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Abstract

Nitrogen (N) deposition is a significant aspect of global change and poses a
threat to terrestrial biodiversity. The impact of plant-soil microbe relationships
to N deposition has recently attracted considerable attention. Soil microorgan-
isms have been proven to provide nutrients for specific plant growth, especially
in nutrient-poor desert steppe ecosystems. However, the effects of N deposition
on plant-soil microbial community interactions in such ecosystems remain poorly
understood. To investigate these effects, we conducted a 6-year N-addition field
experiment in a Stipa breviflora Griseb. desert steppe in Inner Mongolia Au-
tonomous Region, China. Four N treatment levels (N0, N30, N50, and N100,
corresponding to 0, 30, 50, and 100 kg N/(hm2 e a), respectively) were applied
to simulate atmospheric N deposition. The results showed that N deposition
did not significantly affect the aboveground biomass of desert steppe plants. N
deposition did not significantly reduce the alfa-diversity of plant and microbial
communities in the desert steppe, and low and mediate N additions (N30 and
N50) had a promoting effect on them. The variation pattern of plant Shannon
index was consistent with that of the soil bacterial Chaol index. N deposition
significantly affected the beta-diversity of plants and soil bacteria, but did not
significantly affect fungal communities. In conclusion, N deposition led to co-
evolution between desert steppe plants and soil bacterial communities, while
fungal communities exhibited strong stability and did not undergo significant
changes. These findings help clarify atmospheric N deposition effects on the
ecological health and function of the desert steppe.
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Abstract: Nitrogen (N) deposition is a significant aspect of global change that
poses a threat to terrestrial biodiversity. The impact of plant-soil microbe rela-
tionships on N deposition has recently attracted considerable attention. Soil mi-
croorganisms provide nutrients for specific plant growth, especially in nutrient-
poor desert steppe ecosystems. However, the effects of N deposition on plant-soil
microbial community interactions in such ecosystems remain poorly understood.
To investigate these effects, we conducted a 6-year N-addition field experiment
in a Stipa breviflora Griseb. desert steppe in Inner Mongolia Autonomous Re-
gion, China. Four N treatment levels (NO, N30, N50, and N100, corresponding
to 0, 30, 50, and 100 kg N/(hm? - a), respectively) were applied to simulate
atmospheric N deposition. The results showed that N deposition did not signif-
icantly affect aboveground biomass of desert steppe plants. N deposition also
did not significantly reduce alpha-diversity of plant and microbial communities;
in fact, low and moderate N additions (N30 and N50) had a promoting effect.
Plant Shannon index variation paralleled soil bacterial Chaol index patterns.
N deposition significantly affected beta-diversity of plants and soil bacteria, but
did not significantly affect fungal communities. In conclusion, N deposition
led to co-evolution between desert steppe plants and soil bacterial communities,
while fungal communities exhibited strong stability without significant changes.
These findings help clarify atmospheric N deposition effects on ecological health
and function of the desert steppe.
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1 Introduction

Desert steppes are unique transitional ecotones located between steppe and
desert regions in Eurasia [?, ?]. The desert steppe of Inner Mongolia Au-
tonomous Region, China has a simple plant community structure with limited
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water resources and poor soil nutrients, making it a fragile ecosystem especially
under global climate change [?]. In recent years, climate change has led to
increasing atmospheric nitrogen (N) deposition in China [?], with average N
deposition estimated at 20.4 + 2.6 kg N/(hm? - a) during 2011-2015 [?]. N
deposition is considered the third greatest threat to global terrestrial biodiver-
sity [?]. Previous studies show that atmospheric N deposition negatively affects
plant and soil microbial community diversity in terrestrial ecosystems [?, ?].
Biodiversity is inherently precious and bolsters ecosystem functioning, provid-
ing reliable ecosystem services [?, 7, ?]. Understanding biodiversity responses
to long-term N deposition in desert steppe ecosystems is therefore urgent [?].

N deposition typically increases plant productivity but decreases plant diversity,
with some species becoming rare and even facing extinction [?, ?, ?]. N deposi-
tion affects plants through multiple factors, including nutrient imbalances and
interspecific competition [?]. Plant community shifts do not occur in isolation;
changes in plant composition can influence soil bacterial and fungal commu-
nities through cascade effects [?, ?]. Conversely, soil microbial communities
influence plant fitness through decomposition, nutrient cycling, and nutrient ac-
quisition [?, ?]. Plant-soil microbial interactions are so intertwined that they
can be considered as a single entity subjected to environmental changes and se-
lection [?, 7, ?]. Plant productivity correlates positively with soil microorganism
proportions [?]. Main microbial taxa are highly connected, exerting consider-
able influence on microbiome structure and functioning individually or in guilds,
regardless of spatial or temporal abundance [?]. These microbial species often
coexist and form clusters in microbial ecological networks that provide nutrients
for specific plant growth, especially in nutrient-poor desert steppe ecosystems
[?].

N is essential for plant growth, and plants and microbes compete for soil N.
Increased competition can decrease soil N availability and microbial activity
[?, ?, ?]. For instance, increased N can depress soil microbial activity by al-
tering bacterial community metabolic capabilities [?]. Accumulated evidence
suggests N deposition reduces microbial biomass and changes community com-
position across diverse ecosystems [?, ?]. Increased N availability reduces fungal
biomass via changes in plant-specific exudates and altered nutrient competition
between plants and rhizosphere microbes [?, ?]. Plant-soil microorganism feed-
backs and shifts in feedback effects associated with microbial community compo-
sition affect plant coexistence and community composition [?, ?, ?]. Although
plant-soil microorganism interactions have been widely studied, little research
addresses how belowground microbial communities influence plant biomass in
nutrient-poor desert steppes [?, 7, 7, ?]. The mechanisms by which microbial
communities affect plant biomass remain unknown. We established a 6-year
simulated N deposition experiment in the desert steppe region of Inner Mon-
golia Autonomous Region, northern China, to evaluate plant-soil-microbiome
interactions under N deposition by studying plant community productivity, soil
physical-chemical properties, and soil microbial groups and their roles.
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2.1 Experimental Design

A field experiment was conducted in Siziwang Banner (41°46 43 N, 111°53 41 E;
1456 m a.s.l.), an arid area in Inner Mongolia Autonomous Region, northern
China. Average annual precipitation is 280 mm, with approximately 70% falling
during the growing season (May-October). The annual average temperature is
3.4°C. Study area soils have sandy loam texture and are classified as Haplic Cal-
cisols by the FAO soil classification system. The plant community is dominated
by Stipa breviflora Griseb., Neopallasia pectinata (Pall.) Poljak., Artemisia sco-
paria Waldst. et Kit., Kochia prostrata (L.) Schrad., and Cleistogenes songorica
(Roshev.) Ohwi.

Long-term simulated N deposition experiments were established in December
2015 with four treatments: control (NO, no N addition), low N addition (N30,
30 kg N/(hm? - a)), moderate N addition (N50, 50 kg N/(hm? - a)), and high N
addition (N100, 100 kg N/(hm? - a)). To mirror natural seasonal N deposition
patterns from May to September, we dissolved NH,NOj in purified water (10.0
L per plot; NO plots received only water) and sprayed it evenly using a sprayer
to simulate wet deposition. From October to April, NH,NO; was mixed with
soil (1.0 kg sand per plot; NO plots received only sand) and broadcast by hand
to simulate dry deposition. N was applied monthly at the beginning of each
month, with application rates determined by the percentage of average monthly
precipitation from the previous 5 years relative to total annual precipitation. Ex-
periments followed a randomized block design with four replicate blocks. Each
plot measured 7.0 m x 7.0 m, separated by 1-m intervals.

2.2 Plant, Soil, and Soil Microbial Sampling

In August 2021, at peak growing season, we randomly placed three 0.5 m x 0.5
m subplots in each plot, positioned parallel to but at least 1 m from plot edges.
We harvested all aboveground plant parts, sorted by species, recorded species
richness and abundance (number of individuals), and dried plants at 65°C for
48 h to measure aboveground biomass (AGB) for each species. Soil samples
were collected using the five-point method to 10 cm depth. After removing
roots and stones and gently mixing, each sample was placed in a sterile plastic
bag. One portion was used to determine soil physical and chemical properties
including pH, total nitrogen (TN), soil organic carbon (SOC), NH,"-N, and
NO;-N contents [?], while the other was used for DNA extraction.

2.3 Soil Microbial DNA Extraction and Sequencing

Microbial community genomic DNA was extracted from 0.5 g soil using a Soil
DNA Purification Mini Kit (Omega Bio-Tek, Norcross, USA) following manufac-
turer instructions. DNA extracts were checked on 1% agarose gel, and concentra-
tion and purity were determined with a NanoDrop 2000 UV spectrophotometer
(Thermo Scientific, Wilmington, USA).
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Soil bacterial and fungal community composition and diversity were determined
through amplicon surveys of 16S and ITS (Internal Transcribed Spacer) rRNA.
The V3-V4 hypervariable regions of the 16S rRNA gene were amplified us-
ing primers 338F (5 -ACTCCTACGGGAGGCAGCAG-3 ) and 806R (5 -
GGACTACHVGGGTWTCTAAT-3" ). The ITSI region of fungal rRNA was
amplified using primers ITS1F (5 -CTTGGTCATTTAGAGGAAGTAA-3 ) and
ITS2R (5 -GCTGCGTTCTTCATCGATGC-3).

Polymerase chain reaction (PCR) amplification proceeded as follows: initial
denaturation at 95°C for 3 min; 27 cycles of denaturation at 95°C for 30 s,
annealing at 55°C for 30 s, and extension at 72°C for 45 s; final extension at 72°C
for 10 min; and terminal hold at 4°C. PCR mixtures contained 5xTransStart
FastPfu buffer (4 L), 2.5 mM dNTPs (2 L), 5 M forward primer (0.8 L), 5
M reverse primer (0.8 L), TransStart FastPfu DNA polymerase (0.4 L), 10 ng
template DNA, and ddH,O to 20 L. PCR tests were performed in triplicate.
Products were extracted from 2% agarose gel, purified using an AxyPrep DNA
Gel Extraction Kit (Axygen Biosciences, Union City, USA), and quantified with
a Quantus™ Fluorometer (Promega, Madison, USA).

Purified amplicons were pooled in equimolar amounts and paired-end sequenced
on an Hlumina MiSeq PE300/NovaSeq PE250 platform (Illumina, San Diego,
USA) following standard protocols by Majorbio Bio-Pharm Technology Co.,
Ltd. (Shanghai, China). Raw reads were deposited in the NCBI Sequence Read
Archive (SRA) database (PRINAT99672).

Raw 16S and ITS rRNA gene sequencing reads were de-multiplexed and quality-
filtered using FASTP v.0.20.0 [?] and merged using FLASH v.1.2.7 [?] with
these criteria: 300-bp reads were truncated at any site with average quality
score <20 over a 50-bp sliding window; truncated reads shorter than 50 bp were
discarded; reads containing ambiguous characters were discarded; only over-
lapping sequences longer than 10 bp were assembled with maximum mismatch
ratio of 0.2 in the overlapping region; unassembled reads were discarded; sam-
ples were distinguished by barcode and primers with exact barcode matching
and 2-nucleotide mismatches allowed in primer matching.

Operational taxonomic units (OTUs) were clustered at 97% similarity [?, ?]
using UPARSE v.7.1 [?], and chimeric sequences were identified and removed.
OTU representative sequence taxonomy was analyzed using RDP Classifier v.2.2
[?] against 16S and ITS rRNA databases with a confidence threshold of 0.7.

2.4 Statistical Analysis

Microsoft Excel 2019 and R software were used for statistical analyses. All
figures were created using Origin 2021 software. Soil microorganism alpha-
diversity and redundancy analysis (RDA) were performed using the Majorbio
Cloud Platform (https://cloud.majorbio.com/page/tools/). Significant differ-
ences among N-addition levels for plant biomass, diversity indices, and soil
variables were determined using Tukey’ s honestly significant difference test
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(P<0.05). Nonmetric multidimensional scaling (NMDS) and permutational mul-
tivariate analysis of variance (PERMANOVA) were used to assess N deposition
effects on plant and soil microbial community composition between treatments
at the genus level based on Bray-Curtis distances.

3.1 Soil Physical-Chemical Properties, Plant Diversity, and
Community Composition

N-addition treatments did not affect AGB, while plant community composition
was significantly altered (P<0.01; Table 1 ; Fig. la [Figure 1: see original
paper]). The N100 treatment significantly decreased biomass of perennial grass
S. breviflora but increased biomass of annual and biennial N. pectinata compared
with NO (P<0.05; Table 1). N deposition did not significantly affect other plant
biomass (Table 1). Perennial grass biomass gradually decreased with increasing
N additions and was replaced by annuals and biennials (Fig. 1a). N deposition
did not significantly affect biomass of perennial forbs, shrubs, and semi-shrubs
(Fig. 1b).

Plant Shannon index was not significantly affected by N deposition, though it
tended to increase under N30 and N50 treatments (Fig. 1c). The Shannon index
under N100 showed a decreasing trend compared with NO, but did not reach
significance (Fig. 1c). However, Shannon index under N100 was significantly
lower than under N30 and N50 (P<0.05; Fig. 1c).

Soil pH tended to decrease gradually with increasing N addition but did not
reach significance (Table 2 ). Conversely, soil SOC showed an increasing trend
with N addition amount (Table 2). N addition did not significantly affect soil
TN and C/N ratio, but increased soil NH,*-N and NO5;~-N contents (Table
2). The N100 treatment significantly increased NH,"-N and NO,;~-N contents
compared with NO (P<0.05; Table 2).

3.2 Soil Bacterial and Fungal Community Composition and
Diversity

Dominant bacteria across all treatments were Actinobacteriota, Proteobacteria,
Acidobacteriota, and Chloroflexi, which together accounted for >83.46% of to-
tal sequences (Fig. 2a [Figure 2: see original paper]). Actinobacteriota relative
abundance gradually increased with N addition amount (Fig. 2a). Proteobac-
teria relative abundance gradually decreased from NO to N50, but was higher
under N100 than NO, showing an increasing trend (Fig. 2a). NMDS analysis
revealed significant differences in soil bacterial community composition among
N treatments (P<0.05; Fig. 2b).

Dominant fungi across all treatments were Ascomycota, Basidiomycota, and
Mortierellomycota, which together accounted for >97.26% of total sequences
(Fig. 2c). Basidiomycota relative abundance was highest under N30, followed
by N50, N100, and NO (Fig. 2c¢). Ascomycota relative abundance showed the
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opposite pattern, being lowest under N30 (Fig. 2c). N deposition did not signif-
icantly affect soil fungal community composition in the desert steppe (P>0.05;
Fig. 2d).

N deposition did not significantly affect soil bacterial Shannon index, but sig-
nificantly affected Chaol index (Fig. 3a [Figure 3: see original paper] and b).
Soil bacterial Chaol index patterns were consistent with plant Shannon index
changes. N deposition had no significant effects on Shannon and Chaol indices
of soil fungal communities (Fig. 3c and d).

3.3 Soil and Plant Properties Associated with Microbial
Community Structure

The first axis explained 22.25% and 23.50% of variation in bacterial and fungal
community structure influenced by environmental factors, respectively (Fig. 4a
[Figure 4: see original paper] and b). In the soil bacteria RDA biplot, soil pH
and plant Shannon index were positively correlated with bacterial communities
under NO, N30, and N50 (Fig. 4a), but negatively correlated under N100 (Fig.
4a). Soil pH was negatively correlated with Proteobacteria, Gemmatimonadota,
and Bacteroidota, but positively correlated with Chloroflexi (Table S1). NH,*-
N and NO;™-N were negatively correlated with bacterial communities under NO,
N30, and N50 (Fig. 4a), but positively correlated under N100 (Fig. 4a). NH,*-
N and NO3;7-N were positively correlated with annuals and Actinobacteriota
(P<0.05; Table S1).

In the soil fungi RDA biplot, NH,*-N, annuals and biennials, and AGB were
positively correlated with soil bacterial communities under all N addition treat-
ments (Fig. 4b). NH,"-N, annuals and biennials, and AGB were positively
correlated with Ascomycota and negatively correlated with Basidiomycota and
Mortierellomycota, though none reached significance (Table S2). NH,"-N and
NO;7-N were negatively correlated with plant Shannon index and perennial
grasses (P<0.05; Table S3), but positively correlated with annuals and bienni-
als (P<0.05; Table S3).

4 Discussion

Our 6-year experiment showed that N deposition did not significantly increase
plant AGB but did change plant community composition. Previous studies
indicate that aboveground net primary production increases stabilize after ap-
proximately 10.5-12.0 g N/(m? - a) addition in desert steppe regions [?, ?]. Our
N addition amounts did not exceed this threshold, so the nonsignificant biomass
increases may have resulted from water constraints [?], consistent with multiple
resource co-limitation theory [?]. N addition effects on plant communities largely
depend on water availability [?, ?]. Although plant AGB did not change signifi-
cantly, plant community composition did. N addition enhanced AGB of annual
N. pectinata while detrimentally affecting perennial grass S. breviflora. Fast-
growing annuals, usually abundant only in early grassland succession stages, can
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almost completely replace perennials in mature sites [?]. Rapid annual growth
is facilitated by species-specific traits including abundant seed production and
fast growth. Perennial decline may be attributable to conservative resource-use
strategies [?]. Additionally, r/K selection theory may be reflected in our results:
faster-growing r-strategist forbs increased while slower-growing K-strategist na-
tive perennial grasses decreased [?]. This may explain the absence of significant
changes in plant alpha-diversity. However, NO; -N and NH,"-N were signifi-
cantly negatively correlated with plant Shannon index, suggesting prolonged or
higher N deposition concentrations may significantly reduce desert steppe plant
diversity.

N addition significantly increased soil available N, an important limiting fac-
tor for desert steppe microorganisms [?]. Low soil N content in desert steppe
ecosystems may restrict both microbial proliferation and vegetation growth [?].
Our results showed that N addition did not significantly decrease soil microbial
alpha-diversity. Besides water restriction, added N rates may be much higher
than those to which native inhabitants evolved, as those inhabitants adapted
to low N environments [?, ?]. This is supported by the lack of significant plant
biomass increase. Soil pH changes caused by N are typically the most impor-
tant factor affecting microbial diversity responses [?]. Most research suggests
N deposition decreases soil pH, weakening plant-soil microbe relationships [?].
However, our soil pH was not significantly affected, and the main effect came
from inorganic N accumulation. NO3; -N and NH,*-N were significantly pos-
itively correlated with Actinobacteriota and annual/biennial biomass. N addi-
tion increased relative abundances of Actinobacteriota and annuals/biennials,
partially explained by copiotrophic bacterial life history strategies [?]. Our mi-
crobial diversity findings are consistent with other desert steppe regions [?, ?].
However, soil microbial community composition (beta-diversity) was affected
by different N-addition amounts. Plant-mediated effects on soil microbial com-
munities may be driven by resource quantity and quality (plant litter and root
exudates) or vegetation-microorganism synchrony [?]. Plants and soil microbes
have direct co-evolutionary relationships that constitute important systems [?].
In our study, plant community Shannon index patterns were consistent with soil
bacterial Chaol index patterns. Significant changes in plant community com-
position (beta-diversity) were accompanied by bacterial composition changes,
likely due to plant-microbe co-evolution. Desert steppe soil bacterial commu-
nities co-evolved with plant communities, but fungal community structure and
diversity were not significantly affected by N deposition. Studies from arid and
semi-arid grasslands show drought promotes destabilizing properties of soil bac-
teria but not fungi, producing prolonged effects on bacterial communities and
co-occurrence networks via vegetation composition changes and resultant soil
moisture reductions [?, ?, ?]. These results contribute to comprehensive under-
standing of atmospheric N deposition effects on biodiversity and mechanisms
underlying plant-soil-microbiome interactions in desert steppes.
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5 Conclusions

Our data indicate that in nutrient-poor, arid desert steppe ecosystems, plant
AGB did not significantly increase after 6 years of N deposition. Simultane-
ously, N deposition did not decrease alpha-diversity of plants and microorgan-
isms; low N addition had positive effects. However, N deposition significantly
affected beta-diversity of plant and bacterial communities, but did not signif-
icantly impact fungal communities. Plants and soil bacterial communities co-
evolved, while fungal communities remained stable. These findings help under-
stand mechanisms of atmospheric N deposition effects on ecological health and
function of desert steppes.
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Appendix

Table S1 Correlation between environmental factors and dominant bacterial
phyla

VariabldctinobactPrioteobacAaidobact @ldtaofléemmatinkinadotidacteroiddiaxococcota
Shanno.57* - - - - - - -

in-

dex

Perennidb5* - - - - - - -
grasses

Annualg).52* 0.70**  -0.55%* - - - - -
and 0.71%*

bi-

en-

ni-
als

Note: *, P<0.05 level; **, P<0.01 level. AGB, aboveground biomass; TN, total
nitrogen; SOC, soil organic carbon; C/N, soil organic carbon/total nitrogen.
Abbreviations are the same in following tables.

Table S2 Correlation between environmental factors and dominant fungal phyla
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Variable  Ascomycota Basidiomycota Mortierellomycota Chytridiomycota

Shannon  -0.53* - - -
index

Perennial -0.73** 0.62%* - -
grasses

Annuals  -0.58%* -0.62%* 0.55* -
and

biennials

Table S3 Correlation between soil properties and plant community

Variable Plant community

Shannon index -
Perennial grasses -
Annuals and biennials -

Note: *, P<0.05 level; ** P<0.01 level.
Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv —Machine translation. Verify with original.
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