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Abstract: Grassland degradation could affect the composition, structure, and ecological function of
plant communities, and threaten the stability of its ecosystem. It is essential to accurately evaluate
grassland degradation and elucidate its impacts on vegetation-soil relationship. In this study,
remote sensing data based on vegetation coverage were used to assess the degradation status of
Hulunbuir grassland, and five different grassland degradation degrees were classified. Vegetation
community composition, diversity, biomass, soil nutrient status and their relationships in different
degraded grasslands were investigated using field survey data. The results showed that grassland
degradation significantly affected the species composition of vegetation community. As
degradation intensified, species richness declined, with the proportion of Gramineae and Legume
species decreasing and Asteraceae species increasing. Additionally, the proportion of annual species
initially increased and then decreased. Degradation also markedly reduced aboveground,
belowground, and litter biomass within the communities. Soil moisture, electrical conductivity,
organic carbon, total carbon, total potassium, and hydrolyzable nitrogen contents in non-degraded
areas were higher than those in severely degraded areas. Conversely, soil total phosphorus content
and bulk density gradually increased with degradation. Nitrate nitrogen and ammonium nitrogen
levels in severely degraded soils were significantly higher than those in non-degraded soils. Plant
diversity in the study area was significantly positively correlated with aboveground biomass and
belowground biomass, and positively correlated with soil nutrient total carbon and available
carbon, but negatively correlated with soil bulk density. Results of partial least squares path model
showed that grassland degradation had significant negative effects on plant diversity, soil nutrients
and biomass. Soil nutrients were the main factors affecting ecosystem productivity. The direct effect
of plant diversity on biomass was not significant, suggesting that soil nutrients may play a more
important role than plant diversity in determining biomass during grassland degradation. The
results illustrated the relationships among soil nutrients, plant diversity, and biomass in degraded
grasslands, and emphasized the importance of an integrated approach in the effective management
and restoration of degraded grasslands.

Keywords: Hulunbuir grasslands; species diversity; community productivity; soil nutrients; the
partial least squares path modeling;

1. Introduction

Grasslands, which represent the largest terrestrial ecosystems on Earth, cover ~40 % of the
surface of the planet and deliver numerous ecosystem services that are crucial to human society (Hu
et al., 2016; Lyu et al., 2020). The Hulunbuir grasslands are one of China’s important bases for the
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animal husbandry industry and an integral part of the Eurasian grasslands. They boast a complex
and diverse range of vegetation types, with over 1,000 species of grassland plants (Bai et al., 2008). In
recent decades, due to overgrazing and climatic aridity, large areas of the Hulunbuir grasslands have
degraded. Grassland degradation leads to a series of ecological and environmental issues, such as
reduced productivity (Auffret et al., 2018), loss of biodiversity (Zhou et al., 2020), and weakened
ecosystem services (Zhou et al., 2020), which also severely impact the economic development of local
herders. Therefore, correctly monitoring and assessing the degradation status of the Hulunbuir
grasslands is an essential prerequisite for formulating conservation measures and managing
grasslands. Due to cost constraints, field surveys typically cover only a limited number of sample
points, making it challenging to achieve comprehensive coverage at large scales (Wan et al., 2016).
Therefore, in this study, remote sensing technology was employed, and vegetation coverage was
selected as an indicator for assessing grassland degradation in Hulunbuir (Ministry of Ecology and
Environment, 2021). This approach enables spatial coverage over a large scale.

Grassland degradation notably alters plant community composition, modifies soil nutrient
characteristics, and leads to biodiversity loss and ecosystem function decline (Gang et al., 2014; Lyu
et al., 2020; Raiesi and Salek-Gilani, 2020). As degradation progresses, there are noticeable shifts in
grassland community structure and dominant species, coupled with a general decline in biomass. In
addition to plant composition, grassland degradation reduces soil organic carbon (SOC), total or
available N, and P concentrations, and their stocks (Dong et al., 2012; Wang et al., 2014), which, in
turn, contributes negatively to plant composition in terrestrial ecosystems (Cheng et al., 2007; Potthoff
et al., 2005; Robertson et al., 1988). Research has indicated that in relatively moist grassland
ecosystems, such as alpine meadows, biodiversity peaks under moderate grazing intensity.
Conversely, in arid ecosystems, such as desert grasslands, species diversity markedly declines as
grazing intensity increases (Gao and Carmel, 2020). Additionally, grassland degradation can affect
plant community structure by altering species composition, thereby suppressing gramineous species
(Rada et al., 2014). Therefore, elucidating the influence of grassland degradation on changes in
vegetation community composition and soil nutrients is crucial for developing effective restoration
strategies for degraded grassland ecosystems.

Aboveground and belowground biomass are important indicators of grassland ecosystem
productivity and function. The relationship between biodiversity and productivity in grasslands
remains controversial in ecosystem function and stability research (Axmanova et al., 2013; Wu et al.,
2019). This relationship is complex and affected by many factors (A. M.fti et al., 1977; Gillman and
Wright, 2006; Gough et al., 1994; Hector and Bagchi, 2007; McNaughton, 1983; Zhang et al., 2018). Soil
nutrients are important abiotic factors that affect vegetation productivity (Tilman, 1985), and
vegetative growth and biomass depend heavily on the availability of soil nutrients (Sardans et al.,
2017). Conversely, the chemical composition of plant residue and soil nutrient status influence
microbial activity and community structure, in turn affecting the litter decomposition rate (Aneja et
al., 2006). Empirical evidence shows varied correlations between biodiversity and productivity —a
positive linear relationship has been observed in the Eurasian Steppe (Bai et al., 2007), and a weak
positive relationship in the Qinghai-Tibetan Plateau (Fayiah et al., 2019). Wang et al. (2013)
demonstrated no significant correlation between plant species richness and community productivity
in the semi-arid regions of Tibet (Wang et al., 2013). Zhang et al. (2011) used ordinary least squares
regression (OLS) to examine the form (linear vs quadratic) of relationship between productivity and
species richness across different scales. They noted that this relationship could change with special
research scales in the temperate steppes of Inner Mongolia (Zhang et al., 2011). SOC, total N, total P,
and available N concentrations are positively correlated with plant productivity (Li et al., 2006; Wang
et al.,, 2010; Zuo et al., 2009). The regulation of vegetation productivity by plant diversity has received
considerable attention from researchers (Erfanzadeh et al., 2015; Grace et al., 2016). In Tanzania’s
Mount Kilimanjaro, researchers studied the relationship between species richness and ecosystem
functions along an altitudinal gradient, from lowlands to high mountains (Albrecht et al., 2021). The
results showed that the relationship between species richness and ecosystem functions is influenced
by environmental conditions, including climate, land use, and soil properties. However, few studies
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have adequately investigated the relationship between plant diversity and productivity shaped by
grassland degradation and the role of abiotic factors (soil nutrients) in this process on larger scales.

Therefore, the main objective of this study is to quantitatively assess the degradation status of
the Hulun Buir grasslands using remote sensing and to investigate how the composition, diversity,
biomass of plant communities, and soil nutrients are affected by grassland degradation. Based on the
remote sensing assessment, five levels of vegetation degradation were identified: non-degraded
grassland (ND), slightly degraded (LD), moderately degraded (MD), severely degraded (SD), and
extremely degraded (ED). Field vegetation surveys and soil physicochemical property measurements
were conducted in the HulunBuir grasslands from July to August 2023. The study established three
specific objectives: (1) to examine how the characteristics of plant communities, including species
composition, diversity, and biomass, change with grassland degradation; (2) to determine how soil
nutrient characteristics vary across different stages of grassland degradation; (3) to explore how
grassland degradation shapes the relationship between plant diversity and productivity, and the role
of abiotic factors (soil nutrients) in this process. We hypothesize that as the degree of vegetation
degradation increases, (1) plant species richness will decline due to the deterioration of the growing
environment, leading to simplified composition and structure, reduced plant diversity, and
decreased biomass; (2) soil nutrient content will decrease due to reduced litter input and accelerated
nutrient decomposition following vegetation degradation; (3) grassland degradation will have a
negative impact on plant diversity and biomass, with a linear correlation between the two; soil
nutrient conditions will affect biomass accumulation and exert some influence on the relationship
between diversity and productivity.

2. Materials and Methods
2.1. Study Sites

The Hulunbuir grasslands, located in the northeastern part of the Inner Mongolia Autonomous
Region, China. They span from 47°05" to 53°04" north latitude and from 115°31" to 126°04’ east
longitude. The soil is primarily dark and chestnut chernozem (Gan et al., 2019), and the average
elevation ranges between 650 and 700 m, with the terrain sloping from east to west. The climate is
mid-temperate continental monsoon, with average temperatures between -3 and 0 °C and a frost-free
period of 40 to 130 days. Precipitation in the Hulunbuir grasslands decreases gradually from east to
west, with an annual rainfall of 250- 500 mm, concentrated mostly in July and August. The annual
evaporation rate ranges from 900 to 1630 mm.

2.2. Grassland Degradation Evaluation

The degradation status of the Hulunbuir grasslands was assessed using quantitative remote
sensing. Landsat 7 and 8 remote sensing data with a spatial resolution of 30 m were used to calculate
the annual maximum normalized difference vegetation index (NDVI) during the growing season
(May to September) and subsequently, the vegetation cover from 2000 to 2023. For each pixel, the
year with the maximum grassland cover was removed, and the maximum cover of the remaining
five years was selected. The sliding average for these five years was used as a reference for non-
degraded grassland to calculate the GDI. Based on the spatial distribution pattern of land degradation
in the Hulunbuir grasslands and its spectral landscape characteristics, combined with the grading
indicators for degradation, desertification, and salinization of natural grasslands (GB/19377-2003)
(General Administration of Quality Supervision, Inspection, and Quarantine of the People’s Republic
of China, 2003), and referring to relevant on-site survey factors—vegetation biomass and coverage —
the degree of degradation of the Hulunbuir grasslands in 2023 was classified according to Table 1.

Table 1. Classification standards for grassland degradation degree.

Degradation grades GDI value (%)
Non-degraded (ND) GDI =90
Lightly Degraded (LD) 80<GDI<90
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4
Moderately Degraded (MD) 70 <GDI < 80
Severely Degraded (SD) 50 < GDI< 70
Extremely Degraded (ED) GDI <50
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Figure 1. Degradation of grassland and plots setting in Hulunbuir. ND, LD, MD, SD and ED represent
non-degraded, lightly degraded, moderately degraded, severely degraded, and extremely degraded
grasslands.

2.3. Vegetation Sampling

From July to August 2023 (plant growing season), a sampling survey was conducted during the
peak vegetation growing season in the Hulunbuir grasslands—conducive to the collection of plant
indicators. Within the survey area, a 20 km x 20 km grid was designed, and survey plots were evenly
set up according to the degree of grassland degradation and vegetation type distribution map (1-2
plots per grid), totaling 64 plots: 15 ND plots, 12 LD plots, 11 MD plots, 14 SD plots, and 12 ED plots.
Each plot contains 3 replicates of 1 m? quadrats, set up according to the principle of
representativeness to capture the grassland vegetation, topography, and soil characteristics of the
entire plot (National Forestry and Grassland Administration, Department of Forest Resource
Management, 2022). Within each quadrat, various vegetation characteristics were measured and
recorded, including the species, number of individuals, plant height, percentage cover, and total
community cover. The density of each plant species was calculated based on the number of
individuals within the quadrat and the quadrat area. For plant height, the average of 3-5 randomly
selected individuals per species was taken; if there were fewer than 3 individuals, all were measured
and the average was taken (Liu et al., 2022). Aboveground biomass (AGB) was obtained using the
harvest method, where each plant species within the yield quadrat was cut at ground level, dried in
a 65°C oven to a constant weight, and weighed (Sun et al., 2018). Belowground biomass (BGB) was
obtained by randomly selecting three points in the yield quadrat and using a root drill with a
diameter of 5 cm to collect soil samples with roots from the 0 to 60 cm soil layer. The root-containing
soil samples were washed in a 20-mesh sieve, and the cleaned roots were dried in a 65°C oven to
constant weight before being weighed (Chen et al., 2022). The importance values (Curtis, 1959), and
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Shannon-Wiener index (Shannon and Weave, 1949) of each plant species were calculated using the
following formulae:

(1) Importance value

. (relative height + relative cover + relative density)
Relative Importance value (P;) = X 100% (1)

3
) ] Average height of species i
Relative Height =

(2)

Total cover of all species

] Cover of species i
Relative Cover = - 3)
Total cover of all species

Density of species i

Relative Density = 4
eLative Jensity Total Density of all species )

(2) Shannon-Wiener Index
Shannon — Wiener = —Z P;-InP; )

In the above formulae, P; is the relative importance of species i;

2.4. Soil Sampling and Analysis

After removing the surface litter layer, a soil auger with a diameter of 4 cm was used to collect
0-5 cm of topsoil from each quadrat (Chen et al., 2022). Three samples from the same plot were mixed
thoroughly to form composite sample. The collected soil samples were sieved through a sieve with a
mesh size of 2.5 millimeters, placed in a sealed bag, and stored at a low temperature for subsequent
physicochemical property measurements (Liu et al.,, 2024). Soil moisture content (MC) and bulk
density (BD) were measured by collecting samples of the same depth using a ring cutter and
aluminum box next to the soil sample collection points, weighing them before and after drying in a
65 °C oven to a constant weight. Soil pH and electrical conductivity (EC) were measured using the
electrode potential method. Total nitrogen (TN) was analyzed by the Kjeldahl method. Soluble total
nitrogen (STN) was assessed using a potassium-chloride solution and alkaline potassium persulfate,
followed by ultraviolet spectrophotometry. Ammonium-N was extracted with a potassium-chloride
solution and quantified using the indophenol blue colorimetric method. Nitrate-N was extracted with
a potassium-chloride solution and measured by dual wavelength colorimetry. Total potassium (TK)
was analyzed by the NaOH fusion-atomic absorption method. Total phosphorus (TP) was
determined by the NaOH fusion-molybdenum antimony anti-colorimetric-ultraviolet
spectrophotometry method. Soil organic carbon (SOC) was measured by the potassium-dichromate
volumetric-external heating method. Total carbon (TC) was analyzed using an elemental analyzer.
Hydrolyzable nitrogen (HN) was assessed by the alkali-hydrolysis diffusion method. Available
potassium (AK) was determined by the molybdenum antimony anti-colorimetric method. Available
phosphorus (AP) was measured by the flame-photometry method. The measurement of all
physicochemical properties of the soil used the methodology in Bao Shidan (Bao, 2005).

2.5. Statistical Analysis

Species richness and the Shannon-Wiener diversity index were employed to characterize the a
diversity of vegetation communities. Soil nutrients and plant characteristics (Shannon-Wiener index,
plant species richness, plant AGB, and plant coverage) were presented as the mean + standard error.
An analysis of variance (ANOVA) was conducted using SPSS version 20.0 on the soil nutrients and
plant variables at different degradation stages, with Duncan’s test (P < 0.05) employed to determine
significant differences. The Welch test was used for indicators that did not meet variance
homogeneity, and the Games-Howell test (P < 0.05) was used to test inter-group significance. Soil
nutrient parameters were included as environmental factors and standardization was performed to
account for the different units of measurement in the data.

A redundancy analysis (RDA) was used to analyze effects of soil nutrients on vegetation
biomass. Because the maximum value of the first four axes of the detrended correspondence analysis
ranking was 2.72, the RDA was chosen. A Monte Carlo permutation test was used to determine the
environmental factors that had significant effects on vegetation. Based on the significant correlation
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between species richness and the Shannon-Wiener index, species richness was selected for a linear
regression analysis. Partial least squares path modeling (PLS-PM) was performed using the PLS-PM
package in R software (version 4.3.2) to determine the direct and indirect driving factors affecting
plant biomass. The model comprises two sub-models: (1) the measurement model, in which the
observable variables are related to their latent variables —for example, plant coverage and proportion
of annual species are defined as observable variables, and their corresponding latent variable is
grassland degradation; and (2) the path model, in which some latent variables are associated with
other latent variables.

3. Results
3.1. Vegetation Characteristics in Grasslands with Different Levels of Degradation
3.1.1. Plant Community Composition

In the study area, the plant communities at different stages of degradation comprised 158 species
distributed across 36 families and 105 genera. The species composition was predominantly
characterized by members of the Asteraceae, Poaceae, Cyperaceae, Rosaceae, and Leguminosae
families, which collectively accounted for 86 % of the total species. Grassland degradation
significantly altered biomass ratios at the branch level. With grassland degradation, the Gramineae
and Leguminosae proportions decreased, while the Asteraceae and Lamiaceae proportions increased
(Figure 2A). Compared with the ND stage, the gramineous plants declined by 59.13 % in ED stages,
whereas the legumes declined by 61.24 % in ED stages. In addition, with an increase in the degree of
degradation, the proportion of annual plants first increased and then decreased, reaching the
maximum value in the MD stage, whereas the proportion of perennial plants exhibited the opposite
(Figure 2B).

Plant species differed at different degradation stages. A total of 104 plant species were identified
in the ND stage, with species such as Leymus chinensis (22.1 %) and Carex duriuscula (18.2 %) being
dominant. In the LD stage, there were 85 plant species, whereas the MD stage comprised 58 species,
with C. duriuscula at 14.8 and 17.8 %, L. chinensis at 11.4 and 15.2 %, and Cleistogenes squarrosa at 10.2
and 11.6 %, respectively, dominating these two stages. The SD stage contained 74 plant species, with
the dominant species being C. duriuscula (24.3 %), C. squarrosa (11.6 %), Stipa grandis (7.9 %), and
Allium bidentatum (6.4 %). At the ED stage, 50 plant species were present, such as C. duriuscula (17.6
%), A. bidentatum (12.8 %), C. squarrosa (8.4 %), and Suaeda glauca (8.1 %) (Figure 3). Integrating the
findings, it is observed that with the degradation of grasslands, dominant species such as Leymus
chinensis are progressively declining, while species like Carex kobomugi and Allium mongolicum are
increasingly playing a significant role. Meanwhile, Carex duriuscula maintain a dominant position
throughout the succession of the degraded grassland habitat, indicating its broad ecological niche
and resistance to disturbance. These changes are attributed to the deterioration of the degraded
environment and the growth strategies adopted by the vegetation (Chapin et al., 1993; Davidson et
al., 2006).
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Figure 2. Variation in plant families, annual species proportion and perennial species proportion at
different degradation stages. ND, LD, MD, SD and ED represent non-degraded, lightly degraded,
moderately degraded, severely degraded, and extremely degraded grasslands.
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Figure 3. Radar map of important values of herbaceous plants in the study area at different
degradation stages. ND, LD, MD, SD and ED represent non-degraded, lightly degraded, moderately
degraded, severely degraded, and extremely degraded grasslands.

3.1.2. Plant Diversity and Biomass

Species diversity of plant communities was significantly affected by grassland degradation. As

shown in Figure 4, the Shannon-Wiener index and richness indices changed consistently. At different
stages of grassland degradation, the richness and Shannon— Wiener indices in the ND and LD stages
were significantly higher than those in the SD stage (P < 0.05), with no significant differences observed
in the other degradation stages (Figure 4A, B). With an increase in grassland degradation, grassland


https://doi.org/10.20944/preprints202411.0845.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 November 2024 d0i:10.20944/preprints202411.0845.v1

vegetation cover decreased. Compared to the ND stage, plant coverage in the LD stage decreased
slightly by 4.05 %, whereas the MD, SD, and ED stages decreased significantly by 17.64, 15.50, and
28.89 % (F =7.934, P <0.01), respectively (Figure 4C). Grassland degradation significantly affected the
AGB and litter biomass (LB) of plant communities. AGB and LB in the ED stage were significantly
lower than those in the ND and LD stages (P < 0.05) and both showed a decreasing trend with
increasing degradation levels (Figure 4D, E). Compared to the changes in AGB, BGB exhibited a lag
effect with the progression of grassland degradation. Compared to the ND stage (2196.5 g/m?), BGB
in the LD, MD and SD stages decreased by 2.9, 25.97, and 20.65 %, respectively, but the differences
were not significant. In the ED stage, BGB significantly decreased by 52.99 % (F = 5.669, P < 0.01),
consistent with the AGB and LB changes (Figure 4F).
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Figure 4. Variation in plant richness, Shannon-Wiener index, AGB, BGB, LB and plant coverage at
the different degradation stages. ND, LD, MD, SD and ED represent non-degraded, lightly degraded,
moderately degraded, severely degraded, and extremely degraded grasslands. AGB represents the
aboveground biomass. BGB represents the belowground biomass. LB represents the litter biomass.
Lowercase letters represent significant differences by different degradation stages at P <0.05.

3.2. Soil Nutrient Characteristics in Grasslands with Different Levels of Degradation

The changes in soil factors at different stages of grassland degradation are shown in Figure 5.
The contents of HN, AK, SOC, STN, TN, TK, and TC showed a decreasing trend with degradation
progression (Figure 5A, B, I, ], K, L, M). Compared to the ND stage, the HN content in the LD, MD,
SD, and ED stages decreased significantly by 28.70, 41.66, 47.04, and 61.24 %, respectively (F = 12.79,
P <0.01). The SOC and TC contents in the ED decreased significantly by 40.02 % (F = 3.131, P =0.0211)
and 39.08 % (F = 3.382, P = 0.0147), respectively. The TK content in the ED stage was significantly
lower than that in the ND, LD, and SD stages by 11.11, 9.87, and 11.24 %, respectively (F =5.114, P <
0.01). The MC of the ND stage was significantly higher than that of the LD, MD, SD, and ED stages
(F=13.16, P <0.01), showing a decreasing trend with degradation (Figure 5E). The soil EC in the ND
stage was significantly higher than that in the LD, MD, and SD stages (F = 7.961, P < 0.01), with a
slight increase in the ED stage, but the difference was not statistically significant (Figure 5D). Unlike
other soil nutrients, the TP content of the ED stage was significantly higher than that of the ND and
LD stages by 46.43 and 78.26 %, respectively (F = 4.234, P < 0.01) showing an increasing trend with
degradation (Figure 5N). Soil pH and BD content also showed an increasing trend with degradation.
Compared with the ND stage, the BD content in the MD, SD, and ED stages increased significantly
by 17.36, 14.88, and 23.14 %, respectively (F=9.045, P <0.01). Soil pH in the ED stage was significantly
higher than that in the ND, LD, and MD stages (F = 6.49, P < 0.01) (Figure 5H, O). The ammonium-N
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and nitrate-N contents in the ED stage were significantly higher than that in the other four stages for
ammonium-N (F = 47.26, P <0.01) and significantly higher than the ND stage for nitrate-N (F = 3.033,
P =0.0242), showing an increasing trend with degradation (Figure 5F, G).
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Figure 5. Variation in soil nutrients at the different degradation stages. ND, LD, MD, SD and ED
represent non-degraded, lightly degraded, moderately degraded, severely degraded, and extremely
degraded grasslands. AK, HN, AP, EC, MC, Ammonium-N, Nitrate-N, Ph, SOC, STN, TC, TK, TN,
TP and BD represent available kalium content, hydrolyzable nitrogen, available potassium content,
electric conductivity, soil moisture content, ammonium nitrogen, nitrate nitrogen, potential of
hydrogen, soil organic carbon content, soluble total nitrogen, total carbon content, total kalium
content, total nitrogen content, total phosphorus content and soil bulk density. Lowercase letters
represent significant differences by different degradation stages at P < 0.05.

3.3. Soil Nutrient Effects on Plant Biomass in Grasslands with Different Degradation Levels

RDA can be used to explore the patterns and factors influencing changes in plant biomass in
degraded grasslands. RDA was applied to analyze the relationship between the plant biomass
characteristics of the degraded grassland and soil nutrient indicators. The results showed that the
two axes had significant explanatory power for the relationship between vegetation diversity and
environmental factors. RDA1 positively correlated with TK, STN, SOC, MC, and TC and negatively
correlated with ammonium-N, BD, EC, TN, TP, and pH. RDA2 positively correlated with HN, TN,
MC, SOC, and AP and negatively correlated with BD, pH, and TP (Figure 6). Additionally, the results
illustrate a trend in which, with increasing levels of degradation, the distribution and structure of
plant biomass became more homogeneous, as evidenced by the decreasing range of biomass
distribution (Figure 6). This pattern may be attributable to the inability of many species to sustain
their biomass during the severe degradation stages, resulting in diminished diversity in biomass
distribution. The RDA results show that TK, BD, pH, SOC, and TC have the greatest impact on the
composition of species biomass, while the effects of TK, nitrate-N, and EC are relatively minor.
Additionally, there is a positive correlation between TK and both SOC and TC, whereas there is a
negative correlation between TK and soil BD, as well as pH. Based on the CCA results, a Monte Carlo
permutation test was used to determine the soil environmental factors that significantly impacted
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vegetation biomass. The test revealed that the soil nutrient factors SOC, TC, HN, BD, pH, and TK
significantly affected plant biomass (P <0.05). The P-values for both TK and BD were 0.001, indicating
that the TK content and soil BD had the greatest impact on plant biomass in the study area (Table 2).

< D ND
& [¢] LD
el

- [3 MD
g [¢] sp
& ED

RDALI (30.05%)

Figure 6. Redundancy analysis ordination plot showing the effect of soil factors on vegetation
biomass. ND, LD, MD, SD and ED represent non-degraded, lightly degraded, moderately degraded,
severely degraded, and extremely degraded grasslands. AK, HN, AP, EC, MC, ammonium-N, nitrate-
N, pH, SOC, STN, TC, TK, TN, TP and BD represent available kalium, hydrolyzable nitrogen,
available potassium, electric conductivity, soil moisture, ammonium nitrogen, nitrate nitrogen,
potential of hydrogen, soil organic carbon, soluble total nitrogen, total carbon, total kalium, total
nitrogen, total phosphorus, and soil bulk density, respectively.

Table 2. Monte Carlo permutation test results for soil factors with significant effects on the vegetation
biomass in the study area.

r2 p-value
BD 0.291 0.001
TK 0.570 0.001
SOC 0.163 0.010
TC 0.123 0.029
HN 0.124 0.031
pH 0.106 0.042

3.4. Plant Biomass, Soil Nutrients, and Plant Diversity Relationships

Based on the RDA results, soil nutrient factors such as SOC, TC, HN, BD, pH, and TK were
selected for linear regression analysis because of their significant impact on plant biomass. The
vegetation richness index was significantly positively correlated with the Shannon-Wiener diversity
index (P < 0.001). Therefore, the vegetation richness index was used as a substitute for the Shannon-
Wiener diversity index in the linear regression analysis. The regression analysis (Figure 6)
demonstrates varying degrees of correlation between species richness and different measures of
biomass and soil nutrient properties. The AGB and BGB showed a positive relationship with species
richness (R? = 0.26, P < 0.001 for AGB and R? = 0.31, P < 0.001 for BGB), suggesting that ecosystems
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with greater species diversity tended to have higher AGB and BGB (Figure 7A, B). Conversely, the
LB was not significantly correlated with richness (R? = 0.01, P = 0.344). SOC, TC, and TK were
positively correlated with species richness (R? = 0.27, P < 0.001 for SOC; R? = 0.33, P < 0.001 for TC;
and R?2=0.10, P =0.011 for TK), indicating that richer ecosystems may contribute to higher soil carbon
and potassium storage (Figure 7D, E, I). Soil BD (R? = 0.22, P < 0.001) and pH (R? = 0.08, P = 0.022)
were significantly negatively correlated with species richness (Figure 7G, H). These results
collectively underscore the complex interactions among plant diversity, various aspects of ecosystem
functions, and resource cycling.
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Figure 7. Relationship between the richness index and the AGB, BGB, LB, SOC, TC, HN, BD, pH, and
TK in the study area. AGB, BGB, LB, SOC, TC, HN, BD, pH, and TK represent plant aboveground
biomass, plant belowground biomass, litter biomass, soil organic carbon, soil total carbon,
hydrolyzable nitrogen content, soil bulk density, potential of hydrogen, and total kalium content
respectively.

3.5. Plant Diversity and Soil Nutrient Effects on Plant Biomass

The PLS-PM depicted in Figure 8 elucidates the direct and indirect influences of grassland
degradation impact on plant diversity, soil nutrients, and biomass. Calculating the variance inflation
factor for each variable indicated no excessive collinearity among the variables, affirming their
suitability for constructing a path model. The observable variables (pH, HN, and LB) exhibited low
loadings for their respective latent variables. Consequently, these variables were removed before
conducting the path analysis to ensure the integrity of the model and analytical precision. Grassland
degradation is inversely correlated with plant diversity, presenting a significant negative effect
(standardized path coefficient = -0.456, P < 0.001), suggesting that with grassland degradation, plant
diversity decreased. Simultaneously, grassland degradation detrimentally influences soil nutrient
levels (standardized path coefficient = -0.326, P < 0.01). The direct effect of grassland degradation on
biomass was significant, with the path model exhibiting a negative standardized path coefficient of -
0.317 (P < 0.001). Grassland degradation indirectly influences biomass by affecting plant diversity
and soil nutrients. The results also revealed how plant diversity and soil nutrient variables affect
plant biomass. Soil nutrients positively affected plant biomass (standardized path coefficient = 0.539,
P < 0.001). However, the direct effect of plant diversity on biomass was not statistically significant
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(standardized path coefficient = 0.117), indicating that soil nutrients may play a more substantial role
than plant diversity in determining biomass during grassland degradation.
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Figure 8. Partial least squares path modeling was used to analyze the direct and indirect effects of
grassland degradation on plant diversity. AGB, BGB, SOC, TC, BD, and TK represent plant
aboveground biomass, plant belowground biomass, soil organic carbon, soil total carbon, soil bulk
density, and total kalium content, respectively. The red and blue lines indicate positive and negative
influences, respectively. The width of the line represents the significance level. Numbers represent
standardized path coefficients; *, **, and *** represent P < 0.05, P <0.01, and P < 0.001, respectively.

4. Discussion
4.1. Grassland Degradation Effects on Plant Composition and Diversity

Grassland degradation modifies community composition and diversity. Here, from the ND to
ED degradation stages, the mass proportions of gramineous plants, and legumes decreased, whereas
those of Asteraceae plants increased. Species richness gradually declined, as did the importance
values of dominant species such as Leymus chinensis, while those of Cleistogenes squarrosa and Allium
bidentatum increased, simplifying the vegetation community structure. This pattern results from
prolonged selective grazing by livestock, which significantly reduces the proportion and biomass of
high-quality pasture grasses (Wang et al., 2014; Xu et al., 2019). Meanwhile, the proportion of toxic
weeds, such as Stellera chamaejasme, Asparagus cochinchinensis, and Orostachys fimbriatus increased,
leading to the dominance of low-quality forage and the evolution of a mixed grass community (Wang
et al.,, 2005). The proportion of annual plants first increased and then decreased during grassland
degradation, reaching a maximum at MD stage. This may be due to the fact that annual plants
generally have a high reproductive capacity and the ability to rapidly occupy space. These plants can
rapidly grow and reproduce during the early stages of grassland degradation. However, during the
severe grassland degradation stage, soil quality deteriorated further, and the proportion of annual
plants with poor adaptability could not continue to maintain their competitive advantages, resulting
in the decline of annual plants, which were replaced by some more tolerant perennials or
desertification indicator plants, such as Achnatherum splendens. The Shannon-Wiener diversity index
typically peaked in the LD stages, decreased slightly in the ND stages, and diminished further as
degradation intensified, supporting the intermediate disturbance hypothesis (Yuan et al., 2016). Yuan
et al. conducted a study on the temperate grassland system in Inner Mongolia, focusing on the
primary human disturbance factor in the region, which is the intensity of grazing. They analyzed the
relationship between species richness and disturbance. Their research results support the
intermediate disturbance hypothesis, indicating that human disturbance is a necessary condition for
maintaining biodiversity in grassland systems (Yuan et al., 2016). Moderate grassland disturbances,
such as grazing, can stimulate the regeneration of forage grasses, promote compensatory plant
growth, eliminate redundancy in plant communities, and are beneficial for enhancing grassland
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productivity and maintaining the stability of grassland communities (Wang et al., 2005; Liu et al.,
2023).

We also observed a significant decline in plant AGB and LB as degradation progressed (P <0.01),
indicating severe negative effects on plant productivity and soil- carrying capacity. In ecosystems
approximating a soil-atmosphere system, the decomposition rate of litter and the rate of nutrient
input from plants to the soil are critical variables governing the carbon cycle in grassland ecosystems
(Han et al., 2020). Here, deeper degradation correlated with lower LB because of poorer baseline
vegetation conditions in the ED stages which reduced the rate of nutrient input from plants to soil.
Additionally, continual grazing and trampling by livestock may rapidly increase soil surface
temperature (Song et al., 2017). Grazing may also reduce the cover of plant communities, potentially
increasing photodegradation (Li et al., 2021), thereby accelerating the decomposition of surface soil
organic matter. The impact of LD on BGB was not significant, likely because under the stress of
grassland degradation—mainly due to climate change and excessive grazing—plants actively
allocate biomass to various organs, enhancing the efficiency of resource acquisition and utilization.
When nutrient scarcity results from degradation, plants prioritize root biomass to ensure nutrient
uptake and utilization. This aligns with the optimal partitioning theory, which posits active
regulation of biomass distribution among different organs by plants to maximize resource acquisition
under resource-scarce conditions (Bloom et al., 1985).

4.2. Grassland Degradation Effects on Soil Nutrient Factors

Grassland degradation induced by overgrazing adversely affects soil nutrients (Wu et al., 2014).
Our results showed that grassland degradation had severe negative effects on soil MC, EC, HN, AK,
TN, TK, SOC, and TC compared to non-degraded conditions. However, it paradoxically increased
soil pH and BD, which is in agreement with other findings (Frank et al., 1995; Steffens et al., 2008; Dai
et al.,, 2021; Talore et al., 2016). During grassland degradation, surface vegetation cover decreased,
leading to increased evaporation of the surface MC. This process, combined with the destruction of
nutrient-rich clay particles in the soil, results in coarsening and soil quality depletion (Lai and Kumar,
2020). Additionally, soil compaction caused by livestock trampling increases soil BD, reduces soil
permeability and water retention capacity, and accelerates soil salinization (Wang et al., 2012). SOC
originates from the humification of litter residue and secretions released from the rhizosphere during
plant growth (Dijkstra et al., 2006; Zhang et al., 2004). AGB decreased as vegetation degradation
intensified (Figure 4E), resulting in a decrease in LB and the plant residue amount that can enter the
soil, resulting in a decline in the main source of grassland SOC (Wang et al., 2014; Yan et al., 2018).
Additionally, previous studies by Wu et al. (2010) and Dong et al. (2012) indicate that grazing can
adversely affect the soil carbon pool and nitrogen sequestration, particularly under high grazing
intensities. Conversely, the TP content increased as degradation progressed, as evidenced by a
significant 46.43 % increase in the ED stage compared to the ND stage, which was different from
some previous studies. This increase was primarily due to diminished phosphorus absorbed for root
growth, associated with reduced vegetation biomass (Figure 4D, E, F) and phosphorus input from
livestock excreta which in turn elevated soil TP levels (Hinsinger et al., 2011, Wang and Wesche,
2016).

The increase in degradation intensity resulted in decreases in community height and cover,
AGB, and soil water-holding capacity, thus limiting the input of grassland soil nitrogen sources. This
is consistent with other research findings (He et al., 2020) that indicate a consequent decrease in TN
and HN content, both of which are correlated with soil carbon levels. Notably, the levels of
ammonium-N and nitrate-N were significantly higher in the ED stage than in the ND stage, whereas
the impact of grassland degradation on STN content was not significant. STN primarily consists of
soluble organic nitrogen and inorganic nitrogen (ammonium-N and nitrate-N). The primary reasons
for these differences are that most of the soluble organic nitrogen in the soil comes from root exudate
and litter decomposition and is easily leached and reduced under overgrazing, resulting in a decrease
in N mineralization (Pan et al., 2023; Reay et al., 2023; Zhang et al., 2022). Soil ammonium-N storage
increased under overgrazing because of the increased ability of microorganisms to capture urine N,
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thereby reducing STN loss (Mosier et al.,, 2021). Furthermore, urea and ammonium-N —the major
nitrogenous components of livestock excreta—can be directly utilized by plants or further
transformed into inorganic N through microbial activity (Ali et al., 2021). Soil compaction by livestock
trampling may alter soil aeration and moisture conditions, thereby affecting microbial activity and N
mineralization processes (Maitlo et al., 2022), resulting in increased levels of ammonium-N and
nitrate-N in the soil during ED stages. Climate factors also affect the inorganic nitrogen content in the
soil. In years with high rainfall, intense grazing can increase nitrate-N content (Chen et al., 2023).

4.3. Grassland Degradation Effects on Soil Nutrient, Plant Diversity, and Plant Biomass Relationships

Changes in biodiversity are believed to dramatically affect the functioning of various ecosystems
(Bai et al., 2010; Boyero et al., 2007; Hooper and Vitousek, 1997; Isbell et al., 2009; Jiang et al., 2007;
Naeem et al,, 1994; Tilman, 1999). Productivity may serve as the most integrated indicator of
ecosystem function (Bai et al., 2004; Naeem, 2002). The RDA results revealed that soil nutrient factors
(SOC, TC, HN, BD, pH, and TK) significantly affected plant biomass here, which is consistent with
previous studies (Chen et al., 2021; Wang et al.,, 2022). Additionally, the linear regression analysis
indicated a positive correlation between species richness and both aboveground and belowground
biomass. However, other research has identified a hump-shaped or unimodal relationship between
plant diversity and productivity, with diversity peaking at moderate productivity levels (Grime,
1973; Laughlin and Moore, 2009; Ni et al., 2007). Waide et al. (1999) analyzed 200 studies on plant-
animal relationships and found that 30, 26, 12, and 32 % exhibited unimodal, positive linear, negative
linear, and indeterminate relationships, respectively (Waide et al., 1999). Such variability is primarily
due to the scale-dependent nature of the relationship between plant productivity and species
diversity (Waide et al., 1999; Ni et al., 2007; Mittelbach et al., 2001; Harrison et al., 2006; Guo and
Berry, 1998; Chase and Leibold, 2002; Chalcraft et al., 2004; Bai et al., 2007). Specifically, the unimodal
relationship between biodiversity and plant productivity predominates at local scales but shifts
toward a positive linear relationship at larger spatial scales (Bond and Chase, 2002; Gillman and
Wright, 2006; Zhang et al., 2011). Our study recorded the highest annual productivity at 208.2 g/m?,
17 times greater than the lowest productivity at 12.1 g/m?2. This range exceeds that reported in the
North American prairies, where the highest productivity was only 13 times that of the lowest (Gross
et al., 2000), thus supporting a positive linear relationship within this productivity range. The positive
effects of biodiversity on ecosystem productivity can be explained by complementarity and selection
effects (Loreau et al., 2001; Tilman et al., 1997). The complementarity effect arises from niche
differentiation among species or positive interspecific interactions, which allows species to perform
better in high-diversity communities. The selection effect refers to that a more diverse community
has a higher probability of containing more-productive species. Researchers in grassland ecosystems
on a global scale have found that the positive correlation between biodiversity and productivity
gradually weakens and eventually becomes negative as productivity increases (Wang et al., 2019).
This suggests that biodiversity influences productivity differently under different environmental
conditions. This is different from the results of regional small-scale studies, so the study area scale
factor should be fully considered when studying the relationship between biodiversity and
productivity (Harrison et al., 2006; Gillman and Wright, 2006; Bai et al., 2007). In addition, studies
have found that in forest ecosystems worldwide, climate change may alter the relationship between
tree species diversity and productivity, affecting the ability of forests to adapt to drought and other
environmental stresses (Ammer, 2019). The relationship between tree species diversity and forest
productivity was not linear. With the increases of productivity, the positive effect of diversity on
productivity gradually weakened, or even became negative. From a policy/management perspective,
the positive biodiversity -productivity relationship in the world’s forests helps to justify rewarding
landowners for protecting or enhancing the diversity of their native or planted forests (Barrett et al.,
2016), as well as for the management and restoration of grassland ecosystems.

Plant diversity was positively correlated with soil TC, TK, and SOC but negatively correlated
with soil BD and pH, consistent with the findings of Tilman et al. (1996) and Li et al. (2021). PLS-PM
was used to further explore grassland degradation effects on these relationships. The results indicate
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that grassland degradation significantly and negatively affects plant diversity, biomass, and soil
nutrients. Soil nutrients have emerged as key determinants of ecosystem productivity under the
influence of degradation. Grassland degradation reduces essential nutrients, which directly affects
plant growth and biomass production (Fay et al., 2015). In addition, degradation increases soil BD
(Dong et al., 2012) and accelerates SOC depletion (Peng et al., 2018), which ultimately limits plant
productivity. A high soil pH may decrease the capacity for SOC storage and nutrient supply in all
biome types (Weil and Brady, 2017). High soil acidity increases SOC accumulation by inhibiting
microbial activity and accelerating the leaching of dissolved organic carbon into the subsoil
(Funakawa et al., 2014). The results also showed that plant diversity had a significant positive effect
on soil nutrients. Highly diverse plant communities enhance soil nutrient cycling and microbial
diversity through varied root structures and exudates (Bardgett and Wardle, 2010; De Deyn et al,,
2008), thereby improving soil quality. Furthermore, high plant diversity increases belowground
carbon inputs, enhances the diversity and activity of soil microbial communities, and suppresses
carbon loss from microbial decomposition, thereby increasing SOC storage and enhancing ecosystem
productivity (De Deyn et al., 2011; Fornara and Tilman, 2008; Lange et al., 2015). High plant diversity
can have a positive impact on the availability of soil N and P by increasing community productivity,
altering the quality of litterfall, and affecting the physical and chemical properties of the soil (Fay et
al., 2015; Liu et al., 2021). Communities with high plant diversity can enhance soil nutrient cycling
and microbial diversity through different root structures and exudates, thereby improving soil
quality (Bardgett and Wardle, 2010). In turn, an increase in soil nutrients, especially N and P, can
increase plant growth and total belowground C input, stimulating the growth of soil bacteria and
fungi (Fornara and Tilman, 2008; Hu et al., 2024). These microorganisms form the basis of complex
food webs and significantly affect the diversity-function relationship. An increase in soil nutrients
may change the stoichiometry of nutrient elements in the soil, potentially giving certain nutrient-
loving organisms a competitive advantage over others (Peng et al., 2018). Our study highlights the
importance of the interlinks between soil nutrients, plant diversity, and biomass, as well as the need
for an integrated approach for the effective management and restoration of degraded grasslands.

4.4. Limitations of the Study

Conducting research on monitoring and evaluating the degradation status of grasslands is of
great value for the ecological restoration of grassland ecosystems. However, evaluation methods
based on remote sensing data can be convenient, rapid, and cover large spatial scales, but they also
have certain limitations. Grassland degradation is not only reflected in the vegetation cover on the
surface but is also accompanied by changes in plant species, such as shifts in dominant species and a
reduction in perennial species, which are important indicators of grassland ecosystem degradation
(Ren et al., 2007). Additionally, remote sensing data on vegetation coverage is easily affected by
climate and seasonal changes, which can introduce certain errors in the assessment of grassland
degradation (Xie et al., 2008). Furthermore, the sample size does not cover the entire Hulun Buir
grassland; only typical grasslands with varying degrees of degradation were selected for studying
the vegetation-soil relationship in degraded grasslands, which may result in certain biases. Therefore,
future research should aim to more accurately obtain field measurement information, fully integrate
remote sensing technology with on-site measurements, strengthen validation efforts, and enhance
the accuracy and precision of grassland degradation assessments.

5. Conclusion

As an important ecological resource, it is of great significance to evaluate grassland degradation
and study vegetation-soil relationship in Hulunbuir Grassland. Based on the degradation degree of
grassland classified by remote sensing and the data of vegetation and soil in field survey, the results
showed that the dominant species changed and the biomass decreased significantly due to grassland
degradation. Plant diversity generally increased and then decreased, peaking at the LD stage.
Compared with ND grassland, AN, AK, TN, SOC, TK, TC, MC and EC in ED grassland were
decreased, while BD, pH, ammonium nitrogen and nitrate nitrogen were increased. Plant diversity
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was significantly positively correlated with aboveground biomass and belowground biomass, as well
as soil nutrient pools, especially total carbon and available carbon. Soil bulk density was negatively
correlated with plant diversity. Partial least squares path modeling showed that grassland
degradation had a significant negative impact on plant diversity, soil nutrient status, and biomass.
Soil nutrients are the dominant factors affecting ecosystem productivity. The direct effect of plant
diversity on biomass was not significant, suggesting that soil nutrient dynamics may replace the
effect of plant diversity on biomass during grassland degradation. Therefore, effective management
and restoration of degraded grasslands need to take into account both soil nutrient management and
plant diversity conservation to enhance ecological stability and resilience.
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