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Abstract. Soil bacterial communities are pivotal in regulating terrestrial biogeochemical
cycles and ecosystem functions. The increase in global nitrogen (N) deposition has impacted
various aspects of terrestrial ecosystems, but we still have a rudimentary understanding of
whether there is a threshold for N input level beyond which soil bacterial communities will
experience critical transitions. Using high-throughput sequencing of the 16S rRNA gene, we
examined soil bacterial responses to a long-term (13 yr), multi-level, N addition experiment in
a temperate steppe of northern China. We found that plant diversity decreased in a linear fash-
ion with increasing N addition. However, bacterial diversity responded nonlinearly to N addi-
tion, such that it was unaffected by N input below 16 g N�m�2�yr�1, but decreased
substantially when N input exceeded 32 g N�m�2�yr�1. A meta-analysis across four N addition
experiments in the same study region further confirmed this nonlinear response of bacterial
diversity to N inputs. Substantial changes in soil bacterial community structure also occurred
between N input levels of 16 to 32 g N�m�2�yr�1. Further analysis revealed that the loss of
soil bacterial diversity was primarily attributed to the reduction in soil pH, whereas changes in
soil bacterial community were driven by the combination of increased N availability, reduced
soil pH, and changes in plant community structure. In addition, we found that N addition
shifted bacterial communities toward more putatively copiotrophic taxa. Overall, our study
identified a threshold of N input level for bacterial diversity and community composition. The
nonlinear response of bacterial diversity to N input observed in our study indicates that
although bacterial communities are resistant to low levels of N input, further increase in N
input could trigger a critical transition, shifting bacterial communities to a low-diversity state.
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INTRODUCTION

Human activities, such as industrialization of fossil
fuel combustion and agricultural fertilizer application,
have caused increasing nitrogen (N) deposition (Gal-
loway et al. 2004), which poses a serious threat to terres-
trial biodiversity (Butchart et al. 2010). This is especially

true for grasslands, where N deposition leads to loss of
plant diversity across the world (Stevens et al. 2004, Sud-
ing et al. 2005, Isbell et al. 2013, Zhang et al. 2019). Soil
bacterial communities represent a large proportion of
terrestrial biodiversity (Whitman et al. 1998, Delgado-
Baquerizo et al. 2017). Both soil physiochemical proper-
ties (Fierer and Jackson 2006, Cruz-Martinez et al.
2009, Zhou et al. 2016) and plant community composi-
tion (Kowalchuk et al. 2002, Wardle et al. 2004) are
known to influence soil bacterial diversity and composi-
tion. Yet, it remains largely unknown whether plant and
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soil bacterial communities would respond similarly to
elevated N input, or their responses would become
decoupled with increasing N input. This represents an
important knowledge gap that brings uncertainty for
predicting future plant–microbial interactions and thus
ecosystem carbon and nutrient dynamics.
Nitrogen inputs could influence bacterial diversity by

changing soil environmental conditions such as soil N
availability and acidification (Campbell et al. 2010,
Zhang and Han 2012). Increasing N availability could
result in the extinction of bacterial species that are
adapted to nutrient-deficient soils (Zhang and Han
2012, Wang et al. 2018). Both observational and manip-
ulative experiments have identified pH as a key factor
shaping the diversity and structure of soil bacterial
assemblages (Fierer and Jackson 2006, Rousk et al.
2010, Bartram et al. 2013, Fierer 2017). Since most bac-
teria grow best around neutral pH, N-induced soil acidi-
fication has often been found to cause bacterial diversity
loss (Rousk et al. 2010, Ling et al. 2017, Nie et al. 2018).
In addition, plants provide metabolic sources for
microbes and develop microhabitats around the soil–
root interface (Korthals et al. 2001, Wardle et al. 2004).
Plant diversity loss under increasing N inputs could
decrease the diversity of food resources and microhabi-
tats, and thus might alter microbial diversity (Eisen-
hauer et al. 2013, Lange et al. 2015).
However, recent studies have revealed inconsistent

responses of microbial diversity to nutrient addition.
While some studies showed that high levels of N input
significantly reduced bacterial diversity (Yao et al. 2014,
Wang et al. 2018), others found no effect of N addition
on diversity, despite a relatively consistent effect on com-
munity composition (Fierer et al. 2012, Ramirez et al.
2012). One possible explanation for the inconsistency
among these studies is that the response of bacterial
diversity to elevated N input may be nonlinear (Yao
et al. 2014), such that bacterial diversity may not neces-
sarily show a discernable decline until a threshold N
level is reached. Such thresholds may be more likely to
be observed for soil bacterial communities than for their
corresponding aboveground plant communities, due to
the more complex interactions among microbial species
(Shade et al. 2012). Microbial species generally interact
with a large number of other co-occurring microbial spe-
cies, making higher-order interactions potentially com-
mon within microbial communities (Bairey et al. 2016,
Momeni et al. 2017). If N reaches a critical level that
causes the extinction of species embedded in higher-
order interactions, an extinction cascade (Bairey et al.
2016, Levine et al. 2017), where the loss of one or a few
species cause further extinctions of many other species,
could occur.
On the other hand, sufficiently high nutrient input

may have the potential to alter the nature of species
interactions (Bertness and Callaway 1994, Callaway
et al. 2002), which can also have a significant influence
on species coexistence and diversity. Recent research

demonstrated that the interaction between microbial
species could shift from mutualism to competition with
increased nutrient supply (Hoek et al. 2016). Given the
role of mutualism in promoting diversity (Aschehoug
and Callaway 2015, Coyte et al. 2015), the transition
from mutualism to competition following sufficient high
levels of N inputs may lead to a sharp decrease of species
diversity, contributing to the formation of the alterna-
tive, low-diversity community state (Scheffer et al. 2012).
Despite much recent interest in bacterial community
responses to elevated N input, it is still unclear whether
such thresholds for the effect of N inputs on bacterial
diversity exist.
Here, we investigated the diversity of bacterial com-

munities in a multi-level (0, 1, 2, 4, 8, 16, 32,
64 g N�m�2�yr�1), long-term (13 yr), N addition experi-
ment in a temperate steppe in Inner Mongolia, China, in
an effort to confirm or refute the presence of an N
threshold for soil bacterial diversity. In addition, we also
conducted a small-scale meta-analysis by pooling the
results from several multi-level N addition experiments
across the Mongolia Plateau. Together, we aimed to
address two questions. (1) Does soil bacterial diversity
respond non-linearly to N addition? We hypothesized
that when the N addition level reached a certain level,
soil bacterial diversity would cross a threshold and
decrease substantially. (2) Will changes in bacterial
diversity and community composition be accompanied
by parallel changes in plant diversity and community
composition under elevated N input? We hypothesized
that due to the greater likelihood of high N input alter-
ing more complex microbial interactions, microbial com-
munities would be more likely to experience dramatic
changes in diversity and composition than the above-
ground co-occurring plant communities. Thus, the
responses of microbial and plant communities to N
input may not necessarily be similar.

MATERIALS AND METHODS

Study site, experimental design, and sampling

The experimental site is located in a semiarid steppe
(42.010 N, 116.160 E, and 1,324 m above sea level) in
Duolun County, Inner Mongolia, Northern China.
Mean annual temperature and precipitation are 2.1°C
and 382.3 mm, respectively. The soil type is classified as
Haplic Calcisols (FAO classification), with
69.21% � 0.06% (mean � SE) sand, 15.60% � 0.02%
silt, and 15.19% � 0.02% clay. Soil organic C and total
N content are 16.94 � 2.34 and 1.65 � 0.27 g/kg,
respectively. Soil pH is approximately 6.84 � 0.02. Plant
communities are dominated by Stipa krylovii Roshev.,
Agropyron cristatum (L.), Artemisia frigida Willd, and
Cleistogenes squarrosa (Trin.) at our experiment site.
Sixty-four plots, each of 10 9 15 m with 5-m buffer

zones between adjacent plots, were arranged in eight
rows and eight columns. Starting in 2003, each of the
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eight plots in each row was randomly assigned to one of
the eight levels of N fertilization treatments (0, 1, 2, 4, 8,
16, 32, and 64 g N�m�2�yr�1). The N addition levels
were comparable to those in other N addition experi-
ments in grassland ecosystems (Bai et al. 2010, Dickson
and Foster 2011). N fertilization was conducted in July
in the form of urea annually. Since 2005, four rows (one
in every two rows) were clipped at the end of August
once a year.
Soil samples were collected from all non-clipping plots

on 15 August 2016. Six randomly located soil cores
(15 cm deep and 5 cm in diameter) were taken in each plot
and combined into one composite sample. After removing
roots and stones by sieving through 2 mm mesh, soil sam-
ples were stored on ice and transferred to the lab. Subsam-
ples were stored at 4°C for soil physicochemical analysis
and�80°C for DNA extraction, respectively.
Plant species richness and aboveground plant biomass

(AGB) were estimated by clipping live biomass during
15–18 August 2016. We counted plant species number
using a randomly selected 1 9 1 m quadrat in each plot.
All living plant tissues were harvested from a 1 9 1 m
quadrat in each plot. All plant samples were oven-dried
at 70°C for 48 h and weighed to determine the biomass
of each species.

Soil chemical properties

Soil inorganic N (DIN) was extracted with 2 mol/L
KCl solution, and concentrations of NH4

+-N and NO3
--

N in the extracts were measured using a flow injection
analyzer (SAN-System, Breda, Netherlands). Soil pH was
determined with a glass electrode (soil: water W/V ratio
1:2.5). Air-dried, finely ground and sieved soil subsamples
were measured for soil C and N using an elemental ana-
lyzer (Analysensysteme, Hanau, Germany). Soil sand,
silt, and clay were measured using a laser particle analyzer
(Malvern Mastersizer 2000; Malvern, UK).

DNA extraction, amplification, and MiSeq sequencing

Soil DNA was extracted from 0.5 g fresh soil using
the PowerSoil DNA Isolation Kit (MoBio Laboratories,
Carlsbad, California, USA) following the manufac-
turer’s instructions. Purity and quality of the genomic
DNA were checked on 0.8% agarose gels. The V3-V4
hypervariable region of bacterial 16S rRNA gene was
amplified with the primer sets 338F (50- ACTCC-
TACGGGAGGCAGCAG-30) and 806R (50- GGAC-
TACHVGGGTWTCTAAT-30) (Caporaso et al. 2012).
To permit multiplexing of samples, a 10-bp barcode
unique to each sample was added to the 5’ end of the
forward and reverse primers. The PCR was carried out
on a Mastercycler Gradient (Eppendorf, Hamburg, Ger-
many) using 50-lL reaction volumes, containing 5 lL
109 Ex Taq Buffer (Mg2+ plus), 4 lL 12.5 mmol/L
dNTP Mix (each), 1.25 U Ex Taq DNA polymerase
(TaKaRa), 2 lL template DNA, and 36.75 lL ddH2O.

The thermal-cycling conditions were 94°C for 2 minutes,
followed by 30 cycles of 94°C for 30 s, 57°C for 30 s,
and 72°C for 30 s with a final extension at 72°C for
10 minutes. Each sample was amplified in triplicates and
pooled to mitigate reaction-level PCR biases. The PCR
products were purified with the QIAquick Gel Extrac-
tion Kit (Qiagen, Hilden, Germany), and quantified
with Real-Time PCR. Sequencing was performed on a
29 300 bp paired-end Illumina MiSeq platform (Illu-
mina, San Diego, California, USA).

Bioinformatic analysis

Raw reads were assigned to different samples based on
the barcodes and the primers were trimmed through Illu-
mina Analysis Pipeline Version 2.6. The sequences were
subsequently processed using QIIME v. 1.8.0 (Caporaso
et al. 2010). Paired-end reads were assembled with a
minimum overlap of 50 bp using FLASH version 1.0.0
(Mago�c and Salzberg 2011). The putative chimeras were
detected and filtered by USEARCH (Edgar 2010). The
sequences containing ambiguous bases with lengths
shorter than 200 bp, as well as all singletons, were
deleted. The qualified sequences were clustered into
operational taxonomic units (OTUs) at a similarity level
of 97% using UPARSE version 7.0 (Edgar 2013). The
Ribosomal Database Project (RDP) Classifier tool
(Wang et al. 2007) was used to annotate the taxonomic
affiliation of all OTUs with a confidence threshold of
0.7 against the Silva 128 database. To standardize survey
effort, we randomly resampled 18,877 reads per sample
and calculated the diversity indices based on this nor-
malized data set. All sequences have been deposited in
SRA of NCBI database under bioproject accession num-
ber PRJNA573484.

Statistical analyses

All data were checked for normality using the Sha-
piro-Wilk test, and log-transformed if necessary. The
Levene’s test was used to test the homogeneity of vari-
ance of bacterial and plant alpha diversity (all
P < 0.05). One-way ANOVA was performed to assess
the effects of N addition on soil bacterial and plant
diversity. Tukey HSD test was performed to further
explore differences among treatments. Spearman corre-
lations were used to test the relationship between the rel-
ative abundance of each bacterial phylum and the N
addition level.
To test how N addition affects bacterial community

composition, the bacterial community structure was
visualized by nonmetric multidimensional scaling
(NMDS) ordinations that were based on the Bray-Curtis
dissimilarity matrices using the vegan package in R
(Oksanen et al. 2013). The permutational multivariate
analysis of variance (PERMANOVA) was used to test
the effects of N addition on soil bacterial community
structure by using the function adonis in the R package
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vegan. Pairwise comparisons of Bray-Curtis dissimilar-
ity were used to assess the differences in soil bacterial
community structure among N addition levels. More-
over, we conducted permutational multivariate homo-
geneity of group dispersions (PERMDISP2) to test the
effects of N addition on the homogeneity of bacterial
community dispersion (Anderson et al. 2006) in the R
package vegan.
We further assessed bacterial community response to

N input level using Threshold Indicator Taxa Analysis
(TITAN) with R package TITAN2 (Baker and King
2010). TITAN was used to detect changes in the taxa
composition along an environmental gradient, and
assess synchrony among taxa change points as evidence
for community thresholds (Baker and King 2010).
Briefly, each taxon was assigned to an indicator value
(IndVal) score that takes into account the frequency of
occurrence, the proportional abundance and the direc-
tion of taxa changes. IndVal scores were calculated for
all species for all possible change points along the N
input gradient, and the uncertainty in these scores was
assessed by permutation tests. Indicator z scores were
calculated by standardizing the original IndVal scores
using the mean and SD of permuted samples along N
levels. The z scores distinguished the negative (z�) and
positive (z+) taxa response to N addition. The value of
the N level resulting in the maximum (sum(z�)) repre-
sented the community level threshold around which the
frequency of occurrence and the abundance of bacterial
taxa had the largest aggregate negative changes.
Using the rrnDB database, the rRNA operon copy

number of each OTU was searched and estimated
according to its closest relatives with known rRNA
operon copy (Stoddard et al. 2015). Then, we calculated
the abundance-weighted average rRNA operon copy for
each soil sample (Wu et al. 2017). To do so, we calcu-
lated the product of the estimated operon copy number
and the relative abundance of each OTU, and summed
these values of all OTUs for each sample. Linear regres-
sion analysis was performed to test the relationship
between the abundance-weighted average rRNA operon
copy number and the N addition level.
Structural equation modeling (SEM) was conducted

to examine the causal pathways via which N addition
affects soil bacterial richness. Based on our knowledge
of the effects of N enrichment on bacterial richness, we
developed an a priori model, allowing a hypothesized
causal interpretation of the linkages between soil chemi-
cal properties, plant productivity, plant richness, and
bacterial richness (Appendix S1: Fig. S1). To represent
soil N availability, we used the total N concentration
and dissolved inorganic N concentration as indicators of
the latent variable. N addition levels were ln-transformed
before running SEM. The SEM was performed using the
AMOS software (IBM SPSS AMOS 20.0.0). We used
root mean square error of approximation (RMSEA),
and comparative fit index (CFI) to assess model fit
(Byrne 2006).

Path analysis can also be used to explore causal con-
nections among relevant factors. We used Mantel path
analysis to quantify direct and indirect influences of soil
chemical properties and plant community composition
on bacterial community composition (Leduc et al. 1992,
Hartman et al. 2008). The partial Mantel test was con-
ducted to estimate path coefficients between two vari-
ables by keeping all other variables constant. The Bray-
Curtis dissimilarity matrix was used for bacterial and
plant communities, respectively. The soil chemical vari-
ables (total N, DIN, and pH) among samples were Hel-
linger transformed, and then the distances between
samples were calculated on the basis of Euclidean dis-
similarity for these variables. The partial Mantel test was
performed using ecodist packages in R software (Goslee
and Urban 2007).

Meta-analysis for N addition experiments in grasslands in
Inner Mongolia

To investigate whether there was a nonlinear response
between N inputs and bacterial richness (i.e., OTU num-
bers) across Inner Mongolia grasslands, we conducted a
meta-analysis by searching for N addition studies using
Web of Science (Thomson Reuters, New York, New
York, USA). The references were screened using the fol-
lowing rules: (1) N manipulative experiments were con-
ducted in grasslands on the Inner Mongolia Plateau; (2)
there were at least three levels of N addition treatment;
(3) the raw data of 16S rRNA gene sequences could be
downloaded from NCBI or obtained from the authors.
We finally obtained a total of four experimental studies
(including the current study) for the meta-analysis
(Appendix S1: Table S1).
We followed the same workflow as in our own experi-

ment to process the sequencing data from these four
studies using QIIME v. 1.8.0. OTUs were assigned based
on 97% sequence identity to sequences in the Green-
genes reference database (McDonald et al. 2012, Shade
et al. 2013), and OTU richness was calculated after nor-
malizing the number of sequences at the same depth for
all samples. We calculated the response ratio of OTU
richness for different N application rates by dividing the
mean of the experimental group by the mean of the con-
trol group, thus facilitated our comparisons among the
four studies. The response ratio was then used as the
effect size for the meta-analysis.
We compiled data on the response ratio of OTU rich-

ness from the four other N addition experiments in Inner
Mongolia grasslands and used smoothing splines to
identify the possible threshold of N level (Sherrill et al.
1990, Dodds et al. 2010). We first fit free-knot spines to
the data using the function fit.search.numknots in the R
package freeknotsplines. The optimum number of knots
and the degree of the spline fit were chosen based on the
lowest corrected Akaike information criteria (AICc) val-
ues. In our data, the optimum number of knot was 1.
The position of the knot was then determined by using
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freelsgen in the R package freeknotsplines, which can be
interpreted as a threshold value of the N level around
which the response ratio of bacterial alpha diversity
sharply changes. All statistical analyses were performed
with R 3.5.2 (R Development Core Team 2015).
P < 0.05 was considered to be statistically significant.

RESULTS

Soil bacterial and plant community responses to N
addition

Soil bacterial sequences were clustered into a total of
2740 OTUs. Bacterial diversity, including OTU richness,
Chao1, Shannon diversity index, and Simpson’s diversity
index, decreased exponentially with N addition level
(Appendix S1: Table S2). Bacterial diversity was not dif-
ferent among the control and N addition treatments up to
16 g N�m�2�yr�1 but markedly declined at the two highest
N addition levels (32 and 64 g N�m�2�yr�1; Fig. 1). Dif-
ferent from bacteria, plant richness (r2 = 0.57, P < 0.001),
Shannon diversity index (r2 = 0.58, P < 0.001), and Simp-
son’s diversity index (r2 = 0.53, P < 0.001) decreased lin-
early with N addition levels (Fig. 1).
The phylum Proteobacteria was dominated by

Alphaproteobacteria, which was not affected by N addi-
tion (Fig. 2). The relative abundance of Bacteroidetes,
Saccharibacteria, Betaproteobacteria, and Gammapro-
teobacteria increased with increasing N addition,
whereas the relative abundance of Acidobacteria, Acti-
nobacteria, Chloroflexi, Nitrospirae, and Deltaproteobac-
teria decreased with increasing N addition.
Both bacterial community composition and beta

diversity were significantly affected by N addition (PER-
MANOVA, r2 = 0.645, F(df=7) = 6.222, P = 0.001;
PERMDISP2, F(df=7) = 3.428, P = 0.011; Fig. 3a,
Appendix S1: Table S3). The bacterial communities in
the plots receiving 32 and 64 g N�m�2�yr�1 were differ-
ent from the communities receiving N below 16 g
N�m�2�yr�1 levels. However, there was no detectable dif-
ference in bacterial communities between the two high-
est N addition levels (Appendix S1: Table S3). The result
of the TITAN analysis indicated that the threshold for
the effect of N inputs on bacterial community structure
was between 16 and 32 g N�m�2�yr�1 (Fig. 3b).

Linking soil bacterial diversity and community structure
to environmental variables and plant communities

The SEM showed that N addition had a negative
effect on bacterial richness as it resulted in increased soil
N availability, and consequently lower soil pH (Fig. 4;
Appendix S1 Table S4). Mantel path analysis (Fig. 5)
showed that plant community composition responded
most strongly to soil pH after accounting for all other
environmental variables (rM = 0.470, P = 0.001). Bacte-
rial community composition was influenced not only by
soil pH (rM = 0.369, P = 0.001) and inorganic N

concentration (rM = 0.145, P = 0.022), but also by plant
community composition (rM = 0.228, P = 0.001).

Meta-analysis of N addition effect on bacterial diversity
in Inner Mongolia grassland

Bacterial OTU richness responded nonlinearly to
increasing N input across the four grassland sites in
Inner Mongolia (Fig. 6; Appendix S1: Table S2). When
pooling data from all four study sites, we found that the
bacterial OTU richness decreased precipitously after the
N input reached a threshold of approximately 28 g
N�m�2�yr�1 (Fig. 6).

DISCUSSION

Nonlinear response of soil bacterial diversity to N
addition in temperate steppe

Consistent with our hypothesis, we found that bacterial
diversity was not affected by low levels of N input, but
sharply declined between 16 and 32 g N�m�2�yr�1. This
result implies that bacterial diversity responds nonlinearly
rather than linearly to N inputs, which is also confirmed
by our meta-analysis across four Inner Mongolia grass-
land sites (Fig. 6). Different from bacterial diversity, plant
diversity decreased more gradually with increasing N
addition. Compared to plants, bacteria tend to show
greater degree of physiological plasticity, higher popula-
tion densities, and greater dispersal ability (Shade et al.
2012). These individual and population attributes of bac-
teria could partly explain why bacterial communities
respond less to low levels of N input than plant communi-
ties. Indeed, another experiment in Inner Mongolia found
that compared to bacterial communities, the selective
effect of N enrichment on plant communities started to
increase at a lower N addition level (Zhang et al. 2011).
Soil pH manipulative experiments found that bacterial

diversity decreased with soil acidification (Bartram et al.
2013, Yun et al. 2016), and the largest decrease was
observed when soil pH was below 4.5 (Rousk et al.
2010). Accordingly, our SEM suggested that the
decrease in bacterial diversity was strongly associated
with the decrease in soil pH caused by elevated N inputs
(Fig. 4). Furthermore, Mantel path analysis indicated
that the environmental effects on bacterial communities
depended mainly on changes in soil pH under N enrich-
ment. In our study, the abundance of the two most dom-
inant bacterial taxa (Acidobacteria and Actinobacteria)
decreased sharply when soil pH was decreased below 5
(Fig. 2, Appendix S1: Table S4). On the one hand, the
loss of the dominant bacteria taxa may have destructed
higher-order interactions within soil bacteria communi-
ties, which form complex interspecific interaction net-
works (Faust and Raes 2012). The loss of higher-order
interactions may cause further loss of many other taxa
(Bairey et al. 2016, Levine et al. 2017), triggering the
shift of bacterial communities to a different, low-
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diversity state. On the other hand, nutrient enrichment
may have altered the interaction between microbial spe-
cies, where the shift from mutualism to competition with
increased nutrient supply (Hoek et al. 2016) could also
contribute to the formation of the low-diversity commu-
nity state. Note that the continual increase in N input
from 32 to 64 g N�m�2�yr�1 no longer resulted in a sig-
nificant loss of bacterial diversity, possibly because fur-
ther increase in N input did not cause significant
changes in soil pH (Appendix S1: Table S4). Overall, the
large pH gradient (from 6.8 to 4.6), associated with the
large range in N input, seems necessary for detecting the
nonlinear response of bacterial diversity to N input and
the existence of N input threshold.

The linkages between plant and bacterial community
composition

Our study revealed that N-induced changes in envi-
ronmental factors (Appendix S1: Table S4) and plant

communities (Appendix S1: Fig. S2) both account for
bacterial community composition. The TITAN test indi-
cated that the threshold for N-induced bacterial commu-
nity structure changes was between 16 and 32 g
N�m�2�yr�1. We further found that bacterial community
dissimilarity was significantly associated with plant com-
munity dissimilarity (rM = 0.57, P < 0.001). One expla-
nation for this association is that shared environmental
factors contribute to relationships between bacterial and
plant community composition (Prober et al. 2015), as N-
induced changes in soil pH simultaneously influenced
the structure of both bacterial (rM = 0.77, P < 0.001)
and plant (rM = 0.64, P < 0.001) communities. However,
the mantel path analysis showed that even after account-
ing for the effects of abiotic environmental variables,
bacterial community composition remained strongly
related to plant community composition (Fig. 5), sup-
porting our second hypothesis that changes in bacterial
community composition under N enrichment was asso-
ciated with the changes in plant community
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composition. The contribution of plant community
composition to the shift in bacterial community compo-
sition under N deposition indicates some covariation
between above- and belowground diversity under N
deposition. This result presumably reflects the fact that
plants provide microhabitats as well as organic sub-
strates for soil bacteria, such that changes in plant com-
munity composition lead to changes in both habitats
and carbon resources for soil bacteria (Ramirez et al.
2010), translating into changes in soil bacterial

communities. To more rigorously distinguish the effects
of plant communities and abiotic environments on soil
microbial communities, it is necessary to conduct experi-
ments that simultaneously manipulate plant community
assembly and abiotic factors.

Shifts in soil bacterial relative abundance along with N
addition levels

Our long-term, multi-level N addition created a gradi-
ent of soil acidification, with soil pH decreasing from 6.8
to 4.5 with increasingly N addition (Table. S4). We
expected that the relative abundance of Bacteroidetes
would decrease with increasing N due to intolerant of
low pH conditions (Lauber et al. 2009). However, the
responses of the relative abundance of Bacteroidetes
were opposite to our expectation (Appendix S1:
Fig. S3). Similarly, we expected that the relative abun-
dance of Nitrospirae, which performs nitrite oxidation in
the second step of nitrification, would be increased by N
addition. However, the relative abundance of Nitrospirae
significantly decreased, which might be caused the
increased nitrite concentration and lower soil pH
(Ehrich et al. 1995). These results suggest that although
changes in soil N supply and changes in soil pH could
alter bacterial community structure, the shifts of specific
bacterial taxonomic groups could not be simply pre-
dicted by changes in soil chemistry (Ramirez et al.,
2010).
According to the oligotrophic-copiotrophic concept,

copiotrophic bacteria usually have high growth rates
under nutrient-rich conditions, while oligotrophic bacte-
ria have lower growth rates but are able to maintain
growth under nutrient-poor conditions (Koch 2001).
Therefore, increasing N availability should facilitate
copiotrophic rather than oligotrophic bacterial growth
(Leff et al. 2015). Consistent with previous studies
(Fierer et al. 2012, Leff et al. 2015), we found that the
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abundances of Gammaproteobacteria, which has often
been associated with copiotrophic bacteria (Kurm et al
2017), was stimulated by N addition. At the same time,
the abundance of Acidobacteria and Nitrospirae, which
have been identified as oligotrophic bacteria, decreased

with the increase in N input. In addition, we also found
that N addition promoted the abundance of bacteria
with higher rRNA operon copy number (Appendix S1:
Fig. S4). The rRNA operon copy number correlates with
bacterial reproduction rate and response rate to resource
availability (Roller et al. 2016, Wu et al. 2017), thus
reflects the ecological strategies of bacteria, as higher
rRNA operon copy number is associated with the faster-
growing copiotrophic bacteria (Roller et al. 2016, Samad
et al. 2017). The increased abundance-weighted average
rRNA operon copy number under N addition thus pro-
vided another line of evidence that elevated N input
favored copiotrophic taxa.
Furthermore, compared to oligotrophic bacteria,

copiotrophic bacteria prefer to use more labile C sub-
strates (Koch 2001, Eilers et al. 2010), and thus might
have a higher C use efficiency (Roller and Schmidt
2015). However, since the substrates under natural con-
ditions are mixtures of organic matters with different
qualities, field experiment could not fully explore the
linkages between the bacterial life strategy, substrate
preference and thus C use efficiency under N enrichment
(Ramirez et al. 2012). By using 13C labelled glucose and
phenol, our previous laboratory incubation study at the
same experimental site found that soil microbial C use
efficiency for labile carbon substrate was stimulated by
N addition (Liu et al. 2018), which is consistent with the
observed increase in the abundance of some copi-
otrophic bacterial taxa (Fig. 2). Meanwhile, soil micro-
bial C use efficiency for recalcitrant carbon substrate
was decreased by N addition (Liu et al. 2018), which is
in line with the decrease in oligotrophic bacterial taxa at
our site. The shifts in bacterial communities observed in
the field and the changes in C use efficiency observed in
the lab incubation both indicated that N enrichment
shift bacterial communities toward more copiotrophic
and away from more oligotrophic taxa. Note that copi-
otrophic dominating over oligotrophic bacteria is
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consistent with competition being more important under
higher resource input. The shift of specific taxonomic
taxa and total community composition indicated that
soil bacterial community turnover was a signature of N
enrichment more broadly, rather than pH change, which
mainly affected bacterial diversity. Further studies will
be required to assess the generality of the contrasting
mechanism underlying responses of microbial diversity
and community composition to N enrichment in other
ecosystems.

CONCLUSIONS

We found a critical threshold of N input above which
soil bacterial diversity declined sharply and bacterial
communities shifted substantially in our study temperate
grassland. Furthermore, our findings revealed that the
decrease in bacterial diversity was associated with N-in-
duced decreases in soil pH, but not N-induced decreases
in plant diversity. However, the response of soil bacterial
community composition was accompanied by changes
in plant communities under N enrichment, though
changes in plant diversity were linear rather than thresh-
old-based. In addition, the bacterial community compo-
sition at our experimental site shifted toward putatively
copiotrophic taxa, possibly responding to increasing N
availability and labile C supply. Our findings move a step
forward to understand how N deposition-induced
changes in biotic and abiotic drivers could interact to
regulate the transitions of bacterial communities. Fur-
ther research is needed to explore how the threshold
responses of bacterial communities would feedback to
ecosystem structures and functions under future N
deposition scenarios.
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