 100 years during natural 
succession on abandoned farmland (Deng et al., 2014). Therefore, the 
trophic cascade effect of food web led to changes in carbon contents and 
abundance of plant parasites nematodes (Guan et al., 2018). Surpris-
ingly, there was no significant change in the abundance of omnivores- 
predators. However, the omnivores-predators carbon content 
increased significantly with vegetation restoration. The reason was 
related to the increase in the number of the larger individual omnivores- 
predators nematodes during the natural restoration. 

The natural vegetation restoration is not only the change of vegeta-
tion species and number, but also the continuous accumulation of SOC 
and other soil nutrients. Previous studies showed that the soil physico-
chemical and biotic environments can be strong driver of changes in the 
soil nematode communities (van den Hoogen et al., 2019; Zhang et al., 
2015). The RDA showed that SOC, AP, pH, and NO3

–-N significantly 
affected soil nematode communities (Fig. 6; Table S3). Soil organic 

carbon, as an energy source for soil bacteria and fungi, significantly 
positive correlation soil nematode communities through the bottom-up 
effects of predation. The N and P nutrients are limiting factors for soil 
microbial growth (Wu et al., 2020; Xiao et al., 2020) during vegetation 
restoration in the Loess Plateau. The study found that unduly high levels 
of NO– 3-N and AP has negative correlation the diversity and abundance 
of soil nematodes and inhibit their biomass growth (Zhao et al., 2014). 
Therefore, the NO– 3-N and AP changed soil nematode communities by 
affecting species with low nutrient levels in the soil micro-food web. In 
our result, the SOC, AP and NO– 3-N were an important driving factor in 
the soil micro-food web. In addition, previous studies suggested the pH 
was often used as an important environmental factor to drive to change 
in soil bacteria, and several researches also found that soil acidification 
is positively related with soil nematode communities (Chen et al., 2019; 
Xiao et al., 2020; Jiang et al., 2013). Therefore, soil pH can directly and 
indirectly effect soil nematode community change through the trophic 
cascade effects of food web (Guan et al., 2018). 

4.2. Effect on nematode microbial food web metabolic activities with 
vegetation restoration 

The enrichment metabolic footprint is used as an indicator of the 
external resources affecting micro-food web metabolic activity (Ferris 
et al., 2012). In our study, the enrichment metabolic footprint had sig-
nificant increase trend from 30 years to 160 years, indicating that the 
external resource input changed during natural restoration. Liu et al. 
(2020) confirmed the result that vegetation restoration causes the litter 
accumulation and root biomass growth. The structural metabolic foot-
print generally reflects the net resource output of the food web and the 
metabolic activity of the higher trophic level nematodes (Ferris et al., 
2012; Guan et al., 2018). The structural metabolic footprint in the 
present study tended to increase during the process of restoration, 
meaning a gradually strong in the metabolic activity of predators in the 
food web. 

The functional metabolic footprint in the study is used to indicate the 
amount of carbon input soil food web in the process of the vegetation 
restoration (Ferris, 2010; Hodson et al., 2014). Our results showed that 
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the functional metabolic footprint increased with vegetation restoration, 
indicating higher amounts of carbon were input to the soil micro-food 
webs during restoration (Zhang et al., 2015). The process of vegeta-
tion restoration caused the continuous input of external resources into 
the soil food web, greatly enriching the resources in the soil ecosystem 
(Ferris, 2010). Resource enrichment provided an environment for the 
growth of soil microbes. As shown in Table 2, soil physicochemical 
properties such as SOC and TN reached a maximum in 160 years of 
vegetation restoration, which stimulated the growth of soil nematodes of 
lower nutrient levels and provided environment for the growth of OP. 
The soil ecosystem evolved a higher quality OP, a more balanced food- 
web metabolism, and a higher level of resource enrichment (Hodson 
et al., 2014). However, as their number in the ecosystem continued to 
grow, the OP reduced the number of nematodes at lower trophic levels 
through a trophic cascade effects between species (Guan et al., 2018). In 
our study, we found the biomass carbon of OP increased significantly, 
while that of other nematodes species decreased after 100 years (Fig. S1, 
S2). In addition, several researchers divide the functional metabolic 
footprint into four quadrants to reflect the stability of the soil food web 
(Ferris et al., 2001; Berkelmans et al., 2003; Ferris, 2010; Ferris et al., 
2012). Our results indicated that the soil food web was more stable at 
100 years of process of vegetation restoration. However, it showed 
degradation at 160 years of restoration. These results agree with those of 
Zhang et al. (2015), who also found that the soil food web in the mid- 
forest stages is more stable than that at the young and old forest 
stages. The reason is explained by the “intermediate disturbance hy-
pothesis”, meaning that the external disturbance intensity is maintained 
at a moderate level, the ecosystem is more stable (Connell, 1978; Martin 
et al., 2019). In addition, many studies suggested that various soil in-
dicators experience a significant decline after the vegetation restoration 
completely (Zhang et al., 2015; Abbas et al., 2019; Wang et al., 2019; 
Yan et al., 2020a; Yan et al., 2020b). Therefore, we hypothesize that 
when the ecosystem recovers completely, the stronger surface vegeta-
tion obtains more soil nutrients, leading to the degradation of the soil 
ecosystem. 

4.3. Effect on carbon flow through the soil food web with vegetation 
restoration 

The connectance of soil nematode food-web values from 30 years to 
160 years had an increase continuously, reaching the highest value at 
100 and 160 years (Fig. 5). The connectance of the food web is used to 
response an indicator of the nutritional interactions in the carbon 
channel and is believed to reflect food web stability (Sánchez-Moreno 
et al., 2011; Guan et al., 2018). Our study indicated that, in the soil food 
web, consumers and resources would establish more complex in-
teractions in the process of vegetation restoration, thereby promoting 
the carbon flow in the soil micro-food web (Guan et al., 2018). 

Therefore, the food web had the strongest carbon flow at 100 years after 
vegetation restoration on the Loess Plateau, indirectly reflecting the 
stability of the food web. However, at 160 years after the process of 
vegetation restoration, the carbon flow intensity of the soil food web 
decreased, although the decrease was not significant, which meant 
degradation of food web. 

We used PLFA to calculate the carbon content of fungi and bacteria in 
the soil. The carbon content of different nutrient components in nema-
todes was also estimated. By studying the relationship between the 
microbial community and carbon content among the nematode com-
munities in the soil food web, we elucidated the carbon flow to improve 
our understanding of the soil food web. We used the above indicators to 
construct an SEM to reflect the carbon flow between microorganisms 
and nematodes (Sánchez-Moreno et al., 2011; Zhang et al., 2015). The 
SEM results showed that the bacterial and BF biomass carbon had sig-
nificant effects on the OP biomass carbon, which indicated that bacteria 
played an important role in carbon flow through the food web on the 
Loess Plateau during vegetation restoration. 

Previous study showed that bacteria play an important role in soil 
food webs in the process of restoration (Hu et al., 2016). Another study 
showed that fungi play an even greater role in vegetation restoration 
than bacteria (Zhang et al., 2015). The flow of carbon and energy 
through the soil food web is primarily driven by the feeding interactions 
between the communities in the soil biota (Derk et al., 2006; Lenoir 
et al., 2007). The bottom-up effects from plant communities also have an 
important impact on the soil microbial food web (Zhang et al., 2015). In 
addition, the impact of environmental and climatic conditions on the 
food web cannot be ignored. Therefore, the role of eubacteria in the food 
web during vegetation restoration requires further investigation. 

5. Conclusions 

In our study, the diversity and abundance of the soil nematode 
community increased continually during vegetation restoration. With 
time, vegetation restoration led to a significantly altered soil nematode 
community structure. During the process of vegetation restoration, 
external resources continually entered the soil food web, enhancing the 
growth of nutrient-rich nematodes, promoting carbon flow in the food 
web, increasing food web metabolic activity, and stabilizing the soil 
food web over time. The study provided a deeper understanding of the 
carbon flow through the soil food web in the process of vegetation 
restoration. The relationship between the soil micro-food web and the 
meso- and macrofauna should be considered in further studies. It is 
apparent that the best way to avoid soil degradation in the Loess Plateau 
region in North-west China is through abandoning agriculture and 
through the natural regeneration of the area. 

Fig. 7. SEM of the energy channels in soil nem-
atode communities (χ2 = 2.736, df = 4, P =
0.603, CFI = 1.000, GFI = 0.961, RMSEA =
0.000). BF-C, bacterivores biomass carbon; FF-C, 
fungivores biomass carbon; OP-C, omnivores- 
predators biomass carbon; PP-C, plant parasites 
biomass carbon; Red solid arrows indicate a sig-
nificant difference (P < 0.05); green solid arrows 
indicate a marginal difference (P < 0.1); yellow 
solid arrows indicate a non-significant difference 
(P > 0.1). (For interpretation of the references to 
colour in this figure legend, the reader is referred 
to the web version of this article.)   
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