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A B S T R A C T   

Biological nitrogen (N) fixation is one of the most significant parts of the N cycle in terrestrial ecosystems, and 
this process is carried out by soil diazotrophs. However, knowledge of diazotroph assembly processes and activity 
in response to diverse fertilization strategies in agroecosystems across a large geographical scale is still lacking. 
Here, we selected nine agro-ecological experimental sites that covered a wide geographical distance (~3500 km) 
at a continental scale, and investigated the diazotrophic communities, assembly processes, distance-decay pat-
terns and N2 fixation activity in response to geographical factors and long-term fertilization strategies. The re-
sults showed that the dominant genera were Bradyrhizobium (~30.5%) and Azospirillum (~26.8%) in all samples, 
and RDA analysis showed that the relative abundance of Bradyrhizobium was positive correlated with MAP while 
specific negatively correlated with soil pH and the relative abundance of Azospirillum. Geographical factors 
(location and climate) and fertilization collectively drive diazotroph assembly processes and determine diazo-
troph activity. Diazotroph assembly processes were influenced by both stochastic (~36.2%) and deterministic 
(~63.8%) processes simultaneously at large geographical scales and under various fertilization strategies. 
Moreover, fertilization increased the proportion of deterministic processes under various fertilization strategies. 
The N fixation rate was determined by local soil properties. Fertilization changes but does not always suppress 
nitrogen fixation activity. Both geographical factors and fertilization through the shift of diazotroph community 
composition and the changes in soil properties, indirectly affected the assembly process and N fixation rate. 
Among soil properties, pH was the dominant factor and linearly related to diazotrophs assembly process, while N 
fixation rate reached peak at near-neutral pH. These results elucidate the mechanism of soil diazotroph assembly 
process and activity shaped by both geographical factors and fertilization; thus, expand the current under-
standing of the diazotroph community affected by fertilization strategies across a large geographical scale.   

1. Introduction 

Biological nitrogen (N) fixation refers to the process by which 
nitrogen-fixing microorganisms reduce atmospheric N to available 
ammonium (Galloway et al., 2008). Biological N fixation is one of the 

essential parts of the nitrogen cycle in terrestrial ecosystems (Kuypers 
et al., 2018), and it contributes 40 – 100 Tg N to the terrestrial ecosystem 
per year (Vitousek et al., 2013), which accounts for 75% of the N de-
mand for plant growth worldwide. Only microorganisms in the domains 
bacteria and archaea are known to be capable of fixing nitrogen (Gaby 
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and Buckley, 2012; Kuypers et al., 2018), termed diazotrophs. Diazo-
trophs perform nitrogen fixation using nitrogenases (Dixon and Kahn, 
2004; Gaby et al., 2018) - an enzyme complex - encoded by the nifH, 
nifD, and nifK genes (Han et al., 2019). Of the three, nifH, the most 
highly conserved, has become the principal marker gene and is widely 
used for investigating the phylogeny, diversity and composition of 
diazotroph communities (Gaby et al., 2018; Zehr et al., 2003). 

A central aim of current microbial ecology research is to investigate 
the mechanisms by which environmental changes affect the assembly of 
soil microbial communities (Hanson et al., 2012; Nemergut et al., 2013; 
Zhang et al., 2016). Historically, biological community assembly has 
been dominated by niche-based theory and neutral theory (Jia et al., 
2018). The niche theory raises ecological selection as a unique envi-
ronmental process that influences the identities and abundance of spe-
cies and emphasizes the importance of determinism and fits well within 
two postulates: ‘Everything is everywhere, but the environment selects’ 
(Baas Becking, 1934) and ‘the niche that is occupied by one organismal 
type is very unlikely to also be occupied by another one’ (Gause, 1934). 
The neutral theory stresses that neutral and often stochastic processes 
can largely mediate the assembly and dynamic changes in community 
structures (Hubbell, 2001). This theory assumes that random de-
mographic aspects, probabilistic dispersal, speciation, and unpredict-
able disturbance are the mechanisms generating divergence across 
community types. Currently thinking of biological community assembly, 
biological community assembly is simultaneously affected by deter-
ministic (including environmental filtering, species sorting, and biotic 
interactions) and stochastic (including random birth, death, dispersal, 
and colonization) processes rather than previous dichotomy polariza-
tion (Dini-Andreote et al., 2015; Jia et al., 2018; Stegen et al., 2013). 
Increasing evidence has emerged that both deterministic processes and 
stochastic processes may dominate the soil microbial community as-
sembly process alone or together. Recent studies have suggested that 
diazotroph assemblies processed in a certain area are derived by either 
deterministic (Wang et al., 2017a, 2017b) or stochastic (Feng et al., 
2018) processes. However, knowledge of the contribution of determin-
istic and stochastic processes to the diazotroph assembly process at a 
large geographical scale is lacking. In addition, the mechanism of the 
assembly process is still not clear. 

Shifts in the assembly process may be related to changes in envi-
ronmental conditions, such as spatial and temporal changes (Dini- 
Andreote et al., 2015). Microbial communities are expected to be 
dominated by stochasticity (turnover in community composition shows 
little deviation from the null expectation) initially, and then changes in 
environmental conditions progressively increase the strength of selec-
tion. If the environmental factors that change through time or space do 
not impose selection, stochastic factors are expected to remain dominant 
such that the system will remain ecologically neutral; the environmental 
factors that increase spatial heterogeneity cause turnover in community 
composition to be higher than the null expectation; in contrast, spatial 
environmental homogeneity causes turnover in community composition 
to be lower than the null expectation. Collectively, spatial and anthro-
pogenic activities (especially fertilization) may affect diazotroph as-
sembly by modulating environmental conditions that impose a selective 
pressure. Much less is known, however, about the long-term conse-
quences (~decade) of soil fertilization (e.g., chemical and organic fer-
tilizers) on diazotroph assembly processes at a large geographical scale. 

Fertilization has major consequences for soil properties and diazo-
troph communities (Gruber and Galloway, 2008; Li et al., 2018; Rega-
nold et al., 2001). Some studies have found that fertilization, especially 
its long-term application, strongly suppressed N fixation activity and 
changed the key diazotroph community structure (Fan et al., 2019; Liu 
et al., 2020). N fixation is an energy-expensive process that consumes 16 
molecules of ATP per unit of N fixed (Bothe et al., 2010). Fertilization 
provides a large amount of available N in the soil in the short or even 
long-term, which is obviously cheaper for the soil ecosystem. Over time, 
nitrogen-fixing activity will be weakened, and microorganisms will be 

diminished. In contrast, other studies found that fertilization also pro-
motes N fixation activities. This scenario mainly refers to nonnitrogen 
fertilizers, organic amendments, and other trace element fertilizers. 
These fertilizers provide diazotrophs with various elements (e.g., P and 
Mo) (Dong, 2017; Ma et al., 2019; Wang et al., 2018), nutrients and 
energy resources (Liao et al., 2018) necessary for life. There are also 
studies suggesting that fertilization changes the diazotrophic commu-
nity structure through changes in the soil physical and chemical prop-
erties, of which the most important factor is soil pH. Soil pH plays an 
essential role in regulating diazotrophic community assemblage pro-
cesses and shifting soil dominant taxa (Fan et al., 2018; Han et al., 2019; 
Wang et al., 2017a, 2017b). 

Current studies researching the effect of fertilization on diazotrophs 
are mostly concentrated in a certain place or area (e.g., similar envi-
ronmental factors or soil types), which may not be widely applicable to 
all soils due to their own unique characteristics. As the geographical 
distance increases, the similarity of nitrogen-fixing communities de-
creases (Gao et al., 2019; Hanson et al., 2012). For example, Geobacter 
spp, the keystone of N fixers in lime concretion black soil (Fan et al., 
2019), were rarely detected or not dominant in other soil types (e.g., red 
soil, fluvo-aquic soil and black soil (Han et al., 2019; Wang et al., 2017a, 
2017b)). In addition, the application of organic amendments (chicken 
manure) has been found to significantly improve N fixation activity in 
paddy soil (Liao et al., 2018). Moreover, even the assembly process of 
the diazotrophic community varies depending on soil type. For instance, 
stochastic processes were found to be dominant in Calcic Kastanozems 
(the FAO soil classification system), (Feng et al., 2018), while deter-
ministic processes dominated in Kastanozems and Cambisols, (Wang 
et al., 2017a, 2017b). Abundant contradictory examples valid in some 
systems but not others suggest the probability of a major knowledge gap. 

In the current study, we aimed to investigate the impact of long-term 
fertilization on diazotroph assembly processes and activity across a 
broad spatial scale. We raised 3 main questions: i) How do geographical 
factors and fertilization cooccurrence cooperatively affect diazotroph 
assembly processes and activity? ii) What are the dominant influential 
factors that regulate the diazotroph assembly process and activity? iii) 
What are the biological mechanisms of geographical factors and fertil-
ization mediating diazotrophs assembly processes and activity? 
Accordingly, we hypothesized that 1) at a large geographical scale, 
deterministic processes dominate diazotroph assembly processes and 
account for a greater proportion of diazotrophs due to fertilization. 2) 
Geographical factors determine diazotroph activity, and long-term 
fertilization (N-based chemical fertilization and chemical plus organic 
amendment fertilization) always suppresses the agricultural soil N fix-
ation rate, which may be related to changes in diazotroph community 
composition and soil properties. 3) Soil pH plays a primality role in 
diazotroph assembly processes and activity. Hence, to test these hy-
potheses, we selected nine agro-ecological experimental sites that 
covered a wide geographical area (~3500 km), and each site was set for 
more than a decade and contained experimental treatments of three 
fertilization strategies: control (without fertilizer), NPK (inorganic N, P, 
and K fertilizers) and OM (inorganic N, P, K fertilizers plus organic 
amendment). The diazotrophic communities were analyzed by 
sequencing nifH gene amplicons with Illumina MiSeq technology (San 
Diego, CA, USA), and the N fixation rate was measured by the 15N2-la-
beling method. 

2. Materials and methods 

2.1. Experimental site and sampling 

A total of 81 soil samples were collected from 9 long-term fertiliza-
tion experimental stations across China (Table 1), which extends from 
28◦ N to 45◦N, and 86◦ E to 123◦ E, with the Mean annual precipitation 
(MAP) ranges from 186 mm to 1476 mm, and mean annual temperature 
(MAT) ranges from 6.6 ◦C to 18.0 ◦C. Nine long-term experimental sites 
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planted crops including rice, wheat, corn, etc., and have been fertilizing 
for more than 10 years. In the current study, three treatments were 
selected from each site, Control (without fertilization), NPK (mineral 
NPK fertilizers) and OM (mineral NPK fertilizers plus organic amend-
ments), and each treatment have three replicates. Details of experi-
mental sites are fully described in Tables 1 and S1. 

Soil samples were collected in June 2017. Each soil sample was 
combined with 5 cores taken at a depth of 0–20 cm using a 20-mm 
diameter gouge auger. Five cores were mixed, roots and stones were 
removed and then put in a dry-icebox immediately and transported to 
the laboratory. Each sample was divided into three aliquots. One aliquot 
was air-dried, sieved and used for the analysis of soil pH, soil organic 
matter (SOM), total nitrogen (TN) and soil Olsen P (AP); one aliquot was 
sieved and stored at 4 ◦C for the soil inorganic N (NH4

+ and NO3
− ) and N 

fixation rate, and the other aliquot was freeze-dried and stored at − 80 ◦C 
for DNA extraction. 

2.2. Soil properties analysis 

Soil pH was measured from a soil/distilled water ratio of 1:2.5 with a 
pH meter. SOM was determined by the wet oxidation redox titration 
method. TN was determined by a Vario MAX CNS elemental analyzer 
(ELEMENTAR, Germany). AP was determined using the Olsen method 
(Olsen et al., 1954). The soil NO3

− and NH4
+ contents determined by a 

continuous flow injection analyzer (FLA star 5000 Analyzer, Foss, 
Denmark) extracted by 1 mol L− 1 KCl (soil/KCl, 1:10). 

N fixation rates were measured by 15N2-labeling method which was 
common and widely applied for studying diazotrophs activity (Fan et al., 
2019; Hsu and Buckley, 2009). Briefly, 5 g soil was placed into 120 ml 
bottles, and the headspace was replaced with synthetic air containing 
20% O2 and 80% 15N2 (99.9 atom % 15N, Isotec, Miamisburg, OH, USA). 
The controls were filled with unlabeled N2 gas and processed in parallel. 
The bottles were incubated horizontally in the dark at 25 ◦C for 20 days. 
The atom % 15N of soil samples was determined using a stable isotope 
ratio mass spectrometer (Flash 2000 HT/Conflo IV/Delta V, Thermo 
Fisher Scientific, Germany). Then, we calculated the net potential N 
fixation rate by comparing the difference of total 15N in soils receiving 
15N2 relative to control. 

2.3. DNA extraction, PCR amplification, high throughput sequencing and 
bioinformatics analysis 

Soil DNA was extracted from 0.5 g soil by using a FastDNA SPIN Kit 
for soil (MP Biomedicals, Santa Ana, CA, USA) following the manufac-
turer’s instructions. After that, the extracted DNA was evaluated by a 

NanoDrop 2000 (NanoDrop Technologies, Wilmington, USA). The nifH 
gene were amplified with primer pairs nifH-F/nifH-R (5′-AAAGGYGG-
WATCGGYAARTCCACCAC-3′/5′- TTGTTSGCSGCRTACATSGCCATCAT- 
3′) (Rösch et al., 2002) by an ABI GeneAmp® 9700 PCR thermocycler 
(ABI, CA, USA). The 20 μL PCR mixture contained 2 μL of template DNA, 
22.5 μL of 2 × PCR Master Mix, 1.5 μL of each primer, and 0.2 μL of 
bovine serum albumin (BSA) made up to 50 μL with sterile water 
(ddH2O). The PCR amplification of nifH gene was performed as follows: 
2 min of denaturation, followed by 35 cycles of denaturing at 95 ◦C for 
30 s, annealing at 59 ◦C for 30 s, and extension at 72 ◦C for 45 s, and 
single extension at 72 ◦C for 7 min, and end at 4 ◦C. The PCR products 
were run on a 2% agarose gel and purified using the AxyPrep DNA Gel 
Extraction Kit (Axygen Biosciences, Union City, CA, USA) according to 
manufacturer’s instructions and quantified using Quantus™ Fluorom-
eter (Promega, USA). Purified amplicons were pooled in equimolar and 
paired-end sequenced on an Illumina MiSeq PE300 platform (Illumina, 
San Diego, USA) according to the standard protocols by Majorbio Bio- 
Pharm Technology Co. Ltd. (Shanghai, China). The raw reads were 
deposited into the NCBI Sequence Read Archive (SRA) database 
(Accession Number: SRP128014). 

After sequencing, the quality score less than 30 or shorter than 40 bp 
sequences were removed by cutadapt 1.9.1 and the rest Illumina MiSeq 
fastq reads were analyzed using the QIIME2 platform (version 2019.4) 
and were processed by the DADA2 program. The actual biological se-
quences present in data were called amplicon sequence variants (ASVs), 
and can be compared between different studies. In QIIME 2, these ASVs 
have a higher resolution than the QIIME 1 default of 97% OTUs, and 
their quality is higher since these quality control steps are better than 
those implemented in QIIME 1. This should result in more accurate es-
timates of the diversity and taxonomic composition of samples than 
achieved with QIIME 1. The taxonomy was assigned based on both 
nucleotide and translated amino acid sequences (Gaby et al., 2018; Gaby 
and Buckley, 2014). The FastTree method was used to build a phylo-
genetic tree based on aligned representative sequences and demon-
strated in MEGA 6.0. Sequences reads are archived in the NCBI Sequence 
Read Archive, accession PRJNA661676. 

2.4. Statistical analyses 

The richness and Shannon indexes were calculated using ‘Mutidi-
versity’ and ‘picante’ in the ‘vegan’ package of R (R 3.6.1) (Dixon, 2003; 
R Core Team, 2017) to represent taxonomic diversity based on the ASV- 
table. The mean nearest taxon distance (MNTD) was measured to 
describe phylogenetic diversity. The smaller the value of MNTD, the 
closer the relationship between species. The nearest taxon index (NTI) 

Table 1 
Description of field experimental sites.  

Sampling sites Shaoxing Jinhua Ningxiang Shenyang Wuhan Chengdu Quzhou Fengqiu Fukang 

Soil Geographical background 
Province Zhejiang Zhejiang Hunan Liaoning Hubei Sichuan Hebei Henan Xinjiang 
Longitude 120◦41′E 119◦39′E 112◦18′E 123◦36′E 114◦20′E 103◦37′E 115◦1′E 114◦24′E 86◦15′E 
Latitude 29◦45′N 29◦15′N 28◦7′N 41◦48′N 30◦29′N 30◦31′N 36◦52′N 35◦00′N 44◦18′N 
MAP (mm) 1461 1476 1358 721.9 1300 918 566.7 615 186 
MAT (◦C) 18.0 17.6 16.8 7.4 16.7 16.2 13.2 14.0 6.6 
Crop rotation Rice-Wheat Rice-Wheat Rice-Wheat Corn Rice-Wheat Rice-Wheat Wheat-Corn Wheat-Corn Wheat  

Soil chemical properties at the Control treatment 
pH 5.66 5.57 6.47 6.74 7.24 7.82 8.58 8.66 9.21 
TN (g kg− 1) 1.54 1.18 1.90 1.04 0.74 1.10 0.78 0.47 0.59 
NH4

+ (mg kg− 1) 6.75 8.73 30.8 14.16 14.20 2.33 10.47 4.80 4.86 
NO3

− (mg kg− 1) 24.23 24.02 28.6 12.54 13.31 1.28 17.11 6.30 9.89 
SOM (g kg− 1) 2.67 1.89 3.55 1.68 0.88 1.75 1.08 0.57 0.96 
AP (mg kg− 1) 62.82 32.36 2.42 1.82 3.35 2.23 2.04 0.78 4.37 
Soil texture Loam Loam Silt loam Silt loam Silt loam Loam Silt loam Silt loam Silt loam 
Clay (%) 20 18 13 22 27 9 12 11 10 
Silt (%) 38 39 68 52 64 43 69 72 50 
Sand (%) 42 43 19 26 9 48 19 17 40  
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was calculated to quantify the degree of phylogenetic relatedness among 
species within each plot. MNTD and NTI was calculated using ‘mntd’ 
and ‘ses.mntd’ in the ‘picante’ package of R (R 3.6.1) (Kembel et al., 
2010). MNTD measures mean nearest taxon distance between all pairs of 
OTUs within one sample and NTI measures the deviation of observed 
MNTD from MNTD in a null model, in which the tip labels of the phy-
logeny are randomized (null.model = ‘taxa.labels’ in ‘ses.mntd’) (Webb 
et al., 2002). If NTI > 2 or mean NTI > 0 in a community, coexisting taxa 
are significantly more closely related, indicating phylogenetic clus-
tering. In contrast, if NTI < − 2 or mean NTI < 0, then coexisting taxa are 
significantly more distantly related (phylogenetic overdispersion) 
(Stegen et al., 2012). 

Phylogenetic turnover (phylogenetic β-diversity) was calculated by 
the unweighted-UniFrac distance, β mean nearest taxon distance 
(βMNTD) and βNTI; βMNTD is the mean phylogenetic distance to the 
closest relative between pairs of communities, and βNTI is the between- 
assemblage analog of NTI. βMNTD measures MNTD between all pairs of 
OTUs distributed in two different samples and was calculated using 
‘comdistnt’ in the R package ‘picante’ (R 3.6.1) and βNTI measures the 
deviation of observed βMNTD from mean βMNTD in the null model in 
which taxa are randomized across the tips of phylogenetic trees. βNTI 
was calculated using in the R package ‘picante’ (R 3.6.1). According to 
the framework of Stegen et al. (2012), |βNTI| < 2 indicates stochastic 
community assembly because of immigration and weak selection; on the 
contrary, |βNTI| > 2 indicates a deterministic process, which is sub-
divided into βNTI > 2, which indicates a heterogeneous selective envi-
ronment leads to variable selection, and βNTI < − 2, which indicates a 
homogeneous selective environment leads to homogeneous selection. 
Unweighted UniFrac and βMNTD were demonstrated by principal co-
ordinates analysis (PCoA) by the ‘vegan’ package in R (R 3.6.1). 

The significance of differences in environmental variables (i.e., MAT, 
MAP and soil properties), diazotrophic diversity (i.e., Richness, Shannon 
and MNTD) and N fixation rate were analyzed by two-way ANOVA test 
(i.e., sites and fertilization strategies were the two variables, and their 
interactions were also tested) using the software SPSS 22 at p < 0.05. 
And then the significance of differences of environmental variables, 
diazotrophic diversity and N fixation rate were tested by the Tukey 
honestly significant difference (HSD) test using the software SPSS 22, at 
p < 0.05. Phylogenetic dissimilarity of the diazotrophic community 
among the sites and fertilization strategies was analyzed by PERMA-
NOVA (‘vegan’ package in R 3.6.1). The relationships between diazo-
trophic diversity, N fixation rate, and soil properties were examined 
with linear regressions, and the relationships between environmental 
variables and diazotrophic community structure were assessed using a 
partial Mantel test with Pearson correlation (‘vegan’ package in R 3.6.1). 
Redundancy analysis (RDA) was performed to determine the relation-
ships between dominant soil diazotrophic genera and environmental 
variables (permutations = 999) (‘vegan’ package in R 3.6.1). Aggregated 
boosted tree analysis (ABT) was carried out to quantitatively evaluate 
the relative influence of environmental variables on the N fixation rate. 
ABT analysis was performed using ‘gbmplus’ package (R 2.7.1) (De’ath, 
2007). The rate of distance decay (i.e., slope of the distance decay 
curves) of the diazotrophic communities was calculated based on the 
following equation: 

lg(Similarity) = lg(a)+ blg(Distance)

where Similarity is diazotrophic phylogenetic community similarity; 
Distance is geographical distance or chemical distance. Geographical 
distance was calculated using the latitudinal and longitudinal co-
ordinates of each sampling position. The chemical distance was calcu-
lated using 5 properties (pH, SOM, NH4

+, NO3
− and AP) of each soil 

sample, we first normalize the data and calculate it according to 
Euclidean distance (‘vegan’ package in R 3.6.1). a is an intercept 
parameter and b is the slope coefficient of the distance-decay curve 
(Chen et al., 2017a, 2017b). Then, permutation tests were used to test 

the significance of slopes: control vs. NPK, control vs. OM and NPK vs. 
OM. Partial least squares path modeling (PLS-PM) was used to explore 
the direct, indirect, and interactive relationships between various fac-
tors for the diazotrophic assembly process (β diversity based on βMNTD) 
and the N fixation rate. The model included the following variables: site 
(longitude and latitude), fertilization, climate (MAT and MAP), soil 
properties (soil pH, TN, SOM, NH4

+, NO3
− and AP) and diazotrophic 

communities (diazotrophic taxa in genera). Indirect effects were defined 
as multiple path coefficients between predictor and response variables, 
including all possible paths, excluding the direct effect. PLS-PM analysis 
was performed using ‘plspm’ package in R 3.6.1 (Sanchez, 2013). 

3. Result 

3.1. Diazotrophic community composition and diversity 

A total of 120,570 high-quality reads were clustered as 3502 ASVs at 
the single-nucleotide resolution across 78 soil samples, discarding 3 
samples with extremely low diazotrophic ASVs richness. According to 
results from high-throughput sequencing, we found 11.0% of ASVs were 
unassigned, and all assigned ASVs be categorized into 5 phyla and 59 
genera. At the phylum level, the dominant phyla (relative abundance >
1%) were Proteobacteria and Cyanobacteria in all samples (Fig. S1), and 
they contribute to 87.6% of all ASVs when added up. The dominant 
genera (relative abundance > 2%) were Bradyrhizobium (~30.5%), 
Azospirillum (~26.8%), Anabaena (~8.9%), Burkholderia (~5.2%) and 
Dechloromonas (~2.4%) (Fig. 1a). Two-way ANOVA showed that the 
relative abundance of dominant genera was strongly affected by both 
sites and fertilization strategies (p < 0.05). When we focus on each in-
dividual site, we found that the NPK treatment and OM treatment 
significantly increased the relative abundance of Bradyrhizobium 
compared with the control treatment in all sites except Chengdu and 
Quzhou, and significantly decreased relative abundance of Anabaena 
and Nodosiline (both are Cyanobacteria) compared with the control 
except Chengdu. 

RDA diagrams (Fig. 1b) showed that environmental variables 
explained 52.6% of the total diazotrophic community composition, and 
the two factors with the highest simple term effects were MAP and soil 
pH, which explained 36.1% and 27.7% of the variation, respectively. In 
addition, soil pH was positively correlated with the relative abundance 
of Azospirillum and was negatively correlated with MAP and 
Bradyrhizobium. 

The richness, Shannon and MNTD indexes were used to estimate 
diazotrophic taxonomic and phylogenetic diversities among different 
geographical sites and fertilization strategies (Table 2). The richness and 
diversity indexes of soil diazotrophs ranged from 33.5 ± 4.9 to 85.7 ±
7.6, 3.74 ± 0.11 to 6.00 ± 0.11 and 0.021 ± 0.004 to 0.159 ± 0.032, 
respectively. Two-way ANOVA showed that geographical sites strongly 
affected richness and diversity (p < 0.05) and explained more than half 
of the variation (η2 > 0.5). However, fertilization only explained less 
than 1% of the variation; it also significantly affected the Shannon index 
and MNTD (site × fertilization factor, p < 0.05). Correlation analysis 
(Table 2) showed that richness, Shannon index and MNTD were posi-
tively correlated with MAT, MAP, TN and SOM. However, soil pH solely 
showed a robust positive correlation with MNTD rather than taxonomic 
diversities, suggesting that soil pH was a key factor in phylogenetic 
diazotrophic diversities. The mean nearest taxon index (NTI) was used 
to determine whether the species were more phylogenetically related to 
one another than to other species found in that soil (Table 2 and 3); for 
all samples, the NTI was significantly greater than 0, and ~74% of the 
samples had a value higher than +2, showing that the diazotroph 
community was more phylogenetically clustered. NTI was strongly 
affected by both site and fertilization strategies (p < 0.05), and fertil-
ization increased the range of phylogenetic clustering (Fig. S2). Linear 
regression analysis (Table 3) showed that NTI was significantly nega-
tively correlated with MAT, MAP, TN, NH4

+, SOM and AP and positively 
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correlated with pH (p < 0.05). 

3.2. Diazotroph phylogenetic community structure and assembly process 

principal coordinates analysis (PCoA) using both unweighted Uni-
Frac and βMNTD showed that diazotrophic communities were more 
phylogenetically clustered by geographical site than by fertilization 
(Fig. 2). Permutational ANOVA showed that fertilization had a signifi-
cant effect on the diazotrophic community structure through an inter-
action with sites. The partial Mantel test (Table 3) showed that soil pH 
and NO3

− were correlated with the diazotrophic communities. 
βNTI scores described diazotroph phylogenetic structure turnover 

between sites in the same fertilization strategy (Figs. 3 and S3). Only 
31.9% ~ 44.4% of the βNTI scores for the diazotrophic communities in 
our study were in the range of − 2 to +2, suggesting that deterministic 
processes dominated diazotrophic community dynamics. Compared 
with the control treatment, the two fertilization treatments strongly 
increased variable selection, which originated from stochastic processes, 
indicating that fertilization shifts the assemblage process from stochastic 
to deterministic processes. In addition, ~15.7% of the βNTI scores were 
lower than − 2 and were not affected by fertilization, mainly in the 
conversion between Fukang, Fengqiu and Quzhou, and in all site 
replicates. 

Distance-decay relationship (DDR) curves showed that diazotrophic 
phylogenetic community similarity (Unweight-UniFrac) significantly 
decreased with increasing geographical distance (p < 0.05) (Fig. 4a), 
suggesting that geographical distance has a vast influence on diazo-
trophic community distribution. The distance-decay slopes in the con-
trol, NPK and OM treatments were − 0.125, − 0.128 and − 0.136, 
respectively. Negative correlations were again observed for chemical 
distance (Fig. 4b), with slopes of − 0.428, − 0.453 and − 0.441, respec-
tively, in the three fertilization strategies. Fertilization had a tendency to 
reduce the slope of both geographical and chemical DDR curves, but the 
difference was not significant (Fig. 4c). 

3.3. The N fixation rate 

The N fixation rate ranged from 30.0 ± 6.9 to 177.2 ± 13.3 μg kg− 1 

d− 1 and was significantly affected by geographical site, fertilization and 
their interaction (p < 0.05). In particular, geographical factors explained 
78.6% of the total variation (Fig. 5a). The highest N fixation rate was 
found in Wuhan’ control treatment, 177.2 μg kg− 1 d− 1, which was 
significantly higher than that of other sites and treatments. The lowest 

nitrogen fixation rate was found at the FK site, 31.9 μg kg− 1 d− 1 on 
average, which was lower than that at the other sites (p < 0.01). In 
Shaoxing, Jinhua, Ningxiang, and Wuhan, NPK application reduced the 
N fixation rate compared with the control (p < 0.01). In contrast, other 
sites caused no changes or increased the N fixation rate. At the same 
time, the OM treatment maintained an N fixation rate similar to that of 
the control treatment in most regions. 

3.4. Relative contributions of geographical factors and fertilization to 
diazotroph assembly processes and activity 

PLS-PM was constructed to deeply explore how the diazotroph as-
sembly processes and activity were affected by geographical factors and 
fertilization (Fig. 6). Geographical location directly determined the local 
climate characteristics; the lower the latitude and longitude, the higher 
the MAT and MAP. We collectively refer to latitude, longitude and 
climate factors as geographical factors. Geographical factors were the 
dominant factors that directly and indirectly impacted the diazotroph 
assembly processes. In contrast, fertilization only indirectly influenced 
diazotroph assembly processes. Both diazotroph community composi-
tion and soil properties played a key role in geographical factors and 
fertilization, indirectly affecting the assembly processes. 

In contrast, both geographical factors and fertilization affected the N 
fixation rate indirectly rather than directly. Soil properties played a 
prominent role in the N fixation rate. The aggregated boosted tree (ABT) 
model further illustrated the levels of the interaction effects of the 
environmental variables on the N fixation rate (Fig. 7a) and confirmed 
that soil pH was the major factor determining its rate, accounting for 
approximately 40.3% of the relative influence. Correlation analysis 
showed that the N fixation rate increased at pH nearly neutral (6.8) 
rather than a linear correlation (Fig. 7b). 

4. Discussion 

4.1. How do geographical factors and fertilization cooccurrence 
cooperatively affect diazotroph assembly processes? 

Both stochastic and deterministic processes influenced diazotrophic 
community assembly simultaneously at large geographical scales and 
under various fertilization strategies (Fig. 3 and S3). Among them, 
deterministic processes were more imperative and accounted for more 
than 55% in the control treatment, in line with hypothesis 1, suggesting 
that environmental filtering, species sorting and biotic interactions play 

Fig. 1. Distributions of the dominant diazotroph genera (>1%) responses to sites and fertilization strategies (a) and Redundancy analysis (RDA) diagrams (b) based 
on Relative abundance of diazotrophic communities in genera level as affected by sites and fertilization. Data are means of 3 replicates. Control: without fertilizers; 
NPK: mineral NPK fertilizers; OM: mineral NPK fertilizers plus organic amendments. 
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a decisive role in diazotroph assembly; at the same time, the contribu-
tion of ecological drift, probabilistic dispersal, and/or random births/ 
deaths cannot be ignored (Luan et al., 2020). In other studies, deter-
ministic processes always dominated at large scales (Shi et al., 2018; 
Wang et al., 2017a, 2017b), explained by fact that spatial increase; in 
addition, the greater the geographical distance, the smaller the impact of 
dispersal and random events on community assembly (Hanson et al., 
2012). The distance-decay pattern (Fig. 5) verifies the contribution of 
geographical factors to diazotroph assembly processes (Morlon et al., 
2008). The negative correlation between community similarity and 
geographical distance and chemical distance indicates that environ-
mental selection and drift have an important contribution to the diaz-
otroph assembly process (Jiao et al., 2020). However, the slopes were 
not significantly different between the various fertilization strategies, 
indicating a relative contribution between geographical factors and 
fertilization; obviously, geographical factors rather than fertilization are 
the most important contributors to the distance-decay pattern. The 
PLS-PM model and statistical analysis (two-way ANOVA, p < 0.05 and 
higher η2 for the main factor of the geographical factors) of diazotroph 
composition and diversity (Table 2) provide support that geographical 
factors play a decisive role. 

However, this does not mean that the effect of long-term fertilization 
can be ignored. Long-term fertilization shifts diazotrophic community 
turnover from stochastic processes to heterogeneous deterministic pro-
cesses, suggesting that fertilization changes local environmental prop-
erties and increases environmental heterogeneity, in line with 
hypothesis 1. The PLS-PM model showed that fertilization affected the 
diazotroph assembly processes by indirectly affecting the soil properties 
(p < 0.05), which increased phylogenetic turnover and adjusted the 

community composition (Fig. 1b and Table 3). On the one hand, fertil-
ization resulted in an extreme decrease in soil pH and an increase in TN 
and NO3

− and also increased the relative abundance of Bradyrhizobium at 
most sites; the mechanism is similar to that of the geographical factors. 
Similarly, Lin et al. (2018) found that fertilization (inorganic fertilizer 
plus pig manure) increased soil pH while shifting the diazotroph 
composition from one dominated by Bradyrhizobium to one dominated 
by Azospirillum, similar to our results. On the other hand, fertilization 
shifted the linear regression curve of NTI and soil pH upward within any 
single site, providing sound proof that fertilization shifted the diazo-
trophic community from phylogenetic evenness to phylogenetic clus-
tering (Fig. S2). 

4.2. How do geographical factors and fertilization cooccurrence 
cooperatively affect diazotroph activity? 

In line with our second hypothesis, two-way ANOVA analysis of N 
fixation rate showed that geographic factors played a decisive role in 
diazotrophs activity. This was supported by PLS-PM model that showed 
the geographic factors, directly and indirectly, altered N fixation rate 
(Fig. 6b). Geographical location determined the participants (i.e., diaz-
otroph assembly processes and composition) and environment (i.e., 
environmental variables). The dominant taxa (i.e., Bradyrhizobium, 
Azospirillum, Azotobacter, Burkholderia, Anabaena and Nodosiline), which 
are considered as non-symbiotic nitrogen-fixing bacteria (Berthrong 
et al., 2014; Bothe et al., 2010; Kennedy, 2004; Okubo et al., 2012), 
shown obvious geographic distribution patterns. In addition, a suitable 
environment is also more conducive to N fixation, such as a neutral pH 
(Hsu and Buckley, 2009) and sufficient nutrients (Ma et al., 2019). 

Table 2 
Taxonomic and phylogenetic diversities indices of diazotrophic communities as affected by geographical sites and fertilization strategies.  

Site Treatments Taxonomic Diversity Phylogenetic Diversity   

Richness Shannon MNTD NTI 

Shaoxing Control 45.0 ± 1.70 4.90 ± 0.45 0.140 ± 0.018 1.87 ± 1.04  
NPK 47.7 ± 8.70 5.09 ± 0.20 0.127 ± 0.012 2.18 ± 0.25  
OM 51.3 ± 5.0 5.28 ± 0.09 0.136 ± 0.014 2.06 ± 0.8 

Jinhua Control 54.3 ± 14.6 4.62 ± 0.06 0.138 ± 0.032 1.25 ± 0.43  
NPK 47.3 ± 3.1 4.71 ± 0.17 0.133 ± 0.004 1.69 ± 0.19  
OM 56.3 ± 11.2 4.88 ± 0.23 0.117 ± 0.015 1.93 ± 0.26 

Ningxiang Control 67.0 ± 21.5 4.45 ± 0.39 0.063 ± 0.018 2.49 ± 0.19  
NPK 80.0 ± 14.0 5.88 ± 0.22 0.127 ± 0.026 1.70 ± 0.90  
OM 85.7 ± 7.6 6.00 ± 0.11 0.115 ± 0.007 2.18 ± 0.40 

Shenyang Control 47.3 ± 9.1 4.31 ± 0.26 0.106 ± 0.028 1.88 ± 0.35  
NPK 32.5 ± 3.5 3.74 ± 0.11 0.037 ± 0.012 3.46 ± 0.18  
OM 40.3 ± 11.6 3.83 ± 0.36 0.059 ± 0.036 2.72 ± 0.60 

Wuhan Control 50.0 ± 14.7 4.98 ± 0.22 0.123 ± 0.041 2.26 ± 1.04  
NPK 44.7 ± 20 4.78 ± 0.80 0.159 ± 0.032 1.28 ± 0.98  
OM 46.3 ± 12.3 4.92 ± 0.55 0.085 ± 0.027 3.44 ± 0.64 

Chengdu Control 80.0 ± 7.0 5.71 ± 0.23 0.105 ± 0.007 2.40 ± 0.34  
NPK 78.3 ± 31.6 5.42 ± 0.67 0.078 ± 0.013 3.16 ± 0.79  
OM 80.0 ± 9.5 5.41 ± 0.08 0.076 ± 0.014 2.80 ± 0.27 

Quzhou Control 48.7 ± 5.0 4.84 ± 0.08 0.052 ± 0.015 3.87 ± 0.14  
NPK 45 ± 2.6 4.84 ± 0.07 0.052 ± 0.025 4.49 ± 0.95  
OM 44.5 ± 7.5 4.84 ± 0.17 0.031 ± 0.008 5.03 ± 0.19 

Fengqiu Control 54.3 ± 7.5 5.04 ± 0.04 0.073 ± 0.008 3.80 ± 0.45  
NPK 42.0 ± 10.6 4.54 ± 0.28 0.047 ± 0.011 4.01 ± 0.16  
OM 35.3 ± 10.6 4.42 ± 0.34 0.039 ± 0.012 4.40 ± 0.37 

Fukang Control 42.0 ± 11.5 4.83 ± 0.46 0.021 ± 0.004 5.49 ± 0.75  
NPK 39.3 ± 7.0 4.95 ± 0.21 0.039 ± 0.029 5.62 ± 1.02  
OM 33.5 ± 4.9 4.75 ± 0.09 0.068 ± 0.032 4.75 ± 1.28 

Source of variance     
Site p 0.001 0.001 0.001 0.001  

η2 0.637 0.561 0.615 0.719 
Fertilization p 0.565 0.723 0.171 0.047  

η2 0.006 0.003 0.011 0.017 
Site × Fertilization p 0.784 0.001 0.001 0.017  

η2 0.062 0.231 0.193 0.093 

Control: without fertilization; NPK: mineral NPK fertilizers; OM: mineral NPK fertilizers plus organic amendments. Data are means of 3 replicates ± standard deviation 
(n = 3). The significance of differences for diazotrophic α-diversities were analyzed by two-way ANOVA, significant values are shown in bold (p < 0.05) 
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Table 3 
Relationship between environmental variables and the diversity indices of diazotrophs.    

α-diversity    β-diversity   

Richness Shannon MNTD NTI Unifrac βMNTD 

MAT R  0.44  0.461  0.615 − 0.648  0.046 − 0.076  
p  0.001  0.001  0.001 0.001  0.051 0.983 

MAP R  0.326  0.249  0.772 − 0.816  0.062 0.021  
p  0.004  0.028  0.001 0.001  0.012 0.282 

pH R  − 0.104  0.052  − 0.62 0.748  0.073 0.066  
p  0.363  0.65  0.001 0.001  0.003 0.025 

TN R  0.415  0.298  0.387 − 0.484  0.005 0.087  
p  0.001  0.008  0.001 0.001  0.438 0.035 

NH4
+ R  0.255  0.13  0.212 − 0.31  0.116 0.054  

p  0.024  0.256  0.058 0.006  0.002 0.131 
NO3

− R  − 0.3  − 0.355  − 0.262 0.131  0.156 0.137  
p  0.008  0.001  0.019 0.252  0.001 0.013 

SOM R  0.341  0.272  0.379 − 0.458  0.034 0.061  
p  0.002  0.016  0.001 0.001  0.105 0.066 

AP R  − 0.057  0.099  0.374 − 0.266  0.055 0.066  
p  0.618  0.388  0.001 0.019  0.046 0.107 

The significances were tested based on 10 000 permutations. Partial Mantel tests for the correlation between β-diversity metric and the explanatory variable using 
Pearson correlation. Significant values are shown in bold (p < 0.05). 

Fig. 2. principal coordinates analysis (PCoA) plots based on Unweighted-UniFrac (a) and βMNTD (b) of diazotrophic communities as affected by geographic factors 
and fertilization strategies. 

Fig. 3. Variation of beta Nearest Taxon Index (βNTI) for all pairwise community comparisons along spatial distance between communities (a); and the distributions 
of βNTI in different fertilization strategies (b). The horizontal dotted line (above +2 or below − 2 are statistically significant) shows the 95% confidence intervals 
around the expectation under neutral community assembly. Control: without fertilizers; NPK: mineral NPK fertilizers; OM: mineral NPK fertilizers plus 
organic amendments. 
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Fertilization also significantly changed the diazotroph activity 
(Fig. 5); however, this does not mean that all fertilization types sup-
pressed diazotroph activity, refuting hypothesis 2. Chemical fertilization 
alone inhibited the N fixation rate at nearly half of the sites; in contrast, 
chemical fertilizer plus organic amendment maintained or even 
increased the N fixation rate at most sites. Current researchers have 
reported conflicting results about whether fertilization reduces the N 

fixation rate (Fan et al., 2019; Liao et al., 2018). For example, while it 
has been found that various fertilization strategies reduced N fixation 
rates (Fan et al., 2019). Liao et al. (2018) found that fertilization 
increased N fixation rate. However, all of these studies also believed that 
the effects of fertilization on the diazotroph community composition and 
soil properties were related to a change in the N fixation rate, consistent 
with the results of the PLS-PM model in the present study (Fig. 6b), 

Fig. 4. The relationships between unweighted-Unifrac distance and geographic distance (a) or chemical distance (b). A list of the correlation and slopes of distance- 
decay curves (c). The slopes were pairwise compared among 3 fertilization strategies by permutation tests. Significant values are shown in bold (p < 0.05). Control: 
without fertilization; NPK: mineral NPK fertilizers; OM: mineral NPK fertilizers plus organic amendments. 

Fig. 5. Nitrogen fixation rates affected by sites and fertilization strategies. Control: without fertilization; NPK: mineral NPK fertilizers; OM: mineral NPK fertilizers 
plus organic amendments, p values were obtained after two-way ANOVA. Data are means of 3 replicates with standard deviation. Values with different lowercase 
letters within a site are statistically significantly different at p < 0.05 after Tukey HSD test. 
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which showed that fertilization affected the N fixation rate by indirectly 
affecting the diazotroph community and soil properties. For example, 
fertilization significantly decreased the relative abundance of cyano-
bacteria from 26% to 10% (Fig. S1). 

4.3. What are the dominant influential factors and the biological 
mechanisms of diazotroph assembly processes and activity? 

Evidently, environmental variables were among the dominant 
influential factors that also directly affected species sorting and biotic 
interactions (Fig. 6), in line with the niche-based theory in the historical 
view (Baas Becking, 1934). Among many environmental variables, soil 
pH played a key role in the diazotrophic community (Table 3, Figs. 1 and 
7). We observed pronounced soil pH trends in the diazotrophic com-
munity within any single site (α-diversity) and community turnover 

(β-diversity), consistent with other studies (Fan et al., 2018; Wang et al., 
2017a, 2017b). A number of other studies using various methods to 
characterize microbial communities confirmed that soil pH was the best 
predictor of the bacterial community composition and diversity (Bååth 
and Anderson, 2003; Cookson et al., 2007; Lauber et al., 2009). Soil pH 
was significantly linearly related to the dominant diazotrophic taxa 
(Bradyrhizobium and Azospirillum), phylogenetic diversities and phylo-
genetic community structure in the pH range of 4.5 – 9.5. There may be 
two reasons, on the one hand, dominant diazotrophic taxa had appar-
ently different pH-relative abundance patterns, for example, as soil pH 
increased, Azospirillum replaced Bradyrhizobium and gradually became 
the most dominant taxa. Bradyrhizobium may have higher acid tolerance 
and may be dominant in the pH range of 4.5 – 7.8 while Azospirillum may 
be dominant in the pH range of 8.0 – 9.5. On the other hand, soil pH 
often covaries with other environmental variables such as the climate, N 

Fig. 6. PLS-PM describing the relationships among Geographic factor, Fertilization, Climate, Soil properties, and diazotrophic communities with respect to assembly 
processes (a) and N-fixation rate (c). Larger path coefficients are shown as wider arrows, and significance positive and negative effects are indicated by orange and 
blue colors, respectively. Path coefficients and coefficients of determination (R2) were calculated after 999 bootstraps. Standardized direct and indirect mean effects 
on assembly processed (b) and N-fixation rate (d), respectively, derived from the PLS-PMs. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 

Fig. 7. Relative influence of environmental variables on nitrogen fixation rates. Partial correlation analysis between the nitrogen fixation rates and soil pH by ABT 
models (a). Relationship between N fixation rate and soil pH (b). 
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content and SOM, and jointly determines the diazotrophic community 
(Williams et al., 2013). Neutral and acidic environments have high MAT, 
MAP and nutrient content and provide a more suitable growth envi-
ronment for microorganisms. the result of the diversity and community 
structure that were significantly positively correlated with MAT, MAP, 
TN and SOM support this point (Carrell et al., 2019; Han et al., 2019; 
Wang et al., 2017a, 2017b). 

Soil pH was observed to be a key factor involved in diazotroph ac-
tivity (Fig. 7). Correlation analysis showed that the N fixation rate 
increased at a nearly neutral pH, consistent with a previous study (Hsu 
and Buckley, 2009; Lauber et al., 2009). Moreover, soil pH changes 
caused by geographical factors or fertilization have the same effect on 
the trend of the N fixation rate, because chemical fertilization causes 
acidification of neutral or acidic soils, which is equivalent to worsening 
the living environment of diazotrophic soil (Feng et al., 2018; Lin et al., 
2018), however, chemical fertilization causes acidification of alkaline 
soils equivalent to improving the living environment of diazotrophs. 
Furthermore, the addition of organic amendments retains a neutral pH 
and maintains the N fixation rate at a high level (Liu et al., 2020). 

Remarkably, soil pH was linearly correlated with diazotroph- 
dominant taxa, diversity and community turnover, but the more 
neutral the soil pH, the higher the N fixation rate. Moreover, the 
contribution of fertilization to diazotroph activity was greater than that 
of fertilization to diazotroph assembly processes. The microbial activity 
reflects the result of contemporary selection, and different regions may 
have other keystone taxa, but the same activity is performed (Zhang 
et al., 2020). In addition, species abundance is related to dispropor-
tionate types of functions (Jia et al., 2018). Increasing evidence has 
confirmed that rare taxa (relative abundance < 1%) serve as limitless 
reservoirs of genetic diversity and play a more important role than 
dominant taxa in community construction and function (Chen et al., 
2017a, 2017b; Xue et al., 2018). 

Notably, the contribution of geographical factors to diazotroph as-
sembly processes and activity is far greater than that of fertilization. This 
may be the result of the influence of historical processes and contem-
porary selection (Hanson et al., 2012). Historical processes determined 
specific soil types and regional species pool, which limited species 
sorting and biotic interactions (Ricklefs, 2004; Zober, 1997) and shaped 
a clear geographical distribution pattern (Morlon et al., 2008). 
Regardless of how the environment changes, historical processes will 
leave an indelible mark on the composition of the community, which is 
confirmed by the existence of endemic taxa (Gao et al., 2019; Vellend, 
2010). For example, it is difficult to find Dechloromonas (~18.7% in 
Jinhua) and Halorhodospira (~5.8% in Ningxiang) elsewhere, and pre-
vious studies showed that Mesorhizobium (~12%) was present in a 
Qinghai-Tibet alpine ecosystem, China (Wang et al., 2017a, 2017b), and 
Geobacter (~15%) was reported in Mengcheng, Anhui Province, China 
(Fan et al., 2019), but both were rare taxa in the present study. 

Overall, we found that diazotrophs assembly processes are influ-
enced by both stochastic and deterministic processes simultaneously in 
large geographic scales and various fertilization strategies. While 
fertilization increased the proportion of deterministic processes, soil pH 
once again proved to be a reliable predictor of diazotrophs assembly 
processes and activity. Soil pH is a key factor affecting diazotrophic 
activity; however, N fixation rate increased as pH nearly neutral. These 
results revealed that soil diazotrophs assembly process and activity were 
shaped by both geographical factor and fertilization; hence, expand 
current understanding of diazotroph community affected by fertilization 
strategies across a large geographic scale. 
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