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Abstract: Soil nematode communities can offer valuable indicators for monitoring the status of soil
ecosystems. However, their potential for assessing soil restoration under revegetation has been
neglected in temperate arid and semiarid areas. This study examined the characteristics of soil ne-
matode communities and their relationships with soil physicochemical properties under five typical
revegetation approaches in the semiarid Loess Plateau of China. The results showed that planting
an artificial Caragana korshinskii forest led to the recovery of the soil food web, which significantly
increased soil nematode abundance (138.10 + 11.60 inds./100 g dry soil) and community diversity
(Shannon-Wiener diversity: 2.48 4 0.13; trophic diversity: 3.08 £ 0.02), associated with the high con-
tents of SOC and NH,*-N. However, establishing an artificial Prunus sibirica forest improved neither
soil properties nor nematode community characteristics, reflecting poor soil ecosystem restoration.
After establishing an artificial Prunus davidiana forest (PD) and an artificial Medicago sativa grassland
(MS), substantial increases in herbivorous and fungivorous nematodes were observed, respectively,
likely due to the accumulation of particular genera that fed on roots (e.g., Pratylenchus) or their
symbiotic fungi (e.g., Tylencholaimus), which might result in the deterioration (in MS) or restoration (in
PD) of the soil food webs. Natural grassland restoration greatly improved soil properties (i.e., SOC,
NH,*-N, microbial biomass carbon) but did not change the nematode community obviously, proba-
bly due to top-down predation in natural habitats. In conclusion, the characteristics of nematode
communities can effectively indicate the restoration of soil food webs and identify their possible
driving forces under revegetation, which have important implications for vegetation restoration in
arid and semiarid regions.

Keywords: vegetation restoration; biodiversity; soil food web; bottom-up effects; ecological
assessment

1. Introduction

As one of the most severe environmental issues globally, land degradation poses a
great threat to ecosystem health and human survival [1], especially in arid and semiarid
environments [2]. Revegetation is a vital strategy widely used to mitigate land degrada-
tion, effectively reducing soil erosion, improving biodiversity, and restoring ecosystem
services [3-5]. Traditional revegetation practices focus mainly on plant community manipu-
lation [6-8]. In the past decade, the importance of belowground communities in ecosystem
restoration has become increasingly understood in the scientific community [9]. The estab-
lishment and development of plant communities (artificially and naturally) have profound
impacts on organisms at multiple trophic levels in the soil food web by changing their food
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resources and living environment [10-13], which can further regulate soil functions and
plant community characteristics. These changes greatly influence ecosystem restoration
outcomes [9,14,15]. Therefore, considering the belowground community response is crucial
for the successful restoration of degraded ecosystems.

As one of the most abundant and diverse groups of soil fauna, nematodes play
essential roles in structuring soil food webs [16-18] and regulating the essential processes of
soil ecosystems [17,19-21]. Moreover, nematodes have been regarded as ideal bioindicators
of ecological restoration because they are sensitive to changes in the local environment,
and their community characteristics can offer important information on soil biodiversity
and food web dynamics [17,22,23]. To date, numerous studies have addressed the effects
of revegetation on soil nematode communities [24-26]. Previous results showed that soil
nematode communities typically varied by the specific revegetation approach [25,27-29],
and their characteristics provide a critical assessment of restoration in plant communities
and soil food webs [21,30].

The Loess Plateau of China has an area of 640,000 km?2, which is famous for its serious
soil erosion and land degradation [31,32]. Since the 1950s, several government-led ecologi-
cal conservation projects have been implemented to combat land degradation and improve
ecological restoration in this region, such as the “Grain for Green” program, which aims to
convert sloped farmlands into forests and grasslands through natural and artificial reveg-
etation [31,33-36]. To explore the ecological consequences of this conversion, a series of
studies have addressed the changes in plant communities and corresponding belowground
parameters, including soil physicochemical properties and microbial communities, on the
Loess Plateau [2,12,32,37-40]. However, until now, little attention has been given to soil
nematode communities and their responses to revegetation in this region, which limits the
comprehensive understanding of revegetation effects on soil ecosystem restoration.

In this study, the composition, structure, and ecological indices of soil nematode com-
munities under different revegetation approaches (e.g., the conversion of sloped farmland
to naturally restored grassland, artificial grassland, and artificial forests) and their rela-
tionships with soil physicochemical properties were analyzed in the semiarid area of the
Loess Plateau. The objectives of this study were to evaluate the changes in soil nematode
communities under different revegetation approaches and explore their significance for
elucidating the impacts of revegetation on soil ecosystem restoration. It was hypothesized
that the characteristics of soil nematode communities could effectively indicate the restora-
tion of soil food webs and help identify the main forces driving changes in soil food webs
under different revegetation approaches.

2. Materials and Methods
2.1. Study Sites

The study area is located in Shanghuang Village, Yuanzhou County, Guyuan City,
Ningxia Hui Autonomous Region, China (106°27'-106°29’ E, 35°06'-36°20' N) (Figure 1).
This area is in the hilly-gully region of the western Loess Plateau, which is influenced by a
semiarid, warm temperate, continental monsoon climate with a mean annual temperature
of 7.1 °C and a mean annual precipitation of 420 mm, falling mainly from July to September.
The mean annual evaporation is 1400 mm, with a mean aridity index of 1.5-2.0. The mean
annual frost-free period is 150 days [41—43]. The soil in the study area is classified as a
Haplic Calcisol according to the FAO (World Soil Resources) soil taxonomic system.
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Figure 1. The locations of the study sites are Shanghuang Village, Yuanzhou County, Guyuan City,
Ningxia Hui Autonomous Region, China. FL: sloped farmland; GL: naturally restored grassland; MS:
artificial Medicago sativa grassland; CK: artificial Caragana korshinskii forest; PS: artificial Prunus sibirica
forest; PD: artificial Prunus davidiana forest.

The study area belongs to an agriculture-pasturage ecotone, where severe soil erosion
and land degradation occur. Since the 1980s, the “Grain for Green” project has been
implemented in the Shanghuang area, where many sloped farmlands have been converted
into grasslands and forests through artificial or natural revegetation. In the past several
decades, the study area has been established as a key demonstration zone for the “Grain
for Green” project, which has also been established as an experimental base to monitor
vegetation restoration by Northwest Agricultural and Forestry University. The primary
land use types in this area included artificial forests (Caragana korshinskii, Prunus davidiana,
and Prunus sibirica), artificial grasslands (Medicago sativa), naturally restored grasslands
(dominated by Thymus mongolicus, Stipa bungeana, Heteropappus altaicus, Artemisia sacrorum,
etc.), and farmlands grown with corn (Zea mays).

In this study, the following sampling sites were selected under typical types of vege-
tation in the study area: artificial C. korshinskii forest (CK), artificial P. sibirica forest (PS),
artificial P. davidiana forest (PD), artificial M. sativa grassland (MS), and naturally restored
grassland (GL) (dominated by Thymus mongolicus, Heteropappus altaicus, and Stipa bungeana).
These sites were all converted from farmland (grown with corn) and revegetated between
2002 and 2005. These sites had similar terrain conditions and similar previous farming
practices. Since the establishment of the artificial M. sativa grassland in 2005, the above-
ground parts of plants in this field have been harvested annually (in September of every
year), and the replanting of M. sativa has been carried out every five years after plowing in
April (in 2010 and 2015). A traditional sloped farmland (FL) grown with corn was selected
as a control, which was used for agricultural production with low fertilizer input. Detailed
information (geographical information and vegetation characteristics) for all experimental
sites is presented in Table 1.
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Table 1. The geographical features and vegetation characteristics of the sampling sites under different
revegetation approaches.

Sanfplmg Domman.t Plant Pla.ntmg Longitude Latitude Altitude
Sites Species Time (m)
FL Corn (Zea mays) / 106°27'56" 36°0'42" 1583
GL T. mongolicuis; 2004 106°28/31”  36°0/25" 1681
S. bungeana; H. altaicus
MS M. sativa 2005 106°28'00" 36°0'46" 1593
CK C. korshinskii 2005 106°29'00” 36°026" 1652
PS P. sibirica 2002 106°28'06" 36°0/38" 1651
PD P. davidiana 2004 106°28'31" 36°0'24" 1670

The label meanings of sampling sites are explained in Figure 1.

2.2. Soil Sampling

For each study site, three independent plots (20 m x 20 m) were established in August
(the growing season) of 2018 and considered sampling replicates. These plots were at least
100 m apart from each other. Within each plot, the plant communities were investigated.
After the removal of plant litter, twelve soil samples were collected along an S-shaped
curve from a 0-20 cm soil layer using a soil drilling sampler with a 10 cm diameter and
mixed as one composite soil sample. The fresh soil samples were stored in plastic bags and
transported to the laboratory on ice. Visible plant roots, stones, litter, and debris in soil
samples were manually removed. All soil samples were then divided into two subsamples.
One subsample was sieved through a 5 mm mesh and maintained at 4 °C for extracting
soil nematodes and analyzing soil moisture, microbial biomass carbon, microbial biomass
nitrogen, and inorganic nitrogen (NO3 ~-N and NH,*-N). Another subsample was air-dried
and used for analyzing other soil physicochemical properties.

2.3. Soil Physicochemical Analysis

Soil pH was measured using an automatic titrator (Metrohm 702, Herisau, Switzerland)
in 1:2.5 soil /water suspensions. Soil moisture content (SM) was measured gravimetrically
and expressed as a percentage of the soil water to the dry soil weight. Soil organic carbon
(SOC) content was determined using concentrated sulfuric acid (H,SO4) hydrolysis and
potassium dichromate (K,Cr;O7) oxidation methods. Total nitrogen (TN) content was
determined using the Kjeldahl method [44]. Ammonium (NH4*-N) and nitrate-nitrogen
(NO37-N) in soil were extracted with 2 molar (M) potassium chloride (KCl), and the
soil extracts were measured using a Continuous Flowing Analytical System Auto Ana-
lyzer 3-Continuous-Flow Analyzer (SAN++, SKALAR, Breda, Holland). Soil microbial
biomass carbon (MBC) and microbial biomass nitrogen (MBN) were extracted using the
chloroform-fumigation extraction method [45,46]. MBC concentrations in the soil extracts
were measured using an automated TOC (Total Organic Carbon) analyzer (Multi C/N 3000,
Analytik Jena, Jena, Thuringia, Germany), while MBN concentrations were determined by
the semi-micro-Kjeldahl determination method [47].

2.4. Nematode Community Analysis

Nematodes were extracted from 100 g of fresh soil using a modified Baermann method
followed by sugar centrifugal flotation [48]. After counting the total number of nematodes
under a dissecting microscope (50x magnification) (Olympus SZX7, Olympus, Center
Valley, PA, USA), the number of individuals per 100 g of dry soil was calculated to express
nematode abundance. At least 100 nematode individuals were randomly selected per soil
sample and morphologically identified to the genus level using a compound light micro-
scope (100-400x magnification) (PrimoStar, Carl Zeiss, Oberkochen, Baden-Wuerttemberg,
Germany), according to Bongers [49] and Ahmad and Jairjpuri [50]. The relative abundance
of each genus was also calculated. Once there were fewer than 100 nematode specimens in
one soil sample, all specimens were identified.
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Each nematode genus found was assigned to one of the four trophic groups character-
ized by their feeding habits [18]: bacterivores (Ba), fungivores (Fu), plant parasites (PP), and
omnivores-predators (OP). It should be noted that the genus Ditylenchus, which includes
both plant parasites and fungivores, has a high relative abundance in most sampling sites.
In order to clarify the feeding habit of Ditylenchus in our study, species identification was
made for this genus by the use of the high-throughput sequencing (HTS) method [51]. The
HTS results showed that two species of the Ditylenchus genus (D. destructor and D. angustus)
were detected in soil samples, and both of them are plant parasites. Therefore, in our study,
the Ditylenchus genus was assigned to the trophic group of plant parasites (PP). The detailed
procedures of the HTS method are described in Supplementary Materials (Materials and
Methods in Supplementary Materials).

All nematode genera were assigned to different functional guilds defined as colonizer-
persister (c-p) values from 1 (r-strategist) to 5 (K-strategist) [22,52]. The individual numbers
of nematodes with different c-p values reflect gradations between opposing life-history
strategies [52]. The following ecological indices were analyzed to assess the characteristics
of the nematode community and soil food web: (1) The Shannon-Wiener diversity index
(H" = —XPi x InPi) [53], Pielou’s evenness index (J' = H'/InS) [54], Simpson dominance
index (A = Z(Pi)?) [55], and Margalef richness index (SR = (S — 1)/InN) [56] were calculated,
where Pi = the proportion of the genus i in the total nematode community, S = the number
of genera identified, and N = the total number of nematode individuals. These indices can
be applied to evaluate soil nematode diversity at the genus level. (2) The trophic diversity
index (TD = 1/%(P’i)%) was determined to assess the diversity of nematode communities at
the trophic level [57], where P’i = the proportion of the trophic group i in the total nematode
community. (3) The maturity index (MI = Xvi x fi) for free-living nematodes was calcu-
lated [22], where vi = the c¢-p value of a free-living nematode genus i and fi = the frequencies
of that genus in a sample. The MI reflects the levels of environmental disturbance experi-
enced by the soil ecosystem, with a low value expressing a highly disturbed system [22].
(4) The plant parasite index (PPI) was calculated in a similar manner as the MI but only for
plant parasitic genera [58]. (5) The Wasilewska index (WI = (B + F)/PP) was determined to
assess the health condition of the soil ecosystem [59], where B, F, and PP are the numbers of
bacterivores, fungivores, and plant parasites in the total nematode community, respectively.
(6) The nematode channel ratio (NCR = B/(B + F)) indicates the major decomposition
pathway of the soil food web [60]. (7) The enrichment index (EI =100 x ¢/(b + ¢)) was
calculated to evaluate the response of the soil food web to available resources [60], and
(8) the structure index (SI =100 x s/(b + 5)) was calculated to indicate the structural changes
in the soil food web under human disturbance or during ecological restoration [60], where
e, b, and s are the weighted proportions of the enriched component, basal component, and
structured component of the soil food web, respectively [60]. Based on soil nematode com-
munities” EI and SI values, nematode faunal analysis was performed to comprehensively
assess soil food web conditions at different sampling sites [60].

2.5. Data Analysis

All data were tested for normal distribution and homogeneity of variance by
Kolmogorov-Smirnov and Levene’s tests, respectively. A one-way ANOVA followed
by the least significant difference (LSD) test was used to assess the effects of the revegeta-
tion approach on soil properties and nematode communities. Pearson correlation analysis
and redundancy analysis (RDA) were used to test the significance of correlations between
nematode community characteristics and soil physicochemical properties across all sam-
pling sites. Differences at the p < 0.05 level were considered to be statistically significant.
Redundancy analysis (RDA) was performed using CANOCO software version 5.0 [61], and
the other statistical analyses were performed using SPSS version 20.0 (SPSS Inc., Chicago,
IL, USA).
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3. Results
3.1. Soil Physicochemical Properties

The soil’s physicochemical properties varied under different revegetation approaches
(Table 2). Compared to the FL, artificial C. korshinskii (CK) forest, artificial P. davidiana
(PD) forest, and naturally restored grasslands (GL) greatly improved SOC and NH,*-
N, while they more or less decreased soil pH and NO3;~-N (Table 2). PD and GL also
slightly improved SM and MBC, respectively (Table 2). However, artificial M. sativa
grassland (MS) and artificial P. sibirica (PS) forests did not induce observable improvements
in soil physicochemical properties and even significantly lowered SOC and NO; ~-N in MS
(Table 2). Therefore, CK forest, PD forest, and GL grassland showed greater improvement
in soil physicochemical properties (Table 2).

Table 2. Soil physicochemical properties under different revegetation approaches (mean + SE).

Sampling o SOC TN NH;*-N NO3;-N MBC MBN
Sites PH SM (%) (g/kg) (g/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)
FL 815+0.03a  13.66+028ab  698+0.15b 0.78 + 0.02 ab 0.75+0.10b 292+006a 62861 +2794ab  91.03 +3.68ab
GL 7.88 +0.12b 1682+ 050a  13.00+059a  1.18 +0.17ab 1724+ 0.10a 023+ 0.14c 739.57 +37.27 a 39.97 +6.12b
MS 8.14 £0.02a 10.87 £ 0.18 b 5.65+031c 0.60 £ 0.03b 0.98 £ 0.09 ab 0.19 £0.08 ¢ 428.42 + 75.38 be 110.94 + 14.15a
CK 7.98 + 0.01 ab 15.37 £ 0.16 ab 13.74 £ 0.03 a 1.18 + 0.20 ab 1.77 £ 0.35a 1.23+040Db 506.16 + 11.46 b 55.42 + 17.40 ab
PS 808+ 0.02ab  12.66+0.07ab  535+0.29c 0.56 + 0.04 b 0.80 + 0.08 ab 0.11+0.02¢ 34240 +91.60c  100.18 + 32.45 ab
PD 800+0.03ab 1756 £231a  12.83+£027a 1.38 £ 0.04a 1.05+024ab  051+035bc 43481 £34.66bc 11894+ 1622a
SM: soil moisture; SOC: soil organic carbon; TN: soil total nitrogen; NH4*-N: soil ammonium nitrogen; NO3 ~-N:
soil nitrate nitrogen; MBC: microbial biomass carbon; MBN: microbial biomass nitrogen. Different lowercase
letters in the same column show statistically significant differences (p < 0.05) among revegetation approaches. The
label meanings of the sampling sites are explained in Figure 1.
3.2. Composition and Structure of Soil Nematode Communities
The total abundance of soil nematodes varied significantly among revegetation ap-
proaches (p < 0.05) and was significantly higher in CK, PD, and MS when compared to FL.
The highest total abundance of soil nematodes was observed in the CK forest (Table 3).
Table 3. The relative abundance (%) of nematode genera and the absolute abundance (inds./100 g
dry soil) of soil nematodes under different revegetation approaches.
Trophic c-p
Genus FL GL MS CK PS PD
Group Value
Acrobeles Ba 2 16.84 10.26 17.81 13.72 6.00 20.89
Acrobeloides Ba 2 2.11 4.27 2.83 1.81 1.00 2.67
Cephalobus Ba 2 421 3.42 4.05 6.14 2.00 0.89
Cervidellus Ba 2 12.63 9.40 4.45 13.72 2.00 7.56
Chiloplacus Ba 2 1.05 0.00 5.26 217 2.00 0.00
Chiloplectus Ba 2 0.00 0.85 0.00 0.00 0.00 0.00
Eucephalobus Ba 2 3.16 0.85 0.00 3.25 0.00 0.44
Plectus Ba 2 1.05 0.00 0.00 0.00 0.00 0.00
Wilsoema Ba 2 0.00 0.00 0.00 1.44 0.00 0.00
Apbhelenchoides Fu 2 1.05 0.00 0.00 2.53 2.00 0.44
Aphelenchus Fu 2 5.26 17.09 9.31 11.19 35.00 8.89
Tylencholaimus Fu 4 9.47 12.82 31.58 15.88 5.00 6.67
Ditylenchus PP 2 23.16 17.09 7.29 5.05 17.00 12.00
Neopsilenchus PP 2 0.00 0.00 0.00 0.00 0.00 0.44
Paratylenchus PpP 2 0.00 1.71 0.00 5.78 1.00 1.78
Tylenchus PP 2 0.00 0.00 0.40 0.00 5.00 0.00
Criconema PP 3 0.00 0.00 0.00 0.00 0.00 0.44
Helicotylenchus PP 3 2.11 4.27 0.40 2.89 2.00 1.33
Pratylenchus PP 3 11.50 7.69 6.48 4.69 8.00 23.56
Rotylenchus PP 3 211 7.69 243 3.97 8.00 8.89
Tylenchorhynchus PP 3 211 0.00 0.40 0.72 0.00 0.44
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Table 3. Cont.
G Trophic c-p
enus FL GL MS CK PS PD
Group Value
Eudorylaimus Om 4 0.00 0.85 0.40 0.00 0.00 0.00
Microdorylaimus Om 4 0.00 0.00 0.00 0.36 0.00 0.44
Kochinema Om 4 0.00 0.00 0.81 0.00 1.00 0.44
Thonus Om 4 1.05 0.85 1.62 3.97 2.00 0.89
Paraxonchium Om 5 0.00 0.00 0.40 0.00 0.00 0.00
Mononchus Pr 4 1.05 0.00 0.00 0.00 0.00 0.00
Discolaimium Pr 5 0.00 0.00 3.64 0.72 1.00 0.00
Discolaimus Pr 5 0.00 0.00 0.40 0.00 0.00 0.44
Nygolaimus Pr 5 0.00 0.85 0.00 0.00 0.00 0.00
Paravulvus Pr 5 0.00 0.00 0.00 0.00 0.00 0.44
Total genera number 17 16 19 20 17 21
Total nematode abundance 49.18 + 55.00 + 116.26 + 138.10 + 4943 + 105.00 +
2.74b 9.21b 17.67 a 11.60 a 6.26 b 1143 a

c-p value: colonizer-persister value; Ba: bacterivores; Fu: fungivores; PP: plant parasites; Om: omnivores; Pr:
predators. Total nematode abundance data (inds./100 g dry soil) correspond to the mean =+ SE. Different lowercase
letters in the same line show statistically significant differences (p < 0.05) among revegetation approaches. The
label meanings of sampling sites are explained in Figure 1.

In all the sampling sites, a total of 31 nematode genera belonging to 19 families were
observed, with the genera numbers varying little among revegetation approaches (p > 0.05)
(Table 3). The composition of the soil nematode community was significantly influenced by
the specific revegetation approach (Table 3). In FL, the Ditylenchus genus (assigned to the
plant-feeding group), showed the highest relative abundance, followed by two bacterial-
feeding genera, Acrobeles and Cervidellus (Table 3). Compared to FL, the sites under different
revegetation approaches, particularly CK and MS, decreased the relative abundance of
Ditylenchus (Table 3). Meanwhile, the PD forest increased the relative abundance of another
plant-feeding nematode genus, Pratylenchus, while the other sites increased those of some
fungal-feeding genera, such as Aphelenchus or Tylencholaimus (Table 3).

The trophic structure of the nematode community was also greatly affected by the
specific revegetation approach (Figure 2). Bacterivores, fungivores, and omnivore-predators
in the nematode community were present in higher abundance in the CK forest and the
MS grassland, while the abundance of plant-feeders reached the highest abundance in the
PD forest (Figure 2). Compared to FL, the PS forest had a slight decrease in bacterivore
abundance while showing increased fungivore abundance. The GL grassland did not
induce observable changes in the nematode community structure (Figure 2).

3.3. Ecological Indices of Soil Nematode Communities

The ecological indices of nematode communities greatly varied under different reveg-
etation approaches (p < 0.05) (Table 4). In the CK forest, the nematode diversity index
(H’) reached the highest value, while the dominance index (A) decreased to the lowest
value (p < 0.05) (Table 4). The TD index was higher in the CK forest and the MS grassland
than in the other sites (Table 4). For nematode functional indices, the MI index was the
highest in the MS grassland and the CK forest, while PPI and PPI/MI were the highest in
the PD forest (Table 4). Nematode channel ratio (NCR) was the highest in FL (0.72) and
significantly declined in MS grassland and PS forest (NCR < 0.5) (Table 4).

Nematode faunal analysis showed that the profiles of soil nematode communities in
GL, MS, and CK were plotted in quadrant C (Figure 3), which indicated that these sites
were undisturbed and moderately enriched with a highly structured soil food web. In
contrast, the remaining sites were located in quadrant D, indicating stressed disturbance
and degraded soil food webs in these belowground environments (Figure 3).
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Figure 2. The total abundance of different trophic groups of soil nematode communities under
different revegetation approaches (mean & SE). Different lowercase letters above error bars indicate
significant differences among sampling sites (p < 0.05). Ba: bacterivores; Fu: fungivores; PP: plant
parasites; OP: omnivores-predators. The label meanings of sampling sites are explained in Figure 1.

Table 4. The ecological indices of soil nematode communities under different revegetation approaches

(mean =+ SE).

Ecological Index FL GL MS CK PS PD
H’ 2.07£0.12b 215+0.10b 213+£0.19b 248 £0.13a 194+ 022b 214 £0.07b
J 0.88 £0.02a 0.89 £0.02a 0.83+0.05a 0.88 £0.02a 0.82+0.01a 0.83 £0.07 a
A 0.15+0.02ab  0.14 +0.01 ab 0.16 + 0.03 ab 0.11+0.02b 0.21 £0.07 a 0.15+0.01 ab
SR 249£0.32a 258 £0.34a 2.62+041a 325+0.32a 256 £0.44 a 2,67 £0.31a
D 274+£0.04ab  2.84+012ab 311+0.14a 3.08 £0.02a 250 +£0.22b 2.59 £ 0.11 ab
NCR 0.72+0.05a 0.51 +0.21 ab 0.46 £ 0.01b 0.59 £+ 0.05 ab 0.21 +0.10c¢ 0.67 £ 0.05 ab
WI 1.38 £ 0.09b 154 +0.15b 467 £0.82a 3.13 £0.18 ab 1.50 £ 046 b 1.12+0.29b
MI 141 £0.08¢ 1.54 £ 0.05 bc 247 £ 0.56 a 1.96 £0.13b 1.30 £ 0.38 ¢ 123+ 042c¢
PPI 244 +0.02Db 253 +0.13 ab 2.52+0.13ab 254 +0.15ab 243 £0.08 b 271+0.02a
PPI/MI 172+ 0.05ab  1.67 £0.11 ab 1.03 £ 0.07b 1.30 £ 0.30b 214 +£051a 230£0.27a

Different lowercase letters indicate significant differences among revegetation approaches (p < 0.05). The label
meanings of the sampling sites are explained in Figure 1. H’: Shannon diversity index; ]’: Pielou evenness index; A:
Simpson dominance index; SR: Margalef richness index; TD: trophic diversity; NCR: nematode channel ratio; WI:

Wasilewska index; MI: maturity index; PPI: plant parasites index; PPI/MI: plant parasites index/maturity index.
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Figure 3. Nematode faunal analysis under different revegetation approaches. The label meanings of
sampling sites are explained in Figure 1.
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3.4. Relationships between Soil Nematode Communities and Physicochemical Properties

The redundancy analysis (RDA) indicated that the composition and structure of soil
nematode communities varied greatly among different revegetation approaches, which
could be partially attributed to changes in soil properties, specifically SOC, TN, NH4*-N,
and SM content (Figure 4). The first two RDA axes explained 58.98% of the total variance
(48.26% and 21.29% for the first and second axes, respectively) (Figure 4).
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Figure 4. Redundancy analysis (RDA) of the soil nematode community in relation to soil physic-
ochemical properties. The label meanings of the sampling sites are explained in Figure 1. Ba:
bacterivores; Fu: fungivores; PP: plant parasites; OP: omnivores-predators. SOC: soil organic car-
bon; SM: soil moisture; TN: total nitrogen; NH4*-N: soil ammonium nitrogen; NO3; ~-N: soil nitrate
nitrogen; MBC: microbial biomass carbon; MBN: microbial biomass nitrogen. Acr1: Acrobeles; Acr2:
Acrobeloides; Cep: Cephalobus; Cer: Cervidellus; Chil: Chiloplacus; Euc: Eucephalobus; Chi2: Chiloplectus;
Ple: Plectus; Wil: Wilsonema; Cri: Criconema; Dit: Ditylenchus; Hel: Helicotylenchus; Neo: Neopsilenchus;
Par1: Paratylenchus; Pra: Pratylenchus; Rot: Rotylenchus; Tyll: Tylenchorhynchus; Tyl2: Tylenchus;
Aphl: Aphelenchoides; Aph2: Aphelenchus; Tyl3: Tylencholaimus; Eud: Eudorylaimus; Koc: Kochinema;
Mic: Microdorylaimus; Par2: Paraxonchium; Tho: Thonus; Dis1: Discolaimium; Dis2: Discolaimus; Nyg:
Nygolaimus; Par3: Paravulvus; Mon: Mononchus.

In the RDA diagram, the profile of the soil nematode community in GL did not differ
significantly from that in FL (Figure 4). Soil nematode communities in the other sites
varied significantly from those in FL, and they were also clearly separated from each other
(Figure 4). Compared to FL, the CK forest had increased nematodes in all trophic groups,
probably associated with the increased contents of SOC, TN, and NH*-N. The PS forest
led to a decrease in plant-parasitic and bacterivorous nematodes, and the PD forest induced
a substantial increase in plant-parasitic nematodes, correlating with the changes in SOC,
TN, and SM content (Figure 4). Artificial MS grassland mainly promoted the development
of fungivores and omnivorous-predatory nematodes, accompanied by a decrease in SOC,
TN, and SM contents (Figure 4).

Pearson correlation analysis further confirmed the correlations between soil physico-
chemical properties and nematode community characteristics (Table S1 in Supplementary
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Materials). The results showed that SOC and TN contents were positively correlated with
the abundance of plant-feeding nematodes (p < 0.05) (Table S1 in Supplementary Materials).
SOC and NH4"-N were also positively correlated with the H” index of the nematode
community. TN content showed positive correlations with NCR and PPI (p < 0.05) (Table S1
in Supplementary Materials). The NO3;™-N content was positively correlated with NCR
while negatively correlated with EI (p < 0.05) (Table S1 in Supplementary Materials).

4. Discussion
4.1. Effects of Revegetation Approaches on Soil Physicochemical Properties

Compared to the farmland, soil properties (e.g., soil pH, moisture content, SOC, TN,
and NH4*-N) were more or less improved in the naturally restored grassland GL and the
two types of artificial forests (CK and PD) (Table 2). These results corroborate previous
findings that in the semiarid area of the Loess Plateau, naturally restored grasslands and
artificial forests have been more effective in improving soil physicochemical properties than
artificial grasslands [36,62], because their higher plant diversity and biomass can offer more
abundant and diverse resources for the soil ecosystem [36,62,63]. However, in contrast
to the CK and PD forests, the PS forest did not positively impact soil physicochemical
properties, even going so far as to decrease SM, SOC, and MBC contents (Table 2). The
negative impact of PS forest revegetation can be attributed to its poor improvement of the
species diversity and biomass of understorey herbaceous plants [64,65]. Therefore, artificial
forests with different constructive plant species can significantly affect soil physicochemical
properties. Soil NO3~-N content was lower in all sites with revegetation than in farmland,
likely due to the cessation of fertilization.

4.2. Effects of Revegetation Approaches on Soil Nematode Community Characteristics

In the past several decades, the importance of soil nematodes in ecological monitoring
and restoration assessment has been increasingly recognized [13,17,20,28]. However, al-
though abandoning farmland for revegetation has been considered the principal land-use
change on the Loess Plateau [31], its impact on soil nematode communities is seldom
studied in this region. In our study, among the three types of artificial forests (CK, PD,
and PS) and two types of grasslands (MS and GL), the composition, structure, and eco-
logical indices of soil nematode communities differed distinctly (Figure 2; Tables 3 and 4).
Our results indicated the presence of significant changes in soil food web structure and
function, thus suggesting a wide variation in soil ecosystem restoration under different
revegetation approaches.

Among all revegetation approaches, the establishment of the CK forest led to the
greatest improvement in the soil nematode community. C. korshinskii is one of the most
important afforestation species on the Loess Plateau, having a well-developed root system
and strong nitrogen fixation ability, thus showing resistance to environmental stress [66,67].
The planting of C. korshinskii can effectively accelerate the restoration of the herbaceous
community [12,64], which enhances resource entry into the soil ecosystem and improves
the food supply for soil organisms [66,68]. In the CK forest, a high abundance of nematodes
at multiple trophic levels was observed (Table 3; Figure 2), particularly bacterivores, which
are highly sensitive to soil resource conditions [25]. Congruently, in CK, nematode diversity
at the genus (H’) and trophic (TD) levels and in M1, SI, and WI was higher than in FL. It
was demonstrated that with the conversion from sloped farmland to CK forest, the soil
food web became more species-rich, mature, and highly structured [69,70], contributing to
the resilience of the soil ecosystem functions [20,60].

In contrast to CK forest, PS forest induced no significant effect on nematode abun-
dance and community characteristics, probably because P. sibirica was not as effective as
C. korshinskii for prompting herbaceous community restoration and improving soil re-
source availability [64,65], which limits the available resources for soil organisms, especially
bacterivores, thus leading to poor improvement on soil food web restoration.
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Unlike the CK and PS forests, the PD forest induced a substantial increase in plant-
feeding nematodes, specifically Pratylenchus. The nematode genus has been considered
one of the most destructive below-ground herbivores for various economically important
plants [71], often having outbreaks in apricot orchards, resulting in serious root injury
and replant diseases [26,72]. These results imply that converting sloped farmland into PD
forest may significantly increase the risk of infestation by plant-feeding nematodes, leading
to complex impacts on the soil ecosystem [73-75]. On one hand, the infestation of plant-
feeding nematodes leads to nutrient leakage from roots through mechanical injury [19,76],
which may explain the improvement in soil physicochemical properties and the increase
in bacterial-feeding nematodes in PD forests. On the other hand, the high dominance of
plant-feeding nematodes (48.35%) significantly lowered the trophic diversity and structural
complexity of the nematode community (as indicated by TD and SI), leading to the low
values of MI and WI with the high values of PPI and PPI/MI. These changes indicated a
deteriorated soil food web [17,22], implying poor restoration of the soil ecosystem in the
PD forest [17,22,74,75].

Compared to FL, artificial MS grassland did not significantly affect soil properties
but increased the abundance of bacterivorous, fungivorous, and omnivorous-predatory
nematodes, leading to beneficial impacts on soil food web restoration. The abundance of
fungivores increased the most significantly, especially those belonging to the functional
guild of c-p 4 (e.g., Tylencholaimus), probably due to their feeding preference for arbuscular
mycorrhizal fungi (AMF) [77]. It is well known that AMF can form asymbiotes with
leguminous grasses (such as M. sativa) and exist abundantly in MS grasslands, which
enhances the food resources for fungivorous nematodes (i.e., the c-p 4 functional guild) [77]
and beneficially affects omnivorous-predatory nematodes. The highest TD, MI, and WI
values were also found in the MS grassland, indicating a highly mature soil food web and
healthy soil conditions [17,20,60].

In contrast to artificial MS grassland, naturally restored grassland (GL) greatly im-
proved soil physicochemical properties but did not significantly influence the nematode
community. It has been reported that in loess-hilly areas, natural grassland succession can
effectively improve soil physicochemical properties and induce a shift in microbial commu-
nities through bottom-up effects [36,37,65,78,79]. However, in natural habitats, top-down
predation is also one of the major driving forces of the soil food web [80,81]. The omnivorous-
predatory nematodes, as well as predators of nematodes in other soil taxa (e.g., amoebae and
mites), probably have an impact on the soil nematode community through the predator-prey
channel [80,81], which may mitigate the bottom-up effects mediated by soil properties.
Generally, the changes in soil nematode communities indicated that the conversion of farm-
land to CK forest and MS grassland showed more significant improvements in the soil
food web and ecosystem restoration than other revegetation approaches. Nematode faunal
analysis also showed that the profiles of nematode communities in PS, PD, and FL were
plotted in quadrant D (Figure 3), implying the presence of deteriorated soil ecosystems in
these sites [60]. In contrast, the nematode communities in CK, MS, and GL were located in
quadrant C, with the former two having higher SI values (Figure 3), which indicated highly
structured soil food webs and a stable soil environment [60].

4.3. Driving Forces of Soil Nematode Communities under Different Revegetation Approaches

RDA and correlation analysis demonstrated that the variations in the composition,
structure, and ecological indices of nematode communities could be partially attributed
to the changes in soil physicochemical properties, specifically SOC, TN, NH;*-N, and
SM content (Figure 4; Table S1 in Supplementary Materials). This result suggested the
importance of soil properties in regulating soil food webs under all revegetation approaches.
Notably, in the CK forest, the great improvement in SOC and NH;*-N content could
positively affect the abundance and activities of soil microbes [36,60], as well as their
predators, namely, bacterivorous and fungivorous nematodes (i.e., Cervidellus, Acrobeles,
and Tylencholaimus), and might further facilitate the development of nematodes at higher
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trophic levels (e.g., omnivores-predators). Conversely, in the PS forest, the low levels of
soil moisture content and resource availability might be responsible for the low individual
abundance and deteriorated status of the nematode community. Therefore, it was suggested
that the bottom-up effects of vegetation mediated by soil properties might be a strong driver
of soil food web structure and function under the two revegetation approaches [13,25,82].

In PD forest and MS grassland, the alterations in soil nematode communities were
not significantly related to changes in soil properties but rather highly dependent on the
outbreak of a particular genus that feeds on roots (or root symbiotic fungi). The planting of
P. davidiana induced a substantial increase in the Pratylenchus genus and thus led to a domi-
nance of plant-feeding nematodes, which negatively affected the structure and functioning
of the soil food web and resulted in poor restoration of the soil ecosystem [27,83]. In MS
grassland, abundant fungivorous nematodes, specifically Tylencholaimus, were potentially
associated with the widespread symbiosis of M. sativa grass with AMF [77,79]. The high
abundance of fungivorous nematodes could increase omnivorous-predatory nematodes
and improve the restoration of the soil food web. Therefore, in artificial forests and grass-
lands, the host-parasite relationships between constructive plant species (or their symbiotic
fungi) and particular nematode genera should be noted, which are likely to play key roles
in regulating bottom-up forces from vegetation on soil food webs [19,77,79,84]. However,
this inference requires further investigation.

In GL grassland, the driving forces of the soil food web might be more complex. It has
been reported that in natural habitats, both bottom-up forces of vegetation and top-down
control of predators are strong drivers of soil nematode communities [80,85]. Natural
grassland succession can effectively improve soil resource availability [36], which could
positively impact soil microbes and nematodes at multi-trophic levels through bottom-up
effects [13]. However, the increased top-down predation pressure might also be exerted
on nematode communities by omnivorous-predatory nematodes and organisms that were
not investigated in the present study, such as amoebae and mites [80,85]. As a result of the
combined effects of bottom-up and top-down forces, the characteristics of the soil nematode
community in GL varied little from those in FL.

Through analyzing nematode community characteristics and their relationships with
soil properties, our study implied a wide variation in the driving forces of soil food
webs under different revegetation approaches in the semiarid area of the Loess Plateau.
Consistent with previous research in temperate forests and grasslands [9,10,36], our results
indicated the importance of the bottom-up effects of vegetation under all revegetation
approaches and further suggested that soil properties and root herbivory or symbiosis
(e.g., AMF) might mediate these effects. In addition, both bottom-up and top-down control
might be strong driving forces for soil nematode communities under natural revegetation.

It is worth noting that in our study, soil nematodes were identified to the genus level.
However, for some nematode genera (e.g., Ditylenchus), their species composition can
have a great impact on soil food web. Therefore, here, we plan to reach identification of
soil nematodes at the species level by the use of both morphological identification and
high-throughput sequencing methods. Our results will provide more information on soil
monitoring after restoration under revegetation approaches on the Loess Plateau, and also
contribute to the standardization of an identification method for soil nematodes.

It should also be noted that the indices of nematode dispersion were not applied in our
study since various nematode ecological indices have been used to assess soil ecosystem
status from multiple perspectives. However, in our further studies, the application of a
dispersion index such as Taylor’s power law should be considered to explore nematode
dispersion patterns for specific taxonomic/functional groups and entire communities [86].
This can facilitate a better understanding of the spatial and temporal distribution patterns
of soil nematodes. Meanwhile, the nematode dispersion index is useful in determining
transformations of nematode counts to meet assumptions necessary for parametric sta-
tistical analyses as well as in developing nematode sampling methodology [87]. Guided
by previous findings [87], we can optimize the sampling plan in further studies by im-
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References

plementing several methods, including increasing the number of sampling sites under
different revegetation approaches, collecting soil samples at different depths in different
seasons, and utilizing a standardized sampling device. These methods help to obtain
more comprehensive and representative soil samples, thereby enhancing the accuracy and
reliability of the dispersion index.

5. Conclusions

The composition, structure, and ecological indices of soil nematode communities
greatly varied under different revegetation approaches in the semiarid area of the Loess
Plateau, which can be more informative than soil properties for reflecting soil ecosystem
restoration and providing valuable information about the driving forces of soil food webs.
Compared to the FL, the CK forest positively impacted the soil nematode community, as
indicated by the high individual abundance, reasonable structure, and ideal ecological
indices (e.g., H’, SR, TD, etc.) of nematode communities. The beneficial impacts of CK
forest on the soil nematode community could be associated with improving multiple soil
properties, particularly SOC and NH;*-N content. In contrast, the PS forest improved
neither soil properties nor nematode community characteristics. Our results elucidated
the importance of soil properties in mediating the bottom-up effects of vegetation on
nematode communities under these two revegetation approaches. In PD forest and MS
grassland, however, the promotion of constructive plant species for particular herbivorous
or fungivorous nematode genera (those feeding on roots or symbiotic fungi) may be more
vital in regulating soil food webs. In addition, in GL grassland, the characteristics of
the nematode community varied little, while soil properties differed significantly from
those in FL, probably because both bottom-up and top-down control were important
drivers of the soil food web under natural revegetation, leading to complex impacts on soil
ecosystem restoration. Our results can offer valuable insights into the mechanisms that
underlie revegetation effects on soil ecosystems and provide scientific recommendations
for vegetation restoration and land use management in arid and semiarid environments.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/f14091886/s1. Materials and Methods: 1. High-throughput Sequencing
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