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Global nitrogen eutrophication, which is disrupting the intimate plant–arbuscular
mycorrhizal fungi (AMF) symbiosis, can alter the diversity and physiological functions of
soil AMF greatly. However, shifts of beta diversity and the intrinsic patterns of AMF
community dissimilarities in response to nitrogen addition remain unclear. Based on a 7-
year nitrogen addition experiment in a Qinghai–Tibet Plateau alpine meadow, we detected
the changes in soil AMF alpha diversity (richness and genus abundance) and the
community composition beta diversity by partitioning the two components of Simpson
and nestedness dissimilarities along (turnover) and within (variation) nitrogen addition
treatments, and fitted with environmental factor dissimilarities. We found that nitrogen
addition decreased AMF richness by decreasing themost dominant AMF genus ofGlomus
but increasing the abundance of the rare genera. The turnover of the AMF community
overall beta diversity along the nitrogen addition gradients was induced by the increased
nestedness dissimilarity, while the variation within treatments was explained by both
increased Simpson and nestedness dissimilarities, which was significantly correlated with
soil pH. Our study found both Simpson and nestedness dissimilarities worked on the AMF
community dissimilarity after nitrogen addition and the significant variation within the same
treatment, which would be important in the future for predicting global AMF or microbial
diversity changes in response to nitrogen eutrophication.
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INTRODUCTION

Arbuscular mycorrhizal fungi, which belong to the phylum Glomeromycota, are widely distributed
in soil and plant roots (Smith and Read, 2008; Davison et al., 2015). The fungi, forming symbiosis
with plants to swap nutrients by supplying soil nitrogen and phosphorus and capturing the
photosynthetic products in return, can protect plants from abrupt environmental changes or
biotic attacks such as pathogens, which is an essential part of ecosystem processes (Johnson,
2010; Tedersoo et al., 2020). Global changes in nitrogen eutrophication caused by anthropogenic
activities have largely impacted the physiological functions and diversity of AMF (Treseder, 2004;
Jiang et al., 2018), yet the underlying mechanisms of these processes are still not fully understood.

Previous studies have shown that nitrogen addition changed the AMF alpha diversity. Most
studies illustrated a decreased AMF colonization rate after nitrogen addition, owing to the decreased
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dependence of plants (Treseder, 2004; Liu et al., 2012), which
could also result in a decrease in AMF alpha diversity in soil.
However, a meta-analysis showed a negative but nonsignificant
relationship between the AMF richness and nitrogen addition
(Han et al., 2020), which may be due to variation among different
ecosystems, treatment forms, rates, soil properties (Egerton-
Warburton et al., 2007; Camenzind et al., 2014; Zheng et al.,
2014), and/or the abundance shift of specific AMF taxons with
specific functions. In plant roots, the more redundant AMF
families may decrease in abundance more quickly, while the
less abundant taxa increase in abundance after nitrogen
addition, even though the overall richness remains unchanged
(Lu et al., 2020). Hence, identifying the changes in alpha diversity
and taxon abundance of AMF species in soil under long-term
nitrogen addition is meaningful but not useful for discovering the
functional properties and their role in the ecosystem process.

Beta diversity, which links the biodiversity between local
(alpha diversity) and regional (gamma diversity) diversity,
reflects the degree of species similarity (or dissimilarity)
among species assemblages at different places and times
(Whittaker, 1960; Whittaker, 1972; Vellend, 2010). Despite the
low endemism of global AMF species (Davison et al., 2015), fungi
still showed compositional dissimilarities due to spatiotemporal
heterogeneity (Hiiesalu et al., 2014; Bahram et al., 2015). For
example, AMF community composition differs among different
nitrogen addition treatments by interrupting the intimate
mutualistic relationship (Jiang et al., 2018; Lu et al., 2020).
Actually, two metrics of beta diversity have been proposed for
measuring composition dissimilarity (Anderson et al., 2011). The
first one measures directional turnover (thereafter “turnover”) or
changes in community composition along an environment or
treatment gradient, from one sampling unit to another (Vellend,
2001). The other is defined as the non-directional variation
(thereafter “variation”) within a specific region or gradient
range, which was directly related to the multivariate dispersion
of community composition (Legendre et al., 2005; Anderson et al.,
2006). Different measures emphasize particular properties
(Anderson et al., 2011), but whether nitrogen addition affects
turnover and/or variation of AMF communities remains unknown.

The overall beta diversity can additionally be partitioned into
two intrinsic components, that is, the Simpson and nestedness
dissimilarities (Baselga, 2010). The Simpson dissimilarity,
previously referred to as “spatial turnover” (Baselga, 2010),
defines the replacement of some species by others as a
consequence of spatial and historical constraints or
environmental differentiation, with species losses balancing the
gains (Lennon et al., 2001; Koleff et al., 2003). The nestedness
dissimilarity emphasizes that the biotas of sites with fewer species
are subsets of the richer sites, forming an inverted stepped
structure (Baselga, 2010; Baselga, 2012). Both Simpson and
nestedness dissimilarities can exist in turnover and variation.
Exploring the intrinsic causes of AMF community beta diversity
can provide a better understanding of whether community
dissimilarity is due to difference in species diversity and/or
function replacement or the loss and gain of AMF species,
which requires opposing biodiversity conservation strategies
(Thébault and Fontaine, 2010; Baselga, 2012). Likewise, many

previous experiments also failed to disentangle the contribution
of Simpson and nestedness beta diversity patterns to the overall
AMF community dissimilarity under nitrogen addition.

Environmental changes (abiotic or biotic) after nitrogen
addition played important roles in shaping the beta diversity
of microbiota (Xu et al., 2016; Fierer, 2017). First, nitrogen
addition can reduce plant species richness and change
community composition (Tilman, 1987; Stevens et al., 200),
and it led to a reduction in AMF root colonization via both
the direct AMF physiological effects and shift in plant community
composition (Liu et al., 2012; Lu et al., 2020). Second, the
alternation of soil chemical properties after nitrogen addition
is also closely related to the AMF diversity (Egerton-Warburton
et al., 2007; Zheng et al., 2014). For instance, soil pH was
considered an important factor shaping AMF community
composition, with a higher pH value being positive to AMF
diversity (Xu et al., 2016; Chen et al., 2017). The content of
different nitrogen forms and other microbes in soil can also affect
soil AMF abundance and composition (Egerton-Warburton et al.,
2007; Zheng et al., 2014; Chen et al., 2017). However, it remains
unknown whether and how the environmental factors affect
overall and partitioned AMF community beta diversity, which
may help detect and understand any complicated diversity
changes after nitrogen addition.

Alpine meadows are known as a “hot spot” for above- and
belowground biodiversity. However, the sophisticated alpha and
beta diversity changes of the AMF community under nitrogen
addition and the intrinsic patterns have not been fully explored.
Here, based on a 7-year nitrogen addition experiment in a
Qinghai–Tibet Plateau alpine meadow, we investigate the soil
AMF alpha diversity (richness and taxon abundance change) and
beta diversity by partitioning the two components of Simpson
and nestedness dissimilarities along (i.e., turnover) and within
(i.e., variation) nitrogen addition treatment and their
relationships with environmental factors. We aim to test the
following hypotheses: 1) nitrogen addition decreases AMF
richness by decreasing the dominant AMF taxon but
increasing the abundance of the rare taxa; 2) the partitioned
Simpson and nestedness beta dissimilarities may provide
different explanation powers on the soil AMF community
overall dissimilarity along and within different nitrogen
addition treatments; and 3) soil AMF beta diversity is related
to dissimilarities in environmental factors.

MATERIALS AND METHODS

Study Site
The study was conducted at the Gannan Grassland Ecosystem
Field Science Observation and Research Station of the Ministry of
Education (101° 52’ E, 33° 40’ N; 3500 m. a.s.l.) in Maqu County,
Gansu Province, the eastern part of the Qinghai–Tibet Plateau,
China. The site is a typical alpine meadow vegetation ecosystem,
and the nitrogen-limited soils are classified as “chestnut” or
“subalpine meadow” soils, with an average thickness of 80 cm
(Liu et al., 2017). The annual mean precipitation is 620 mm,
which mainly falls during the short growing season from May to
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September. The annual mean temperature is 1.2°C, ranging
from–10.7°C in January to 11.7°C in July. The alpine meadow
is dominated by some perennial herbaceous species such as
Asteraceae, Poaceae, and Ranunculaceae, and herbivore
animals include yaks, marmots, and zokors (Lu et al., 2020).

Experimental Design
The long-term nitrogen addition experiment had been
established on a south-facing meadow since June 2011, with
grazing (mainly yaks) permitted only in winter. We regularly
arranged twenty-four 5 × 5-m plots in a 50 × 50-m area with
roughly the same plant community composition, and the
adjacent edges of the plots were separated by a 1-m buffer
zone. Four concentrations of nitrogen addition of ammonium
nitrate (NH4NO3) with six replicates were randomly assigned to
the 24 plots: 0 (ambient), 5, 10, or 15 gm−2 yr−1 (Liu et al., 2016;
Jiang et al., 2018). Nitrogen addition has been applied annually in
mid-June since 2011.

Data Collection
In August 2017, we randomly arranged one 0.5 × 0.5-m subplot in
each of the 24 plots, parallel to but at least 0.5 m away from the
plot edges. We harvested all the aboveground stems in each
subplot and recorded the species richness and abundance
(i.e., number of individuals) of each species. The 7-year
nitrogen addition treatment had significantly changed the
plant species richness and community composition and soil
chemical properties (Liu et al., 2020; Lu et al., 2020).
Additionally, we drilled four soil cores in each plot which
were 5 cm in diameter and 10 cm in depth, mixing into one
soil sample. The soil samples were transported to the laboratory
for measuring soil chemical properties and molecular AMF
diversity identification.

Soil chemical properties include soil pH (measured using a pH
meter forming a slurry with a dry soil-to-water ratio of 1:5), soil
moisture (%; measured as the percent change of weight after 72 h
of desiccation at 70°C), soil ammonium nitrogen (NH4

+–N
mg/kg; measured using the indophenol blue colorimetric
method), soil nitrate nitrogen (NO3

––N mg/kg; measured
using the salicylate colorimetric method), soil microbial
biomass carbon and nitrogen (MBC and MBN mg/kg;
measured using the chloroform fumigation–direct extraction
method), and soil total carbon and total nitrogen (TC and
TN, g/kg, measured using an element analyzer) (Elementar
Vario EL III, Hanau, Germany).

Molecular and Bioinformatic Analysis
For each composite soil sample, around 50 g root-free soil was
resampled for DNA extraction. The AMF community diversity
identification was followed by a polymerase chain reaction (PCR)
sequencing approach described by Lu et al. (2020). In brief, the
soil DNA from each sample was extracted using a Qiagen Plant
DNeasy Kit (Qiagen, Hilden, Germany) and evaluated with 1%
(w/v) agarose gel to confirm efficiency. The fungal 18 S rRNA
genes of distinct regions were amplified by PCR using the specific
primer pair AMV4.5NF and AMDGR (Sato et al., 2005; Lumini
et al., 2010), with a 12-bp barcode. After detection, pooling, and

purification of PCR products, we generated sequencing libraries
using an NEBNext® Ultra™ DNA Library Prep Kit for Illumina®
(New England Biolabs, United States). At last, the library was
sequenced on an IlluminaHiseq2500 platform, and 250-bp
paired-end reads were generated.

High-quality clean reads were obtained using the
Trimmomatic (V0.33) quality control process that sequences
with no valid primer sequencing, that is, an average quality
score of <25 or length <200 bp was discarded. We merged
paired-end clean reads with FLASH (V1.2.11) and assigned
sequences to each sample with mothur software (V1.35.1)
based on the unique barcode and primer. Sequences with a
similarity threshold above 97% were clustered to the same
operational taxonomic units (OTUs) by removing potential
chimeric and singleton reads. The representative sequences for
all 1313 detected OTUs were compared using the SILVA database
for further annotation (Pruesse et al., 2007). To compare our data
with those of other published studies, AMF OTUs were blasted
and classified into the virtual taxa (i.e., VT) using the online
database MaarjAM (http://maarjam.botany.ut.ee), and an e-value
less than 1e–50 was considered significant (Öpik et al., 2010). The
representative sequence of each AMF VT has been deposited in
the NCBI Sequence Read Archive (SRA) database (accession code
SRP318342).

Statistical Analysis
We rarefied each sample to a minimum of 7000 sequences in total
for downstream analysis to allow for equalization of different
sequencing depths and to enable comparison between samples
with the rarecurve function in the vegan package (Oksanen et al.,
2013). For each plot, the AMF VT richness, Shannon diversity,
Simpson diversity, and the relative abundance of each AMF genus
were calculated, and we used linear models to test the effects of
nitrogen addition on them.

Based on the community matrix of AMFVT, the beta diversity
between samples was calculated with the abundance-weighted
(i.e., relative sequence reads) Bray–Curtis, and Sørensen
dissimilarity matrices. The Sørensen dissimilarity represents
the sum of dissimilarities due to spatial turnover (i.e., Simpson
dissimilarity) and nestedness (Baselga, 2010; Baselga, 2012). We
partitioned the Sørensen dissimilarity of the AMF community
into Simpson and nestedness diversity using the beta. pair
function (index.family � “sorensen”) in the betapart package
(Baselga and Orme, 2012). To confirm our results, we also
employed another beta partition method that separates the
overall Jaccard dissimilarity (corresponds to Sørensen
dissimilarity) into species replacement (corresponds to
Simpson dissimilarity) and richness difference (corresponds to
nestedness dissimilarity) (Podani and Schmera, 2011; Carvalho
et al., 2012) with function beta.multi in the BAT package
(Cardoso et al., 2015) and built linear models to detect the
correlations of the three sets of data.

To identify the turnover of the AMF community beta diversity
along four nitrogen addition treatments, we calculated the
treatment distance as the difference between the intensities of
different nitrogen addition treatments. We built linear models
with the nitrogen addition treatment distance as the independent
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variable, and the Bray–Curtis dissimilarity (β-bray; abundance-
weighted), Sørensen dissimilarity (β-sor; presence/absence), and
partitioned Simpson (β-sim), and nestedness (β-nes)
dissimilarities as the response variables, separately. Similarly,
variation of AMF community beta diversity among replicates
at each nitrogen addition level was also tested with linear models,
with the β-bray, β-sor, β-sim, and β-nes dissimilarities among the
same treatment samples as response variables, and the exact
nitrogen addition level (i.e., within treatment) as the
independent variable. The significance of the linear models
was evaluated using the information-to-theory evidence ratio
(ER), calculating the relative support between the linear slope
model and the intercept-only (null) model, which was better than
the arbitrary p-value, and ER > 1.5 means a significant

relationship (Burnham et al., 2011). The goodness of fit of the
linear models was calculated with the percent deviance explained
(De) in the response variable. We also used one-way ANOVA to
decompose the Simpson and nestedness components of the
overall Sørensen dissimilarities after nitrogen addition with the
turnover and variation patterns, respectively (Lepš et al., 2011; Lu
et al., 2020). The percentage explained in the Sørensen
dissimilarity partitioned by Simpson and nestedness
dissimilarities and their covariation was calculated.

We used PERMANOVA (permutation multivariate analysis)
with 9999 permutations for β-bray, β-sor, β-sim, and β-nes
dissimilarity matrices to test for the beta diversity differences
of AMF communities under different nitrogen addition
treatments, using the adonis function in the vegan package

FIGURE 1 | (A) Virtual taxa richness decreased with nitrogen addition (information-to-theory evidence ratio (ER) � 1.98 × 103; percent deviance explained as (De) �
52.4; with some overlapping points). ER > 1.5 means a significant relationship. (B) AMF abundance change of the rarified sequence assigned to the represented genera
with four nitrogen addition treatments. The “+” or “–” sign in parentheses means significant increase or decrease in sequence abundance with nitrogen addition, while
“ns” means insignificance.
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(Oksanen et al., 2013). To graphically illustrate the AMF
community β-bray, β-sor, β-sim, and β-nes dissimilarities
between and within nitrogen addition treatments, dissimilarity
matrices were formed by PCoA (principal coordinate analysis)
with the pcoa function in the ape package (Paradis et al., 2004).

We calculated Spearman’s rank correlation between the
environmental factor dissimilarities of plant community
composition, soil chemical properties (pH, moisture, NH4

+–N,
NO3

––N, MBC, MBN, TC, and TN), and β-bray, β-sor, β-sim,
and β-nes dissimilarities (Oksanen et al., 2013). The plant
community dissimilarities were calculated in line with the
AMF community dissimilarities, with β-bray, β-sor, β-sim, and
β-nes dissimilarities. The soil chemical property dissimilarities

were calculated by subtracting between samples, and the
correlations of the soil properties were tested using the cor.
test function by Pearson’s rank correlation examination. All
the calculations were done in R version 3.5.1 (R Development
Core Team, 2014).

RESULTS

Out of the 24 soil samples, a total of 885, 077 sequencing reads of
the phylum Glomeromycota and 114 AMF virtual taxa (VTs)
belonging to nine genera were observed after rarefaction.
Nitrogen addition significantly decreased the soil AMF VT

FIGURE 2 | Turnover of the soil AMF community beta diversity of Bray–Curtis (β-bray; abundance-weighted), Sørensen (β-sor; presence/absence-based),
partitioned Simpson (β-sim), and nestedness (β-nes) along the nitrogen addition gradient. ER > 1.5 means a significant relationship.
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richness (ER � 1.98 × 103; De � 52.4; Figure 1A) but not the
Shannon (ER � 0.30; De � 0.92) and Simpson diversities (ER �
0.46; De � 4.41; Supplementary Figure S2). The abundance of
different AMF genera also had a significant variation along and
within nitrogen addition gradients, with the AMF genera of
Ambispora (p < 0.001) and Glomus (p < 0.001) decreasing
significantly but the genera of Archaeospora (p � 0.03),
Claroideoglomus (p < 0.001), and Paraglomus (p < 0.001)
increasing significantly, while the genera of Acaulospora (p �
0.493), Diversispora (p � 0.637), Pacispora (p � 0.665), and
Scutellospora (p � 0.283) did not change with nitrogen
addition (Figure 1B).

We found that the results obtained using the beta partition
method proposed by Baselga (2010) and those obtained using the
method proposed by Podani and Schmera (2011) and Carvalho
et al. (2012) showed significant correlations, with β-sor highly
correlated with Jaccard dissimilarity (p < 0.001), β-sim correlated
with replacement (p < 0.001), and β-nes correlated with richness
difference (p < 0.001) (Supplementary Figure S3). Hence, we
only report the results of β-sor, β-sim, and β-nes below.

Based on linear models, the turnover of the AMF community
β-bray (abundance-weighted) (ER � 3.54 × 1035; De � 45.15) and
the β-sor (presence/absence data) (ER � 6.95 × 109; De � 15.77)
dissimilarities both significantly increased with nitrogen addition,

FIGURE 3 | Variation of the soil AMF community beta diversity of Bray–Curtis (β-bray; abundance-weighted), Sørensen (β-sor; presence/absence-based),
partitioned Simpson (β-sim), and nestedness (β-nes) within four nitrogen addition treatments. ER > 1.5 means a significant relationship.
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which can be attributed to the significant increase in β-nes (ER �
5.56 × 1011; De � 18.4) but not in β-sim (ER � 0.88; De � 0.64)
dissimilarities (Figure 2). The results of one-way ANOVA also
showed that β-nes (p < 0.001; De � 22.1) significantly increased
the overall β-sor dissimilarity but not β-sim (p � 0.183;De � 0.53)
along the nitrogen treatment distance (Supplementary
Table S2).

β-sor within the nitrogen addition treatments showed a
significant increase with nitrogen addition (ER � 2.76 × 103;
De � 26), which can be explained by the increase in both β-sim
(ER � 13.58; De � 11.65) and β-nes (ER � 3.2; De � 7.3)
dissimilarities. The results of one-way ANOVA also showed
that both β-sim (p � 0.008; De � 11.4) and β-nes (p � 0.037;
De � 3.16) significantly increased the overall β-sor dissimilarities
(Supplementary Table S3). However, there was no significant
variation in abundance-weighted β-bray metrics within the
treatments (ER � 0.58; De � 1.86) (Figure 3).

The PCoA results of PERMANOVA depicted an overview of
the AMF community dissimilarity between and within
treatments. Nitrogen addition significantly affected the β-bray
(F � 5.18; p < 0.003) and β-sor (F � 1.91; p � 0.003) dissimilarities,
which was explained more by the partitioned effect of β-nes (F �
15.1; p < 0.001) but not β-sim (F � –0.2; p � 0.996) (Figure 4).

The Mantel test showed that AMF community beta diversity
was correlated with environmental dissimilarities. The
dissimilarity of the plant community composition was
positively correlated with the β-bray dissimilarities (p � 0.012)
but had a weak correlation with β-sor (p � 0.095) and partitioned
β-sim (p � 0.094) but no significant correlation with β-nes (p �
0.236) dissimilarities. Soil pH was the only factor that was
significantly correlated with all four beta dissimilarities (p <
0.001 for β-bray and β-sor, respectively), having a negative
relationship with partitioned β-sim (p � 0.014) and a positive
relationship with β-nes (p < 0.001). Soil moisture was

FIGURE 4 | Principal coordinate analysis (PCoA) by PERMANOVA showing the association of soil AMF community dissimilarities along and within nitrogen addition
treatments. Significance of the Bray–Curtis (β-bray; abundance-weighted), Sørensen (β-sor; presence/absence-based), partitioned Simpson (β-sim), and nestedness
(β-nes) dissimilarities with nitrogen addition are shown with p values (p ≤ 0.05 means a significant effect).
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significantly correlated with β-bray (p � 0.007) and β-nes (p �
0.024) but not β-sor (p � 0.136) and β-sim (p � 0.066).
Dissimilarities of NH4

+–N, NO3
––N, MBC, and MBN all

correlated significantly with β-bray, β-sor, and partitioned
β-nes dissimilarities (all p < 0.05), but NH4

+–N and NO3
––N

correlated negatively, while MBC and MBN correlated positively
with AMF community dissimilarities. Soil TN (p � 0.043) and TC
(p � 0.003) correlated positively with β-bray but not with β-sor, as
the partitioned β-sim (TN, p � 0.017; TC, p � 0.006) and β-nes
(TN, p � 0.017; TC, p � 0.001) components changed in opposite
directions (Table 1).

DISCUSSION

We found that AMF richness decreased and the relative
abundance of different AMF genera was altered differently
after nitrogen addition. By disentangling multiple aspects of
soil AMF diversity along a nitrogen addition gradient, we
found that nitrogen addition significantly increased the AMF
community dissimilarities. The turnover of the AMF community
along the treatment gradient was explained by an increase in
nestedness but not Simpson dissimilarity, while the variation of
the AMF community within treatments was explained by the
increase in both Simpson and nestedness dissimilarities. Under
nitrogen addition, overall and partitioned AMF community
dissimilarities also significantly correlated with dissimilarities
of the plant community and soil chemical properties.

Decreased AMF richness suggests that plants reduce their
dependence on AMF and tend to absorb nutrients through their
own roots as soil nutrient availability is enriched (Johnson, 2010),
which supports previous findings (Egerton-Warburton and
Allen, 2007; Camenzind et al., 2014; Chen et al., 2017). After
short-term nitrogen fertilization, an insignificant or even positive
relationship between AMF richness may still persist (Zheng et al.,
2014; Xiang et al., 2016) because plant species may still have a
friendly interaction with AMF (Jiang et al., 2018). However, after

long-term nitrogen fertilization, the loss of some plant species
caused by nitrogen addition may lead to the corresponding loss of
associated specific AMF species because of host identification
(Hiiesalu et al., 2014; Martínez-García et al., 2015).

The functional equilibrium model emphasized that
aboveground plants still need to rely on some functionally
specific AMF groups to obtain other scarce elements (e.g.,
phosphorus) when only some elements (e.g., nitrogen) of the
soil are enriched (Johnson, 2010). This may result in the
abundance and functional turnover of the AMF taxa (Lilleskov
et al., 2019). The genus of Glomus was considered the most
dominant and redundant in natural conditions (Davison et al.,
2015; Gosling et al., 2016); thus, taxa belonging to this genus may
be prone to extinction because of competitive exclusion of
functionally and/or phylogenetically similar groups after
nitrogen addition (Liu et al., 2015). Previous global-scale
meta-analysis also proposed that Glomeraceae (including the
Glomus genus) would be lost under increasing soil nitrogen
(Han et al., 2020). Other genera of Ambispora,
Claroideoglomus, and Paraglomus, on the contrary, are less
abundant in natural conditions but can increase significantly
after nitrogen addition probably because of their specific
functional traits in helping plants grow by absorbing more
scarce elements (Dodd et al., 2000; Chagnon et al., 2013).
Genus-specific response of AMF in abundance after nitrogen
addition may also be affected by soil properties, like the soil
nitrogen/phosphorus ratio (Egerton-Warburton and Allen, 2007;
Han et al., 2020).

We found that the dissimilarities of the AMF community with
presence/absence and abundance-weighted data significantly
increased with nitrogen addition, which is consistent with
previous studies (Chen et al., 2017; Jiang et al., 2018; Lu et al.,
2020). This may be because long-term nitrogen addition leads to
changes of some AMF species in abundance due to
environmental filtering or competitive exclusion (Liu et al.,
2015; Chen et al., 2017). Nevertheless, the partitioned
nestedness dissimilarity increased significantly, indicating that
the AMF species remaining in the higher nitrogen addition
treatment is, to some extent, a subset of those remaining in
relatively lower N addition treatments. However, the Simpson
dissimilarity of AMF along the nitrogen addition gradient did not
change significantly, which may be because the variation within
the same treatments was large and diluted the effect between
different treatments. Moreover, as more AMF species got lost at
higher nitrogen addition levels, the increase of taxa cannot
compensate for the loss of species, so there was no significant
change in spatial turnover (β-sim) (Baselga, 2010).

We found that AMF community composition was more
dissimilar within high nitrogen addition treatments, which
could be explained by the increased Simpson and nestedness
dissimilarities. The fungal diversity can vary greatly even over a
small geographical distance because of changes in the
microenvironment (e.g., soil environments or animal
movements) (Bahram et al., 2015; Fierer, 2017) or stochastic
processes like random drifts (Zhou and Ning, 2017). Increased
dissimilarity means more unshared species within sampling units,
which may be conducive to the conservation of AMF diversity

TABLE 1 | Mantel tests for the soil arbuscular mycorrhizal fungi community
Bray–Curtis (β-bray; abundance-weighted), Sørensen (β-sor; presence/
absence-based), partitioned Simpson (β-sim), and nestedness (β-nes)
dissimilarities with environmental factor dissimilarities. The Spearman correlation
r-value and significant effects are shown (. p < 0.1; *p ≤ 0.05; **p ≤ 0.01; ***p ≤
0.001; ns, insignificant).

β-bray β-sor β-sim β-nes

Plant species 0.188* 0.175 0.109 0.068 ns
pH 0.474*** 0.435*** −0.187* 0.527***
Moisture 0.196** 0.120 ns −0.131 0.185*
NH4

+-N −0.325 *** −0.171 * 0.111 −0.249 **
NO3

--N −0.595 *** −0.282 *** 0.066 ns −0.313 **
MBC 0.192* 0.301** −0.033 ns 0.316**
MBN 0.178* 0.326** 0.015 ns 0.291*
TC 0.218** 0.124 −0.169** 0.244***
TN 0.139* 0.076 ns −0.162* 0.194 *

NH4
+
–N, ammonium nitrogen; NO3

–
–N, nitrate nitrogen; MBC, microbial biomass

carbon; MBN, microbial biomass nitrogen; TC, soil total carbon; and TN, soil total
nitrogen content.
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(Anderson et al., 2011). However, we found that the abundance-
weighted variation of the AMF community structure did not
change significantly within nitrogen treatments, indicating that
the dominant groups were still dominant and vice versa, even
though the Simpson and nestedness of species richness both
changed after nitrogen addition.

Attributing different patterns of beta diversity to the respective
biological processes is fundamental to understanding the
mechanisms of biodiversity maintenance. For conservation
purposes, it is also essential to evaluate the relative importance
of the Simpson and nestedness dissimilarities, which requires
opposing conservation strategies (Wright and Reeves, 1992;
Baselga, 2010). Although different methods have been
proposed for partitioning the overall beta diversity (Podani
and Schmera, 2011; Carvalho et al., 2012; Baselga and
Leprieur, 2015), they generally provide positively corrected
results (Wu et al., 2017), and they also resulted in consistent
results along the nitrogen addition gradient in this study. Hence,
even though global AMF diversity shows low endemism, the
partition methods assessing beta diversity may be a vital method
in the extrapolation of global AMF richness (Davison et al., 2015).

Different environmental factors affect the AMF diversity, like an
environmental filter, and possess different powers in predicting
AMF community dissimilarity (Stegen et al., 2012; Chen et al.,
2017). We found that the plant community dissimilarity positively
correlated with the composition dissimilarity of the AMF
community (presence/absence) but not with that measured with
abundance or partitioned components. There may be a coherence
of plant and AMF species that meant that more abundant plants
also contained more dominant AMF groups (Hiiesalu et al., 2014).
Soil pH, moisture, and total carbon and nitrogen dissimilarities
were all positively correlated with the overall AMF dissimilarities,
but Simpson dissimilarity negatively correlated, while nestedness
dissimilarity positively correlated with AMF. The microbial
biomass carbon and nitrogen were found to have a
collaboratively opposite relationship with ammonium nitrogen
and nitrate nitrogen (by negatively correlating with overall AMF
community composition, structure, and nestedness). We
confirmed a strong relationship between soil AMF and pH (Pan
et al., 2020), but it may also be influenced by other surroundings
and explained more by the partitioning of the Simpson and
nestedness components.

In summary, our experiments demonstrate a decreased soil
AMF richness and abundance of different genera in a 7-year
nitrogen addition experiment in an alpine meadow. We found
that decomposing the overall AMF community beta diversity into
Simpson and nestedness dissimilarities along (turnover) and
within (variation) nitrogen addition treatments uncovered

more intrinsic mechanisms of AMF diversity variation. The
turnover of the AMF community overall beta diversity among
treatments was explained by an increased nestedness
dissimilarity, while the variation of the community overall
dissimilarity within treatments was due to both increased
Simpson and nestedness dissimilarities. The overall and
partitioned AMF community beta diversity also correlated
with environmental factors, respectively. Our results provide a
deep detection of AMF diversity change after nitrogen addition,
which may be a vital key for global AMF diversity conservation.
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