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Introduction: Soil quality plays an irreplaceable role in plant growth for restored
grassland. However, few studies investigate the comprehensive effects
considering soil and vegetation properties during the restoration of desertified
grassland, which restrict the virtuous circle of restored grassland ecosystem.

Methods: By setting three restoration patterns of enclosure plus grass (EG),
enclosure intercropping shrub-grass (ESG), and enclosure plus sand-barrier and
shrub-grass (ESSG) with three different restoration years (<5, 7-9, and >15 years),
we selected 28 physicochemical and microbial indicators, and constructed a
minimum data set (MDS) to analyze the influences of restoration measurements
on soil quality and ecological benefits in alpine desertified grassland.

Results: The results showed that the MDS comprised seven soil quality indicators:
silt, total nitrogen (TN), carbon—nitrogen ratio (C/N), total potassium (TK), microbial
biomass carbon (MBC), microbial biomass phosphorus (MBP), and fungi. Soil
quality index (SQI) and ecological restoration effect index (EREI) in restored
grasslands significantly increased by 144.83-561.24% and 87.21-422.12%,
respectively, compared with unrestored grassland, and their positive effects
increased with extending restoration years. The increasing effects of SQIl and
EREI were the highest in ESSG, followed by EG and ESG. The increasing rate of SQl
began to decrease after 5 years in EG and ESG, while it decreased after 7-9 yearsin
ESSG, and that of EREl in EG was lower than ESSG in each restoration year. Our
work revealed that ESSG was the optimum restoration pattern for desertified
grassland, and anthropogenic monitoring and management measurements such
as applying organic fertilization and mowing return reasonably should be carried
out at the beginning of 5 years in EG and ESG as well as 7 years in ESSG to maintain
sustainable ecological benefits.

Discussion: The study highlights that soil quality, including microbial properties,
is a key factor to evaluate the restoration effects of desertified grassland.

KEYWORDS

Zoige Plateau, grassland restoration, minimum data set, soil quality index, ecological
restoration effect index
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Highlights

* Microbial properties had vital contributions to the soil
quality of alpine grassland.

* Enclosure and sand barriers plus shrub-grass were superior
measurements.

* Management practices need to be applied after 5 years in
restored grassland.

1 Introduction

The grassland ecosystem is one of the most widely distributed
terrestrial ecosystems in the world (Cai et al., 2020) and plays a key
role in regulating climate change by balancing greenhouse gases
(Liu et al, 2020). Grasslands also provide the feed demand of
ruminants used for meat and milk production (Liu et al., 2023).
Nevertheless, alpine grasslands have been threatened by
desertification over the past few decades, leading to decline in
water retention, species diversity, and grassland productivity (Liu
etal, 2019). Therefore, significant efforts have been made to restore
desertified grasslands, such as fencing and reseeding. However, after
7 to 8 years of restoration period, some restored grasslands started
to deteriorate once more because there are hardly any management
practices based on soil dynamic monitoring and quality assessment.
(Dong et al.,, 2014). Consequently, it is essential to monitor and
evaluate the soil quality of restored desertified grasslands in order to
increase grassland productivity and retain its varied ecological roles.

The core of scientific soil quality assessment predominantly
depends on a reasonable evaluation index system that is
differentiated in various environmental conditions (e.g., climate and
topography) (Zhou et al., 2020; Mamehpour et al., 2021)—for example,
bulk density, organic carbon, and carbon-nitrogen ratio can be used to
assess the soil quality of grasslands with temperate maritime climate in
Ireland (Askari and Holden, 2014). In total, six soil indicators of total
nitrogen, available phosphorus, available potassium, organic matter,
salinity, and pH were used to assess the soil quality of grasslands with a
temperate continental monsoon climate in the Yellow River Delta,
China (Wu et al,, 2019). Due to the multicollinearity and redundant
information among soil properties, how to screen appropriate
indicators was extremely vital for soil quality assessment.
Fortunately, minimum data set (MDS) as an effective decision-
making tool provides a way to address the issue. This is because the
MDS can decrease the data dimension and subjective anthropogenic
influence, generating the weights of selected indicators at the same time
(Wu et al,, 2019), which promote the wide application of MDS in the
soil quality assessment of grasslands (Yu et al., 2018; Wu et al,, 2019;
Zhang et al., 2022). However, the assessment indicators of soil quality
only included physicochemical properties and ignored sensitive
microbial properties in most of previous researches (Askari and
Holden, 2014; Wu et al.,, 2019), which made it hard to
comprehensively elucidate the soil quality and its changes in various
grasslands. Therefore, soil microbial properties should be considered in
soil quality assessment in restored grasslands.

Frontiers in Plant Science

10.3389/fpls.2023.1283457

In a restored grassland ecosystem, ecological benefit is an
important concern of restoration effect evaluation (Cai et al,
2020). In general, current research mainly focused on the
dynamics of vegetation community characteristics to assess
ecological benefits during grassland restoration (Scotton, 2019;
Liu et al,, 2023). Recent studies reported by Liu et al. (2019) and
Hu et al. (2022) found that enclosure increased the vegetation
coverage, composition, and biomass. In addition, another
experiment adopted the patch dispersal index of shrubland to
evaluate the ecological benefits (Wu et al, 2022). It is widely
known that favorable soil properties are significant in promoting
vegetation growth, contributing to positive pairwise feedback
between soil and vegetation (Zhang and Zhao, 2015; Raiesi,
2017). Nevertheless, few research considered ecological benefits
assessment indexes that were composed of soil and vegetation
properties systematically in degraded grasslands (Liu et al., 2017;
Wu et al,, 2019; Zhou et al., 2020), which lead to inaccurate results
of ecological benefits assessment. Furthermore, Li et al. (2023a)
pointed out that more attention should be paid to the dynamics of
soil quality combined with ecological benefits to maximize the
restoration benefits in desertified grasslands. Therefore, assessing
soil quality and ecological benefits requires further investigation in
restored grasslands.

The Zoige Plateau, located in the northeastern edge of the
Qinghai Tibet Plateau, is an important animal husbandry base and a
water conservation area, which is dominated by alpine grasslands,
accounting for nearly 50% of the entire plateau (Wang et al., 2014;
Yang et al, 2021). Nonetheless, the desertification of alpine
grasslands has occurred on account of the combined factors of
climate warming, pika damages, and grazing. The grassland area
has shrunk by more than 30%, which has affected ecosystem
functioning in this area (Liu et al., 2020), mainly manifested as
the decrease of biodiversity and the destruction of the water storage
function of grasslands (Wu et al, 2015). In response to this
increasing trend of desertification, a series of restoration measures
such as sowing grass, prohibiting grazing, and setting sand barriers
(Hu et al,, 2016a; Hu et al., 2016b) has been applied to inhibit the
tendency of grassland degradation and restore productivity and
ecological function, which have achieved beneficial effects
successfully (Wang et al., 2012). Some research indicated that
vegetation communities and soil quality have effectively improved
through the construction of enclosures and the replantation of grass
seeds (Hu et al., 2016a; Liu et al., 2019)—for example, Zhang et al.
(2022) reported that long-term ecological engineering enclosure
improved the soil quality of alpine desertified grasslands. Similarly,
Hu et al. (2022) also found that fencing enclosure promoted
vegetation growth as well as soil physicochemical and
microbiological properties. However, a lot of scholars mainly paid
attention to changes of soil and vegetation properties during the
restoration of desertified grassland (Liu et al., 2019; Sun et al., 2020;
Wu et al,, 2023) and ignored the ecological benefits assessment
according to soil quality integrated with vegetation parameters in
previous research, making it difficult to comprehensively evaluate
the ecological benefits of different restoration measurements.
Furthermore, few studies about ecological restoration
measurements for desertified grassland simultaneously considered

frontiersin.org


https://doi.org/10.3389/fpls.2023.1283457
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Li et al.

restoration patterns and restoration years. It remains unclear
whether scientific artificial management measurements based on
soil quality and ecological benefits assessment are required in order
to avoid grassland degradation again and maintain the stability of
restored grassland ecosystems. Based on different restored
grasslands, selecting optimal restoration patterns and exploring
the restoration year of applying anthropogenic administration
need to be further implemented.

To solve the above-mentioned issues, three types of ecological
restoration measurements of desertified grassland, including
enclosure plus grass pattern (EG), enclosure intercropping shrub-
grass pattern (ESG), and enclosure plus sand-barrier and shrub-
grass pattern (ESSG) with restoration years for control group (CK),
<5 years, 7-9 years, and 215 years, were performed in Zoige county
on Zoige Plateau, where the problems of grassland desertification
were particularly severe since 1990s (Hu et al., 2018b). Therefore, it
was hypothesized that (1) microbial properties had vital
contribution to grassland soil quality, (2) different restoration
measurements show various levels of efficiency on the
improvement of grassland soil quality and comprehensive
ecological benefits, and (3) each restoration pattern is
accompanied by an optimal restoration year cooperating with
scientific anthropogenic management measures in restored
grassland. To address this hypothesis, the objectives of this study
were to (1) construct an appropriate evaluation indicator system for
soil quality assessment in alpine grasslands, (2) quantitatively assess
the effects of different restoration measurements on soil quality and
ecological benefits in desertified grasslands, and (3) explore the
optimal restoration year requiring management practices in
restored grasslands. This research would promote a virtuous cycle
of soil nutrients and vegetation growth in desertified grasslands.
Moreover, it can also provide a theoretical basis and practical
guidance for the scientific restoration and sustainable
management of the alpine grassland ecosystem.

2 Materials and methods
2.1 Site description

The research area is located in the central and western part of
Zoige County on the northeast edge of the Qinghai-Tibet Plateau
(33°43'27"-33°51'43" N, 102°25'40”-102°33'34" E), China, which
is characterized by arid and semi-arid transitions with a cold alpine
climate. Annual precipitation fluctuates between 600 and 750 mm
(average 656.8 mm), 90% of which occurs from April to October.
The annual mean temperature varies in the range of 0.6°C-1.2°C,
with monthly averages of —10.8°C in January and 10.9°C in July.
The geological landform is a hilly plateau formed by the intense
uplift of the Himalayan tectonic movement and neotectonic
movement. The elevation varies from 3,400 to 3,450 m above sea
level, and the main water systems are the White River and the Black
River (tributaries of the Yellow River). It is interspersed with a
subalpine region, river valley plains, and several lake depressions.
Subalpine meadows, wet meadows, and marshes dominate the main
landscape. The soils in this study area were classified as Cambic
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Coarsic Leptosols in the World Reference Base for Soil Resources
(TUSS Working Group WRB, 2022).

Subalpine meadow grasslands have degraded universally by
natural and human factors over 20 years ago. The desertified
grasslands were widely distributed in Xiaman Town (33°43'27.3"-
33°46'13.6" N, 102°25'35.3"-102°32'45.1" E), Maixi Town (33°51’
35.9”-33°51'43.8" N, 102°32'56.7"-102°33'34.7" E), and Axi Town
(33°40'59.7"-33°41'4.6" N, 102°55'57.8"-102°56'4.2" E) in Zoige
County. The degradation characteristics of grasslands were mainly
embodied in decrease of vegetation coverage, biomass, and herbage
edibleness. To restore degraded grasslands, a series of restoration
measures was carried out by Zoige Forestry and Grassland
Administration, China, such as planting Avena sativa, Poa
pratensis, Elymus nutans, and Tamarix ramosissima artificially.
Three primary ecological restoration patterns were carried out in
each town respectively, including enclosure plus grass pattern (EG),
enclosure intercropping shrub-grass pattern (ESG), and enclosure
plus sand-barrier and shrub-grass pattern (ESSG). Each pattern has
three restoration periods of <5 years, 7-9 years, and 215 years. We
have not adopted anthropogenic management measurements such
as mowing return and applying fertilization during
grassland restoration.

2.2 Plot selection and sampling

We set 10 sampling sites, including three restoration patterns
with three restoration years, and a control site with unrestored
desertified grassland (CK) in each subarea (Figure 1). Then, we
selected three sampling quadrats (each 2 m x 2 m) in each sampling
site based on the theory of biological replicates. The plant
community characteristics (e.g., functional groups, density, and
coverage) and biomass were investigated, and we obtained plant
samples following the method described in Zhang and Zhao (2015)
(Table 1). The soils (0-10, 10-20, and 20-40 cm) were sampled
from five random locations at each quadrat, and 90 samples were
collected totally. After removing litter and root material, all soil
samples from the same plot were mixed and diminished to 800 g
approximately. A part of the soil samples was stored in ice bags and
reserved at 4°C for measurement of microbial indicators, and the
rest of the soil samples were air-dried to determine the
physicochemical indicators. Soil bulk density was measured by
the cutting ring method simultaneously.

2.3 Soil sample analysis

Soil particle composition was determined by the simple specific
gravity method using Stokes’ law (Lu, 2000). The total organic
carbon (TOC) content was determined by the Walkley-Black
potassium dichromate sulfuric acid oxidation procedure (Nelson
and Sommers, 1983). The permanganate-oxidizable carbon content
was determined following the protocol proposed by Culman et al.
(2012). The dissolved organic carbon content was determined by
using Vario TOC analyzer (Elementar, Germany) after extracting
with deionized water (Chen et al., 2003). The TN content was
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FIGURE 1

Geographical location of the soil sampling sites in Zoige County.
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determined by the Kjeldahl method. After 2 mol L' KCl extraction,
ammonium nitrogen (NH,") was determined by indophenol blue
colorimetry, and nitrate nitrogen (NO3") was determined by UV
spectrophotometry colorimetry (Lu, 2000). The dissolved organic
nitrogen (DON) content was calculated as the difference between
TN and TIN (the sum of NO; N and NH,*-N) (Mariano et al,
2016). The total P and available P contents were measured using the
colorimetric molybdenum blue method via NaOH fusion and 0.5
mol L™ NaHCO; (pH = 8.5) extraction, respectively (Lu, 2000).
The total potassium (TK) and available potassium (AK) contents
were determined using the flame photometer method after digesting
in a nickel crucible with NaOH at 750°C and extracted by 1 mol L™
CH3COONH, (pH = 7.0) respectively (Lu, 2000). The number of
cultivable bacteria, fungi, and actinomycetes was determined using
the dilution plate method (Hou et al., 2014), which were expressed
as colony-forming units per gram of soil. The bacteria were

incubated in beef protein medium, and the fungi and
actinomycetes were cultured in Martin medium and Gauze’s
synthetic no. 1 medium (Shamiyeh and Johnson, 1973). After soil
sampling was performed using the chloroform fumigation-
extraction method, Vario TOC cube (Elementar, Germany)
analyzer was used to determine the MBC and microbial biomass
nitrogen, and MBP was determined by the colorimetric
molybdenum blue method (Brookes et al., 1985; Vance et al,
1987). The urease activity was measured by the phenol-sodium
hypochlorite method using urea as substrate, which was expressed
as milligrams of NH," per gram of dry soil per hour after incubation
at 37°C for 24 h (Samborska et al., 2004). The proteinase activity
was determined by the Folin-Ciocalteau reagent and expressed in
milligrams of tyrosine per gram of dry soil per hour produced by the
incubation of sodium caseinate at 50°C for 2 h (Weber and Tihanyi,
1994). The sucrase activity was measured by the 3,5-dinitrosalicylic

TABLE 1 Plant community characteristics and biomass in desertified grasslands with different restoration measurements.

: Vegetation
. . . Vegetation geta Grass Shrub Shannon-
Restoration = Vegetation Dominant density ) : .
Patterns : ; coverage A biomass  biomass Wiener
years species vegetation 5 (individual 2 .
(%) 2) ] (g m™) index
Potentilla chinensis
CK 0 Rosaceae Agriophyllum 0-13 2 220 - 1.44
Goosefoot sriephy ’ ’
squarrosum
<5 53-63 215 97 - 1.69
A ti
EG 7-9 Goosefoot vena sativa 70-77 481 134 - 1.68
Elymus nutans
>15 88-97 661 156 - 1.65
<5 Tamarix 57-64 171 90 60 1.55
Tamaricaceae ramosissima Avena
ESG 7-9 sativa Elymus 63-69 483 135 270 1.52
Goosefoot
nutans Poa
>15 pratensis 70-85 673 154 448 1.48
<5 . Tamarix 37-45 101 78 50 1.74
Tamaricaceae ramosissima Poa
ESSG 7-9 Goosefoot o 45-59 247 102 980 1.59
. pratensis Ajuga
Lamiaceae .
>15 lupulina 67-75 565 144 4,770 125

EG, enclosure plus grass; ESG, enclosure plus shrub-grass; ESSG, enclosure plus sand-barrier and shrub-grass.
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acid colorimetric method, expressed as the amount of glucose
released per gram per hour of soil sample in 24 h (Frankeberger
and Johanson, 1983). The amylase activity was determined by the
dinitrosalicylic acid colorimetric method and expressed as the
milligram of maltose in 1 g soil after 24 h (Zhang et al, 2011).
Both neutral and alkaline phosphatase activities were determined by
the disodium 4-nitrophenylphosphate colorimetric method, which
were expressed by the release of 4-nitrophenol per gram of soil
samples after incubation at 37°C for 1 h from disodium 4-
nitrophenylphosphate (Guan, 1986; Tabatabai, 1994).

2.4 Soil quality assessment

2.4.1 Minimum data set

The MDS approach was used to establish the index system of
soil quality (Andrews et al., 2004), aiming to reduce the indicator
redundancy (Jahany and Rezapour, 2020). We collected 28 potential
soil indicators in the present work, including physicochemical and
microbial properties. During this process, principal component
analysis (PCA) was used to group the indicators, and only the
components with eigenvalues >1 were selected. Then, the indicators
with loadings >0.5 in the same component were classified into one
group. If the loading of an indicator in two or more components
was >0.5, the indicator was classified into the group where the
indicator had the lowest correlations with other indicators. The
norm value intended to screen the assessment indicators,
representing the comprehensive loading of an indicator in all
components. The norm value of each indicator was calculated by
using Eq. (1) as follows (Jin et al., 2021):

Normi = /S (uik? x k) (1)

where Norm,; is the comprehensive loading of indicator i in all
components with eigenvalues 21, y; is the loading of indicator 7 in
component k, and Ay is the eigenvalue of component k.

The indicator whose norm value was within the 10% range of
the maximum value of a group was selected for further correlation
analysis (Wu et al., 2019). Subsequently, if the Pearson correlation
coefficient of two arbitrary indicators was higher than 0.5, the
indicator with a higher norm value was retained in the MDS;
otherwise, the indicators were selected.

2.4.2 Soil property scoring

The weight value was calculated by the ratio of norm value for
each indicator to the sum of norm values for the selected indicators,
as shown in Eq. (2) (Yao et al,, 2013). The normalized method is used
to convert variables into dimensionless values between 0 and 1 due to
the inconsistent units of soil indicators. The relationships among
indicators and quality in soils could be divided into three scoring
functions: “more is better”, “less is better”, and “optimum is better”
(Santos-Frances et al,, 2019). The “more is better” function was
applied to the selected indicators because of their positive effects on
soil quality in this research. Therefore, the degrees of membership for
the selected indicators were calculated using the ascending property
function, as shown in Eq. (3) (Biswas et al., 2017). After that, the
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scores for physicochemical and microbial properties were calculated
by combining the degree of membership with the weights of
indicators for soil samples as in Eq. (4) (Liu et al., 2017).

. Normi @)
wi= =
> Norm
where w; is the weight of each indicator.
Kinax — Xi
§; = —max ~ 2 3)
Xmax - Xmin

where §; is the degree of membership of each indicator, X; is the
observed value of each indicator, and X,,., and X, is the

maximum and minimum value of each indicator, respectively.

Fy= S0, (wix§) (4)

where F, is the score of physical, chemical, and microbial
properties, and n is the number of soil indicators in the MDS.

2.4.3 Soil quality index

SQI was calculated by the scores of physicochemical and
microbial properties in soils and their corresponding weights,
reflecting the effects of desertified grassland restoration
measurements on soil quality. A larger SQI denotes better soil
quality (Liu et al., 2017). The weight values of soil properties were
calculated by the commonalities derived from the PCA as shown in
Egs. (5-7) in turn (Mamehpour et al., 2021; Martin-Sanz et al.,
2022). SQI was calculated using Eq. (8) (Romaniuk et al., 2011).

awi="/ s )

Wyo = D1y X E; (6)
Who
Wp = e — )
PeSm W

where a,; is the feature vector of property p in component j, f,; is the
loading of the property p in component j, A; is the eigenvalue of
component j, Wy, is the weight value of each property, E; is the
explained variance of component j, and W, is the weight value of
property p after normalization.

SQI =" (Wp x Fp) (8)

where SQI is the soil quality index, and m is the number of
soil properties.

2.5 Ecological benefits assessment of
restoration measurements

PCA was also used to calculate the weight values of indicators,
including vegetation coverage, density, and biomass as well as silt,
TN, carbon-nitrogen ratio (C/N), TK, MBC, MBP, and fungi in
soils. The calculation method of indicator weights was similar to
that of soil property weights in soil quality assessment using Egs. (1)
and (2). The degrees of membership of the above-mentioned
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indicators were calculated using Eq. (3) because these indicators
were in accordance with the function of “more is better”
(Mamehpour et al.,, 2021). The ecological restoration effect index
(EREI) of restoration measurements was calculated according to
Eq. (4).

2.6 Data analysis

The experimental data analyses were performed using SPSS 19.0
(IBM Corp., US) (i.e., maximum, minimum, mean, and standard
error). One-way analysis of variance, followed by the Duncan test,
was applied to test differences of soil quality indicators among
depths, restoration patterns, and years (p< 0.05). The correlation
coefficients among soil microbial and physicochemical indicators
were analyzed via Pearson correlation analysis. The figures were
drawn by using Origin 2022b (Origin Lab Corp., Northampton,
MA, USA).

3 Results
3.1 Soil quality indicators

The soil quality indicators for unrestored grassland (CK) had no
significant difference in three subareas (p > 0.05) (Supplementary

10.3389/fpls.2023.1283457

Table S1), and they had no significant differences except bacteria
and alkaline phosphatase among depths in the alpine grassland (p >
0.05) (Supplementary TableS2). Accordingly, the weighted average
of soil quality indicators from different layers was performed for the
same quadrat in this research.

As shown in Table 2, the values of soil quality indicators,
including physical and chemical properties in restored grasslands,
were preferable to those under CK treatment at each restoration
year. The soil bulk density and sand content among different
ecological restoration patterns were lower than that in unrestored
grasslands, and they showed a decreasing trend with increasing
restoration years. However, the contents of soil silt, clay, TOC, TN,
DON, NH,;"-N, and NO; N in restored grasslands were
significantly higher than those in unrestored grasslands (p< 0.05),
and they generally significantly increased with increasing
restoration years (p< 0.05). Moreover, the contents of soil silt and
clay in ESSG were significantly higher than in EG and ESG.
Meanwhile, our previous results showed that the soil microbial
properties, including microbial abundance, microbial biomass, and
enzyme activity, in the three patterns of restored grasslands
significantly improved (p< 0.05) compared with unrestored
grasslands (Supplementary Table S4) (Hu et al., 2018a). The
improvement effects of the microbial properties enhanced with
extended restoration years at each pattern, and those in ESSG were
generally better than EG and ESG (Supplementary Table S4) (Hu
et al., 2018a).

TABLE 2 Effects of restoration measurements on the soil physicochemical properties.

EG ESG
Indicators 7-9 >15 <5 7-9

years years years years
BD (g cm™) 1.39a 1.17Bb 1.07Ac 0.94Bd 1.23Ab 1.13Abc 1.05Ac 1.25Ab 0.84Ac 0.97ABc
Sand (%) 96.47a | 88.94Cb 89.34Ac 89.37Ac 88.03Bb 88.40Ac 88.4Bd 86.37Ab 86.8Bc 86.63Cd
Silt (%) 150d | 6.91Ac 6.83Bb 6.83Ba 8.23Ac 7.37Bb 7.53Aa 7.89Bc 7.23Aa 7.20Bb
Clay (%) 2.03b 4.14Aa 3.83Aa 3.8Ba 3.73 Ba 4.23Aa 4.07Ba 5.74Ca 5.97Aa 6.17Aa
TOC (g kg™) 1.24¢ 3.24Ab 4.67Ab 9.61Aa 3.22Abc 3.78Ab 7.75Ba 2.98Ac 6.99Ab 9.08ABa
TN (g kg™ 0.05d 0.16Ac 0.26Ab 0.42ABa 0.19Ab 0.21Ab 0.38Ba 0.10Bbc 0.23Ab 0.50Aa
C/N 16.84b | 20.15Bab | 17.95Ab 23.52Aa 17.32Ba 17.38Aa 20.99Aa 26.19Aa 21.42Ab 18.15Ac
DON (mg kg™") 1.30¢ 1.58Ac 3.22Ab 4.65A 2.13Aa 1.41ADb 1.96Bab 1.65Ab 2.94Ab 5.08Aa
NH,"-N (mg kg 0.39d 1.37Ac 2.47Ab 3.75Aa 1.68Ab 1.98Aab 2.67Ba 1.85Ab 2.13Ab 3.40Aa
NO;™N (mg kg 0.46d 1.09Ac 2.11Ab 3.38Aa 1.15Ab 1.55Ab 235Aa 1.80Aab 2.38Aab 3.20Aa
TP (g kg!) 0.24d 0.25Bc 0.32Ab 0.35Ca 0.28Bb 0.35Aa 0.39Ba 0.36Ab 0.41Aab 0.50Aa
AP (mg kg'!) 1.88¢ 2.92Ab 2.83Bb 5.00Ba 2.88Abc 4.17ABab 5.47Ba 2.88Ac 4.95Ab 657 Aa
TK (mg kg 17.96ab | 17.76Ab 19.13Aab 19.97Aa 18.44Ab 18.13Bb 17.93Bb 19.30Aa 19.25Aa 18.00Bb
AK (mg kg™ 30.98c | 39.20Bab  37.33Bb 48.84Ba 30.26Bb 52.15Aa 50.43Ba 50.13Ab 55.55Ab 68.50Aa

BD, bulk density; TOC, total organic carbon; TN, total nitrogen; C/N, carbon-nitrogen ratio; DON, dissolved organic nitrogen; NH,*~N, ammonium nitrogen; NO; "N, nitrate nitrogen; TP, total
phosphorus; AP, available phosphorus; TK, total potassium; AK, available potassium.

Different capital letters above each bar indicate significant differences among different restoration patterns at p< 0.05. Different lowercase letters above each bar indicate significant differences
among different restoration years at p< 0.05.
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3.2 Minimum data set of soil qua[ity microbial properties. PC1 explained 82.39% of the total variance in
soil physical properties including four indicators, and soil silt was

Table 3 indicates that different principal components (PCs)  selected as the appropriate indicator representing physical
were selected with eigenvalues >1 for soil physical, chemical, and ~ Properties (Table 3). In terms of chemical properties

TABLE 3 Principal component loading matrix and norm values of soil quality indicators.

L Physical properties Chemical properties Microbial properties
Soil indicators Group Norm
PC1 PC1 PC2 PC3 PC1 PC2
Silt -0.986 1-1 1.790
BD 0.921 1-1 1.671
Sand 0.869 1-1 1.577
Clay -0.849 1-1 1.542
TN 0.929 -0.252 0.099 2-1 2.501
NH,"-N 0.904 -0.109 0.192 2-1 2.426
TOC 0.902 0.145 -0.017 2-1 2416
AP 0.857 -0.033 -0.247 2-1 2.304
TP 0.856 0.113 -0.128 2-1 2.294
NO;'N 0.849 -0.085 0.131 2-1 2275
PXOC 0.813 0.026 -0.061 2-1 2.173
DON 0.769 -0.013 0.308 2-1 2.079
DOC 0.766 0.205 -0.181 2-1 2.069
AK 0.758 0.128 -0.312 2-1 2.054
C/N -0.156 0.885 -0.345 22 1.161
TK 0.129 0.617 0.734 2-3 1.088
MBN 0.948 0.012 3-1 2.768
MBC 0.944 0.039 3-1 2.758
Bacteria 0.932 -0.006 3-1 2.721
Urease 0.926 -0.113 3-1 2.705
Protease 0.912 -0.084 3-1 2.664
Amylase 0.902 -0.097 3-1 2.636
Sucrase 0.881 0.065 3-1 2.574
Neutral phosphatase 0.841 -0.124 3-1 2.459
Alkaline phosphatase 0.822 0.145 3-1 2.403
Actinomyces 0.638 0.383 3-1 1.902
Fungi 0.648 0.533 32 1.966
MBP 0.616 -0.707 32 1.933
Eigenvalue 3.296 7.137 1.342 1.028 8.527 1.003
Variance (%) 82.392 59.478 11.183 8.566 71.056 8.360
Cumulative variance (%) 82.392 59.478 70.661 79.227 71.056 79.416

PC, principal component; BD, bulk density; TN, total nitrogen; NH,"-N, ammonium nitrogen; TOC, total organic carbon; AP, available phosphorus; TP, total phosphorus; NO5™N, nitrate
nitrogen; PXOC, permanganate oxidized carbon; DON, dissolved organic nitrogen; DOC, dissolved organic carbon; AK, available potassium; C/N, carbon-nitrogen ratio; TK, total potassium;
MBN, microbial biomass nitrogen; MBC, microbial biomass carbon; MBP, microbial biomass phosphorus.
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encompassing 12 indicators, three PCs explained 79.23% of the total
variance, and PC1, PC2, and PC3 explained 59.48%, 11.18%, and
8.57% respectively. Combined with the correlation coefficients of
soil chemical indicators, we chose TN, C/N, and TK in the MDS,
representing chemical properties on account of their higher
loadings and norm values (Table 3; Supplementary Table S3).
Concerning microbial properties involving 12 indicators, two PCs
explained 79.42% of the total variance, and PC1 and PC2 explained
71.06% and 8.36% of the variation, respectively. MBC, MBP, and
fungi were contained in the MDS because of higher loadings and
norm values (Table 3; Supplementary Table S4). As a result,

TABLE 4 Indicator weights and scores of properties in soils.

10.3389/fpls.2023.1283457

sensitive and important indicators comprising soil silt, TN, C/N,
TK, MBC, MBP, and fungi were selected to establish the MDS of
alpine grassland soil quality.

3.3 Soil quality

As shown in Table 4, the weights of soil physical, chemical, and
microbial properties were almost equal. The scores of soil properties
increased with increasing restoration years. Figure 2 shows that the
value of SQI varied from 0.102 to 0.671. The SQI in ESSG was higher

Properties Indicators Scores of properties
(Weight, wp) (Weight, w;) ESG
PI::;ZC;; Silt (1.00) 0 0.074
(0.34) <5 0.495 0.399 0.197
7-9 0.662 0.652 0.795
>15 0.722 0.909 0.712
Chemical properties C/N (0.24) 0 0.079
(0.34) <5 0.057 0.047 0.099
7-9 0.048 0.049 0.151
>15 0.072 0.061 0.049
TN (0.53) 0 0.009
<5 0.117 0.148 0.059
7-9 0.211 0.167 0.179
>15 0.357 0.320 0.435
TK (0.23) 0 0.045
<5 0.127 0.152 0.183
7-9 0.177 0.141 0.181
>15 0.203 0.134 0.129
Microbial properties MBC (0.42) 0 0.030
(0.32) <5 0.109 0.136 0.082
7-9 0.176 0.161 0.166
>15 0.268 0.305 0.319
MBP (0.28) 0 0.024
<5 0.045 0.046 0.101
7-9 0.068 0.072 0.125
>15 0.139 0.113 0.192
Fungi (0.30) 0 0.046
<5 0.108 0.101 0.057
7-9 0.144 0.086 0.108
>15 0.200 0.167 0.091

C/N, carbon-nitrogen ratio; TN, total nitrogen; TK, total potassium; MBC, microbial biomass carbon; MBP, microbial biomass phosphorus.
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than EG and ESG overall (Figure 2). The SQI in each restoration
pattern increased significantly with increasing restoration years. The
SQI of <5 years, 7-9 years, and 215 years increased by 144.83-
249.14%, 319.63-463.10%, and 506.28-561.24%, respectively,
compared with CK (p< 0.05) (Figure 2). Moreover, the increasing
rate of SQI began to reduce after 5 years in EG and ESG (Figure 2),
whereas the increasing rate of SQI between <5 years and 7-9 years
improved by 120.13% compared with <5 years in ESSG, which started
to decrease after 7-9 years (p< 0.05) (Figure 2).

3.4 Ecological restoration benefits

The value of EREI ranged from 0.104 to 0.547 (Figure 3). There
was no significant difference among the three restoration patterns
(p > 0.05), but EREI in ESSG was generally higher than that in EG
and ESG, especially before 7-9 years (Figure 3). EREI increased
constantly with increasing restoration years, of which 7-9 years and
215 years significantly increased by 6.93%-107.91% and 93.23%-—
178.89% respectively, compared with 0-5 years (p< 0.05) (Figure 3).
In addition, the increasing rate of EREI in EG was lower than ESSG.
Moreover, the increasing rate of EREI in ESG was lower than ESSG
from 5 to 7-9 years, while that in ESG was higher than ESSG after
7-9 years (Figure 3).

10.3389/fpls.2023.1283457

4 Discussion

4.1 Evaluation indicator system for soil
quality in alpine grasslands

In this research, soil silt, TN, C/N, TK, MBC, and MBP as well as
fungi have been selected as soil quality indicators, and they were
associated with vegetation growth during grassland restoration. The
changes of soil silt content under the application of restoration
measurements were the most significant compared with that of sand
and clay, similar to the finding of He et al. (2021), which was ascribed
to the fact that vegetation restoration could weaken wind erosion,
thereby reducing the loss of fine particles (Zhang et al., 2022). The
decomposition of plant litterfall increased the soil organic matter under
the conditions of planting herbs and/or shrubs plus grazing prohibition
in desertified grassland (Yu et al., 2018). Thus, litterfall was enhanced
with an increase of aboveground biomass in restored grasslands
(Table 1), which induced the changes of C/N and TN contents in
soils. The potassium (K) requirement for plant growth greatly
increased in the middle and late stage of restoration, which could
promote the conversion of soil mineral K to AK via the mobilization of
organic acids and enzymes from K-solubilizing bacteria, and mineral K
was the main form of TK in soils (Zhang et al., 2022). The increase of
litter input led to the improvement in soil water storage capacity, which
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FIGURE 2

Soil quality index of desertified grasslands with different restoration measures. Different capital letters above each bar indicate significant differences
among different restoration patterns at p< 0.05. Different lowercase letters above each bar indicate significant differences among different
restoration years at p< 0.05. Vertical bars denote the standard error of the means. EG, enclosure plus grass; ESG, enclosure intercropping shrub-

grass; ESSG, enclosure plus sand-barrier and shrub-grass.
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Ecological restoration effect index of desertified grasslands with different restoration measures. Different capital letters above each bar indicate
significant differences among different restoration patterns at p< 0.05. Different lowercase letters above each bar indicate significant differences
among different restoration years at p< 0.05. Vertical bars denote the standard error of the means. EG, enclosure plus grass; ESG, enclosure
intercropping shrub-grass; ESSG, enclosure plus sand-barrier and shrub-grass

was conducive to the reproduction of microorganisms together and
further increased the fungi abundance as well as the contents of MBC
and MBP in soils (Liu et al,, 2017; Zhang et al., 2021). In recent years,
some studies have also established the MDS of soil quality assessment
based on physicochemical properties in temperate grassland
ecosystems (Wang et al., 2021b; Li et al,, 2023b). Nevertheless, our
results found that the weights of soil microbial properties were almost
equal to the soil physicochemical properties and that the soil microbial
properties had positive and significant effects on TN (Supplementary
Figure S1), indicating that microbial properties had non-negligible
significance to soil quality in this study area. Therefore, microbial
properties should be considered to assess the soil quality of alpine
grassland under restoration measurements.

4.2 Comparison in the assessment
indicators of soil quality among restored
desertified grasslands

Different restoration patterns and years had various
improvement effects on soil assessment indicators. As far as soil
physical properties were concerned, silt content increased, which
was similar to the findings of Hu et al. (2022) and can be attributed
to the fact that vegetation restoration effectively resisted soil sand
outside and promoted the optimization of soil texture (Zhang and
Zhao, 2015). Soil structure and texture improved by applying
restoration measurements, which may further lead to an increase
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in soil nutrients (Hu et al,, 2022). In this study, the soil nutrient
contents of the restored grassland were also significantly higher
than those of the unrestored grassland, particularly the significant
increase of TN content, similar to the implementation effects of
restoration measurements in Shenza County in the Tibetan Plateau
as reported by Zhang et al. (2022). This was mainly because the
humification of litterfall could directly increase the soil nutrient
content, and the improvement of physical properties (e.g., texture,
structure, and water retention) might reduce the mineralization of
organic matter (Kooch et al., 2022). Previous studies revealed that
the vegetation biomass had positive relationships with soil
microbial biomass generally (Zhang and Zhao, 2015; Yang et al,
2022). The increase of carbon and nitrogen sources of
microorganisms further enhanced the soil microbial biomass (Yu
et al., 2018). Therefore, the contents of MBC and MBP as well as the
quantity of fungi improved significantly, which was caused by the
increase of vegetation biomass together with soil carbon and
nitrogen contents in each restoration pattern (Tables 1, 2).

In general, soil quality indicators are gradually optimized due to
increased vegetation coverage, density, and biomass (Zhang et al.,
2022; Wan et al.,, 2023). In this research, the vegetation coverage,
density, and biomass of restored grassland increased (Table 1), thus
inducing soil quality indicators gradually ameliorated with the
increasing restoration years, which was similar to the findings of
Lietal. (2023c). Furthermore, the contents of slit and MBC in ESSG
were significantly higher than EG (Table 2, Supplementary Table
54). These results can be explained by the combined effects of sand
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barriers and vegetation that were beneficial to sand fixation and
water conservation, further effectively improving the soil quality
(Wang et al., 2021a; Hu et al., 2022).

4.3 Effects of desertified grassland with
different restoration measures on soil
quality and ecological benefits

Vegetation biomass had significant positive relationships with SQI
and EREI (R > 0.6, p< 0.05), indicating that soil quality and ecological
benefits improved with the increase of biomass in alpine grasslands.
We found that the restoration measurements improved the soil quality
and ecological benefits of desertified grassland (Figures 2, 3), which was
consistent with the findings of positive effects of the fenced enclosure
on the soil quality of sandy grassland in the Tibetan Plateau as reported
by Zhang and Zhao (2015); Hu et al. (2022), and Zhang et al. (2022).
The main reason that was attributed to is that restored vegetation and/
or sand barriers could be able to separate the sand sources and resist
wind erosion effectively in areas with strong winds (Wan et al., 2023),
which was beneficial for soil and water conservation as well as nutrient
retention in desertified grassland. Moreover, plants grow preferably
based on superior conditions of soil water and nutrients. On the one
hand, vigorous plants could retain water and return organic matter via
litterfall (Yu et al, 2018). On the other hand, the decomposition and
humification of dead root and root exudates could promote soil quality
(Wu et al, 2023). Therefore, the soil-vegetation system could form
positive mutual feedback in restored grassland, further improving soil
quality and restoring ecological service functions.

Soil quality and ecological benefits in ESSG were optimal among
three restoration patterns because setting sand barriers was of great
significance to prevent wind and fix sand as well as reserve moisture in
sandy soils (Liu et al, 2019). Particularly, shrubs with deep roots
promoted the accumulation of organic matter and nutrients in shallow
soils combined with the roles of sand barriers (Kidron and Gutschick,
2013; Wang et al,, 2021a), which could strengthen the positive mutual
feedback between vegetation and soil. Similarly, Scotton (2019) also
reported that combining sand fixation barriers and phytoremediation
was a good way to restore the ecology of desertified grasslands.

Vegetation is an important and positive driving force for
restoring desertified grasslands, as Wu et al. (2023) have reported.
Furthermore, the significant improvement of vegetation (e.g.,
biomass) with the increase of restoration years was beneficial to
restore ecological function directly and indirectly in desertified
grasslands (Wang et al,, 2023). As the restoration years of degraded
grasslands in our study increased, the aboveground and root biomass
of vegetation also gradually improved (Table 1). This was conductive
to enhance the abilities of retaining water and nutrients and increase
litter return and root exudates, which can also further strengthen the
positive feedback between soil and vegetation. Thus, soil quality and
ecological benefits increased significantly, corresponding to the
increasing restoration years in each restoration pattern.
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4.4 Optimal restoration year of applying
management practices in different
restored grasslands

The increasing rate of SQI in EG and ESG as well as EREI in EG
began to decrease after 5 years of the application of restoration
measurement, indicating that short-term fencing was more beneficial
than long-term fencing. A probable explanation for this outcome was
that the increasing requirement of plant nutrients slowed down the
amount of nutrient accumulation and optimization of microbial
characteristics in soils under the circumstances of long-term
grazing exclusion (Li et al., 2023c). A similar result has been shown
in the study of Sun et al. (2020) and Zhang et al. (2022), respectively,
such that longer-term grazing exclusion had a little effect on
vegetation growth without the construction of sand prevention
belts. Interestingly, the increasing rate of SQI and EREI in ESSG
was reduced after 7-9 years. This may be ascribed to the fact that the
decay of sand barriers combined with a large amount of requirement
of plant nutrients could also slow down the amelioration of soil
features after 7-9 years based on the result of Liang et al. (2023).
Thus, it was hard to ensure that the soil-vegetation system was
constantly a virtuous cycle with the increase of restoration years.

In addition, plant species diversity appeared to decrease along with
increased restoration years (Table 1) because the growth of some plants
may have been inhibited during grassland restoration (Li et al., 2023c).
This would cause a weakening in the stability of ecosystems, according
to a research reported by Zhou et al. (2017). As a result, combined with
the increasing rate of SQI, EREI, and plant diversity, we suggest that the
appropriate time of anthropogenic monitoring and management
measurements, such as applying organic fertilizer in soils and
mowing return, should be reasonably considered at the beginning of
7 years in ESSG and 5 years in the other two patterns to maintain
sustainable ecological benefits.

5 Conclusions

Using the MDS and comprehensive index method, our study
assessed the soil quality and ecological benefits in restored
grasslands. The MDS of soil quality comprised seven key
indicators: silt, TN, C/N, TK, MBC, MBP, and fungi. The increase
of vegetation coverage, density, and biomass resulted in such a way
that the soil physicochemical and microbial properties as well as the
soil quality and ecological benefits were superior in restored
grasslands than in unrestored grasslands. Furthermore, the
positive effects of soil quality and ecological restoration increased
upon extending the restoration years of restored grasslands, and
they generally ranked in the order as follows: EG< ESG< ESSG. The
increasing rates of SQI decreased after 5 years in EG and ESG and 7
years in ESSG, while that of EREI in EG was lower than ESSG in
each restoration year. Therefore, ESSG was the best restoration
pattern of desertified grasslands, especially for moving sandy
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grasslands. Scientific anthropogenic monitoring and management
measurements should be carried out at the beginning of 5 years in
EG and ESG as well as 7 years in ESSG. We are supposed to pay
more attention to the anthropogenic management practices to
maintain sustainable ecological restoration effects of desertified
grassland in future research—for instance, applying organic
fertilizer combined with mowing return might be needed to
further form a virtuous cycle of soil-vegetation system.
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