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Abstract: Intense human activities break the grassland–livestock balance and accelerate grassland 

degradation. We evaluated the use of native dominant species combined with arbuscular mycorrhi-

zal fungi (AMF) in order to recover grassland and restrain grassland degradation. We conducted a 

full factorial greenhouse experiment to evaluate the interaction effects of native species of distinct 

traits grass Lolium perenne (L) and legume Trifolium repens (T) with arbuscular mycorrhizal fungi 

(AMF) inoculation on grass productivity and soil properties across non-degraded, lightly degraded, 

and severely degraded soils. The grass–legume mixture was manipulated with five ratios (T:L = 1:0, 

T:L = 1:1, T:L = 3:1, T:L = 1:3, T:L = 0:1). The results showed that L. perenne significantly increased 

grassland productivity at different grass–legume ratios, regardless of AMF presence or absence. 

AMF inoculation increased plant N and P content uptake and improved the productivity of de-

graded grasslands, especially in severely degraded grasslands. The NO3−-N and available P concen-

trations increased in soil when the legume component increased from T:L = 0:1 (grass monoculture) 

to T:L = 1:0 (legume monoculture). This may be because the presence of Lolium perenne (L) can pro-

mote nitrogen fixation in legumes. Structural equation modeling indicated that grass–legume mix-

tures directly affected plant biomass, whereas AMF affected plant biomass via providing plant nu-

trients. A soil quality index based on minimum datasets indicated a significant positive effect of 

artificial grassland establishment on soil quality. We conclude that planting T:L = 0:1 and T:L = 1:3 

combined with AMF inoculation can be used to recover degraded grassland production, and plant-

ing T:L = 1:1 and T:L = 1:3 plus AMF inoculation can be applied for grassland nutrient accumulation 

and stability maintenance. 

Keywords: arbuscular mycorrhizal fungi; grassland restoration; grass–legume mixture;  

planting ratio; plant–soil interaction 

 

1. Introduction 

Grassland degradation is an ecological process of reverse evolution caused by a se-

ries of human and natural events [1] At present, one-third of grasslands in China are de-

graded. Nanshan Pasture in Hunan Province is an important pastoral grassland area in 

southern China. However, due to excessive grazing and climate factors, most of the grass-

land area in Nanshan has seriously degraded, accompanied with plant biomass and spe-

cies diversity loss, soil nutrients loss, and soil pH increase [2]. In response to these envi-

ronmental disasters, various interventions have been implemented, such as fencing pas-

tures, rodent and pest control, fertilization, and farming; however, these strategies require 

long recovery periods and have unstable effects [3]. 

The establishment of artificial grassland offers a sound approach for the restoration 

of degraded grasslands and to slow down the pace of grassland degradation [4,5]. Studies 
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have shown that the establishment of artificial or semi-artificial grasslands by reseeding 

had a positive effect on productivity and soil structure in degraded grasslands. In addi-

tion, the soil microbial community plays a vital role in nutrient cycling, soil structure 

maintenance, and ecosystem productivity [6]. As the interactions between plant and mi-

croorganism are altered in degraded grassland ecosystems, the regulation of soil micro-

organisms is expected to improve the effect of sowing native grass species for the effective 

restoration of degraded grassland ecosystems. 

Arbuscular mycorrhizal fungi (AMF), as substantial components of microbial com-

munities in soils, form mutualistic associations with the roots of most terrestrial plants, 

helping them access soil nutrients (especially phosphorus), while accumulating plant car-

bohydrates [7,8]. Mycorrhizal symbionts can improve the absorption of soil mineral ele-

ments by the host plant, increase plant biomass, and improve soil quality and soil aggre-

gate stability, thus affecting the stability of the plant–soil system. The role of AMF is most 

pronounced in vegetation restoration in degraded areas [9]. Rosales et al. (1997) illustrated 

that AMF should be considered for the restoration of degraded areas by reintroducing 

them or increasing their inoculum [10]. Therefore, the use of mycorrhizal biotechnology 

to restore degraded grassland ecosystems has been a main focus in research regarding the 

restoration of severely degraded grasslands [11]. However, the effects of AMF inoculation 

on plant species composition and soil–plant synergism in degraded grasslands remains 

unclear. 

Grass–legume mixtures, which are widely used in mixed pastures and agricultural 

intercropping systems, can enhance community productivity and stability [12,13,14]. As 

two different functional groups, their characteristics of physiology and nutrient utilization 

benefit each other. The establishment of Lolium perenne and Trifolium repens mixture grass-

land has been widely used to reconstruct the grassland ecosystem in southern China [15]. 

The reseeding of T. repens and L. perenne in degraded grasslands is known to increase soil 

nitrogen availability, improve biomass yield, and maintain biodiversity [16]. However, 

the addition of AMF in leguminous and non-leguminous mixed seeding systems reduces 

nitrogen loss and improves nitrogen utilization efficiency [17]. Previous studies mostly 

focused on the complementary effects of grass–legume mixtures, and less research is re-

lated to the effects of exogenous beneficial microorganisms on vegetation restoration in 

mixed grass–legume planting grassland, thus restricting the recovery of degraded grass-

lands. 

Interactions between above-ground and below-ground communities are vital in eco-

system functions, including improving ecosystem stability, maintaining biodiversity, and 

enhancing soil nutrient stability [18]. In this study, we introduced AMF combined with 

locally dominant grass species to regulate soil–plant interactions to accelerate grassland 

restoration. The objectives of this study were to investigate whether the addition of AMF 

was effective in restoring degraded grassland and to study the effects of the combination 

of two dominant species at different composition ratios and AMF inoculation on plant 

biomass, nutrient accumulation, and soil nutrients with the aim to aid the appropriate 

management schemes for the protection and restoration of degraded grasslands. 

2. Materials and Methods 

2.1. Study Area 

Nanshan Pasture in Hunan province (Figure 1) is located in the southwest of 

Chengbu Miao Autonomous County in Shaoyang City, Hunan Province, China. It was 

established in March 1956. The soil of Nanshan Pasture is mainly mountain meadow soil 

and mountain yellow brown soil, and the pH is neutral to slightly acidic. Natural vegeta-

tion mainly includes Arundinella yunnanensis Keng, Cathaya argyrophylla Chun et Kuang, 

Emmenopterys henryi Oliv, and Holcus lanatus. The dominant grass species at this site are 

Trifolium repens (T) and Lolium perenne (L). The mean annual temperature is around 11 °C, 

and the average annual rainfall is approximately 1900 mm. 
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Figure 1. Soil sampling site at Nanshan Pasture, Hunan Province. The inset shows the location of 

Hunan Province in China. Data Center for Resource and Environmental Sciences, Chinese Academy 

of Sciences, 2021. 

2.2. Soil and Inoculum Preparation 

Based on the evaluation criteria of grassland degradation (BG19377-2003), non-de-

graded (NDG), lightly degraded (LDG), and severely degraded (SDG) grasslands were 

selected for sampling. Soil samples were collected on 30 July 2021. At each plot, we col-

lected 60 kg of soil (5–20 cm deep) using shovels, and between samples, the shovels were 

sterilized with a 70% ethanol solution. The soil samples were transported to the labora-

tory, mixed, and passed through a 0.5 cm sieve to remove rocks and plant debris. The 

homogenized soil was divided into two equal parts. One part was stored at 4 °C. The other 

part was heat-sterilized (autoclaving at 121 °C for 60 min) and stored in a cool place for 

later use. A major disadvantage of sterilization is that the concentration of soil nutrients 

increases due to decomposition of the killed soil organisms [19]. Autoclaving increases 

the soil organic carbon (SOC) content. In general, the side effects of sterilization can be 

largely avoided with the addition of small amounts of living and sterilized soil to the ster-

ilized background soil [20,21]. To minimize the effect of autoclaving on soil, we mixed the 

fresh soil or sterilized soil with each degradation degree and sterilized mixed soil (soil + 

sand) with the same degradation degrees at a ratio of 1:10, which were non-sterilized and 

sterilized soils. 

Soils were inoculated with AMF strains purchased from the College of Resources and 

Environment Sciences, Nanjing Agricultural University, Nanjing, China. The five AMF 

strains included Acaulospora scrobiculata Trappe, Glomus mosseas, Glomus caledonium, Glo-

mus versiforme, and Glomus intraradices. AMF spores contained in soil inoculation were 

propagated in autoclaved (121 °C for 120 min for one cycle) substrate (sand/soil, 1:2) with 

maize for two successive propagation cycles (three months for each cycle). The inoculum 

consisted of a mixture of the five strains at a dry weight ratio of 1:1:1:1:1. 

2.3. Greenhouse Experiment 

Seed was used of the ryegrass (Lolium perenne) Bond varieties, and of the legume (Tri-

folium repens) Sulky varieties. Mixtures are henceforth referred to by the first letters of their 

names. We carried out a full factorial greenhouse experiment, in which soil degradation 

degree (NDG, LDG, and SDG), planting ratio (T1L0, T3L1, T1L1, T0L1, and T1L3), and 

soil treatment (non-sterilized, sterilized, and sterilized + AMF) were the three factors (Ta-

ble 1). The plant density in each pot remained unchanged, with 16 plants per pot and three 

replicates. One of five T. repens to L. perenne ratios (0:1, 1:3, 3:1, 1:0, and 1:1) was randomly 

assigned to each pot. All seeds were surface-disinfected (2 min in a 1% chloride solution), 

rinsed, and germinated on Petri dishes. 
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Table 1. A complete factorial design of 3 levels of soil degradation degree × 3 levels of soil biological 

treatment × 5 levels of plant mixtures. 

Soil Degradation Degree 
Soil Biological  

Treatment 
Planting Ratios 

Non-degraded/lightly/severely 

degraded 

Sterilized soil 

Lolium perenne monoculture 

Trifolium repens monoculture 

L. perenne:T. repens = 3:1 

L. perenne:T. repens = 1:3 

L. perenne:T. repens = 1:1 

Sterilized + AMF 

L. perenne monoculture 

T. repens monoculture 

L. perenne:T. repens = 3:1 

L. perenne:T. repens = 1:3 

L. perenne:T. repens = 1:1 

Non-sterilized soil 

L. perenne monoculture 

T. repens monoculture 

L. perenne:T. repens = 3:1 

L. perenne:T. repens = 1:3 

L. perenne:T. repens = 1:1 

At the planting stage, the experiment included 135 pots (3 soil degradation degrees 

× 5 planting ratios × 3 soil treatments × 3 replicates). Plants were grown in plastic pots 

containing 500 g of steam-sterilized coarse sand covered with 2000 g of sterilized soil of 

different degradation levels and 200 g of fresh soil or 2200 g of sterilized soil mixture. For 

the AMF inoculation treatment, we added 250 g of AMF inoculum per pot, whereas for 

the non-inoculation treatment, 250 g of sterilized AMF inoculum was added per pot. Seed-

lings that died during the first week were immediately replaced, and pots were positioned 

randomly in greenhouses with 70% relative humidity. The plants were exposed to 16 h of 

light at 21 °C (day) and 8 h of darkness at 16 °C (night). The pots were watered every other 

day, and initial soil moisture (17% dry weight of soil) was measured twice a week. 

2.4. Harvesting and Measurements 

After 18 weeks, shoots were harvested, oven dried at 65 °C for 72 h to a constant 

weight, and weighed. The soil in the pots was collected through a 2 mm sieve and dried 

in a ventilated place to test the soil properties. Nitrate (NO3–-N) was detected using a col-

orimetric method (220 nm minus 275 nm) after extraction with 2 mol/L of KCl [22], and 

ammonium (NH4+-N) was analyzed using a colorimetric method (625 nm) after indophe-

nol blue-KCl extraction [23]. The available phosphorus (mg/g) was measured using the 

Olsen method [23]. 

2.5. Data Analysis and Statistical Analysis 

A general linear model (GLM) was used to determine the effect of soil degradation 

degree, soil treatment, planting ratio, and their interactions on above-ground biomass, 

above-ground N and P contents, soil NH4+-N, soil NO3–-N, and soil available P (Table 2). 

One-way ANOVA was used to evaluate the significant differences among treatments. All 

of the mentioned parameters were Box-Cox-transformed to ensure normality and homo-

geneity using a Shapiro–Wilk test. Duncan’s multiple comparison was used to test the 

difference between the mean values of each treatment. Linear regression analysis was 

used to analyze the relationship between plant biomass and soil nutrients and plant N 

and P content. R 3.6.0 was used for statistical analysis (p-values of less than 0.05 were 

considered significant). The location map of the studied area was created by using 

ArcMap of ArcGIS software. SigmaPlot 12.5 was used to create the figures. 



Agronomy 2022, 13, 7 5 of 17 
 

 

A soil quality Index (SQI) was calculated using the minimum dataset (MDS) indica-

tors that best represented soil functions. Using PCA, PCs with eigenvalues > 1 that ex-

plained >5% of the total variation were assumed to represent soil quality for MDS (Table 

3). We then used the following sigmoidal curve to normalize and score the MDS indicators 

[24]. 

𝑁𝐿 − 𝑆𝐹(𝑌) =
a

(1 + (
x

𝑥0 )
𝑏)

  

where NL—SF (Y) is the non-linear score of each indicator ranging from 0 to 1, a is the 

maximum value (a = 1), x is the value of the selected indicator, x0 is the average value of 

each indicator, and b is the slope of the equation and was set to –2.5 for “more is better” 

functions and 2.5 for “less is better” functions. 

The final step for the soil quality assessment combined the selected indicators into an 

overall SQI using the following weighted additive equation [25].: 

SQI = ∑ WiSi

𝑛

𝑖=0

  

where W is the weighting factor for the soil property that equals the explanation of each 

PC divided by the total percentage of variation and S is a non-linear (NL− SQI) score. The 

SQI value is considered to represent overall soil quality, with higher values indicating 

better soil quality. 

Structural equation models (SEMs) were used to analyze potential pathways which 

estimate AMF addition and planting ratio exert effects and indirect relationships between 

soil nutrients and plant shoot nutrient content on plant biomass. Soil nutrients (organic C, 

available N, and available P) were decreased separately through principal component 

analysis (PCA). The first principal component (PC1) in each group was used for the sub-

sequent SEM analysis. The PCA results showed that in non-degraded grasslands, PC1 ex-

plained 73% and 80% of the total variance in soil nutrients and plant nutrients, respec-

tively. In lightly degraded grasslands, PC1 explained 66% and 70% of the total variance 

of soil nutrients and plant nutrients, respectively, while in severely degraded grasslands, 

PC1 explained 77% and 66% of the total variance of soil nutrients and plant nutrients, 

respectively (Table 4). 

3. Results 

3.1. Changes in Plant Community Productivity under Different Treatments 

All three treatments, i.e., the soil treatment (non-sterilized, sterilized, and sterilized + 

AMF), soil degradation degree (NDG, LDG, and SDG), and planting ratio (T1L0, T3L1, 

T1L1, T0L1, and T1L3), had significant effects on above-ground biomass, and there were 

significant interactions among them (Table 2). The highest plant biomass of 10.45 g 

DM/pot was observed under T1L3 in NDG non-sterilized soil, followed by 9.07 g DM/pot 

under L1T0 in NDG non-sterilized soil inoculated with AMF (Figure 2). Compared to the 

non-sterilized and sterilized treatments, AMF treatment of NDG soil induced a decrease 

in above-ground biomass (Figure 2). Compared with the non-sterilized and sterilized 

treatments, AMF inoculation significantly increased the above-ground biomass in both 

LDG and SDG soils, especially in communities with a high proportion of L. perenne (Figure 

2). The aboveground biomass under different treatments was in the following order: T1L3 

in NGD non-sterilized soil > T0L1 in NDG soil with AMF > T1L1 in NDG non-sterilized 

soil > T1L3 in NDG sterilized soil > T0L1 in NDG sterilized soil > T1L1 in NDG sterilized 

soil > T0L1 in LDG soil with AMF > T0L1 in LDG sterilized soil > T1L1 in LDG soil with 

AMF, and these above-ground biomass levels were significantly higher than those under 

the other treatments (Figure 2). 
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Table 2. Analysis of variance of the effects of soil degradation degree (S), planting ratio (P), and soil 

biological treatment (B) on plant and soil indicators. 

Treatment DF Biomass NH4+-N NO3–-N Available P Shoot N Shoot P Plant N/P  

Soil degradation 

(S) 
2 901.0 *** 73.25 *** 110.13 *** 498.13 * 426.19 * 909.14 * 108.26 *** 

Planting ratio (P) 4 278.20 *** 5.39 *** 24.892 *** 1.97 82.96 * 90.02 * 4.70 * 

Biological  treat-

ment (B) 
2 10.99 *** 7.29 *** 19.648 * 0.05 5.83 * 10.19 * 13.99 *** 

S × P 8 3.92 *** 2.80 *** 8.116 * 2.59 * 5.84 * 5.57 * 4.92 *** 

S × B 4 15.24 *** 0.86 3.016 * 0.94 10.73 * 12.02 * 5.28 * 

B × P 8 3.73 *** 1.42 1.188 1.83 2.67 1.53 1.41 

S × P × B 16 2.48 *** 1.26 1.651 1.36 3.19 2.78 * 2.03 * 

Note: * indicates significant difference (p < 0.05); *** indicates highly significant difference (p < 

0.01). 

 

 

Figure 2. Effects of different treatments on plant community productivity. (a) Effects of soil type (S), 

planting ratio (P) , biological treatment (B) and their interactions (S × P × B) on aboveground bi-

omass in non-degraded grassland soil (b) Effects of soil type (S), planting ratio (P) , biological treat-

ment (B) and their interactions (S × P × B) on aboveground biomass in lightly degraded grassland 

soil. (c) Effects of soil type (S), planting ratio (P) , biological treatment (B) and their interactions (S 

× P × B) on aboveground biomass in severely degraded grassland soil. Different letters indicate 

the significant differences among treatments (p < 0.05). *** p < 0.001 indicate the significance level of 

each treatment. Note: soil degradation degree (S); planting ratio (P); soil biological treatment (B). 

T1L0, T3L1, T1L1, T1L3, T0L1 mean planting ratio of T. repens and L. perenne: 1:0, 3:1, 1:1, 1:3, 0:1, 

respectively. 

  



Agronomy 2022, 13, 7 7 of 17 
 

 

3.2. Changes in Aboveground N and P Contents in Plants under Different Treatments 

Arbuscular mycorrhizal fungi inoculation improved the plant nutrient contents (Fig-

ures 3b and 4b,c). In LDG and SDG soils, AMF inoculation increased the plant shoot N 

and P contents. However, AMF inoculation did not improve the plant shoot N and P con-

tents in NDG soil (Figure 3b). The plant shoot N content was the highest under T1L0 in 

NDG soil. AMF inoculation increased the plant shoot P content in plant communities with 

a high proportion of T. repens in LDG and SDG soils (Figure 4). The plant N/P ratio in 

NDG soil was significantly lower than that in LDG and SDG soils (Figure 5). Overall, for 

NDG soil, the average plant N:P ratio was 3.66 ± 0.34 (mean ± standard error); for LDG 

soil, it was 18.36 ± 1.25; and for SDG soil, it was 15.42 ± 0.91. 

 

Figure 3. Effects of different treatments on shoot N content. (a) Effects of soil type (S), planting ratio 

(P) and their interactions (S × P) on shoot N concentration. (b) Effects of soil type (S), biological 

treatment (B) and their interactions (S × B) on shoot N concentration. Different letters indicate the 

significant differences among treatments (p < 0.05). * p < 0.05, p < 0.1 indicate the significance level 

of each treatment. Note: soil degradation degree (S); planting ratio (P); soil biological treatment (B); 

NDG: non-degraded grassland; LDG: lightly degraded grassland; SDG: severely degraded grass-

land. T1L0, T3L1, T1L1, T1L3, T0L1 mean planting ratio of T. repens and L. perenne: 1:0, 3:1, 1:1, 1:3, 

0:1, respectively. 

 

 

Figure 4. Effects of different treatments on shoot P content. (a) Effects of soil type (S), planting ratio 

(P) , biological treatment (B) and their interactions (S × P × B) on shoot P concentration in non-
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degraded grassland soil (b) Effects of soil type (S), planting ratio (P) , biological treatment (B) and 

their interactions (S × P × B) on shoot P concentration in lightly degraded grassland soil. (c) Ef-

fects of soil type (S), planting ratio (P) , biological treatment (B) and their interactions (S × P × B) 

on shoot P concentration in severely degraded grassland soil. Different letters indicate the signifi-

cant differences among treatments (p < 0.05). * p < 0.05, p < 0.1 indicate the significance level of each 

treatment. Note: soil degradation degree (S); planting ratio (P); soil biological treatment (B). T1L0, 

T3L1, T1L1, T1L3, T0L1 mean planting ratio of T. repens and L. perenne: 1:0, 3:1, 1:1, 1:3, 0:1, respec-

tively. 

 

 

Figure 5. Effects of different treatments on plant N/P ratio. (a) Effects of soil type (S), planting ratio 

(P) , biological treatment (B) and their interactions (S × P × B) on plant N/P ratio in non-degraded 

grassland soil (b) Effects of soil type (S), planting ratio (P) , biological treatment (B) and their inter-

actions (S × P × B) on plant N/P ratio in lightly degraded grassland soil. (c) Effects of soil type (S), 

planting ratio (P) , biological treatment (B) and their interactions (S × P × B) on plant N/P ratio in 

severely degraded grassland soil.Different letters indicate the significant differences among treat-

ments (p < 0.05). *** p < 0.001, * p < 0.05, p < 0.1 indicate the significance level of each treatment. Note: 

soil degradation degree (S); planting ratio (P); soil biological treatment (B). T1L0, T3L1, T1L1, T1L3, 

T0L1 mean planting ratio of T. repens and L. perenne: 1:0, 3:1, 1:1, 1:3, 0:1, respectively. 

3.3. Changes in Soil Nutrients under Different Treatments and SQI Values 

The soil quality indexes after treatments are shown in Figure 6. The PCA based on 

soil physicochemical parameters showed that the eigenvalues of the first two PCs were 

>1, and PC1 explained 71.4% of the total variance (Table 3). Further, 77.22% of the total 

variance was explained by three PCs (Table 3). PC-1 was dominated by AP, SOC, and 

NO3–-N, which accounted for 44.69% of the total variance. PC-2 was characterized by 

shoot N, pH, and NH4+-N, which accounted for 17.56% of the total variance. These varia-

bles were not correlated. Biomass was selected from PC-3 (explaining 14.95% of the vari-

ance). 
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Figure 6. Soil quality index after vegetation restoration and AMF inoculation. Different letters 

indicate the significant differences among treatments (p < 0.05). 

Table 3. Principal component analysis of soil quality indicators. 

Variable PC 1 PC 2 PC 3 

Available P 0.949 –0.092 –0.057 

SOC 0.883 0.035 –0.127 

Shoot P  0.855 0.025 0.159 

Biomass 0.0747 –0.252 –0.449 

Shoot N –0.072 0.831 0.4 

pH –0.084 –0.587 0.599 

NO3–-N 0.613 –0.031 0.67 

NH4+-N 0.466 0.543 –0.168 

Eigenvalues 3.576 1.405 1.197 

Cumulative contribu-

tion (%) 
44.696 62.264 77.222 

The soil treatment, planting ratio, and soil degradation degree significantly affected 

the soil nutrient contents (NH4+-N and NO3–-N (Table 2). The soil degradation degree also 

significantly affected the soil’s available P content (Table 2). The NH4+-N content was 

higher under T1L0, T0L1, and T1L1 in LDG soil (Figure 7a). The NO3–-N and NH4+-N con-

tent were increased when the legume component increased (Figure 8a). The available ni-

trogen content in the three soil types decreased by 65%, 56.9%, and 16.8% after the treat-

ments. There were also significant differences in the available P content under the differ-

ent treatments. The available P content was higher in the communities with large propor-

tions of legumes (Figure 9). The available P content in the three soil types decreased by 

48%, 24%, and 13%. Soil pH generally increased by 77%. The SOC content significantly 

reduced by 66%, 40%, and 29%, and it reduced most in non-degraded soil. The soil treat-

ment also significantly affected the soil NH4+-N and NO3–-N contents. Compared with the 

sterilized and AMF treatments, the non-sterilized treatment reduced the soil NH4+-N con-

tent (Figure 7b). In NDG and LDG soils, AMF inoculation reduced the soil NO3–-N content 

compared to the sterilized and non-sterilized treatments (Figure 8b). 
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Figure 7. Effects of different treatments on soil NH4+-N content. (a) Effects of soil type (S), planting 

ratio (P) and their interactions (S × P) on soil ammonia nitrogen concentration. (b) Effects of bio-

logical treatment (B) on soil ammonia nitrogen concentration.Different capital and lowercase letters 

indicate significant differences between treatments. *** p < 0.001 indicate the significance level of 

each treatment. Note: soil degradation degree (S); planting ratio (P); soil biological treatment (B); 

NDG: non-degraded grassland; LDG: lightly degraded grassland; SDG: severely degraded grass-

land. T1L0, T3L1, T1L1, T1L3, T0L1 mean planting ratio of T. repens and L. perenne: 1:0, 3:1, 1:1, 1:3, 

0:1, respectively. 

 

Figure 8. Effects of different treatments on soil NO3–-N content. (a) Effects of soil type (S), planting 

ratio (P) and their interactions (S × P) on soil nitrate nitrogen concentration. (b) Effects of biological 

treatment (B) on soil nitrate nitrogen concentration. Different letters indicate the significant differ-

ences among treatments (p < 0.05). *** p < 0.001, * p < 0.05, p < 0.1 indicate the significance level of 

each treatment. Note: soil degradation degree (S); planting ratio (P); soil biological treatment (B); 

NDG: non-degraded grassland; LDG: lightly degraded grassland; SDG: severely degraded grass-

land. T1L0, T3L1, T1L1, T1L3, T0L1 mean planting ratio of T. repens and L. perenne: 1:0, 3:1, 1:1, 1:3, 

0:1, respectively. 

 

Figure 9. Effects of different treatments on soil available phosphorus content. Effects of soil type (S), 

planting ratio (P) and their interactions (S × P) on soil available P concentration. Different letters 
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indicate the significant differences among treatments (p < 0.05). *p < 0.05, p < 0.1 indicate the signifi-

cance level of each treatment. Note: soil degradation degree (S); planting ratio (P); soil biological 

treatment (B); NDG: non-degraded grassland; LDG: lightly degraded grassland; SDG: severely de-

graded grassland. T1L0, T3L1, T1L1, T1L3, T0L1 mean planting ratio of T. repens and L. perenne: 1:0, 

3:1, 1:1, 1:3, 0:1, respectively. 

3.4. Relationships between Plant Parameters and Soil Properties 

The regression analysis showed that the community above-ground biomass in-

creased with increasing NH4+-N and available P in the soil (Figure 10). The above-ground 

N content showed positive correlations with soil NH4+-N and NO3–-N contents, but not 

with available P content (Figure 11). The above-ground P content showed positive corre-

lations with the NH4+-N, NO3–-N, and available P content in the soil (Figure 12). 

 

 

 

Figure 10. Relationships between available P, NH4+-N, and NO—-N contents in soil and plant com-

munity productivity. 
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Figure 11. Relationships between available P, NH4+-N, and NO—-N contents in soil and plant N. 

 

 

 

 

 

Figure 12. Relationships between available P, NH4+-N, and NO3–-N contents in soil and plant P. 

3.5. Pathways Determining Biomass 

Two SEMs revealed that the planting ratio and AMF inoculation altered the plant 

biomass via different pathways in soils with different degrees of degradation, according 

to significant standardized path coefficients. Under different degrees of degradation, the 

planting ratio was the main pathway determining biomass, and it indirectly influenced 

the plant biomass through effects on shoot N and P contents. In LDG soil, AMF influenced 

the plant biomass through effects on soil nutrient contents. In SDG soil, AMF affected the 

plant biomass directly and indirectly by the affecting shoot N and P contents (Figure 13). 
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Figure 13. Structural equation models showing the effects of AMF addition and planting ratio on 

plant shoot biomass through soil nutrients and plant shoot nitrogen and phosphorus contents. (a) 

Non-degraded grassland. (b) Lightly degraded grassland. (c) Severely degraded grassland. Square 

boxes denote variables included in the models. Soil nutrient variables include soil NH4+-N, NO3–-N, 

available P, and soil organic carbon. Soil nutrients are synthetic variables derived from the first axis 

of principal component analyses. The thickness of arrows is proportional to the standardized path 

coefficient. *** p < 0.001, * p < 0.05, p < 0.1 indicate the significance level of each effect. R2 values 

represent the proportion of variance explained for each endogenous variable. 

Table 4. Partial correlation coefficients of principal components analysis (PCA) of variables in cate-

gories of plant nutrients and soil nutrients in soil degradation degree. 

Variables 
Component 1 

Non-Degraded Lightly Degraded Severely Degraded 

Soil nutrients    

AN (mg kg−1) 0.753 0.651 0.657 

AP (mg kg−1) 0.752 0.822 0.775 

SOC (mg kg−1) 0.388 −0.617 0.724 
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Cumulative (%) 72.75% 66.42% 77.36% 

Plant nutrients    

Shoot N (mg g−1) 0.893 0.772 0.751 

Shoot P (mg g−1) 0.893 −0.772 −0.751 

Cumulative (%) 79.82% 69.60% 66.41% 

4. Discussion 

Above-ground plant communities were affected by AMF inoculation, planting ratio, 

and grassland degradation state, as well as their interactions. The soil treatment and plant-

ing ratio regulated the plant shoot nutrient content and soil nutrients under different state 

of soil degradation. AMF inoculation increased the N and P contents in plant shoots, es-

pecially in nutrient-deficient environments, and enhanced the absorption of mineral ele-

ments by plants. One possible hypothesis is the strong nitrogen fixation ability of T. repens; 

communities with a large proportion of T. repens in the sowing mixture showed increased 

soil N accumulation. 

4.1. Effects on Degraded Grassland Plant Communities 

Soil microorganisms play an important role in plant growth [26]. Beneficial microor-

ganisms, as ecosystem mediators, can be used to increase crop yields and modify micro-

organism communities to restore degraded grasslands [27]. Our findings revealed that 

plants grown in non-sterilized soil performed better than those grown in sterilized soil 

and sterilized soil inoculated with AMF in NDG soil. This difference could be attributable 

to the higher beneficial microbial diversity in non-sterilized soil and the antagonistic ef-

fects of dominant beneficial microorganisms against pathogens in the microbial commu-

nity, which contributes to a better growth of the plants [28]. We detected no significant 

differences in plants growth between LDG non-sterilized and sterilized soils, attributing 

to the negative effects of soil-borne pathogens accumulated in the rhizosphere of the plant 

communities and the positive effects of AMF and other beneficial microorganisms [29]. 

Appropriate soil nutrients promoted the positive feedback effect of AMF on the plant 

community, whereas nutrient enrichment suppressed the beneficial effects of AMF on 

plant performance, negatively affecting the positive feedback of AMF on the plant com-

munity [30]. AMF have a more positive effect on plant growth in nutrient-poor soil [31]. 

In line with this, our study showed the AMF inoculation promoted plant community 

productivity more significantly in LDG and SDG soil than in NDG soil. 

N and P are the main limiting nutrients for plant growth in terrestrial ecosystems 

[32]. The symbiotic relationships between plants and AM fungi can significantly promote 

N and P uptake and thus improve plant biomass [33] In degraded soil, AMF inoculation 

was found to promote the plant shoot N and P contents. AMF inoculation contributed to 

an increase in the above-ground biomass of L. perenne. There was no significant increase 

in the above-ground biomass of T. repens, which was partly attributed to the higher indi-

vidual biomass of L. perenne, which reduced the competitive ability of T. repens. In addi-

tion, this differential growth response could be attributable to the fact that T. repens is not 

strongly dependent on AM fungi. L. perenne forms strong symbiotic relationships with 

AMF, which enables L. perenne to obtain and efficiently utilize mineral nutrients, thereby 

promoting growth.  

The vegetation N:P ratios served as indicators of nutrient limitation, and it has been 

suggested that an N/P ratio <14 generally indicates N limitation, whereas a ratio >16 indi-

cates P limitation, and some transitional states may exist when N/P ratios are between 14 

and 16 [34]. In the present study, given that in the NDG soil in the study area, the mean 

N/P ratio was lower than 16 under all treatments, we established the NDG soil to be N-

limited. However, the LDG and SDG soils were P-limited soils. In future efforts for the 

restoration of degraded grassland, inoculation with beneficial rhizosphere microorgan-

isms combined with a higher proportion of legumes in the planting community or adding 
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P fertilizer can contribute to the alleviation of N and P limitations, thereby accelerate the 

restoration of degraded grasslands. 

4.2. Effects on Soil Properties of Degraded Grassland 

Artificial grassland establishment increases soil’s nutrient content by recruiting na-

tive vegetation, such as by sowing legumes [35]. Nitrogen is a main limiting factor for 

grassland productivity [36]. It has been widely reported that introducing legumes into 

grasslands leads to higher soil N availability [37,38]. Although NO3–-N is highly mobile 

and can leach or denitrify, our study demonstrated that grass–legume mixtures at an ap-

propriate proportion significantly increased the soil N content, regardless of the soil treat-

ment. In addition, the soil’sNO3–-N concentration decreased with the increase in the grass 

component. This may have been due to the large amount of NO3− absorbed by grass to 

maintain the soil mineral N at a low level and then to reduce the inhibition of legume N 

fixation. We concluded that the relative abundance of legumes had a great impact on the 

soil’s N status in this grassland ecosystem. Furthermore, when the proportion of legumes 

increased in the mixed plant community, the soil’s N mineralization and fixation in-

creased, and the soil’s N consumption decreased. The available phosphorus content in soil 

did not change obviously, possibly because soil’s nutrient recovery requires more time. 

There is a clear need for further research to examine the effects of vegetation restoration 

on soil nutrients for longer periods of time if this approach is to be adopted to restore 

degraded grasslands. 

Arbuscular mycorrhizal fungi (AMF) play a crucial role in promoting nutrient acqui-

sition [39]. They can enhance a host plant’s uptake of soil nutrients and transfer large 

amounts of inorganic N to the host plant. AM fungi can obtain substantial amounts of N 

from decomposing organic materials and directly utilize N from organic compounds [40], 

and then finally promote the efficiency of plant uptake and the utilization of soil N, thus 

reducing the residual N in the soil [41]. In this study, regardless of the planting ratio, the 

soil’s NH4+-N and NO3−-N contents decreased after AMF inoculation. This was because of 

the activation of soil nutrients via AMF inoculation, which improved soil nutrient availa-

bility and nutrient uptake, and thus reduced the soil’s N content [42]. However, regardless 

of AMF addition, plants have a weak absorbability of available P, which may be deter-

mined by the nutritional requirements of plants themselves.  

Plant–soil interaction is the most important feedback component in grassland resto-

ration [43]. Previous research has indicated that soil nitrogen pools were strongly corre-

lated with biomass [44]. In the present study, a regression analysis showed that above-

ground biomass and plants’ N and P contents were positively related with the soil’s NH4+-

N, NO3–-N, and available P contents. Artificial vegetation establishment may increase the 

C and N storage by altering the quantity and quality of litter returned to the soil and fur-

ther promote plant community recovery [45]. This research result was also reflected in the 

soil quality index. The soil quality index values showed that after vegetation restoration 

and AMF addition, there was little difference in the soil quality index between LDG and 

SDG. From a restoration perspective, the combination of AMF and grass–legume mixtures 

may enhance the uptake and utilization of soil nutrients and could be an effective strategy 

for degraded grassland restoration. 

5. Conclusions 

The restoration of vegetation and soil fertility reclamation is important for the recov-

ery of degraded ecosystems. Grass–clover mixtures of Lolium (grass) and Trifolium (leg-

ume) on degraded grassland obviously improves soil quality. AMF increases plant com-

munity productivity by enhancing nutrient uptake, especially of P and N. SEM indicated 

that the planting ratio directly affects plant biomass, whereas AMF indirectly influences 

plant biomass via providing plant nutrients. Increasing the proportion of L. perenne can 

further improve plant community productivity. T. repens has a limited effect on commu-

nity biomass but has a positive effect on forage quality and soil in mixed planting 
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communities. We suggest that planting T:L = 0:1 and T:L = 1:3 combined with AMF inoc-

ulation can be used to recover degraded grassland production, and planting T1L1 and 

L3T1 with AMF inoculation can be applied for grassland nutrient accumulation and di-

versity conservation. 
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