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Agricultural ecosystem is the largest artificial ecosystem on Earth and provide 66%
of the world’s food supply. Soil microorganisms are an engine for carbon and
nutrient cycling. However, the driving mechanism of soil microbial community
structure and carbon and nitrogen transformation mediated by fertilization and
planting pattern in rainfed agricultural ecosystems is still unclear. The researchwas
conducted at the Changwu Agricultural Ecology Experimental Station in Shaanxi
Province, China. Seven different fertilization and planting pattern were designed.
The Phosphate fatty acids (PLFAs) were used to explore the effects of fertilization
and plating pattern on the soil microbial community structure and the relationship
with soil carbon and nitrogen transformation. The results showed that there were
significant differences in soil physical and chemical properties among treatments.
Organic fertilizer significantly increased the soil carbon and nitrogen and
decreased the soil pH. The contents of total PLFAs and microbial groups in the
wheat and corn rotation treatment were the highest. Compared with the change
in planting pattern, organic fertilizer had a greater impact on PLFA content and soil
ecological processes. The soil microbial community structure has a significantly
positive correlation with soil organic carbon (SOC), total carbon (TC), total
nitrogen (TN), and total phosphorus (TP). Compared with applying NP fertilizer,
applying organic fertilizer significantly increased the soil respiration rate and
mineralized nitrogen content while decreasing the soil microbial biomass
carbon (MBC). The correlation analysis showed that soil respiration was
significantly positively correlated with SOC and TP, and mineralized nitrogen
was significantly positively correlated with SOC, nitrate nitrogen, TN and MBC.
Structural equation modeling (SEM) showed that the soil respiration rate was
significantly positively affected by TC and negatively affected by SWC and
explained 63%, whereas mineralized nitrogen was significantly positively
influenced by TN and explained 55% of the total variance.
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1 Introduction

Soil microorganisms are not only widely involved in various
biochemical reactions with element cycling but are also an
important medium connecting plants and soil (Zhang Q. et al.,
2022). The agricultural ecosystem provides nearly 66% of the food
supply, and agricultural soil acts as an important matrix linking
crops and underground ecosystem processes (Zhang J. Y. et al.,
2022). Agricultural soil microorganisms are of great significance to
soil fertility, and their biomass nitrogen and phosphorus are
important sources of crop nutrients (Chen et al., 2017). The
quality of the soil environment can directly affect the
composition of the microbial community and thereby affect crop
growth and health (Li et al., 2021). A suitable microbial community
structure in agricultural ecosystems could promote crop growth, and
the change in soil microbial community structure could be used as
an important indicator of soil health and crop growth (Liu Z. H.
et al., 2021).

Agricultural crop planting pattern affect soil physicochemical
properties and microbial properties (Rashid et al., 2016).
Agricultural crop planting pattern mainly include continuous
cropping and crop rotation. Research has shown that the biotic
and abiotic environments in the soil are significantly different
between different crops under the same planting pattern or
between different planting patterns of the same crop (Li et al.,
2021). The reason is mainly because different planting patterns
could affect the physical structure, nutrients, and microbial
community structure of the soil (Aimaierjiang et al., 2022).
Continuous cropping may lead to a decline in soil fertility and
the transformation of soil microorganisms, causing abnormal crop
growth (Ma et al., 2004; Pradeep et al., 2010). Crop rotation could
balance the utilization of soil nutrients and increase the variety and
quantity of beneficial microorganisms in the soil (Asuming-
Brempong et al., 2008). For example, soybean rotation can
significantly increase bacterial PLFA content, and avoid the
process of microbial groups transforming to fungi caused by
continuous cropping (Yao et al., 2015). Therefore, scientifically
and reasonably selecting crop planting pattern is beneficial for
improving the soil environment and promoting the healthy
growth of crops.

Fertilization is an important factor affecting crop growth and
soil health. Long-term application of chemical nitrogen and
phosphorus fertilizers significantly increases soil organic carbon
(SOC), total phosphorus (TP), and available phosphorus (AP)
(Gao et al., 2021). Fertilization can also alter soil microbial
properties, and organic fertilizers or organic‒inorganic
combinations can effectively increase the number and activity of
microorganisms (Li et al., 2005; Wu et al., 2020). In humid and
warm climate conditions, organic fertilizer has a great effect on soil
microbial properties and leads to greater microbial diversity and a
more stable microbial community (Wang et al., 2017). The
combination of organic and inorganic fertilizers increased the
number of bacteria and decreased fungi (Nanda et al., 1998).
Although chemical fertilizers can effectively improve crop
productivity (Liu Z. et al., 2020; Liu J. A. et al., 2021), excessive
application of inorganic fertilizers can cause damage to the soil
environment, which not only leads to soil quality degradation but
also has a negative impact on soil microecological balance

(Tiziano et al., 2011; Kour et al., 2020; Yu et al., 2020). It is of
great significance to explore the effects of fertilization on soil
physicochemical and microbial properties to improve agricultural
safety.

Soil organic carbon and nitrogen and their turnover processes
determine soil fertility and sustainability (Morales-Rodriguez et al.,
2019). Soil carbon and nitrogen mineralization is affected by
environmental factors, and generally, the rate of soil organic
carbon mineralization increases with increasing temperature (Ma
et al., 2016). In addition to temperature, changes in planting and
fertilization pattern also cause changes in soil carbonmineralization,
which in turn affects crop growth. Nitrogen fertilizer application can
prohibit soil carbon mineralization by inhibiting microbial biomass
and extracellular enzyme activity (Keeler et al., 2009), while
significantly improving soil microbial net nitrogen mineralization
(NNM) (Wang et al., 2014). Organic fertilization could increase
carbon mineralization by 52%–117% more than chemical inputs in
soil, and significantly enhance NNM under no-tillage management
in humid conditions (Wang et al., 2011). There has been a report
that fertilization has a greater impact on soil microbial community
structure than crop rotation (Guo et al., 2020). However, there are
still few reports on the effects of fertilization and planting pattern on
soil microorganisms and carbon and nitrogen mineralization in
rainfed farmland.

The rainfed farmland in the Chinese Loess Plateau is an
important agricultural ecosystem and produces vital food for the
local people (Lian et al., 2021). To explore the effects of fertilization
and planting pattern on soil microbial community structure and
microbe-mediated ecological processes of carbon and nitrogen
cycling. We used long-term field experiments to address these
uncertainties and we hypothesized that 1) fertilization and
planting pattern mainly affect the soil carbon and nitrogen
contents and affect the microbial community structure and 2)
compared with the change in planting pattern, fertilization had a
greater influence on the structure and composition of the microbial
community. To test these assumptions, the changes in the microbial
community and carbon and nitrogen mineralization were tested by
the traditional biochemical method. Determining the influence
mechanism of fertilization and planting pattern on soil carbon
and nitrogen mineralization and soil microbial properties will
help to set an effective and safe fertilization pattern under
different planting scenarios.

2 Materials and methods

2.1 Site description

The research site is selected in the Changwu Agricultural
Ecology Experimental Station of the Chinese Academy of
Sciences, Shaanxi Province, China. Geographic coordinates are
107°41′E, 35°14′N, with an altitude of 1,220 m. It belongs to a
semihumid continental monsoon climate. The average annual
precipitation is 580 mm, the average annual temperature is 9.1°C,
and the frost-free period is 171 days. The loose and higher
permeability soil is Heilu soil (Cumulic Haplustoll, USDA). The
long-term field experiment in this research began in 1984. The initial
soil nutrient status was as follows: organic matter = 10.50 g·kg−1,
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total nitrogen = 0.80 g·kg−1, total phosphorus = 1.26 g·kg−1, and
pH = 8.10.

2.2 Experimental treatment and design

This experimental design had 7 different fertilization and planting
pattern treatments: 1) wheat continuous cropping without fertilization
(W-CK); 2) wheat continuous cropping with NP fertilizer (W-NP); 3)
wheat continuous cropping with NP and organic fertilizer (W-NPM);
4) wheat and corn rotation with NP fertilizer (WC-NP); 5) wheat and
corn rotation with NP and organic fertilizer (WC-NPM); 6) wheat,
millet and pea rotation with NP fertilizer (WMP-NP); and 7) wheat,
millet and pea rotation with NP fertilizer and organic fertilizer (WMP-
NPM). The fertilization amounts of the three fertilizers were as follows:
N (120 kg·ha−1·y−1 CH4N2O), P (90 kg·ha−1·y−1 P2O5), and M (7.5 ×
104 kg·ha−1·y−1 manure with 10.6% organic matter content). Each
treatment had 3 replicates with a 36 m2 (4 m × 9m) plot area. Field
activities such as weeding and spraying were carried out according to
local field management habits.

2.3 Soil sample collection

In June 2019, soil samples were collected after crop harvest. After
clearing the dead branches and leaves on the soil surface, a soil sample of
0–20 cm was taken using the five point sampling method. The same
treated soil samples in each plot were mixed and bagged, stored at 4°C
and taken back to the laboratory. After removing the visible sand,
gravel, animal and plant residues, the soil was passed through a 2 mm
stainless sieve. The screened soil sample was divided into 3 parts. One
part was placed into a 4°C refrigerator to determine the soil microbial
biomass and soil respiration, one part was stored at−86°C to test PLFAs,
and the third part was used to determine the soil physical and chemical
properties after air drying with protection from sunlight.

2.4 Measurement items and methods

2.4.1 Determination of soil physical and chemical
properties

The soil water content (SWC) was determined using the oven
drying method; total carbon (TC) in soil was measured using a
carbon analyzer (Vario TOC, Elemental, Hanau, Germany); soil
organic carbon (SOC) was measured using the potassium
dichromate external heating method; total phosphorus (TP) in
soil was measured using the Olsen method; a fully automatic
Kjeldahl nitrogen analyzer was used to measure soil total
nitrogen (TN); ammonium nitrogen (NH4

+-N) and nitrate
nitrogen (NO3

−-N) in soil were extracted with K2SO4 solution
and measured using a continuous flow analyzer (Autoanalyzer 3,
Bran Luebbe, Germany); available phosphorus (AP) in soil was
measured using the Olsen method; the organic phosphorus (OP) in
the soil was determined by the high-temperature burning method;
soil pH (water/soil at 2.5:1) was measured by a glass electrode
pHmeter; soil particle composition wasmeasured using theMalvern
2000 laser particle size analyzer; and mineralized nitrogen was
measured using the biological culture method (Bao, 2000).

2.4.2 Determination of soil microbial community
structure and microbial indicators

The phosphate fatty acid (PLFA) method was used to determine the
soilmicrobial community structure. 8 g of freeze-dried soil wasweighed for
the test. After operating with the protocol, phospholipid fatty acids were
extracted and determined using a gas chromatograph (Agilent GC-7890B)
combined with the MIDI microbial identification system Sherlock 6.2
(Frosteg et al., 1991). Bacteria were represented with 15:0, 17:0, 15:0iso, 15:
0anteiso, 16:0iso, 16:1w7c, 17:0iso, 17:0anteiso, 17:0cycloω7c, 18:1ω7c and
18:1ω5c (Tunlid et al., 1989; Frosteg et al., 1993). Fungi were represented
with 16:1ω5c, 18:1ω9c, 18:2ω6c and 20:1ω9c (Federle et al., 1986; Baath,
2003). Arbuscular mycorrhizal fungi (AMF) were represented with 16:
1ω5c (Nordby et al., 1981; Olsson, 1999). Actinomycete were represented
with 10Me16:0, 10Me17:0 and 10Me18:0 (Zelles, 1997). Gram-positive
bacteria (G+) were represented with 15:0iso, 15:0anteiso, 16:0anteiso, 17:
0iso, 17:1isoω9c, 18:0iso, 16:0iso, 17:0anteiso and 17:1anteisoω7c. Gram-
negative bacteria (G−) were represented with 19:0cycloω7c, 12:1ω5c, 16:
1ω7c, 18:1ω5c, 17:1ω8c, 12:1ω8c, 16:1ω9c, 17:0cycloω7c, 19:0cycloω7c and
21:1ω9c (Frosteg and Baath, 1996; Zelles, 1997).

Soil microbial biomass carbon (MBC) and microbial biomass
nitrogen (MBN) were extracted and measured using the chloroform
fumigation method. Soil respiration and mineralized nitrogen were
measured by alkali absorption titration. The samples were incubated
continuously at 25°C for 28 days and removed on days 1, 3, 7, and 14 to
calculate the soil respiration rate during the incubation process by
titration. At 28 days, the soil nitrate nitrogen (NO3

−-N) and ammonium
nitrogen (NH4

+-N) contents before and after cultivation weremeasured
using a continuous flow analyzer (Autoanalyzer 3, Bran Luebbe,
Germany), and the soil mineralization nitrogen, soil net nitrification
rate, and net mineralization rate were calculated as follows:

Soilmicrobialrespirationentropy d−1( )� soilbasicrespiration/MBC

Anit � c NO−
3 −N( )2 − c NO−

3 −N( )1
A min � c NH+

4 −N( )2 + c NO+
3 −N( )2 − c NH+

4 −N( )1 − c NO+
3 −N( )1

Vnit � Anit/d

In the formula, d refers to the cultivation days of the soil used
for measuring mineralized nitrogen, which in this research is
28 days. c(NO3

−-N)1, c(NO3
−-N)2, c(NH4

+-N)1 and c(NH4
+-N)2

represent the concentrations of NO3
−-N and NH4

+-N before and
after incubation. Anit and Amin represent the net accumulation of
nitrate nitrogen and mineralized nitrogen content, respectively. Vnit

and Vmin represent the net nitrification rate and net mineralization
rate of nitrogen, respectively.

2.5 Statistical analysis

Data Processing System (DPS) software was used for data
analysis (Tang and Zhang, 2013). One-way ANOVA was
performed with least significant difference (LSD) analysis.
Structural equation modeling (SEM) was used to analyze the
effect of different treatments on mineralized nitrogen and soil
respiration by soil microbial community structure. The
maximum likelihood estimation method was used with Amos
V18.0 (IBM, Chicago, IL, United States). R software was used to
draw figures. The data in this research are expressed as the average ±
standard deviation.
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TABLE 1 Soil physical and chemical properties in different treatments.

Treatment SOC
(g·kg−1)

TC
(g·kg−1)

NH4
+-N

(mg·kg−1)
NO3

−-N
(mg·kg−1)

TN
(g·kg−1)

OP
(mg·kg−1)

AP
(mg·kg−1)

TP
(mg·kg−1)

pH (2.5:
1)

SWC (%) Physical
clay (%)

Clay (%)

W-CK 8.05 ± 0.62b 21.88 ± 1.15a 0.28 ± 0.04c 10.99 ± 0.99e 1.11 ±
0.13bcd

150.67 ±
16.65bc

8.82 ± 0.68e 892.33 ± 5.03d 8.18 ± 0.05a 12.44 ±
0.07a

36.60 ± 3.20c 10.04 ±
1.14ab

W-NP 7.91 ± 0.98b 18.39 ±
0.52bc

0.26 ± 0.03c 57.72 ± 2.08c 1.08 ± 0.02cd 160.67 ± 5.03bc 15.58 ± 1.88d 1035.67 ± 8.39c 7.91 ± 0.07b 11.94 ±
0.07b

39.50 ± 0.88abc 10.09 ±
1.18ab

W-NPM 9.82 ± 0.73a 23.97 ± 0.60a 0.40 ± 0.04b 50.55 ± 2.51c 1.29 ± 0.10ab 157.33 ± 6.11bc 35.38 ± 2.30b 1229.33 ±
13.61a

7.89 ± 0.02b 10.25 ±
0.12cd

36.93 ± 1.57bc 10.83 ±
0.23a

WC-NP 8.56 ± 0.16b 17.72 ± 0.39c 0.52 ± 0.04a 29.28 ± 0.65d 1.21 ± 0.07bc 171.33 ±
11.02ab

16.78 ± 0.89d 1044.33 ±
95.44c

7.84 ±
0.03bc

10.42 ±
0.25c

41.01 ± 1.14a 8.85 ± 0.89b

WC-NPM 10.12 ± 0.08a 21.64 ± 3.93a 0.28 ± 0.03c 89.84 ± 10.54a 1.42 ± 0.07a 157.33 ±
13.01bc

41.28 ± 2.95a 1198.67 ±
18.90a

7.70 ± 0.01d 10.01 ±
0.24d

38.16 ± 0.94abc 9.27 ±
1.06ab

WMP-NP 8.47 ± 0.37b 18.40 ±
0.63bc

0.50 ± 0.06a 70.99 ± 3.76b 1.05 ± 0.10cd 190.00 ± 20.30a 21.58 ± 1.79c 1129.00 ± 3.00b 7.77 ±
0.04cd

8.89 ± 0.18e 39.66 ± 0.74ab 9.39 ±
0.66ab

WMP-NPM 9.13 ± 0.91ab 20.95 ±
0.61ab

0.26 ± 0.01c 36.82 ± 1.92d 0.95 ± 0.19d 144.67 ± 2.31c 35.78 ± 1.41b 1202.33 ± 9.61a 7.79 ± 0.02c 10.46 ±
0.19c

39.12 ± 1.37abc 8.56 ± 0.67b

Note: The same letter in each column indicates no significant difference (p > 0.05); different letters indicate significant differences (p < 0.05). The same below. A significant difference was obtained by one-way ANOVA, and LSD, test. SOC, soil organic carbon; TC, total

carbon; TN, total nitrogen; OP, organic phosphorus; AP, available phosphorus; TP, total phosphorus; SWC, soil water content.
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3 Results

3.1 Soil physical and chemical properties
under different treatments

Planting pattern and fertilization treatments had significant
effects on soil physical and chemical properties (Table 1).

Compared with the W-CK, SOC was significantly increased in
the W-NPM and WC-NPM (p < 0.05), whereas TC was
significantly decreased in the W-NP, WC-NP and WMP-NP
(p < 0.05). All treatments significantly enhanced NO3

−-N, while
only W-NPM, WC-NP and WMP-NP increased NH4

+-N and WC-
NPM increased TN (p < 0.05). AP and TP were significantly higher
than those in the W-CK in all other treatments, and OP was only

FIGURE 1
Trends of Total PLFAs (A), Bacteria PLFAs (B), Fungi PLFAs (C), Fungi/Bacteria PLFAs (D), Actinomycete PLFAs (E), AMF PLFAs (F), Gram positive
bacteria PLFAs (G) and Gram negative bacteria PLFAs (H) in soil microbial communities under different treatments. The same letter above each column
indicates no significantly difference (p > 0.05); different letters indicate significant difference (p < 0.05).
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significantly higher in the WMP-NP treatment (p < 0.05). The
pH and SWC both significantly decreased in all the treatments, but
the physical clay content only increased in the WC-NP treatment
(p < 0.05).

In the wheat continuous treatment, SOC, TC, NH4
+-N, TN, AP

and TP were significantly higher in the organic fertilizer used plot
whereas SWC had a reverse trend (p < 0.05). The wheat and corn
rotation plot with organic fertilizer had significantly higher SOC, TC,
NO3

−-N, TN, AP and TP, and significantly lower NH4
+-N, pH and

SWC than the chemical fertilizer plot (p < 0.05). The plot with wheat,
millet and pea rotation and organic fertilizer obviously enhanced AP,
TP and SWC but abated NH4

+-N, NO3
−-N and OP (p < 0.05).

In the chemical fertilizer treatment, AP and TP significantly
increased with the number of rotations whereas SWC decreased (p <
0.05). NH4

+-N and NO3
−-N were significantly influenced by

rotational management with a reverse trend (p < 0.05). In the
organic fertilizer plot, NH4

+-N significantly decreased with the
number of rotations, pH decreased first and then increased, and
NO3

−-N, TN and AP had a reverse trend (p < 0.05).

3.2 Soil microbial community structure in
different treatments

Planting pattern and fertilization had a significant effect on the
soil microbial community structure (Figure 1). Compared with
W-CK, the total PLFA content was significantly decreased in
W-NP and significantly increased in W-NPM, WC-NP and WC-
NPM (p < 0.05). There was no obvious difference among the W-CK,
WMP-NP and WMP-NPM (Figure 1A). The trend of bacteria, fungi,
actinomycete, AMF, G+ and G− PLFAs all showed a similar pattern
with the total PLFAs. The Fungal/Bacteria ratio was not significantly
different.

The plot with organic fertilizer had higher microbial PLFAs
than the chemical fertilizer treatment, and this effect was weaked
in the wheat, millet and pea rotation scenario. As the rotation
number increased, all the microbial PLFAs first increased then
decreased. Overall, the application of organic fertilizers has a

greater impact on soil microbial PLFAs than rotation
management.

A heatmap was used to show the correlation between soil
physical and chemical properties and soil microbial communities
(Figure 2). The PLFAs of bacteria, gram positive bacteria and fungi
were significantly correlated with SOC, TC, TN, SWC and TP
(p < 0.05). The PLFAs of actinomycete and AM fungi were
significantly correlated with SOC, TC and TN (p < 0.05). Gram
negative bacteria were only correlated with SOC and TN (p < 0.05).

3.3 Soil microbial biomass under different
treatments

Fertilization and planting pattern have significant effects on soil
microbial biomass. Compared with W-CK, W-NP and WMP-NP
significantly increased MBC, whereas WC-NPM and WMP-NPM
decreased MBC (p < 0.05). The organic fertilizer had a negative
effect on MBC and the effect obviously increased as the rotation
number increased (Figure 3A). The MBN was significantly
decreased in the W-NP and WMP-NP treatments but increased
in WC-NPM (p < 0.05). Contrary to MBC, MBN was positively
influenced by organic fertilizer and the effect was lower in the wheat
and corn rotation treatment (Figure 3B).

3.4 Mineralization of soil C and N under
different treatments

3.4.1 Soil respiration rate of different treatments
Fertilization and rotation significantly affected the soil

respiration rate (Figure 4A). Compared with the W-CK, the soil
respiration rate was significantly increased in the W-NPM, WC-
NPM, WMP-NP and WMP-NPM (p < 0.05). Under the same
planting pattern, organic fertilizer significantly increased the soil
respiration rate in the wheat continuous cropping, and wheat and
corn rotation treatments (p < 0.05), whereas a converse trend was
observed in the wheat, millet and pea rotation treatments, although

FIGURE 2
Correlation analysis of soil microbial PLFAs with soil physical and chemical properties.
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it was not statistically significant. Under the chemical fertilizer
scenario, the soil respiration rate increased as the rotation
number increased, while this trend reversed when the organic
fertilizer was applied.

There were significant differences in the soil respiration entropy
among the different treatments (Figure 4B). The soil respiration
entropy in theW-NPM,WC-NPM andWMP-NPM treatments was
significantly higher than that in the W-CK treatment (p < 0.05).
Under the same planting pattern, organic fertilizer significantly
enhanced soil respiration entropy, and the wheat and corn
rotation system was the most sensitive treatment (p < 0.05).
Under the same fertilization treatment, chemical fertilizer had no
obvious effect on the soil respiration entropy under different
rotation plots, whereas the soil respiration entropy first increased
and then decreased with increasing rotation number in the plot with
organic fertilizer (p < 0.05).

The soil respiration rate was significantly positively correlated
with SOC, NO3

−-N and TP, and negatively correlated with pH and

SWC (p < 0.05). Soil respiration entropy was significantly positively
correlated with SOC, NO3

−-N, TP and MBN, and negatively
correlated with NH4

+-N, pH and MBC, p < 0.05 (Figure 5).

3.4.2 Mineralization of soil nitrogen under different
treatments

The fieldmanagement practice, fertilization and planting rotation,
significantly affected soil mineralized nitrogen, net nitrogen
mineralization rate and net nitrification rate with a similar trend
(Figure 6). Compared with the W-CK, the soil mineralized nitrogen,
net nitrogen mineralization rate and net nitrification rate were all
significantly increased in the W-NPM, WC-NP and WC-NPM (p <
0.05). Under the same planting pattern, the soil mineralized nitrogen,
net nitrogen mineralization rate and net nitrification rate were
significantly higher in the plot with organic fertilizer but this
effect was not significant in the wheat, millet and pea rotation
treatment (p < 0.05). Under the same fertilization treatment, the
soil mineralized nitrogen, net nitrogen mineralization rate and net

FIGURE 3
Soil microbial biomass C (A) and N (B) content under different treatments.

FIGURE 4
Soil respiration rate (A) and respiration entropy (B) in different treatments.
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nitrification rate all increased from the wheat continuous cropping to
wheat and corn rotation treatment, and then decreased in the wheat,
millet and pea rotation treatment (p < 0.05).

Soil mineralized nitrogen, net nitrogen mineralization rate and
net nitrification rate were all significantly positively correlated with
SOC, NO3

−-N, TN andMBN, and negatively correlated with pH and
MBC, p < 0.05, (Figure 5).

3.5 Effect of fertilization and planting pattern
on soil microbial community structure and
soil carbon and nitrogen mineralization

Based on structural equation modeling, the driving mechanisms of
different treatments on mineralized nitrogen and soil respiration rate
were analyzed (Figure 7, χ2 = 17.175, df = 10.000, p = 0.071, CFI = 0.916,
GFI = 0.839, RMSEA = 0.189, AIC = 69.175). The results of the SEM
showed that both TN and SOC directly positively affected total PLFAs
and explaining 58% of the total variance with TC and SWC. The fungi/

bacteria PLFAs were significantly negatively influenced by TN
with −0.65 standardized path coefficients, and significantly positively
affected by SOC with 0.63 standardized path coefficients. The
combination of TC, TN, SOC and SWC explained 84% of its total
variance.Mineralized nitrogenwas significantly positively affected by TN,
and 55% of the total variance was explained by soil environmental factors
and soil microbial community structure. The soil respiration rate was
significantly positively affected byTCandnegatively affected by SWCand
was explained 63% by soil physical, chemical and microbial properties.

4 Discussion

4.1 Effects of fertilization and planting
pattern on soil physical and chemical
properties

Fertilization and planting pattern, as important field
management practices, can affect soil nutrients and alter soil

FIGURE 5
Correlation analysis of soil carbon and nitrogen mineralization with soil physiochemical and microbial properties.

FIGURE 6
Soil mineralization nitrogen (A), net N mineralization rate (B) and net nitrification rate (C) in different treatments.
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physicochemical characteristics (Wang W. et al., 2015; Cai et al.,
2019). Soil nutrients are the main source for crop nutrition, and the
level of soil nutrient content affects the survival and health of crops.
Similar to other research, fertilization can significantly increase soil
NH4

+-N, NO3
−-N, TN, AP, TP, and clay content, and reduce soil

pH and SWC in the wheat continuous cropping treatment (Guo
et al., 2010; Sun et al., 2014; Lusiba et al., 2017; Liu J. et al., 2020; Lin
et al., 2022). The reason for this change in soil physicochemical
properties may be that fertilizers contain a large amount of nitrogen
and phosphorus. The application of fertilizers can quickly
supplement the nutrient elements, thereby greatly increasing the
available nitrogen and phosphorus. The increased available
nutrients could enhance microbial activity and accelerate the
transformation of nutrients (Zhang et al., 2013). The hydrolysis
of urea causes a short-term and rapid decrease in soil pH, and lower
pH and sufficient urea hydrolysates (NH4

+-N) significantly
stimulate nitrification in soils (Zhao et al., 2014). This is
consistent with the significant increase in nitrate nitrogen content
and the opposite trend of nitrate and ammonia nitrogen changes
after fertilization in this study. Soil pH is an important factor
affecting soil quality. Nitrogen in fertilizer promotes the
absorption of soil cations by crop roots, resulting in the
production of more hydrogen ions and a decrease in the soil
pH value with soil acidification (Cai et al., 2019; Dong et al.,
2021b). In addition, the H+ produced by nitrification will also
reduce the pH (Dong et al., 2021a).

Compared with the application of inorganic fertilizers, the
application of chemical with organic fertilizers can increase SOC
and reduce SWC and pH. After being applied to the soil, organic
fertilizers increase the rate of soil nutrient accumulation, improve

the soil physical structure, and create a rich microenvironment,
which is conducive to microbial reproduction and ultimately drives
the carbon nitrogen cycle and is more conducive to the
accumulation of organic carbon components (Chen et al., 2019).
The decrease in pH may be due to the combination of organic and
inorganic fertilizers regulating the carbon nitrogen ratio of soil,
promoting microbial growth, increasing soil microbial diversity,
stimulating soil enzyme activity, promoting organic matter
degradation, and generating more low molecular organic acids
such as acetic acid (CH3COOH) (Zhang et al., 2021). This
research also found that under the same fertilizer conditions, the
soil nutrient content was also affected by planting pattern. Under the
same fertilization conditions, the SOC, TN, AP, and TP of the wheat
corn rotation were higher than those of the wheat continuous
cropping. This may be due to differences in nutrient absorption
among different crops in rotation. Reasonable crop rotation can
achieve balanced utilization of soil nutrients and achieve the effect of
land nutrition. Meanwhile, compared to wheat continuous
cropping, the SWC of wheat corn rotation decreases, possibly
due to the more developed corn roots and high water demand,
resulting in a decrease in SWC (Wu et al., 2021).

4.2 Effects of fertilization and planting
pattern on microbial community structure

Soil microorganisms are an important component of soil
ecosystems and play a notable role in maintaining soil ecosystem
function and services. Fertilization significantly affects the
abundance and diversity of soil microorganisms (Chinnadurai

FIGURE 7
Structural equation model shows the effect of fertilization and planting pattern on soil microbial community structure and soil carbon and nitrogen
mineralization. Note: The model fits: χ2 = 17.175, df = 10.000, p = 0.071, CFI = 0.916, GFI = 0.839, RMSEA = 0.189, AIC = 69.175. The numbers on the
arrows are standardized path coefficients (correlation coefficients), and asterisks following the numbers indicate significant relationships (***p < 0.001,
**p < 0.01, *p < 0.05). Red solid arrows indicate significant positive relationships, blue solid arrows indicate significant negative relationships, and
gray dashed arrows indicate path coefficients >0.05. The width of the arrows shows the strength of the relationship. Percentages (R2) close to
endogenous variables indicate the variance explained by the soil factors.
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et al., 2014; Tamilselvi et al., 2015). In this research, compared with
no fertilization, the application of chemical with organic fertilizer
significantly increased the content of total PLFAs, bacteria, fungi,
G+, G−, AMF and actinomycete PLFAs in the wheat continuous
cropping treatment, whereas the NP fertilizer had the opposite
effect. The application of organic fertilizer can provide a suitable
survival environment for microorganisms (Wang et al., 2020).
The application of organic fertilizers could increase the organic
matter content of the soil, improve the soil physicochemical
traits and the structure of the soil, improve the soil fertility,
provide a suitable environment for microbial growth and
promote microbial activity, and they also directly introduced
microorganisms in organic fertilizers into the soil and played
the roles of “inoculating” and “importing” (Zeng et al., 2007;
Dong et al., 2014). Long-term application of inorganic fertilizers
alters soil physicochemical traits and inhibits the activity of
soil microorganisms; at the same time, exogenous organic carbon
sources are insufficiently supplemented, and there is not
enough energy to satisfy the growth and development of
microorganisms, resulting in a decline in the number of
microorganisms, while the input of organic fertilizers exactly
complements this shortcoming, thereby increasing soil microbial
PLFA contents (Li et al., 2020).

With the same fertilization, the PLFA content was different
among the different rotation systems. In this research, the PLFA
content in the wheat millet pea rotation treatment was lower than
that in the wheat corn rotation treatment, indicating that rotation
has a certain impact on the soil microbial community structure.
Compared with the effect of fertilization, the planting pattern has a
smaller impact on the soil microbial community structure, which
may be because the application of organic fertilizer allows
microorganisms to obtain a large amount of nutrients, or the
presence of a large number of different microbial groups in the
organic fertilizer. The differences in soil microbial community
structure among different treatments are mainly related to
whether organic fertilizers are applied, and although planting
pattern have an impact on microbial community structure, the
effect is relatively small.

4.3 Effects of fertilization and planting
pattern on soil carbon and nitrogen
mineralization

Soil microbial biomass serves as both a reservoir of available
nutrients and a driving force for soil nutrient cycling and organic
matter transformation (Yang et al., 2017). MBN is a key
interconversion of inorganic and organic N in soils and often
serves as a sensitive indicator for the evolution of soil fertility
status and soil quality. Previous studies have shown that the
application of chemical fertilizers can enhance MBC and MBN
(Daniel and Kate, 2014). The results of this study differed in that,
compared with no fertilization, the application of NP and organic
manure had no significant effect on MBC and MBN, but the
application of NP significantly increased the MBC content and
decreased the MBN content. This may be due to the difference
in the amount of NP applied compared to other studies, or it may be
related to soil cultivation methods or background physicochemical

indicators, resulting in the application of NP affecting
microorganisms and causing a decrease in MBN. In addition,
research has found that compared to applying NP, applying NP
and organic fertilizer significantly reduces MBC content and
increases MBN content. This may be due to unreasonable
chemical fertilizer application, resulting in insufficient carbon
sources. The increase in MBN may be due to the long-term
input of exogenous organic materials, which can regulate the soil
nitrogen supply (Liu et al., 2012).

Soil respiration is often used to measure the total activity of soil
microorganisms and to evaluate soil fertility and is affected by
fertilization and planting pattern. Compared with no fertilization,
fertilization can significantly improve soil respiration, except when
chemical fertilizer is applied in wheat continuous and wheat and
corn rotation systems. This may be because fertilizer improves the
availability of nitrogen in the soil, promotes the growth of crop roots
and their secretions, and increases microbial respiration (Ding et al.,
2006; Li et al., 2010). Compared with applying NP, applying NP and
organic fertilizer can significantly improve soil respiration in wheat
continuous and wheat and corn rotation systems. In addition, by
comparing W-NP, W-NPM, WC-NP and WC-NPM, although
rotation had an impact on soil respiration, the impact was far
less than that of the combined application of organic fertilizer.
The main reason may be that the combination of organic and
inorganic fertilizers significantly increases the soil organic matter
content and thus increases the number of soil microorganisms,
thereby increasing CO2 emissions from microbial respiration (Han
et al., 2008). Different soil microenvironments lead to different soil
respiration (Raich and Tufekciogul, 2000), and changes in
fertilization and planting pattern can change soil physical and
chemical properties, which indirectly affect soil respiration by
affecting the number and distribution of microorganisms (Zhou
et al., 2011).

The nitrogen required by crops comes not only from the input of
exogenous fertilizer but also from the inorganic nitrogen released by
soil organic nitrogen mineralization. Therefore, studying the
changes in soil nitrogen mineralization under different
fertilization and planting pattern is crucial for the nitrogen
supply to crops (Zhang et al., 2019). In this study, the trends of
changes in soil mineralization nitrogen content, soil net nitrification
rate, and soil net mineralization rate were the same among the
different treatments. When the fertilization was the same, the wheat
and corn rotation treatment had the highest soil mineralization
nitrogen content, soil net mineralization rate, and soil net
nitrification rate. The combination of organic fertilizer and wheat
and corn rotation has a promoting effect on soil N transformation.
According to the heatmap analysis in Figure 5, there is a highly
significant positive correlation between soil mineralization nitrogen
content and SOC, nitrate nitrogen, TN, and MBN, indicating that
the richer the soil organic carbon, nitrate nitrogen, TN, and MBN
content, the more substrates and more conducive to mineralization
(He et al., 2005; Wang S. C. et al., 2015). Soil urease and protease are
key enzymes for soil nitrogen conversion, and their activity is closely
related to the intensity of soil nitrogen conversion and soil nitrogen
supply capacity (Wang et al., 2010). It is speculated that the impact
mechanism of fertilization and planting pattern on Nmineralization
is, on the one hand, by changing themineralization substrate and the
number of related microorganisms, and on the other hand, it may
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affect enzyme activity by changing soil physical and chemical
properties, thereby affecting nitrogen mineralization.

5 Conclusion

There were significant differences in soil physicochemical factors
and microbial community structure among the different fertilization
and planting pattern. Compared with applying NP fertilizer, applying
organic fertilizer significantly increased soil organic matter and
nutrients and decreased SWC and soil pH. The wheat and corn
rotation treatment had the highest content of total PLFAs and
microbial groups. Applying organic fertilizer can significantly
increase the content of PLFAs in the soil. Increasing organic
fertilizer mainly affects the content of various microorganisms and
total PLFAs in the soil by changing the content of SOC and TN.
Compared with applying organic fertilizer, changes in the planting
pattern had less impact on the structure of the soil microbial
community. Both increasing organic fertilizer application and
changing planting pattern can affect soil respiration and soil
mineralized nitrogen content. Overall, increasing the application of
organic fertilizers has a greater impact on soil ecological processes than
changes in planting pattern. The soil microbial community structure
(fungi:bacteria) was significantly negatively correlated with total
nitrogen and positively correlated with soil organic carbon. Soil
respiration was negatively affected by soil water content and
positively affected by total carbon. Soil mineralized nitrogen was
positively influenced by total nitrogen. In summary, compared to
applying NP fertilizer, applying organic fertilizer has a more
significant effect on improving soil quality in agricultural
ecosystems. Compared with the planting pattern, the application of
organic fertilizer has a higher impact on soil properties.
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