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Abstract

Background and Aims
Studies verify that intercropping in�uence the soil aggregates and arbuscular mycorrhizal fungi (AMF),
but the characteristics and relationships of AMF communities and soil aggregates at different soil depths
have not been fully understood.

Methods
A long term positioning experiment starting in 2017, including two-factor experiment of N application
level and cultivation. The N application level including N0 (0 kg·hm−2) and N2 (240 kg·hm−2 and 80
kg·hm−2 for maize and soybean, respectively). The cultivation, including monoculture maize, monoculture
soybean, and maize/soybean intercropping (intercropping maize, intercropping soybean). Soil aggregates
and AMF were collected and analyzed from the difference depths soil.

Results
Results showed that intercropping can improve the macro-aggregate (>5 mm) content of maize soil at 0-
15 cm and 15-30 cm depth under N0 level. Also, the intercropping can only improve the macro-aggregate
content of soybean soil at 0-15 cm depth. Likewise, the results also proved that increasing the N fertilizer
application rate can signi�cantly decrease the macro-aggregates in intercropping soil at 0-15 cm and 15-
30 cm depths. Moreover, intercropping treatment can signi�cantly improve the AMF diversity of maize
and soybean soil at different depths, while the application of N fertilizer signi�cantly reduced the AMF
diversity of soil at different depths.

Conclusion
The Structural equation modeling indicated that the intercropping system could in�uence and participate
in the formation of soil aggregates by changing the soil AMF community and relative abundance, thereby
contributing the soil stability. These results reveal the mechanisms of improvement of soil quality
through diversity planting patterns.

1 Introduction
With the growth rate of the global population, it is expected that the global population will exceed 9 billion
by 2050, which will lead to an increased demand for food (Gerland et al. 2014). Maize and soybeans are
major food crops in the world and play an important role in meeting food demands for daily dietary
energy requirements (Chen et al. 2017; Du et al. 2018). However, a single long term planting mode will



Page 3/22

cause black soil quality decline in Northeast of China, which is not conducive to the sustainable
development of agricultural production. Therefore, it is necessary to search for various planting models to
increase the yield of staple grains, oils, and protein crops from limited arable land to meet the food
demand Moreover, improving the stability of soil ecosystems has become a major challenge in world
agricultural production.

Intercropping systems are widely used in agricultural production. Previous research has con�rmed that
the main advantages of the intercropping system include the following four aspects: (i) increased grain
crop yield, (ii) e�cient utilization of land, water, and radiation, (iii) improved resistance of crops to
unfavorable environments, and (iv) low cost of fertilizers (Yong et al. 2015; Liang and Shi 2021). Recently,
studies have indicated that the maize/soybean intercropping system can signi�cantly increase the yield
of corn and soybeans, effectively inhibiting weeds, pests, and diseases (Stoltz and Nadeau 2014).
Moreover, Yong et al. (2015) and Chen et al. (2017) found that soybean intercropping can improve
soybean nitrogen utilization e�ciency and total N accumulation in the soil. Moreover, He et al. (2013)
indicated that plant P uptake also increased in maize/soybean intercropping. Although the effect of
maize/soybean intercropping on nutrient uptake, land/light utilization, and crop yield has been
investigated in previous studies, information on the effect of the maize/soybean intercropping system on
the soil ecosystem is lacking, especially on soil quality and microbial communities.

Soil aggregates are closely related to soil quality as a basic element of soil properties. Soil aggregates are
heterogeneous ensembles comprising mineral particulates and organic substances (Wang et al. 2020).
Based on the formation process, aggregates can be divided into microscopic and macroscopic
aggregates (Six et al. 2004). Microaggregates (<0.25 mm) are formed by the action of microorganisms,
and their structural stability is signi�cantly related to persistent organic binders (Voltolini et al. 2017).
Macroaggregates (>0.25 mm) are formed by the aggregation of microaggregates under the action of
organic binders (such as plant roots and fungal hyphae) (Li et al. 2019). The content and characteristics
of aggregates of different sizes have signi�cant effects on soil structure, water permeability, and
microbial activity. According to previous research, soil agglomeration can enhance the absorption of
minerals and increase the stability of the soil structure by increasing the tightness of the bond between
organic carbon and mineral particles (Tan et al. 2017). Moreover, the presence of soil aggregates
enhanced the organic carbon content of the topsoil. Rabot et al. (2018) found that soil aggregates are a
key factor in enhancing soil carbon storage and can retain approximately 90% of organic carbon. Overall,
aggregates are an important indicator of soil structural stability and fertility levels and are directly
affected by land use and related management practices, such as the pattern of cropping rotation,
fertilization, and tillage (Conant et al. 2003; Liu et al. 2018; Guo et al. 2020). Therefore, soil aggregates at
various spatial scales in the maize/soybean intercropping system should be investigated, which will be
meaningful for understanding the effect of planting diversity on soil quality, especially on black soil
quality.

In addition, arbuscular mycorrhizal fungi (AMF), an important part of soil microorganisms, are essential
for soil ecosystem functions and play an important role in soil nitrogen transformation, carbon �xation,
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organic matter decomposition, and nutrient cycling. Likewise, the previous study has shown that AMF
also contribution to the soil aggregates formation (Bossuyt et al. 2001; Cardoso and Kuyper 2006).
Zhang et al. (2019) found that AMF colonization signi�cantly increased the content of macroaggregates
(> 2mm) compared to without AMF colonization during the karst soil system (Zhang et al. 2019).
Generally, AMF communities and species are affected by the planting time and cultivation systems
(Duchicela et al. 2013). Song et al. (2007) indicated that the composition of the rhizosphere fungal
community was signi�cantly different between wheat/maize, wheat/fava bean, and fava bean/maize
intercropping systems. Li et al. (2013) found that the abundance of microorganism communities in
soybean and sugarcane monocropping systems was higher than that in the intercropping system.
Similarly, the evolution of the AMF diversity and community in the rhizosphere soil and roots of
maize/soybean intercropping areas was observed in our previous study (Zhang et al. 2020). However, the
role of AMF in soil microecology and its contribution to soil quality in the maize/soybean intercropping
system is still poorly understood and requires further investigation.

Therefore, to address this knowledge gap, we conducted a long-term experiment with black soil in
northeast China to explore the in�uence of a maize/soybean intercropping system on soil properties and
its relation to AMF composition at different soil depths under two nitrogen fertilizer treatments. The main
objectives of this study were to (i) explore the distribution and stability of soil aggregates at different
depths, (ii) evaluate the difference of AMF community in soil pro�le (0-60cm), and (iii) identify the
relationship between AMF and soil properties in the maize/soybean intercropping system via structural
equation modeling analysis.

2 Materials And Methods

2.1 Description of the study site
The �eld experiment was conducted at a black soil in Northeast of China, Acheng District, Harbin City,
Heilongjiang Province, China (44°04’N, 125°42’E). The climate was a continental monsoon climate in the
cold temperate zone, with an annual average temperature of 3.4°C, mean annual precipitation of 553.2
mm, mean 162 d frost-free days annually, and mean 24421 h of sunshine annually. The test soil was
mollisol, the soil organic matter content of the cultivated layer was 29.8 g kg−1, the total nitrogen was
1.47 g kg−1, the alkaline nitrogen was 125 mg kg−1, the available phosphorus was 29.1 mg kg−1 and the
available potassium was 123 mg kg−1. The pH was 6.1.

2.2 Design of the experiment and sampling
In this study, the experiment is a long term positioning experiment starting in 2017, including two-factor
experiment of N application level and cultivation. Detailed experimental plots was described in our
previous study (Zhang et al. 2020). In this experiment, the N application level including N0 (0 kg·hm−2)
and N2 (240 kg·hm−2 and 80 kg·hm−2 for maize and soybean, respectively. The cultivation, including
monoculture maize (M), monoculture soybean (S), and maize/soybean intercropping (intercropping
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maize [IM], intercropping soybean [IS]). The maize/soybean intercropping mode was that two rows of
maize intercropped two rows of soybean.

2.3 Sampling methods
Maize (Zea mays L. Xianyu-335) and soybeans (Glycine max L. Dongnong-252) were sown on May 8,
2019, and sampled on October 5, 2019. Soil samples were collected at the maturity stage of maize and
soybean. The soil pro�le was excavated to a depth of 60 cm, and four layers of soil samples were
collected respectively: 0–15, 15–30 cm, 30–45 cm, and 45–60 cm. One part of each soil sample was
stored at -80°C and used for AMF DNA extraction and analysis, while the rest were air-dried and used for
soil quality analysis.

2.4 Soil quality analysis
Soil quality analysis included pH; total nitrogen (TN); available N, P, and K (AN, AP, and AK); and total
organic carbon (TOC). The soil pH was measured using an acidometer (water/soil ratio of 2.5:1, PHS-3C,
Meter, Toledo). The TN content was analyzed using the Kjeldahl distillation method (Hou et al. 2007).
Similarly, the AP was extracted and determined according to the method of Bray and Kurtz (1945). The
diffusion adsorption method and �ame photometry were used to analyze the AN and AK contents,
respectively (Lu 2000). The TOC content of the soil samples was measured using a TOC analyzer (Multi
N/C 2000, Germany) following the method of Xiao et al. (2019).

2.5 Soil aggregates
In this study, dry sieving and wet sieving methods were used to comprehensively evaluate the soil
aggregate stability following Guo et al. (2020). Brie�y, air-dried soil samples (100 g) were placed in sets
of sieves (�ve sieves: 0.25, 0.5, 1.0, 2.0, and 5 mm). Afterward, the whole series of sieves was oscillated
for 2 min with 150 cycles min−1, at a left and right amplitude of 10 cm. Finally, the masses of different
particle sizes of the dry sieve aggregates were determined. Similarly, 50 g of a mixed soil sample of �ve
components was collected according to the ratio of each aggregate particle size and placed in the soil
aggregate analyzer for measurement according to the method of Zhou et al. (2020). Furthermore, the soil
aggregate stability was analyzed by the mean weight diameter (MWD; mm) and geometric mean
diameter (GMD; mm) according to the method of Okolo et al. (2020). The equation is as follows:

where Xi is the average diameter of aggregates I, and Mi is the mass ratio of aggregate i (Kemper and
Rosenau 1986).

The formula for calculating the percentage aggregate destruction rate was calculated as follows:

MWD = ∑
N

N=1
Mi × Xi

GMD = exp [∑
N

i=1
Mi × ln (Xi)]
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where PAD is the percentage of aggregate destruction (%), and Md and Mw represent the aggregate mass
fractions of the dry and wet sieves with >0.25 mm particle sizes, respectively.

2.6 AMF composition analysis in soil pro�le
Illumina MiSeq sequencing of 16S rRNA gene amplicons was performed to analyze the fungal
community composition. DNA extraction and sequencing analyses were performed according to the
method described by Zhang et al. (citationid="CR58" class="CitationRef">2020). Brie�y, DNA was
ampli�ed using universal primers and AMF-speci�c primers, respectively. Gene sequencing and analysis
were performed by Shanghai Majorbio Bioinformatics Technology Co., Ltd., China.

2.7 Data analysis
First, the normal distribution and homogeneity of variances were used to analyze the effects of
monocropping and intercropping on soil quality and AMF. A three-way (N application, cultivation method,
and soil depth) analysis of variance (ANOVA) was used to test variables that met these assumptions
(IBM SPSS 22.0, Chicago, IL, USA). The Duncan test was used to compare the means at the 5% and 1%
signi�cance levels. The correlation of each indicator in this experiment was analyzed using SPSS 22.0
(Chicago, IL, USA). Principal coordinate analysis (PCoA) of soil AMF composition was conducted using
the R package. Figures were plotted using Origin 8.5 (Origin Lab, USA).

Structural equation modeling (SEM) was used to explore the pathways of the cultivation methods, and N
application in�uenced soil nutrients, AMF community, and soil quality. Similarly, the direct and indirect
relationships between the AMF community, soil nutrients, and soil properties were analyzed through SEM
analysis. The SEM analysis method refers to the study by Wang et al. (citationid="CR53"
class="CitationRef">2021). SPSS AMOS 23.0 (SPSS Inc., Chicago, IL, USA) was used to analyze and
verify the potential correlation between each indicator based on the maximum-likelihood estimation
method.

3 Results

3.1 Distribution of soil aggregate fractions
This study revealed that the planting patterns and N application had a signi�cant in�uence on the soil
aggregate content at two depths (0–15 cm and 15–30 cm) for maize and soybeans (P<0.05). In maize
monocropping and intercropping soil, soil macro-aggregate content (>5 mm) in intercropping 0–15 cm
soil depth (49% and 39% for N0 and N2, respectively) was signi�cantly higher than that of the
corresponding monocultures (Table 1). Macro-aggregate (>5 mm) content in the intercropping 0–15 cm
soil depth was increased by 91% and 45%, respectively, compared to the monocropping case for N0 and
N2, respectively. The same trend was observed at 15–30 cm soil depth, and the macro-aggregate (>5

PAD = × 100%
Md − Mw

Md
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mm) content in the intercropping case was signi�cantly higher than that of the corresponding
monocultures for N0 and N2. Moreover, the results also proved that increasing the nitrogen fertilizer
application rate can signi�cantly decrease the content of soil macro-aggregates in intercropping soil at
both 0–15 cm and 15–30 cm depths.

Compared with maize, soybean intercropping increased the content of macro-aggregates (>5 mm) at 0–
15 cm soil depth under N0 (Table 2). However, the content of macro-aggregates (>5 mm) at 15–30 cm
soil depth for soybean intercropping was lower than that of the corresponding monocultures. In addition,
the N fertilizer level exhibited a signi�cant difference in the aggregate content between soybean
monocropping and intercropping soils. In the soybean monocropping soil, with increasing application of
N fertilizer, the content of macro-aggregates at 0–15 cm soil depth increased from 12–50%, whereas that
at 15–30 cm soil depth decreased from 9.6–1.6%. Compared with soybean monocropping, the macro-
aggregate content at 0–15 cm and 15–30 cm soil depths for intercropping decreased from 57% and 3.8–
38% and 1.8%, respectively.

3.2 Soil aggregate structure stability
To further analyze the stabilization of soil structure, indicators including MWD and GMD were derived
based on aggregate content. The MWD and GMD are common indicators that re�ect the size and
distribution of aggregates and are positively correlated with aggregate stability. As shown in Fig. 1, the
MWDs and GMDs in the intercropping mode (0–15 cm) under N0 were signi�cantly higher than in the two
monocropping modes, and can be expressed as intercropping model > soybean monocropping > corn
monocropping. However, there was no signi�cant difference between intercropping and monocropping at
15–30 cm. Moreover, compared with no nitrogen fertilizer, the application of nitrogen fertilizer
signi�cantly increased the MWD and GMD at 0–15 cm for maize and soybean monocropping and
reduced the MWD and GMD at 0–15 cm for the corresponding intercropping. These results indicate that
the intercropping model can improve the stability of aggregates at 0–15 cm in the soil and has no
signi�cant effect on the deep soil.

In addition, the percentage of aggregate destruction (PAD) is an important indicator of the stability of soil
structures. Under N0, the aggregate destruction rate of the 0–15 cm soil layer under intercropping (63%
and 60%, respectively) was lower than that under monocropping of both maize and soybean (70% and
75%, respectively). The same trend was observed at 15–30 cm soil depths for both monocropping and
intercropping. In addition, compared with N0 level, N2 conditions can signi�cantly reduce the aggregate
destruction rate of soil at 0–15 cm for maize and soybean monocropping, but it has a signi�cant
enhancement effect on the aggregate destruction rate of soil at 0–15 cm for intercropping.

3.3 Change of AMF diversity in different soil pro�le
At the N0 level, the Shannon index of maize intercropping at different soil depths was higher than that of
monocropping, increasing by 15%, 8.5%, 1.8%, and 31%, respectively (Fig. 2). However, the AMF diversity
of maize intercropping soil was lower than that of monoculture at 15–30 cm, 30–45 cm, and 45–60 cm



Page 8/22

soil depths, decreasing by 9.1%, 35%, and 9.3%, respectively, at the N2 level. Moreover, Shannon's index in
maize monocropping and intercropping systems showed different trends under the two N fertilizer levels.
In the maize monoculture at 0–15 cm and 15–30 cm soil depth, Shannon's index increased, while
Shannon's index decreased at 30–45 cm and 45–60 cm soil depth with increasing N fertilization. At the
same time, compared with the N0 level, the Shannon index in the intercropping soil was lower than that
under the N2 level. However, the change in Simpson's index and Shannon's index showed an opposite
trend in maize soil. These results indicate that intercropping can signi�cantly improve the AMF diversity
of maize soils at different depths. However, the application of N fertilizer signi�cantly reduced the AMF
diversity of soils at different depths in the intercropping system.

Compared with the maize soil, Shannon's index in the soybean soil was signi�cantly affected by the
cultivation method and nitrogen application levels, as well as by the interaction of these two factors
(Fig. 3). Compared with monoculture soybeans, the Shannon's index of each layer of intercropped
soybean soil signi�cantly increased (P ≤ 0.01) at both N application levels. This result indicated that the
AMF diversity of each layer of soybean intercropping soil is higher than that of monocropping, e.g., at the
N0 level, the AMF diversity of each soil layer of intercropping treatment was increased by 19%, 46%, 74%,
and 46%, respectively, compared with the monocropping treatment. Similarly, AMF diversity in soybean
soil was also signi�cantly affected by N fertilizer levels (P ≤ 0.01). The application of N fertilizer
signi�cantly improved AMF diversity in soybean monocropping (increased by 13% and 17%, respectively,
for the 0–15 cm and 15–30 cm layers of soybean monocropping) and intercropping systems (increased
by 25% and 8.7%, respectively, for the 0–15 cm and 45–60 cm layers of soybean intercropping). However,
the AMF diversity of soil decreased with increasing nitrogen application at soil depths of 30–60 cm and
15–45 cm in the monocropping and intercropping systems, respectively.

3.4 Distribution of AMF compositon in different soil pro�le
In maize monocropping and intercropping soil, four genera including Glomus_f_Glomeraceae,
Paraglomus, unclassi�ed_c_Glomeromycetes, and others were observed at each soil depth at both N
levels (Fig. 4a). Glomus_f_Glomeraceae was the main AMF genus in maize monocropping and
intercropping soil, and its abundance was signi�cantly positively correlated with the cultivation method.
The relative content of Glomus_f_Glomeraceae in monoculture maize soil ranged from 61–99%, which is
lower than that of the intercropped soil with a range of 87–99%. On the other hand, the relative content of
Paraglomus in maize intercropping soil (0–6.7%) was lower than that in the monocropping treatment (0–
39%). However, the cultivation method showed no signi�cant in�uence on the relative content of
unclassi�ed_c_Glomeromycetes. Moreover, N fertilization contributed to the relative content of
unclassi�ed_c_Glomeromycetes.

Compared with the maize soil, unclassi�ed_f_Gigasporaceae and Gigaspora were observed at the 0–15
cm depth soil of soybean soil (Fig. 4b). Similarly, intercropping can reduce the relative content of
Gigaspora in the 0–15 cm depth of soybean soil under the N0 and N2 conditions. For example, Gigaspora
occupied 22% and 4.8% of the monocropping and intercropping soybean soil under the N0 level,
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respectively. Moreover, with increasing N application, the relative content of Glomus_f_Glomeraceae in
soybean soil was lower than that of N0 level, while the relative content of Paraglomus and
unclassi�ed_c_Glomeromycetes was higher than that of N0.

Furthermore, PCoA results indicated that the AMF communities in the monocropping system were
separated from those in the intercropping system (Fig. 5). Similarly, the differences in N application levels
resulted in signi�cantly different AMF communities in maize intercropping soil from those in soybean
intercropping soil. In addition, the AMF communities at different soil depths were separated from each
other between the different treatments. Similarly, under the N2 level, there were differences between
intercropping and monocropping maize and soybean at different soil depths. These results indicate that
N fertilizer levels and cultivation methods affect AMF community structures.

3.5 Relationship between AMF and soil quality
To explore the direct and indirect links between AMF community and soil quality, an SEM was further
conducted in this study. The �ndings indicated that the AMF community was positively correlated with
the aggregates (>5 mm) and soil nutrients (Fig. 6a). SEM showed that both the AMF community, TOC,
and nutrients promoted the formation of soil macro-aggregates (> 5 mm) (Fig. 6a). However, high
nitrogen application was negatively related to the formation of macroaggregates. Moreover, intercropping
was positively related to AMF diversity and soil nutrients, promoting the formation of soil macro-
aggregates (> 5 mm). Similarly, aggregates and TOC are directly related to soil stability and quality.
Therefore, these results indicate that the AMF community might indirectly in�uence soil stability and
quality via the regulation of soil aggregates and organic carbon. Moreover, N application and cultivation
methods may also indirectly in�uence soil stability and quality via the regulation of the AMF community.
Therefore, it can be inferred that the interaction between AMF communities and soil aggregates may
promote soil stability and quality.

4 Discussion

4.1 Change in soil aggregates through intercropping
Aggregate is an important structural unit of soil, and its composition and stability are typically used as
important indicators of soil quality. Through analysis of the content of aggregates of different sizes, this
study found that intercropping improved the large soil aggregates most signi�cantly. The relative content
of macro-aggregates (>5 mm) in the intercropping systems was higher than that in the monoculture
system, which is consistent with previous studies (Corbin et al. 2010; Kihara et al. 2012). Therefore,
intercropping contributed to the stability of soil structure at depths of 0–15 cm by increasing the content
of macro-aggregates. These results may be due to the more developed root system of the intercropped
crops, and the entanglement and consolidation effect makes macro-aggregate formation in the soil
easier, which is consistent with the results for the GMD and MWD indicators. At 15–30 cm soil depth,
although the intercropping mode could increase and decrease the content of macro-aggregates in the soil
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at 15–30 cm depth of maize and soybean soil, respectively, the analysis of GMD and MWD revealed that
there was no signi�cant difference between intercropping and monocropping systems at 15–30 cm soil
depth. This indicates that the intercropping system may have less of an effect on improving the structural
stability of deep soil.

Moreover, some studies have shown that fertilizer has a signi�cant in�uence on soil aggregates. Guillou
et al. (2011) found that mineral N addition may decrease water-stable aggregates, thereby affecting the
stability of the soil structure. However, other studies have found that higher fertilizer input in croplands is
positively correlated with the formation of water-stable aggregates (Šimanský et al. 2019; Guo et al.
2020). The reason for the different results may be due to the different types of crops and soils. In this
study, we found that increasing nitrogen fertilizer can signi�cantly increase the stability of soil
aggregates in maize and soybean monocropping at 0–15 cm soil depth. Generally, the water-stable
aggregation process is primarily affected by labile organic carbon after organic amendments. However,
increasing the availability of organic matter can promote the growth of soil microorganisms, by
producing more extracellular polysaccharides and promoting the formation of aggregates, thereby
increasing the stability of soil aggregates (Guo et al. 2020). However, compared with the N0 level, the
stability of soil aggregates in intercropping system showed a decrease trend under the N2 level, which
can be attributed to the community of microorganisms in the intercropping system being different from
that in the monocropping system. Previous studies have shown that bacteria, actinobacteria, and other
microorganisms in the soil are important factors that promote the stability of soil aggregates, which
primarily enhances the stability of soil microaggregates, but does not enhance the stability of macro-
aggregates (Oades and Waters 1991). Moreover, nitrifying bacteria (Nitrospirae) can also reduce available
soil N through nitri�cation and denitri�cation processes, reducing the stabilization of soil macro-
aggregates (Singh and Gupta 2018).

4.2 AMF community in soil pro�le driven by N and
intercropping
Previous research has shown that soil fungal diversity is closely related to the soil environment and plant
species (Marschner et al. 2004; Zhang et al. 2020). We observed that the AMF diversity at different soil
depths of maize/soybean intercropping was higher than that of monocropping, which is consistent with
previous studies of legumes/cereal intercropping systems. In the legumes/cereals intercropping system,
the roots of cereals may extend to the root region of legumes to form an interactive system. This
underground root–root interaction between intercropping crops can cause changes in soil characteristics
changes (Wang et al. 2016), which affects the diversity of soil AMF (Guo et al. 2020). Moreover, the
changes in AMF α-diversity indices caused by intercropping conditions may be due to changes in soil
fertility. In the intercropping system, maize generally shows a stronger competitive advantage in soil
nutrients, which leads to changes in the heterogeneous distribution of soil nutrients (such as nitrogen)
(Jensen 1996; Zhang et al. 2020). Thus, changes in α-diversity were observed in maize/soybean
intercropping at different soil depths, which can be described as the evolution of soil nutrient content in
the intercropping condition. Therefore, changes in plant diversity in the intercropping system can lead to
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changes in soil quality and nutrient content, thereby affecting the diversity of soil microbes (Larkin and
Honeycutt 2006; Xu et al. 2009).

Moreover, this study also indicated that the diversity of AMF at different soil depths was also affected by
different N application rate. This study found that the application of N fertilizer signi�cantly reduced the
AMF diversity of soils at different depths in the maize intercropping system, while improving the AMF
diversity in the 0–15 cm and 45–60 cm layers of soybean intercropping. These results may be due to the
different response mechanisms of different plant species to nitrogen stress. Previous studies have
reported that high soil N conditions generally inhibit mycorrhizal colonization. This is because the growth
of AMF is positively correlated with the amount of soluble carbon in the soil system. Generally, the
soluble carbon content is negatively correlated with the N fertilizer level, which indicates that the soluble
carbon in the soil decreased under high N levels, resulting in the suppression of AMF diversity and
communities (Zhou et al. 2011). However, maize root system is usually dominant in intercropping system,
and a large amount of N was taken up by maize root, resulting in keeping low N level in the soybean soil,
thereby reducing N inhibition and promoting the growth of AMF in the soybean soil (Corre et al. 2006).

This study found that the AMF community and relative content were signi�cantly related to planting
patterns. In addition, there were signi�cant differences between different plant species, which may be
caused by different crop root distributions and competitiveness. Moreover, the abundance of AMF
communities at different soil depths was found to differ signi�cantly between monoculture and
intercropping systems. Previous studies indicated that an intercropping system could in�uence the
relative abundance of AMF communities in topsoil (Pereira et al. 2018; Yu et al. 2015; Zhang et al. 2020).
However, in the present study, intercropping was signi�cantly improved AMF communities in deeper soil,
which can be attributed to the overlap between different plant roots in the intercropping system, leading
to the differences in AMF communities and their relative abundance in soils at different depths (Zhang et
al. 2020). This is consistent with the previous studies. Liu et al. (2015) demonstrated that in the maize-
wheat intercropping soil, root overlap between the two crops occurred within 10-80 cm depth, which
contributing to the abundance of AMF communities in deep soils. Moreover, we also found that the
dominant genera in maize and soybean soils at different depths exhibited signi�cant differences.

Moreover, previous studies have reported that the composition of AMF communities is signi�cantly
related to the amount of N fertilizer. Under long-term heavy application of mineral N, the stability and
activity of the AMF communities exhibited a decreasing trend (Liu et al. 2015). However, in our study, we
found that the abundance of AMF in maize and soybean soils at different depths was positively
correlated with N fertilizer levels. Moreover, the relative content of Glomus_f_Glomeraceae is the most
common and abundant genus in maize/soybean intercropping systems, indicating that Glomus spp. can
better adapt to high N fertilizer environments, which may be due to their higher sporulation rates and
symbiotic relationships with plant roots (Oehl et al. 2003; Zhang et al. 2020).

4.3 Relationship between AMF community and soil
aggregates
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Arbuscular mycorrhizal fungi (AMF) are essential groups for soil ecosystem functions and play an
important role in soil stability and quality. AMF typically form mutually bene�cial mycorrhizal symbioses
with plants. In this system, plants provide a carbon source for AMF growth, and AMF may also help
plants better absorb nutrients from the soil. Moreover, AMF is also positively related to the stabilization of
soil aggregates in the rhizosphere of wheat/maize and fava bean/maize intercropping systems (Song et
al. 2017). However, the relationship between AMF and soil aggregates at different soil depths is not clear.

To investigate the link between AMF and soil aggregates, SEM analysis was conducted. The results
showed a positive effect of AMF on soil macro-aggregates (>5 mm) at different soil depths. According to
previous studies, soil fungi have stronger fungal hyphae. The entanglement of these hyphae gradually
aggregates primary particles or microaggregates, which contribute to the formation of macro-aggregates
(Piotrowski et al. 2004; Wang et al. 2010). Moreover, Tian et al. (2019) con�rmed that AMF play an
important role in the formation of soil macro-aggregates via the metabolites of AMF. For example, the
secreted polysaccharides and phenolic acids are the major metabolites of AMF, which can combine with
soil clay materials and microaggregates and promote the formation of macro-aggregates (Caesar-
TonThat and Cochran 2000; Tian et al. 2019). Similarly, some metabolites such as hydrophobic proteins
produced by AMF can change soil polarity, which also contributes to the formation of soil aggregates
(Linder et al. 2005; Rillig and Mummey 2006). For example, Gao et al. (2017) found that AMF can
increase the content of glomalin-related protein (GRSP), which can affect the formation of soil aggregate
fractions and contribute to the stability of soil aggregates. Liu et al. (2018) reported that AMF can provide
the necessary raw materials for the formation of soil aggregates by degrading plant leaves or roots,
which may also be an important reason for soil AMF to promote the formation of soil aggregates.
Therefore, the intercropping system can in�uence and participate in the formation of soil aggregates by
changing the soil AMF community and relative abundance, thereby affecting the stability of the soil
system.

5. Conclusions
In this study, the characteristics and relationships of AMF communities and soil properties at different
soil depths in monoculture and intercropping systems under two N fertilization levels were investigated
via �eld experiments. The results showed that intercropping could improve the stability of aggregates at
0–15 cm in the soil, but had no signi�cant effect on the deep soil. Similarly, intercropping signi�cantly
improved the AMF diversity of maize and soybean soils at different depths, while the application of N
fertilizer signi�cantly reduced the AMF diversity of soil at different depths. Furthermore, the SEM results
indicated that the intercropping system could in�uence and participate in the formation of soil
aggregates by changing the soil AMF community and relative abundance. Our results form a basis for
further research on the deployment of the AMF community and N fertilizer to improve the soil system and
plant growth.
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TN Total nitrogen

AN Available nitrogen

AP Available phosphorus

AK Available kalium

TOC Total organic carbon

MWD Mean weight diameter

GMD Geometric mean diameter

PAD Percentage aggregate destruction

SEM Structural equation modeling
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Figure 1

Mean weight diameter (MWD), geometric mean diameter (GMD), and percentage of aggregate destruction
(PAD) values in maize (left) and soybean (right) monocropping and intercropping systems at soil depths
0–15 cm (a, c, e) and 15–30 cm (b, d, f).
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Figure 2

AMF alpha-diversity in maize monocropping and intercropping at different soil depths with different
nitrogen application rates.

Figure 3

AMF alpha-diversity in soybean monocropping and intercropping at different soil depths with different
nitrogen application rates.

Figure 4

Percentages of AMF relative abundance at the genus level at different soil depths in maize (a) and
soybean (b) monocropping and intercropping systems, respectively.
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Figure 5

Nonmetric multidimensional scaling plot and cluster analysis of AMF communities at different soil
depths for maize under two N fertilizer levels (a, b), and soybean under two N fertilizer levels (c, d).

Figure 6



Page 22/22

Structural equation model (SEM) showing the direct and indirect effects of the key factors on the soil
stability and quality. Standard total effects (direct plus indirect effects) derived from SEM. Red and black
solid arrows represent the pathways that are signi�cantly positive and negative, respectively, and blue
dashed arrows indicate the non-signi�cant pathways. The path coe�cients are adjacent to the arrows,
*p<0.05, **p<0.01, ***p<0.001.
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