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Abstract: C, N and P play an important indicator role in explaining the material cycles and elemental
balances of living and non-living systems. In order to control karst rocky desertification, China
has established a large number of artificial grasslands for the development of herbivorous animal
husbandry, which has played an important role in ecological restoration and economic development.
However, the effects of different use patterns on the ecological stoichiometry of the carbon (C),
nitrogen (N) and phosphorus (P) of the grassland plant–soil–microorganism are not clear. In this
study, the effects of grazing grassland (GG), mowing grassland (MG) and enclosed grassland (EG)
on C, N and P and their ecological stoichiometry in the artificial grassland plant–soil–microbe were
investigated in the karst desertification control area in Southern China. The results showed that (1) the
C content was EG > GG > MG. The N content was GG > EG > MG, while the P content was MG > GG >
EG. C:N, C:P and N:P were shown as EG > GG > MG. The plant N:P was more than 20, indicating a P
deficiency and limitation, especially in EG. (2) The content of C and P in soil was EG > GG > MG. The
N content was GG > EG > MG. The soil C:N showed EG > MG > GG, while C:P and N:P were shown
as MG > GG > EG. The soil N:P ratios were all less than 14, indicating that all of them had an obvious
N limitation. (3) Soil microbial biomass carbon (MBC) was GG > MG > EG. Soil microbial biomass
nitrogen (MBN) was GG > EG > MG. Soil microbial biomass phosphorus (MBP) showed EG > GG >
MG. MBC:MBN was MG > EG > GG. MBC:MBP was MG > EG > GG. MBN:MBP was GG > MG > EG.
The MBN:MBP in GG and MG was greater than 9.6, which is P-limited, while the MBN:MBP in EG is
less than 8.9, which is N-limited. (4) Plant C and N were significantly correlated with soil C and N,
but plant P was significantly negatively correlated with soil P, while MBP was significantly positively
correlated with soil TP. Soil microorganisms had the tendency to assimilate available P in GG and
MG treatments, but the potential of releasing P from mineralized soil organic matter was higher in
EG treatment. The results showed that the chemical properties and stoichiometric characteristics of
the plant–soil–microorganism were significantly changed by different grassland-use methods, which
provided scientific guidance for the management of C, N and P elements and the further optimization
of soil microbial environment for artificial grassland in the karst rocky desertification area.

Keywords: artificial grasslands; karst desertification; ecological restoration; carbon; nitrogen; phosphorus;
soil microbial biomass; ecological stoichiometry

1. Introduction

Nitrogen (N) and phosphorus (P) are the most essential nutrients affecting plant
growth and development, and they are the main limiting elements in terrestrial ecosys-
tems [1]. At the same time, N and P elements will affect the fixation of plant carbon (C), and
C, N and P interact with each other to regulate plant physiological activities [2]. Soil is the
basis for plant growth, and the nutrients needed for plant growth mainly come from soil,
while microorganisms are important drivers of the soil nutrient cycle, which can reflect the
growth conditions of organisms [3]. Differences in soil parent material, microbial activities,
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plant types, litter return and human utilization methods result in the obvious different
characteristics of plants, soil and microorganisms, thus increasing the complexity of their
relationship with the environment [4,5]. C, N and P play important indicative roles in
explaining the material cycle and elemental balance of biological and abiotic systems [6,7].
Therefore, it is of great significance for understanding the coupling relationship between
the material cycling process of the biological system and environment to study the dynamic
balance of C, N and P nutrients in the “plant–soil–microbe” system.

Ecological stoichiometry emphasizes the balance of C, N and P ratios and focuses on
revealing the quantitative relationship and law of element interaction and process balance
in an ecosystem [8]. Ecological stoichiometry is a useful tool to reveal the ability of plants,
soils and microorganisms to maintain a relatively constant nutrient composition in response
to changes in available soil resources [9] and to understand the variation of nutrients and
their interactions in the plant–soil–microorganisms [10]. Therefore, understanding the
nutrient balance in the plant–soil–microorganism is very important for the restoration of de-
graded ecosystems. Studies have shown that C, N and P in the plant–soil–microorganisms
are distinctly affected by different ecological processes, such as grassland degradation
and mining recovery [11,12], so their ratio changes are highly valued globally [13]. At
present, the study of ecological stoichiometry on vegetation mainly focuses on regional
and ecosystem scales, and the research results are mostly on forest, grassland and wetland
ecosystems [14]. These studies also showed that the ecological stoichiometry of C, N and P
in plants and soil had spatial variability in different regions and habitats. For perennial
plants (e.g., grassland plants), their different utilization methods will result in differences
in C assimilation and accumulation capacity, nutrient absorption efficiency and litter return
ability, which will definitely lead to changes in the C, N and P contents of plants, soils and
soil microorganisms. Therefore, it is necessary to study the ecological stoichiometry of
plant–soil–microbe relationships from the perspective of different utilization methods [5].

Karst landform accounts for about 15% of the total global land area and is home to
more than 1 billion people [15]. However, due to its special geological structure, under
the interference of natural and human activities, soil erosion is serious, and it is easy to
cause a landscape similar to desertification, namely karst desertification [16]. Previous
studies in the karst region of Southern China have shown that the “Grain for Green”
project (refers to the control mode of stopping cultivation of sloping farmland, changing
it into artificial grassland establishment, restoring vegetation and controlling soil erosion
in order to prevent and control soil erosion) is an important measure to rapidly repair the
damages to the ecological environment in the karst desertification area [17] and that it is of
great significance to promote ecological reconstruction and economic development. The
implementation of a large number of rocky desertification control engineering projects will
inevitably lead to differences in soil nutrient consumption and return and make the changes
of C, N, P nutrient cycle in the “plant–soil–microorganism” system, while ecological
stoichiometry can reveal its internal relationship, thus guiding practice. The most important
utilization methods of artificial grasslands are grazing and mowing, and different utilization
methods may change the long-tern evolution of soil–plant–microbial nutrient relationships
in grassland [18], thus exerting far-reaching impacts on ecosystem functions [19]. Currently,
the studies of ecological stoichiometry in karst areas mainly focus on forests or different
land uses [20–24], while the research on ecological stoichiometry characteristics, change
law and internal correlation of grassland plants, soil and microorganisms under different
measures of rocky desertification control project is still insufficient. Therefore, it is urgent
to clarify the ecological stoichiometry characteristics of the soil–plant–microorganism and
their inner correlations, revealing the nutrient utilization methods in grassland under
different utilization methods in the karst desertification areas to provide a scientific basis
for the restoration and reconstruction of degraded karst ecosystems. For this purpose, we
proposed a scientific hypothesis: is there an effect of different utilization patterns on the
ecological stoichiometry characteristics of the soil–plant–microorganisms in the grasslands
of karst rocky desertification areas? To address the hypothesis, this study took the artificial
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grassland under different utilization methods (grazing, mowing and enclosure) in the karst
desertification area as the research object and studied the contents of C, N P and their
ecological stoichiometry characteristics and correlation of the plant–soil–microorganism
under different grassland utilization methods in order to provide theoretical support for
the sustainable utilization and ecological restoration of artificial grassland in the karst
desertification control area.

2. Materials and Methods
2.1. Research Area

The study area is located in Salaxi Town and Yejiao Township, Qixingguan District,
Bijie City, Guizhou Province, China (105◦02′01′–105◦08′09′ E, 27◦11′36′–27◦16′51′ N), be-
longing to the Upper Liuchong River Basin of Wujiang River, which is a karst desertification
control with typical karst plateau–mountain and potential/light karst desertification. Karst
is widely distributed in the study area, and the karst desertification area in the study area
is 55.931 km2, accounting for 64.93% of the total area of the demonstration area. The soil is
mainly yellow loam, which was mainly planted by traditional agriculture such as corn and
potato for a long time, and soil erosion is serious, so the soil thickness is generally about
20–50 cm. The study area has a subtropical monsoon climate zone, with an average annual
rainfall of about 1000 mm, average annual temperature of about 12 ◦C, frost-free period of
245 days and average annual sunshine hours of 1360 h. Due to the influence of the karst
geological structure, the storage of groundwater is extremely complex, so it is difficult to
utilize and exploit groundwater resources. The main production and living waters are
spring and surface water, with sufficient water in summer but serious water shortage in the
dry season. The vegetation of trees and shrubs is dominated by Pinus yunnanensis, Rhodo-
dendron simsii, Pyracantha fortuneana, Cyclobalanopsis glauca, Rosa roxburghii and Juglans regia.
Herbaceous plants include Artemisia lavandulaefolia, Chenopodium glaucum, Stellaria media,
Digitaria sanguinalis, Trifolium repens, Trifolium pratense, Lolium perenne, Dactylis glomerata
and Bromus catharticus.

2.2. Sample Plot Setting

In April 2012, the research team established an artificial grassland by mixed seeding
in the study area, namely Lolium perenne + Dactylis glomerata + Trifolium repens, with the
seed quantity of 2:2:1. The grassland has been mainly used for free grazing after the
establishment, and the carrying capacity was 600 m2/sheep unit. In order to reveal the
difference of ecological stoichiometry characteristics of grassland plant–soil–microorganism
under different use patterns, we established three different types of grassland usage in
August 2019, namely grazing grassland (GG), mowing grassland (MG) and enclosed
grassland (EG), among which EG was the control group. Three replicates were set for each
plot, and the distance between the plot boundaries was more than 50 cm. Each plot of
enclosed grassland was about 100 m2, and none shall be used for any purpose.

Each plot of grazing grassland was about 3000 m2. The average grazing quantity of
each plot in grazing grassland was 5 (basically consistent with the local grazing situation),
and the grazing livestock were Guizhou semi-fine wool sheep, about 1 year old. The
grazing time was 300 days per year, except in extreme weather.

Each plot of mowing grassland was about 3000 m2. When the grass height reached
about 40 cm, the mowing was carried out, and it was cut 4 times a year; the stubble height
was about 5 cm.

2.3. Sample Collection

In mid-August 2021, three 1 m × 1 m quadrates were set up in each sample plot, and
the aboveground plants in the small quadrate were harvested with a stubble height of
5 cm. The plant samples harvested in the quadrat of each plot were fully mixed and evenly
bagged back to the laboratory, and a total of 9 plant samples were obtained. In order to
reduce the spatial heterogeneity of the soil, the S-shaped sampling method was used in
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each plot afterward, and 15 sampling points were uniformly set. After removing the litter
layer on the soil surface, soil samples (0–10 cm) were collected with a soil drill. Soil samples
from 15 sampling points in each plot were mixed into one sample and brought back to the
laboratory. A total of 9 soil samples were obtained. The plant samples brought back were
inactivated at 105 ◦C for 30 min and then dried at 65 ◦C to constant weight. After drying,
the contents of C, N and P of the plants were determined after passing through a 2 mm
sieve. The impurities in the soil samples were removed and divided into two parts. One
part of the soil samples was naturally air-dried indoors and then passed through a 2 mm
sieve for the determination of soil C, N and P contents. The other part was placed in dry
ice at −78.5 ◦C and returned to the laboratory for the determination of soil microbial C, N
and P contents.

2.4. Determination of Samples

According to the method of Hu et al. [14], the contents of organic carbon, total nitrogen
and total phosphorus in the soil and plants were determined. The organic carbon content
and total nitrogen content of plants and soil were determined by an automatic elemental
analyzer (FlashSmart, Thermo Fisher, Waltham, WA, USA). The total phosphorus content
of plants was digested with H2SO4-H2O2, and the total phosphorus (TP) of soil was fused
with NaOH and colored with molybdenum–antimony resistance and then determined
with an ultraviolet spectrophotometer (Specord 200 PLUS, Analytik, Jena, Germany). Soil
microbial biomass carbon (MBC) was measured via the CHCl3 fumigation-K2SO4 method,
soil microbial biomass nitrogen (MBN) was measured via the CHCl3 fumigation–K2SO4
extraction–nitrogen automatic analyzer method and soil microbial biomass phosphorus
(MBP) was measured via the CHCl3 fumigation–NaHCO3 extraction–Pi determination–
Pi correction method [14,25]. The stoichiometric characteristics of carbon, nitrogen and
phosphorus and of plants, soils and microorganisms were expressed by mass ratio.

2.5. Data Processing

Excel 2013 was used to make the statistics and preliminary analysis of the experimental
data. A one-way ANOVA, LSD multiple comparison and Person correlation analysis were
conducted in SPSS 22 to study the effects of different land-use patterns on the ecological
stoichiometry characteristics of grassland soil–plant–microorganism, and the figures were
plotted with Origin 2018.

3. Results
3.1. C, N and P Contents and Stoichiometric Ratios of Grassland Plants under Different
Utilization Methods

According to Table 1, the C content of grassland plants under the three different
utilization methods was EG > GG > MG, and the C content of plants under the three
treatments was significantly different (p < 0.05). The N content of plants was GG > EG
> MG, and the N content of plants in GG was significantly higher than that in MG and
EG (p < 0.05), but there was no significant difference between MG and EG. The results
showed that EG increased the C content, GG increased the N content, and MG increased
the P content.

Table 1. C, N and P contents and stoichiometric ratios of grassland plants under different utiliza-
tion methods.

Utilization Methods C/(g/kg) N/(g/kg) P/(g/kg) C:N C:P N:P

Grazing grassland 429.56 ± 9.92 b 21.47 ± 0.16 a 0.81 ± 0.08 a 20.01 ± 0.61 c 531.74 ± 42.68 b 26.61 ± 2.62 b
Mowing grassland 406.70 ± 5.25 c 18.54 ± 0.13 bc 0.87 ± 0.10 a 21.93 ± 0.22 b 474.63 ± 61.02 bc 21.63 ± 2.67 bc
Enclosed grassland 472.45 ± 12.90 a 19.79 ± 0.03 b 0.42 ± 0.02 b 23.88 ± 0.68 a 1133.09 ± 40.40 a 47.49 ± 2.38 a

Mean value (mean ± standard error, n = 3). Different lowercase letters indicate the difference between treatments
reaching a significant level (p < 0.05).
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The C:N of grassland plants under three different utilization methods showed EG >
MG > GG, and there were significant differences among the three treatments (p < 0.05). The
C:P and N:P showed EG > GG > MG, and the EG treatment was significantly higher than
GG and MG (p < 0.05). The average values of the C:N, C:P and N:P of grassland plants
under three different utilization methods were 21.94, 713.15 and 31.93, respectively.

3.2. C, N and P Contents and Stoichiometric Ratio of Grassland Soil under Different
Utilization Methods

According to Table 2, the C content of grassland soil under three different utilization
methods was shown as EG > GG > MG, and the C content of soil in EG was significantly
higher than that in MG (p < 0.05). The N content of soil was GG > EG > MG, and the
N content of soil in GG was significantly higher than that in MG and EG (p < 0.05). The
P content of soil was EG > GG > MG, and the difference among the three treatments was
significant (p < 0.05). The average values of C, N and P contents in grassland soil under three
different utilization methods were 19.77 g/kg, 1.92 g/kg and 0.88 g/kg, respectively. The
results showed that EG increased the C and P content, while GG increased the N content.

Table 2. C, N and P contents and stoichiometric ratios of grassland soil under different utilization
methods.

Utilization Methods C/(g/kg) N/(g/kg) P/(g/kg) C:N C:P N:P

Grazing grassland 19.48 ± 1.12 ab 2.19 ± 0.09 a 0.85 ± 0.05 b 8.91 ± 0.97 c 22.78 ± 0.83 b 2.58 ± 0.36 b
Mowing grassland 17.37 ± 0.42 b 1.74 ± 0.10 bc 0.53 ± 0.01 c 10.04 ± 0.67 b 32.88 ± 0.79 a 3.29 ± 0.27 a
Enclosed grassland 22.45 ± 1.39 a 1.83 ± 0.09 b 1.26 ± 0.020 a 12.31 ± 1.91 a 17.91 ± 2.07 c 1.46 ± 0.08 c

Mean value (mean ± standard error, n = 3). Different lowercase letters indicate the difference between treatments
reaching a significant level (p < 0.05).

The C:N of grassland soil under the three different utilization methods was EG > MG
> GG, and the difference among the three treatments was significant (p < 0.05). The C:P
and N:P showed MG > GG > EG, and there were significant differences among the three
treatments (p < 0.05). The average values of the C:N, C:P and N:P of grassland soil under
three different utilization methods were 10.42, 24.52 and 2.44, respectively.

3.3. MBC, MBN and MBP Contents and Stoichiometric Ratio of Grassland Soil under Different
Utilization Methods

According to Table 3, the MBC, MBN and MBP contents of grassland soil under three
different utilization methods are significantly different. The average values of MBC, MBN
and MBP of grassland soil under three different utilization methods were 312.25 mg/kg,
106.97 mg/kg and 12.42 mg/kg, respectively. The MBC content of grassland soil was GG >
MG > EG, and GG was significantly higher than EG (p < 0.05), but there was no significant
difference between GG and MG or between MG and EG. The MBN content was GG > EG >
MG, and there were significant differences among the three treatments (p < 0.05). The MBP
content showed EG > GG > MG, and there were significant differences among the three
treatments (p < 0.05). The results showed that GG increased the content of MBC and MBN,
while EG increased the MBP content.

Table 3. C, N and P contents and stoichiometric ratios of soil microorganisms in grassland under
different utilization methods.

Utilization Methods MBC (mg/kg) MBN (mg/kg) MBP (mg/kg) MBC:MBN MBC:MBP MBN:MBP

Grazing grassland 350.24 ± 37.56 a 142.46 ± 10.45 a 10.95 ± 37.56 b 2.48 ± 0.41 bc 32.34 ± 5.93 b 13.11 ± 1.81 a
Mowing grassland 315.61 ± 31.44 ab 81.53 ± 7.23 c 7.50 ± 0.20 c 3.88 ± 0.32 a 42.09 ± 3.98 a 10.86 ± 0.71 a
Enclosed grassland 270.89 ± 11.44 b 96.93 ± 10.14 b 18.82 ± 0.65 a 2.81 ± 0.19 b 14.39 ± 0.20 c 5.14 ± 0.37 b

Mean value (mean ± standard error, n = 3). Different lowercase letters indicate the difference between treatments
reaching a significant level (p < 0.05).
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The stoichiometric ratios of soil microorganisms in grassland under three different
utilization methods were also significantly different. The MBC:MBN was MG > EG > GG,
and there were significant differences among the three treatments (p < 0.05). The MBC:MBP
showed MG > GG > EG, and there were significant differences among the three treatments
(p < 0.05). The MBN:MBP showed GG > MG > EG, but there was no significant difference
between GG and MG (p > 0.05).

3.4. Correlation Analysis of C, N, P Contents and Stoichiometric Ratios in
Plant–Soil–Microorganism

The correlation analysis results showed that SOC was significantly positively corre-
lated with TP, plant C, MBP, soil C:N, plant C:P and plant N:P. It was negatively correlated
with plant P, soil C:P, soil N:P and MBC:MBP (Figure 1). TN was positively correlated
with plant N and MBN and negatively correlated with MBC:MBN. TP was significantly
positively correlated with plant C, MBP, plant C:P and plant N:P. It was significantly
negatively correlated with plant P, soil C:P, soil N:P, MBC:MBP and MBN:MBP. Plant
C was significantly positively correlated with MBP, plant C:N, plant C:P and plant N:P.
It was significantly negatively correlated with plant P, soil C:P, soil N:P, MBC:MBP and
MBN:MBP. Plant N was positively correlated with MBN and negatively correlated with
MBC:MBN. Plant P was significantly positively correlated with soil C:P, soil N:P, MBC:MBP
and MBN:MBP. It was significantly negatively correlated with MBP, soil C:N, plant C:N,
plant C:P and plant N:P. MBC was positively correlated with MBC:MBP and MBN:MBP
and negatively correlated with soil C:N and plant C:N. MBN was negatively correlated
with MBC:MBN. MBP was significantly positively correlated with plant C:N, plant C:P and
plant N:P. It was significantly negatively correlated with soil C:P, soil N:P, MBC:MBP and
MBN:MBP.
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methods.

Soil C:N was significantly positively correlated with plant C:N, plant C:P and plant
N:P and significantly negatively correlated with soil N:P and MBN:MBP. Soil C:P was sig-
nificantly positively correlated with soil N:P, MBC:MBN and MBC:MBP. It was significantly
positively correlated with plant C:P and plant N:P. Soil N:P was significantly positively
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correlated with MBC:MBP and MBN:MBP. It was significantly negatively correlated with
plant C:P and plant N:P. Plant C:N was positively correlated with plant C:P and plant
N:P, and it was negatively correlated with MBN:MBP (p < 0.05). Plant C:N was positively
correlated with plant C:P and plant N:P, and it was negatively correlated with MBN:MBP.
Plant C:P was positively correlated with plant N:P, and it was negatively correlated with
MBC:MBP and MBN:MBP. Plant C:P was positively correlated with plant N:P, and it was
negatively correlated with MBC:MBP and MBN:MBP. Plant N:P was negatively corre-
lated with MBC:MBP and MBN:MBP. There was a significant positive correlation between
MBC:MBP and MBN:MBP.

4. Discussion
4.1. Plant C, N and P Content and Stoichiometric Ratio

Previous studies have shown that the contents of C, N and P in plants are often
different under different utilization patterns or at different growth stages [26–30]. In this
study, the plant C content was highest in EG and lowest in MG, showing EG > GG > MG.
N and P are important components that affect the synthesis of proteins, nucleic acids,
enzymes and other important compounds in plants, and they also affect all physiological
activities of a plant’s life cycle [27]. Forage requires large amounts of protein and nucleic
acids to support the rapid growth of plant tissues due to being harvested and mowed by
livestock, so the P content of forage in GG and MG was significantly higher than that in EG
(p < 0.05). The plant N content in GG was significantly higher than the other two treatments
due to factors such as the excretion of feces and urine from grazing livestock, while the
MG, which was mowed and utilized for a long time, had the lowest N content (p < 0.05).
The forage in EG was degraded because of not being used for a long time, and the nutrients
such as P were diluted; thus, as the P content decreases, the pasture biomass decreases, the
tissue structure is stabilized and the C content increases obviously. C mainly exists in the
form of organic matter in the plant, and it accumulates in the process of forage growth,
which was also the reason why the C content in EG was the highest and the MG content
decreased rapidly, which might be related to the long-term removal of a large amount of
C from forage; meanwhile, the MG treatment was the lowest, and this result might be
related to the increase of long-term unused C content, which is consistent with the previous
research results [31,32].

The C:N, C:P and N:P ratios of plants can indicate the ability of plants to assimilate
C for nutrient absorption and the nutrient limitation of plants. Some studies showed that
grazing reduces some senescent tissues of plants through livestock feeding, and the growth
rate of young tissues is faster, resulting in a lower leaf C:N [33], which is consistent with
the findings of this paper; that is, GG significantly reduced plant C:N compared with EG
(p < 0.05). At the same time, GG increased the C:P and P:N, a result which is consistent
with previous research results [34]. In terrestrial ecosystems, N and P are the main nutrient
elements that limit plant growth, and the N:P can effectively predict the nutrient limitations
of individual plants or ecosystems [35]. Some studies have suggested that when plant
N:P is <10 or 14, plant growth is limited by N, and when plant N:P is > 16 or 20, plant
growth is limited by P [36,37]. He et al. studied the main grassland vegetation types in
China and concluded that the grassland vegetation in China is generally P-limited [37], and
Han et al. also reached the same conclusion by studying 753 species of higher terrestrial
plants in China [4]. In this study, the N:P values in three treatments were all greater than
20, meaning that they exceeded the average value of N:P in China herbaceous (13.5) [4].
The N:P in EG was the highest, and that in MG was the lowest; EG was 1.79 times and
2.20 times of GG and MG, respectively, indicating that P restriction exists in the three
treatments, and the P restriction in EG is the most serious, while the P restriction in MG
is the least. We believe that this may be related to the fact that the grass on the ground of
MG is cleaned after each cutting, the relatively smooth ground is more conducive to the
decomposition of soil P, and the decomposition and turnover rate of soil P is higher than
that of N, results which are basically consistent with the previous research results of our
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team [38]. However, the factors that affect the nutrient limitation of plants are complex
and diverse, and the threshold values of the N and P elements are different in different
ecosystem types, different regions and different evolution stages [33]. Using the plant N:P
ratio to characterize the limiting effect of N and P nutrients is more important to reflect the
relative size and mutual transformation trend of N and P elements, and its significance is
mainly used as an indication. To refine the threshold value of N and P elements in specific
grassland ecosystems in karst areas, further in-depth verification is needed.

4.2. Soil C, N and P Nutrient Content and Stoichiometric Ratio

Soil nutrients are an important source of plant nutrients, and different utilization
methods often lead to changes in soil nutrient status, which affects plants’ absorption of
soil C, N and P, resulting in changes in plant C, N and P stoichiometric ratios and microbial
communities and ultimately affecting the stability of the grassland ecosystem [33,39]. In
this study, we found some differences in soil nutrients under the three different treatments.
EG may be more conducive to SOC accumulation, and its content was 1.15 times that of
GG and 1.29 times that of MG, a result which may be related to the long-term enclosure to
restore the vegetation characteristics and maintain or improve the soil carbon sequestration
capacity, as is consistent with the previous research results [40]. Soil nitrogen is the largest
mineral element absorbed by plants from soil, and it is also a major limiting factor for
vegetation growth in grassland [41], as it can affect community diversity and ecological
function [42]. In this study, the TN content of grassland soil in GG was 2.19 g/kg, which
was 1.26 times higher than that of MG and 1.20 times higher than that of EG. This may be
related to the excretion of livestock, indicating that the manure of grazing livestock can
promote the improvement of TN in grassland soil to a certain extent, which is consistent
with the previous results of our research group [38,43]. In this study, the TP content in EG
was the highest, which was 1.48 times of GG and 2.38 times of MG. To a certain extent,
it also indicated that enclosure had a promoting effect on the increase of soil TP, a result
which is consistent with the research in the desert grassland of Northwest China [44]. It
may be mainly related to the fact that EG can increase the P content of soil through the
cycle of litter compared with GG and MG by human disturbance. However, some studies
suggest that after 6–8 years of fencing, there is no difference in soil P content between
unfenced grassland and fenced grassland, a result which may be related to the time of
fencing [45]. Some studies also consider that with the increase of fence years, the adverse
effects of fences become increasingly prominent, which may gradually reduce the content
of P [46]. Therefore, Ahmad et al. suggested that biological and abiotic environmental
and human factors together determine the changes of soil C, N and P contents [47]. The
results of this study also showed that different artificial utilization methods increased the
heterogeneity of the grassland soil environment and affected the development trend of
soil C, N, P and other elements. Therefore, corresponding restoration strategies should
be formulated to adapt to grassland utilization in ecological restoration areas to improve
ecosystem productivity.

The ecological stoichiometric ratio of soil C, N and P is a key index to estimate soil
quality [48]. Soil C:N and C:P are commonly used to evaluate the availability of soil N
and P. Generally, the lower the C:N and C:P, the higher the content of soil available N and
P [49]. In this study, the average values of C:N in GG, MG and EG were 8.91, 10.04 and
12.31, respectively. Compared with the average value of C:N of Chinese land surface soil
(14.4) [50], EG was closer to the average level of China. The higher the soil C:N ratio, the
slower the decomposition rate of SOC, which could maintain soil fertility for a long time.
Therefore, the decomposition rate of SOC in EG was lower than that in GG and MG, and
the available N and P contents were relatively lower. Some studies suggested that when the
C:P is > 300, soil nutrients are net fixed; when the C:P is <200, the P element experiences net
mineralization; and when the C:P is 200 < C:P < 300, the soluble phosphorus concentration
has little change [51]. In this study, the C:P in GG, MG and EG was 22.78, 32.88 and 17.91,
respectively, far lower than the average value in China (136) [52], also indicating that the
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net mineralization of soil P element in MG is stronger than that in GG and EG, which
may be related to the long-term removal of forage material by MG. Plant growth requires
the soil to accelerate the provision of P, which intensifies the net mineralization of P and
the abundance of P in the soil, a result which is consistent with the previous research
results [53]. Soil N:P is an important predictor of nutrient limitation. It is generally believed
that plant growth is limited by N when the N:P is <14, plant growth is limited by P when
the N:P is >16, and plant growth is limited by both N and P when 14 < N:P < 16 [54]. In this
study, the N:P of grassland soil was less than 14 under three different utilization modes,
indicating that there was an obvious N limitation, a result which is consistent with previous
similar research results [54–57]. However, some studies suggest that soil nutrients in karst
areas are mainly restricted by the P element [58]. The reason for the low N:P in EG may be
that the higher soil P element has net mineralization and a moderately abundant N element,
which reduces its ratio, a result which is consistent with that of the study of Wan et al. [59].
The main reason for the higher N:P ratio in MG than that in GG may be that the higher
net mineralization of P in MG soil counteracts the advantage of N emission from livestock
manure in GG. Therefore, we believe that the reasons for the limitation of soil N:P may be
related to environmental and human factors such as soil type, vegetation characteristics
and utilization methods. Meanwhile, the rational application of N fertilizer should be
considered under the three different grassland uses in order to alleviate the limitation of N
on soil nutrients and promote the balance of soil nutrients.

4.3. Microorganisms C, N and P Content and Stoichiometric Ratio

Microorganisms are the most active components in the soil ecosystem [60]. Soil
microorganisms affect the decomposition rate of soil organic matter by adjusting the
productivity of mineralization enzymes for soil nutrient availability, which is an ideal
indicator to measure soil quality [61]. In this study, there were some differences in soil
microbial biomass under different grassland-utilization methods. The MBC in GG and
MG under human intervention was higher than that in EG, while the MBN in EG was
between that of GG and MG, and the MBP in EG was the highest, which may be closely
related to the nutrient demand of grassland and the nutrient supply of soil under different
utilization methods.

Soil microorganisms can adapt to changes of the surrounding environment by ad-
justing their ecological stoichiometric ratio and resource-utilization efficiency [62]. The
ecological stoichiometry of soil microorganisms is significantly affected by the ecological
stoichiometry of soil [63], which can reflect the microbial community’s structure and micro-
bial activity, and it is an important indicator to determine the direction of microbial activity,
the release of organic matter nutrients [64] and the change of the microbial community’s
structure [65]. In this study, the MBC:MBN ranged from 2.48 to 3.88 under three different
grassland utilization modes and was significantly lower than the global average range
(4.6–10.3) [66]; it was also lower than the average value of desert grassland soil in China
(8.55± 3.79) [67]. This may be due to the fact that the study area is located in the karst rocky
desertification area, and the surface engineering water shortage is serious, resulting in low
soil MBC and MBN content, coupled with phosphate mineralization and other factors, thus
reducing the ratio of MBC:MBN. There were also significant differences in the MBC:MBP
under the three different grassland-utilization modes (p < 0.05), with the highest being in
MG and the lowest in EG, which may be related to soil water content and soil texture to
a certain extent. MG is a relatively strong human disturbance due to the removal of all
aboveground plants, as this will reduce the mineralization rate and content of P, only to
meet the needs of microorganisms, thus leading to the decrease of MBC:MBP, a result which
is consistent with the research results of degraded desert grassland [40]. The MBN:MBP
can be used to evaluate the nutrient restriction of soil [68]. Gonzalez-Chavez et al. con-
sider that soil is limited by P when MBN:MBP > 9.6 [69], and soil is limited by N when
MBN:MBP < 8.9 [70]. In this study, the MBN:MBP in GG and MG were 13.11 and 10.86,
respectively, indicating that P is limited. Meanwhile, the MBN:MBP in EG was only 5.14,



Agronomy 2023, 13, 1841 10 of 14

indicating that its N is limited; moreover, the value is much higher than the average value
of MBN:MBP in the desert grassland of China (0.20 ± 0.20) [67]. The research results also
showed that there were some differences in the MBC:MBN, MBC:MBP and MBN:MBP of
grassland under different utilization methods, and there were also differences in nutri-
ent requirements for forage growth under different utilization patterns, which ultimately
reflected the different microbial activity and material metabolism.

4.4. Plant–Soil–Microbial Stoichiometric Correlation Analysis

The chemical elements of plant–soil–microorganism circulate and flow with each
other [25]. In this study, plant C and N were significantly correlated with soil C and
N (p < 0.05), but plant P was significantly negatively correlated with soil P (p < 0.05),
indicating that soil P supply has little influence or even a negative influence on plant P
absorption. Meanwhile, MBP was significantly positively correlated with soil P (p < 0.05),
indicating that the P of microbial biomass is more closely related to soil P, as is consistent
with the results of Hu et al. [14]. The average content of soil P in the three treatments in
this study was 0.88 g/kg, which is not significantly different from that in the previous
studies [5,14,71], but the P content of plants (0.70 g/kg) was higher than that in previous
studies [14], indicating that the absorption and utilization rate of soil P by forage in the
study area is not too low, which may be related to forage species and planting years. Current
studies have shown that the ratio of MBC:MBP can be used as an index to measure the
potential of releasing P from soil organic matter by microbial mineralization or absorbing
P from soil. The ratio of MBC:MBP is generally between 7 and 30. The smaller the ratio
is, the greater the potential of microorganisms to release P in mineralized soil organic
matter is, and MBP can supplement the soil available phosphorus pool [72]. The higher
the ratio of MBC:MBP, the more it indicates that soil microorganisms have a tendency
to assimilate soil available phosphorus, and it is easy for microorganisms to compete
with crops to absorb soil available phosphorus, which has a strong phosphorus fixation
potential [72]. Our results showed that the MBC:MBP in GG, MG and EG was 32.34, 42.09
and 14.39, respectively. In contrast to the those in EG, soil microorganisms have a tendency
to assimilate soil available phosphorus in GG and MG, making it easy to compete with
crops to absorb soil available phosphorus; CC and MG also have a strong phosphorus
fixation potential. Meanwhile, the potential of releasing P from mineralized soil organic
matter by soil microorganisms was higher in EG, and MBP could supplement the available
P pool of the soil. The reason for this phenomenon may be related to utilization measures
such as mowing and grazing, which also fully reflect the complexity of the “plant–soil–
microbial” system in the nutrient cycle under different utilization methods. Therefore,
we should further deepen the research on the transformation relationship among plants,
soils and microbials in the future; enhance the ecosystem service function; and provide
theoretical support for the artificial grassland in karst fragile ecological areas to cope with
the pressure brought on by global climate change.

5. Conclusions

(1) There were significant differences in C, N, P and the ecological stoichiometric char-
acteristics of plants under different grassland utilization methods. Among the three
treatments, the EG treatment had the highest plant C content, while the MG treatment
had the lowest. The plant P of GG and MG was significantly higher than that of EG.
The plant N content in GG was significantly higher than that in MG and EG. The
ratio of plant N:P in the three treatments was higher than 20, and P deficiency and P
limitation existed in the three treatments. The P limitation of EG was the most serious,
and that of MG was the least.

(2) There were some differences in soil nutrients and ecological stoichiometry among
the three treatments. EG may be more beneficial to accumulate SOC and increase TP
content. The C:N in EG was higher than that in GG and MG, and the decomposition
rate of SOC in EG was slower, which was beneficial to the long-term maintenance
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of soil fertility. The C:P ratio of MG was the highest, and the net mineralization of
P in MG was stronger than that of GG and EG. Soil N:P ratios under three different
grassland-use patterns were all lower than 14, indicating that there was obvious
N limitation.

(3) There were some differences in soil microbial biomass under different grassland-
utilization methods. The MBC of GG and MG was higher than that of EG, but the
MBN of EG was between that of GG and MG, and the MBP of EG was the highest. The
MBC:MBN under the three different grassland-utilization methods ranged from 2.48
to 3.88, which was lower than the global average range. The MBC:MBP also showed
significant differences, with MG being the highest and EG the lowest. The MBN:MBP
ratios of GG and MG were both higher than 9.6, indicating that they were P-limited,
while the MBN:MBP of EG was lower than 8.9, indicating that it was N-limited.

(4) Plant C and N were significantly correlated with soil C and N (p < 0.05). Plant P was
significantly negatively correlated with soil P (p < 0.05), but MBP was significantly
positively correlated with soil TP (p < 0.05). The results of MBC:MBP showed that soil
microorganisms in GG and MG had a tendency to assimilate soil available phosphorus,
and there was a tendency for microorganisms to compete with crops to absorb soil
available phosphorus, which had a strong phosphorus fixation potential. Meanwhile,
soil microorganisms in EG had a greater potential to release P from mineralized soil
organic matter, and MBP could supplement soil available phosphorus pool.

In summary, this study described the element cycle and nutrient limitation from the
perspective of the plant–soil–microorganism system, which can provide some basis for the
fertilization management of artificial grassland in the karst rocky desertification area, such
as necessary fertilization management or other measures to supplement elements according
to the limitation of N and P, so as to solve the element limitation problem. However, due
to the relationship between the experimental time, this study is still not systematic and
perfect; the later period should be long-term observation to form systematic research results
to provide the necessary theoretical support for the scientific management of grasslands in
the ecological restoration area.
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