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Appropriate grazing pressure and fertilizer application of nitrogen (N) and
phosphorus (P) are effective measures to increase grassland productivity. In
this study, we report on the interactive effects of grazing intensity and fertilizer
application on soil properties, enzyme characteristics, and soil bacterial
community compositions. The experiment was set up in a typical grassland in
Xilingol, Inner Mongolia, and had 12 treatments (CC, CN, CP, CNP, LC, LN, LP, LNP,
HC, HN, HP, and HNP). These consisted of three grazing intensity levels crossed
with four fertilizer application treatments: no fertilizer, N fertilizer, P fertilizer
addition alone, and both N and P fertilizers addition, subjected to field sampling
and laboratory analysis. The results showed that soil alkaline hydrolysis nitrogen
was increased by 15 and 13.6% in LN over LC in the 0-10 and 10-20 cm soil
depth layers, respectively. Soil available P was 135.6% higher in LP than in LC at
0-10 cm but similar between LP and LC at 10—-20cm. Soil urease activity rose by
46.8 and 39.3% in 0—10 cm soil and was augmented by 63.1 and 60.3% in 10—
20 cm soil of LN and LP relative to LC, respectively. Soil catalase (CAT) activity was
decreased in response to LNP by 29.4, 23.5, and 26.5% vis-a-vis LC, LN, and LP in
the 0—-10 cm layer. Soil CAT activity also decreased in 0—20 cm layer for HN and
HNP in comparison with HP. The relative abundance of Actinobacteria increased
by 38.1 and 45.0% in HC over that in CC and LC, respectively, in 0—-10 cm soil;
compared with LC, it increased by 35.8 and 21.7% in LN and LNP, respectively. The
relative abundance of Proteobacteria was increased in LNP versus LC in 0-10 cm
soil. Overall, fertilizer application coupled with a light grazing intensity promoted
key soil properties and the relative abundance of a dominant bacterial phylum.

bacterial community structures, fertilizer application, grazing, soil enzyme activity, soil
nutrients
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1. Introduction

Grassland ecosystems provide many goods and services for
human beings all over the world (Zhao et al., 2020). Grazing is one of
the main modes of utilizing the grassland ecosystem. However, with
an increasing human population and more livestock, nearly one-third
of the world’s grassland areas are now seriously degraded due to
overutilization, resulting in a decline in the productivity and
biodiversity of grassland ecosystems, which is seriously affecting their
functions and services (Eldridge and Delgado-Baquerizo, 2017).
Grazing pressure and soil nutrient enrichment are two key factors that
affect grassland’s soil health and its sustainable utilization, with
grazing intensity usually having adverse impacts (Li W.H. etal.,, 2017).

The grazing of livestock can change plant communities, and
herding animal waste and trampling behavior also alters soil’s physical
and chemical properties (Zhang et al., 2017). Grazing can also
modulate soil functioning by changing soil microbial community
composition (Eldridge et al, 2017). In addition, the application of N
and phosphorus (P) fertilizers is an effective measure in improving the
general soil quality of grassland (Wang C.L. et al., 2021). The use of N
and P fertilizers is known to significantly affect the composition and
diversity of soil bacterial communities (Li M. et al., 2020). Further,
bacterial community composition in soil often changes with
environmental factors (Yang W. et al., 2020; Jiang et al., 2021). Bacteria
accelerate the decomposition of soil organic matter and promote
material circulation by producing soil enzymes (Bhagat and Kokitkar,
2021). In this respect, phosphatase and urease are closely related to the
degradation of soil P and organic matter, while catalase indicates the
strength of microbial activities and oxidation processes in soil (Sun
etal., 2021).

Because the bacterial community composition responds strongly
to grassland management measures such as grazing and fertilization
practices, it is often used to assess the soil health status of grassland
(Li].Y. et al., 2017). Numerous studies have discussed the effects of
grazing intensity or fertilization on soil microbial community
structure and their underlying mechanisms (He et al., 2017; Liu et al,
2021; Wang et al,, 2022a). Kang et al. (2021) found that soil TC and
SOC decreased with increasing soil depth in alpine meadows.
According to one grassland study, bacterial diversity declines with
increasing soil depth (Xu et al., 2021). More disturbance by grazing
and fertilizer applications in 0-10cm soil than in 10-20cm soil
resulted in the different response of soil properties and soil bacterial
community structure in 0-10 and 10-20 cm. The bacterial abundance
of non-rhizospheric soil was bolstered under light grazing yet fell
rapidly under moderate or heavy grazing (Zhang et al., 2019).
However, the study by Zhang Y.T. et al. (2020) found that heavy
grazing significantly increased the relative abundance of
Actinobacteria. The microbial compositions responded to grazing,
mainly attributable to the changes in soil physicochemical properties
induced by grazing (Zhang Y.T. et al., 2020). The N application alone
has been shown to inhibit the soil N cycle, but the joint application of
N and P fertilizers promoted the metabolic activities of soil
microorganisms (Che et al., 2018; Liu et al., 2023); however, long-term
N application negatively impacted the abundance and community-
level diversity of bacteria in soil (Zhang et al., 2018). Some studies
have pointed out that N and P fertilizer application is capable of
increasing the relative abundance of Actinobacteria but reduces that
of Acidobacteria (Wang Z.H. et al., 2021).
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Although the respective effects of grazing and fertilizer
applications on the bacterial community structure of grassland
ecosystems have been increasingly studied (Li et al., 2018; Xu et al.,
2020), their interactive effects on microbial community structures in
typical grasslands remain unclear (Wang et al., 2022b). Furthermore,
which management practices in terms of grazing and fertilizer
applications are most beneficial for accumulating soil nutrients and
stabilizing the soil microbial community in typical grasslands? In this
study, we hypothesized that (1) soil properties and soil bacterial
community structure respond differently in 0-10 vs. 10-20 cm depth
layer (Xu et al., 2021); (2) different grazing intensity and different
fertilizer application change the soil properties and soil bacterial
community composition by changing soil nutrients, animal waste, and
urine inputs (Wang C.L. et al., 2021); and (3) the effects of grazing
intensity and fertilizer application on soil microbial composition is
related to locally changed soil properties (Cheng et al., 2021).

2. Materials and methods

2.1. Study area

The field experiment was carried out in a semiarid steppe
ecosystem of typical grassland at the Grassland Ecosystem Research
Station of Inner Mongolia University (44°15'N, 116°31E), situated
54km of Xilinhot in China
(Supplementary Figure Al). The study area is characterized by a

east Inner Mongolia,
classical semi-arid climate in a mid-temperate zone, with an annual
average temperature of 0.5-1.0°C and 280.5 mm of precipitation (year
range: 1967 to 2017). The rainfall was concentrated from May to
September (Yin et al., 2022). The soil type here is mainly chestnut soil
(Gao etal, 2017). The dominant plant species of the natural grassland
community are Achnatherum splendens, Caragana microphylla,

Leymus chinensis, and Stipa grandis.

2.2. Experimental design

The experimental site was freely grazed until 2012 and then
fenced for 7years before conducting this experiment. It had 12
treatments, each with three replicates (Figure 1): (1) Without grazing:
@ Control (CC); @ Nitrogen fertilizer application alone without
grazing (CN); ® Phosphorus fertilizer application alone without
grazing (CP); @ Nitrogen and phosphorus application without
grazing (CNP). (2) Light grazing: ® Light grazing without fertilizer
application (LC); ® Nitrogen fertilizer application alone under light
grazing (LN); @ Phosphorus fertilizer application alone under light
grazing (LP); ® Nitrogen and P application under light grazing
(LNP). (3) Heavy grazing: © Heavy grazing without fertilizer
application (HC); @ Nitrogen fertilizer application alone under heavy
grazing (HN); @ Phosphorus fertilizer application alone under heavy
grazing (HP); @ Nitrogen and P application under heavy grazing
(HNP). Each replicate plot was 6 m x 8 m, with 36 plots used in total.
In each treatment, the distance between plots was 2m. The light and
heavy grazing plots were grazed by three and nine sheep, respectively,
in the same way: rotationally once a month, beginning on the 20th of
June to August of each year, from 2019 to 2021. The experimental
sheep were selected to be of similar weight to 2-year-old native sheep.
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FIGURE 1
The design of the experimental plot.

Grazing intensity was controlled to a light grazing level by leaving a
grassland stubble ca. 6 cm in height each time. Chemical fertilizers
consisting of urea and calcium superphosphate were applied to the
plots at the beginning of each month, from June to August of each
year. Nitrogen and P fertilizers were applied to the plots at 100 and
50kgha™" (Soares et al., 2013; Ma et al., 2018), respectively, once a
month from June to August, from 2019 to 2021 in the research plots.
Not to disturb the grassland, there was no irrigation or plowing done
after each chemical fertilizer application. The chemical fertilizers
were dissolved after precipitation.

2.3. Collection and analyses of soil samples

Soil samples were collected in July 2021. Five soil samples
were collected from each 0-10 and 10-20 cm depth layer in each
plot and then mixed homogenously (on per layer per plot basis).
These composite soil samples were then sieved (2mm),
homogenized, and divided into three parts. One part was air-dried
to analyze the soil’s physical and chemical properties; one part was
stored at 4°C to measure enzymatic activities; the other part was
stored at —80°C for DNA extractions (Liu et al., 2020). For high-
throughput sequencing, the extracted DNA from each sample was
sent to Gene Denovo Biotechnology Co., Ltd. (Guangzhou,
China). DNA library sequencing was performed on the Illumina
HiSeqTM 2500/4000. The methods used to determine the soil’s
physical, chemical, and biological properties are presented in
Table 1. The high-throughput sequencing raw data of bacteria in
0-10 and 10-20 cm soil layers in 2021 have been uploaded to the
NCBI database under SRA accession numbers PRINA856452 and
PRJNA856463, respectively.
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2.4. Statistical analysis

Statistical analyses were conducted in SPSS 24.0 Software. For the
analysis of soil parameters, each was tested for normal distribution.
One-way ANOVA was carried out to determine significant differences
in soil indicators among the 12 treatments. Pairwise differences
between the treatments’ mean values for soil properties and the
relative abundances of soil bacterial community structures were tested
using Fisher’s LSD at a p<0.05 significance level. The differences
between treatments in terms of their alpha () diversity metrics were
tested using Tukey HSD or the Kruskal-Wallis test (at p<0.05
significance level). Pearson correlations between the soil indicators
and the dominant bacterial phylum were conducted in SPSS 24.0.
Data were visualized using Origin 9.1 software. Two-way ANOVA was
performed after grazing and fertilizer application using R 4.0.4
software. Redundancy analysis (RDA) and linear discriminant analysis
effect size (Lefse) analysis were carried out online, using the Majorbio
Cloud Platform (https://cloud.majorbio.com/; Yan et al., 2021).

3. Results
3.1. Soil properties

Between the two soil layers (i.e., 0-10 and 10-20 cm), soil total
carbon (TC), total nitrogen (TN), and total phosphorus (TP) were
significantly decreased by 22.0, 13.0, and 16.0% at 0-10 cm compared
with that at 10-20 cm in response to LN (Supplementary Table S1).
Soil-dissolved organic carbon (DOC) decreased significantly by 9.0%
at 0-10 vs. 10-20cm in HN. Compared with the 10-20cm, soil
alkaline hydrolysis nitrogen (AN) and available phosphorus (AP)
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TABLE 1 Measurement methods for soil properties.

Soil process Soil indicators

Soil total carbon (TC)

Analytical methods

Elemental analyzer (Vario EL III, Elementar, Germany)

10.3389/fevo.2023.1174866

Reference

Zhang T.R. et al. (2020)

Soil total nitrogen (TN)

Elemental analyzer (Vario EL III, Elementar, Germany)

Zhang Y.T. et al. (2020)

Soil total phosphorus (TP)

Molybdenum blue colorimetric method

Zhang T.R. et al. (2020)

Soil physicochemical Dissolved organic carbon(DOC) | Distill water extraction and then measured by a TOC analyzer Qi et al. (2020a)
properties Alkaline hydrolysis
The alkaline hydrolysis diffusion method Qi et al. (2020a)
nitrogen(AN)
Available phosphorus (AP) Molybdenum blue colorimetric method Zhang Y.T. et al. (2020)
Soil pH (pH) A soil water solution of 1:5 (v: v) Tao et al. (2021)
Urease (URE) Indophenol blue colorimetry method Qi et al. (2020b)
Acid phosphatase (ACP) Disodium phenyl phosphate colorimetry method Bajouco et al. (2020)
Enzyme activity Alkaline phosphatase (ALP) Disodium phenyl phosphate colorimetry method Fan et al. (2021)
Invertase (INV) 3,5-dinitrosalicylic acid colorimetry method Qi et al. (2020b)
Catalase activity (CAT) 4-aminoantipyrine phenol colorimetric method Wu et al. (2020)

significantly increased by 21.4, 6.9, and 6.0% at 0-10 cm under the
CN, CNP, and LNP treatments. Soil pH was 8.3-18.1% lower in the
0-10cm than in the 10-20 cm layer, irrespective of treatments.

Under the three different grazing treatments (no grazing, light
grazing, and heavy grazing), soil DOC increased with greater grazing
intensity by 44.2 and 60.0% in LC and HC, respectively, than in CC at
0-10cm. Soil AP was 122.5% higher in LC than in CC at 10-20cm
(Table 2). Soil AN and AP were both reduced by LN and HN
compared with CN in the 0-10 cm layer. Soil AN was 9.5% lower in
HN than in CN at 10-20 cm, but their soil AP contents were similar
at 10-20 cm. Soil AP under HP fell by 36.0 and 31.8% relative to CP
and LP at 0-10cm, respectively, and was reduced even more (by
46.7%) vs. LP at 10-20 cm. Soil AP was decreased by 25.5 and 19.7%,
respectively, in LNP and HNP relative to CNP in the 0-10cm
depth layer.

Under differing fertilizer application treatments—no fertilizer
addition, N fertilizer addition alone, P fertilizer addition alone, and
both N and P fertilizer addition—soil TC, TN, and TP were similar
among CN, CP, CNP, and CC at 0-10 cm. However, compared with
LC, soil TC increased by 9.8 and 16.9% in the 0-10 and 10-20cm
layers, respectively, under the LN treatment. Soil AN was augmented
by N fertilizer application, and soil AP was increased by CP in
comparison with CC at 0-10cm. Soil pH decreased in CNP relative
to CC at 0-10cm. Both soil AN and pH were lower in CNP than CC
in the 10-20 cm layer. At 0-10 cm, soil TP was higher in LP than either
LN or LNP. Soil AP was bolstered by 75.7 and 72.4% in HP and HNP,
respectively, over HN in 0-10cm soil. Two-way ANOVA was used to
investigate the interactive effects of grazing and fertilization on soil
properties (Table 3). Grazing and fertilization both had significant
effects on TN and AP at 10-20cm.

3.2. Soil enzyme activities

Between soil depth layers, soil urease (URE) activity significantly
decreased by 29.8 and 38.1% at 0-10 cm compared with 10-20cm in
both CN and HN treatments (Supplementary Table S2). Soil alkaline
phosphatase (ALP) activity was significantly decreased by 34.4 and
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20.4% in CNP and HNP at 0-10 cm relative to 10-20 cm. Soil invertase
(INV) activity was significantly increased by 19.2 and 43.1% at
0-10cm versus 10-20cm in CNP and LNP, respectively. Soil catalase
(CAT) activity significantly increased by 23.2 and 23.1% at 0-10cm
relative to 10-20 cm in CP and LP, respectively.

Comparing the three grazing treatments, soil ALP activity was
reduced by 29.4 and 30.1% in LC and HC, respectively, relative to CC
in the 0-10 cm layer, falling by 16.1% in HC than CC in deeper soil
(10-20 cm; Figures 2, 3). At 0-10cm, soil INV activity was 15.9 and
23.0% lower in HC than CC and LC, respectively (Figure 2). Under
the different fertilizer application treatments, in the 10-20 cm layer,
soil URE activity increased by 63.1, 60.3, and 55.3% in LN, LP, and
LNP, respectively, over LC but decreased by 12.5, 16.4, and 18.0% in
HN, HP, and HNP, respectively, over HC (Figure 3). Soil acid
phosphatase (ACP) activity was 27.5 and 33.5% lower in LN than LC
at 0-10 and 10-20 cm, respectively. Soil ALP activity was decreased by
38.4, 32.2, and 37.1% in CN, CP, and CNBP, respectively, when
compared with CC in the 0-10 cm layer. Soil ALP activity was 21.9
and 13.9% higher in HP than HN at 0-10 and 10-20 cm, respectively.
Soil CAT activity fell by 29.4, 23.5, and 26.5% in LNP relative to LC,
LN, and LP, respectively, at 0-10 cm. There was less soil CAT activity
in HN and HNP than both HC and HP in the 0-10cm layer, and
likewise for HN and HNP than for HP in deeper soil (10-20cm).
Two-way ANOVA analysis showed that grazing and fertilization had
a significant interactive effect on URE as well as ACP in 0-20 cm soil
(Table 3).

3.3. Bacterial community composition and
structure

The dominant bacterial phylum was Acidobacteria, followed by
Proteobacteria, Actinobacteria, Verrucomicrobia, Bacteroidetes,
Planctomycetes, and Patescibacteria, in the 0-10 and 10-20 ¢cm soil
layer samples (Figure 4). Under different soil layers, the relative
abundance of Bacteroidetes was 27.0-35.1% higher at 0-10 than
10-20cm  under light
(Supplementary Table S3). The diversity index values (Sobs, Shannon,

grazing and fertilizer application
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TABLE 2 Soil properties under grazing intensity and fertilizer application treatments.

10.3389/fevo.2023.1174866

Depth  Treatment TC g/kg TN g/kg TP g/kg DOCg/kg AN mg/kg AP mg/kg pH
cc 17.9741.07aA | 2.00+0.08aA | 0.68+0.04aA 0.27+0.06aB 171.30+8.89bA | 8.35+0.35cA 7.03+0.05aA
CN 18.60+2.12aA | 213+024aA  0.68+0.06aA  028+0.08aA 231.07+9.32aA | 1155+0.65bA | 6.78+0.17abA
cp 17.40+0.86aA 193+0.05A | 075+0.01aA | 0.34+0.0laA 17041+7.83bA | 16.55+025aA | 6.78+0.14abA
CNP 17.60+2.14aA | 2.03+026aA | 072+0.05aA | 0.37+0.03aA 188.06+2.81bA | 12.95+0.85bA | 6.54+0.20bA
LC 18.63+£0.60aA | 2.13+0.05aA | 071+0.02abA | 038+0.03aA  180.07£1220bA | 6.60+091bA | 691+0.16aA
LN 16.80+0.22bA  2.00+0.00aA | 0.69+0.00bA | 0.40+0.06aA 207.01+7.72aB 6.50+1.00bB 6.91+0.18aA

o-toem LP 17.4740.74abA | 2.03+0.05aA  0740.0laA | 0.37+0.06aA 171.38+536bA | 1555+135aA | 6.63+0.19aA
LNP 18.07+1.04abA | 220+0.16aA | 0.69+0.04bA  0.36+0.05aA  19149+2.51abA | 9.65+0.55bB 6.84+0.13aA
HC 18.40+2.03aA | 2.17+025aA | 074+0.06aA | 043+0.0laA  17439+1042aA | 6.80+0.70abA | 7.05+0.07aA
HN 1687+0.25aA | 2.03+0.09aA | 067+0.04aA | 0.32+0.04bA 201.12+5.19aB 6.03+0.31bB  6.82+0.07bcA
HP 17.1740.70aA | 2.00+0.08aA | 073+0.02aA | 0.39+0.03aA 17492+155aA  10.60+1.90aB  6.89+0.06abA
HNP 1883+0.74aA | 220+0.08aA | 076+0.06aA | 043+0.03aA  186.89+20.15aA  1040+140aB  6.69+0.05cA
cc 16.63+ 1.54aA 1.93+0.12aB 0.71£0.05aA  0.38+0.0laA 161.99+0.81cA 6.07+0.76aB 7.61+0.08bB
CN 180040.71aA | 2.17+0.09%A | 071+0.05aA | 0.46+0.15aA 181.72+2.57aA 6.53+0.92aA 7.77+0.08aA
cp 1650+1.49aA | 2.00+0.14aA | 0.73%0.03aA 0.32+0.03aB 17091+278bB  9.27+1.60aAB  7.63+0.02abA
CNP 16.97+0.29aB 2.10+0.00aB 071+0.01aA  038+0.03aA  17506+244abA  7.03+210aA | 7.73%0.03abA
LC 17.53+0.39bA  2.10+0.00aA | 071+0.05bA | 038+0.03aA 150.77+2.08bA | 13.50+2.12aA | 7.80+0.03aA
LN 2050+156aA | 227+0.05aA  0.80+0.02aA | 044+0.03aA | 171.30+581aAB  627+048bA  7.68+0.05abA

0-20em LP 1810+ 1.50abA | 2.10+0.16aA  0.75+0.01abA = 0.38+0.03aAB | 17521+506aB | 13.70+420aA | 7.67+0.07bA
LNP 16.65+0.35bB | 220+0.08aAB | 0.70+0.04bA | 0.39+0.05aA 179.93+4.82aA | 7.17+0.37bA | 7.63+0.06bA
HC 18104£0.90aA | 227+0.05aA | 068+0.13aA | 043+0.02aA | 16487+6.17abA  6.67+135aB 7.8140.02aA
HN 1897+1.90aA | 220+0.08aA | 074+0.04aA | 0.45+0.04aA 164.43+9.17bB 6.73+0.25aA  7.68+0.05abA
HP 1833+225aA | 2.10+0.14aA | 071+0.04aA | 0.42+0.0laA 183.62+2.58aA 7.30+0.20aB 7.67+0.07bA
HNP 181040.10aA | 2.30+0.08aA | 070+0.1laA | 043+0.02aA | 176.69+7.35abA  7.73+156aA  7.71+0.08abA

Different lowercase letters indicate significant differences between soil properties in different fertilizer treatments at the same grazing intensity at p <0.05. Different uppercase letters indicate

significant differences between soil properties in different grazing intensity treatments at the same fertilization treatments at p<0.05. n=3. TC, soil total carbon; TN, soil total nitrogen; TP, soil
total phosphorus; DOC, dissolved organic carbon; AN, alkaline hydrolysis nitrogen; AP, available phosphorus.

Chaol, ACE, and PD-tree diversity metrics) were higher in the
0-10cm than in the 10-20 cm layer, regardless of treatments (Table 4).
Specifically, the Sobs, Shannon, and Chaol indexes were higher in
0-10cm than in 10-20cm in both HP and HC
(Supplementary Table S4). The Chaol, ACE, and PD-tree indexes
were higher in 0-10 cm than in 10-20 ¢cm in the LP treatment.
Comparing the no grazing, light grazing, and heavy grazing
treatments, the relative abundance of Actinobacteria increased by 38.1
and 45.0% in response to HC vis-a-vis CC and LC, respectively. For
Verrucomicrobia, its relative abundance increased by 36.6% in HNP
when compared with LNP at 0-10cm. The relative abundance of
Acidobacteria rose by 11.1 and 13.7% in LNP and HNP, respectively,
over CNP. Under the four different fertilizer application treatments,
in 0-10 cm soil, the relative abundance of Actinobacteria was 35.8 and
21.7% higher in LN and LNP, respectively, than LC, while that of
Proteobacteria increased by 25.1% in LNP relative to LC. The relative
abundance of Verrucomicrobia was 28.1 and 33.0% greater in HP and
HNP, respectively than in HC. For Acidobacteria, its relative
abundance was reduced by 11.4, 14.2, and 11.6% in HP in comparison
to HC, HN, and HNP. In the 10-20 cm soil, the relative abundance of
Planctomycetes was 19.1 and 17.8% lower in CP than CC and CN,
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respectively, and in HC, it dropped by 21.7 and 21.0% versus HC and
HNP, respectively.

3.4. Indicator bacteria in different
treatments

In the 0-10cm soil, the indicator bacteria of the HC group
belonged to the genera Hymenobacter (phylum Bacteroidetes) and
Phaselicystis and Phyllobacterium (phylum Proteobacteria;
Supplementary Figure A2). The indicator bacteria of the LNP group
at 0-10cm were the genera Stenotrophomonas (phylum
Acidobacteria) and Pseudomonas (phylum Proteobacteria). For the
HN group, its indicator bacteria belonged to the genus
10-20cm  soil
(Supplementary Figure A2). The indicator bacteria of the HNP

Kosakonia  (phylum  Proteobacteria) in
group were of the genus Methylobacterium (phylum Proteobacteria)
in the 10-20 cm layer. The LEfSe analysis showed that the indicator
bacteria were distributed among Actinobacteria in both LN and
LNP at 0-10 cm and distributed among Proteobacteria in HP and
HNP at 10-20 cm (Figure 5).
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TABLE 3 p values of the two-way ANOVA of grazing intensity and fertilizer application on soil properties.

Depth  Treatment TC TN TP DOC AN AP pH URE ACP ALP  INV CAT

0-10cm Grazing 0.971 0.530 0.536 0.003** 0.956 0.655 0.508 0.129 0.005%* 0.976 0.764 0.490
intensity
Fertilizer 0.405 0.306 0.090 0.267 0.063 0.001%* 0.005%* 0.008%* 0.003%* 0.085 0.051 0.001%*
application
Grazing and 0.669 0.751 0.565 0.122 0.652 0.696 0.203 0.000%** 0.029* 0.414 0.307 0.035%*
fertilization

10-20cm Grazing 0.906 0.007%* 0.531 0.195 0.434 0.001°* 0.554 0.014* 0.000%** 0.082 0.044% 0.422
intensity
Fertilizer 0.447 0.040%* 0.460 0.143 0.313 0.001%* 0.109 0.012% 0.006%* 0.763 0.353 0.349
application
Grazing and 0.293 0.448 0.918 0.893 0.551 0.096 0.021%* 0.000%** 0.009%* 0.197 0.012% 0.617
fertilization

Bold represents p values with significant differences. *Correlation is significant at the 0.05 level (p <0.05); **Correlation is significant at the 0.01 level (p <0.01); *** Correlation is significant at
the 0.01 level (p<0.001); SOC, soil organic carbon; DOC, dissolved organic carbon; AK, available potassium; AN, alkaline hydrolysis nitrogen; EC, electrical conductivity; URE, urease activity;
ACP, acid phosphatase activity; ALP, alkaline phosphatase activity; INV; invertase activity; and CAT, catalase activity.

ACP
mg/kg/h

ALP
mg/kg/h

o 8 82 38 8,888 888 .anusszyss

INV
mg/g/h

CAT
mg/kg/h

Grazing-L1 Fertilizer-L1 LG&Fertilizer-L1  HG&Fertilizer-L1

FIGURE 2

Soil enzyme activity at different grazing intensities and fertilizer application treatments in 0—10cm (L1) soil. Different lowercase letters indicate
significant differences between soil properties in different fertilizer treatments at the same grazing intensity at p<0.05. Different uppercase letters
indicate significant differences between soil properties in different grazing intensity treatments at the same fertilization treatments at p<0.05; n=3. URE,
urease activity; ACP, acid phosphatase activity; ALP, alkaline phosphatase activity; INV, invertase activity; and CAT, catalase activity.
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Soil enzyme activity at different grazing intensities and fertilizer application treatments in 10—-20cm (L2) soil. Different lowercase letters indicate
significant differences between soil properties in different fertilizer treatments at the same grazing intensity at p<0.05. Different uppercase letters
indicate significant differences between soil properties in different grazing intensity treatments at the same fertilization treatments at p<0.05; n=3. URE,
urease activity; ACP, acid phosphatase activity; ALP, alkaline phosphatase activity; INV, invertase activity; and CAT, catalase activity.
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3.5. Relationships of bacteria and soil
properties

In the RDA, the first 20 bacterial phyla (whose summed relative
abundances >97%) served as biological parameters, while the
physicochemical properties of TC, TN, TP, DOC, AN, AP, and pH
were used as the environmental parameters (Figure 6). The first two
axes of the RDA model accounted for 70.21 and 74.36% of the total
variance in the bacterial communities in the 0-10 and 10-20 cm depth
layers, respectively. The results showed that AP had a stronger
influence on the overall bacterial community at 0-10 cm, followed by
TP, DOC, TC, TN, and AN. At 10-20cm, TC, TN, and AN all had
more pronounced effects on the overall bacterial community, followed
by DOC, pH, TP, and AP.

Pearson’s correlation analysis revealed that Chloroflexi was
positively correlated with DOC in 0-10 cm soil, as was Nitrospirae

Frontiers in Ecology and Evolution

with AN (Figure 7). At 0-10 cm, Bacteroidetes and Fibrobacteres were
each positively correlated with AP, yet Acidobacteria was negatively
correlated with TP. Soil pH was negatively correlated with
Acidobacteria, Elusimicrobia, and Omnitrophicaeota in the 0-10cm
layer and likewise for Nitrospirae, Rokubacteria, and Thaumarchaeota.
At 10-20 cm, soil TC was negatively correlated with Verrucomicrobia,
Bacteroidetes, Armatimonadetes, Elusimicrobia, and Patesibacteraia,
yet it was positively correlated with Rokubacteria. Soil TN was
negatively correlated with Armatimonadetes but positively correlated
with Gemmatimonadetes, Acidobacteria, and Nitrospirae in the
10-20cm layer. Both Firmicutes and Omnitrophicaeota were
negatively correlated with AN in 10-20cm soil; in this layer,
Cyanobacteria was negatively correlated with TP.

The correlations between soil enzymes and dominant bacterial
taxa showed that the relative abundance of Acidobacteria was
positively correlated with ALP in the 0-10 cm layer (Table 5). At
10-20 cm, the relative abundance of Actinobacteria was negatively
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FIGURE 4

The relative abundance of the bacteria at phylum level under different grazing intensity and fertilizer application treatments (A) in 0-10cm (L1) and

(B) 10—20cm (L2) soil. The treatments were: CC, control; CN, nitrogen fertilizer application alone without grazing; CP, phosphorus fertilizer application
alone without grazing; CNP, nitrogen and phosphorus application without grazing; Light grazing: LC, light grazing without fertilizer application; LN,
nitrogen fertilizer application alone under light grazing; LP, phosphorus fertilizer application alone under light grazing; LNP, nitrogen and phosphorus
application under light grazing; Heavy grazing: HC, heavy grazing without fertilizer application; HN, nitrogen fertilizer application alone under heavy
grazing; HP, phosphorus fertilizer application alone under heavy grazing; HNP, nitrogen and phosphorus application under heavy grazing. n=3.

TABLE 4 Bacterial a-diversity index under grazing intensity and fertilizer application treatments.

Depth Sample Sobs Shannon Chaol ACE PD-tree
0-10cm CK and fertilizer
5,433.92+107.81a 10.13+£0.10a 6,463.60+106.41a 6,631.33+137.01a 489.95+12.34a
application
LG and fertilizer
5,592.25+146.93a 10.27£0.05a 6,742.44+202.12a 6,939.42+186.41a 497.42+10.20a
application
HG and fertilizer
5,528.67 +106.62a 10.23+£0.06a 6,654.38+89.49a 6,872.69+97.62a 493.82+9.77a
application
10-20cm CK and fertilizer
4,901.17 £93.90b 9.82+0.11b 5,913.21+137.15b 6,122.58 +166.90b 448.24+9.74b
application
LG and fertilizer
5,151.42+135.77b 9.97 +0.06b 6,178.55+170.80b 6,318.70 £206.98b 456.17+15.17b
application
HG and fertilizer
4,974.92 +182.74b 9.88+0.10b 5,941.62 +240.23b 6,093.73 £245.94b 455.80 +8.85b
application

Different lowercase letters indicate significant differences between bacteria diversity index in different grazing intensity treatments at the same fertilization treatments at p<0.05. n=3.

correlated with ACP as well as CAT (Table 6). The relative
abundance of Verrucomicrobia was positively correlated with both
ACP and ALP in 10-20cm soil, but the relative abundance of
Acidobacteria was negatively correlated with that of Proteobacteria
in 10-20 cm soil.

4. Discussion
4.1. Soil properties

In response to LN, soil total nutrients (TC, TN, and TP) were
lower at 0-10cm than at 10-20cm depths because the augmented
bacterial diversity consumed more nutrients under light grazing with
N fertilizer application in 0-10cm than 10-20cm soil
(Supplementary Table S4; Wang et al., 2019; Wu et al., 2020). Soil
available nutrients (AN and AP) were all bolstered in 0-10 cm relative
to 10-20cm under CN, CNP, and LNP because the application of
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fertilizers contributed more to AN and AP (Zi et al., 2017). Soil DOC
increased in response to greater grazing intensity, likely because the
labile C released into the rhizosphere by grazed plants stimulated
soil C
mineralization (Sun et al., 2017). The trampling of vegetation by

extracellular enzyme activities, thereby enhancing
livestock increased the physical fragmentation of litter, which
accelerated its decomposition and carbon turnover (Wang et al,
2020). The AP was 122.5% higher in LC than CC because the urine of
grazing sheep entered the soil via trampling effects, which in tandem
also increased the input of N and P elements into the soil (Liu et al.,
2018). Fertilizer application is an effective measure for grasslands to
increase the yield of pasture (Chen et al., 2018). The enrichment of
available nutrients in soil suggests a high metabolic efficiency of the
belowground microenvironment (Legout et al., 2020). In this study,
light grazing after N fertilizer application contributed to the
accumulation of C in soil and the consumption of N and P because
the N fertilizer application promoted soil carbon metabolism
(Wang Z.H. etal,, 2021). Light grazing after P fertilizer application was
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FIGURE 5

LEfSe analysis of each treated group in (A) bacterial community in 0—10cm (L1) and (B) bacterial community in 10—20cm (L2) soil. Cladograms were
the phylogenetic distribution of bacteria under different treatment lineages associated with soils from the two treated groups.

conducive to AP accumulation; this could be attributed to the fact that
an increased nutrient input was positively correlated with the leaching
of nitrate, ammonium, and phosphate (Apostolakis et al., 2022). The
interactive effect of grazing intensity and fertilizer application
significantly affected soil TC, TP, AN, and AP, suggesting that grazing
affects the general soil nutrient structure by increasing the
aboveground inputs from plant litter and animals’ excreta and the
latter’s pulverization of the ground surface (Pavlu et al., 2019; Zhang
etal., 2022).

4.2. Soil enzyme activity

Soil URE and ALP activities were 20-40% lower in 0-10 cm
than in 10-20cm in this study, which was consistent with the
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study of Yu et al. (2019). The reason was that the URE and ALP
activities were affected by soil properties and microbial
communities (Zhou et al., 2019), as well as the inputs and outputs
of organic matter into the soils (Fanin et al, 2020) by the
disturbance of grazing and fertilizer applications. Soil INV and
CAT activities were 19-44% higher in 0-10 cm than in 10-20 cm
in this study because soil INV and CAT activities had a higher
organic matter in 0-10cm than in 10-20cm (Yang S.H. et al,,
2020). Soil enzymes regulated microbial metabolic activities and
energy conversion dynamics, mainly originating from plant roots
and microbial secretions (Fan et al., 2020). Soil URE activity was
higher in HC than in LC at 0-20 cm due to the input of AN from
sheep manure (Cui and Holden, 2015). Soil INV activity was
higher in LC than in CC at 10-20 cm because the beneficial
nutrient for INV activity was moved to 10-20 cm by light grazing
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(Wu et al, 2020). Soil INV activity was higher in CN, CP, and CNP
than in CC in 10-20 cm because the fertilizer application increased
the root weight which bolstered the INV activity (Coura et al,,
2020; Shao et al., 2020). That soil URE activity was higher in LN
or LP than LC at 0-10 cm and also higher in LN, LP, and LNP than
LC at 10-20 cm, demonstrating that fertilizer application and light
grazing intensity increased the utilization rate of urea. In the
0-10 cm layer, soil CAT activity was lower in both HN and HNP
than in HC. Further, soil URE activity was lower in HN than HC
at 0-10cm and also lower in HN, HP, and HNP than HC at
10-20 cm. This is likely because heavy grazing destroyed the soil
surface structure, resulting in less soil macroaggregate and more
soil microaggregate (Koppe et al., 2021; Luan et al., 2021).
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4.3. Bacterial community compositions

The interactive effect of grazing and fertilization was beneficial
to Actinobacteria, Proteobacteria, and Verrucomicrobia in 0-10 cm
soil. The relative abundance of soil bacteria varied due to differences
in soil properties, soil layers (Kang et al., 2021), and soil enzyme
activities (Wang L. et al., 2022). In this study, the relative abundance
of Bacteroidetes increased by 27.0-35.1% in 0-10cm than in
10-20cm under light
(Supplementary Table S3), and the diversity indexes were higher in
0-10 cm than in 10-20 cm in some grazing and fertilizer application
treatments (Supplementary Table 54). This was due to the fact that

grazing and fertilizer application

grazing changed bacterial diversity because of the change in soil
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TABLE 5 Correlation analysis of the relative abundance of the dominant bacteria and soil enzyme activity in 0—10cm soil.
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Bold represents p values with significant differences. *Correlation is significant at the 0.05 level (p <0.05); **Correlation is significant at the 0.01 level (p <0.01); URE, urease activity; ACP, acid phosphatase activity; ALP, alkaline phosphatase activity; INV, invertase

activity; CAT, catalase activity.
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moisture (Zhao et al., 2010). In addition, the addition of N changed
bacterial communities by the decrease in soil pH in 0-10cm than
in 10-20cm (Table 2; Chen et al,, 2019). That heavy grazing
increased the relative abundance of Actinobacteria is consistent
with our finding that it also increased in HC than in CC and LC
(Zhang Y.T. et al., 2020) The reason may be because of greater fecal
matter deposition, which is high in partially digested plant residues
with heavier grazing intensity provided substrate for Actinobacteria
to decompose (Zhang Y.T. et al., 2020). Long-term overgrazing had
an irreversible impact on soil properties and soil bacterial
communities (Li et al., 2021), but the bacterial community was
relatively stable under light-intensity grazing (Figures 4, 5; Beneduzi
etal., 2019).

The relative abundances of Actinobacteria and Proteobacteria
were higher in LNP than LC in 0-10 cm soil, probably because both
taxa were regulated by N and P nutrients, whose addition via
fertilizers was conducive to the survival and reproduction of these
bacteria (Dai et al., 2018). In addition, RDA analysis showed that
soil AN and AP were closely related to soil bacterial communities
in this study because soil bacterial diversity was affected by the
direct effects of N and P fertilizer application as well as the indirect
effects of N and P fertilizer application through AN, AP, and the
ratio of N to P (Dong et al., 2020). Soil bacterial diversity indexes
were affected by N and P fertilizer applications (Wang Z.H. et al.,
2021). Bacterial communities had a greater mean Shannon index in
the 0-10cm than 10-20cm soil layer because the nutrient
availability (such as available N and P) was higher in the soil upper
layer than in the soil subsurface layer, which influenced the
abundance and composition of microbial communities (Wang et al.,
2019). The RDA analysis showed that AP was the highest
explanation power to influence soil bacterial community in 0-10 cm
(Figure 6A) due to its low mineralization in typical grassland, which
resulted in a P limitation type for bacteria in this study area (Liu
et al., 2022). Soil AP, pH, TP, DOC, TC, and TN all contributed to
shaping the overall bacterial community in 0-10 cm because N and
P found in animal excreta and the modification of N uptake and C
exudation by frequently defoliated plants could jointly augment
soil fertility in addition to enhancing microbial activities
(Li Y. etal., 2020).

5. Conclusion

Grazing and fertilizer application had significant interactive
effects on soil TC, URE activity, ACP activity, and CAT activity at
0-10 cm and significant interactive effects on soil pH, URE, ACP,
and INV activity at 0-20cm. Soil AN was increased by light
grazing. Soil AP was increased by light grazing and P fertilizer
application than in light grazing alone but was not different
between HP and HC. Grazing intensity and fertilizer application
both increased soil bacterial diversity by 0-10 cm more than in the
10-20 cm depth layer. Grazing and fertilizer application each had
positive effects on the relative abundances of Actinobacteria,
Proteobacteria, and Verrucomicrobia, yet it exerted negative
effects on the relative abundances of Acidobacteria and
Planctomycetes. The bacterial community responses to grazing
and fertilization were closely correlated with soil URE, ALP, and
AN. Fertilization with N and P could offset the negative effect of
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heavy grazing on grassland soil biodiversity. Therefore, light
grazing with N or P fertilizer applications was appropriate to help
soil nutrient accumulation and soil microbial community stability
maintenance in the typical grassland. Furthermore, our results
highlight the need for incorporating both grazing intensity and
fertilizer application into the design and execution of future long-
term biogeochemical studies.
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