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Abstract
Purpose  Knowledge of soil N cycling and the associated functional microbial groups of N2O production under different 
management measures could provide clues for the restoration of degraded meadows in alpine ecosystems.
Materials and methods  We investigated soil N2O emissions, the genes related to N2O production and reduction (AOA-amoA, 
AOB-amoA, nirK, nirS, and nosZ), and associated microbial communities in four meadows (continuous grazing, grazing 
exclusion by fencing, grazing exclusion by combined fencing and reseeding, and undisturbed meadow) in the Tibetan Plateau 
to reveal the mechanism underlying potential N2O emissions in alpine meadows.
Results and discussion  Compared to the grazing meadow, fencing and fencing + reseeding meadows had lower N2O emis-
sions and lower abundances of AOA-amoA, AOB-amoA, nirK, nirS, and nosZ genes, suggesting that grazing exclusion 
could decrease the soil N-turnover potential. However, the higher N2O emissions compared to those of undisturbed mead-
ows indicated that longer restoration periods were necessary. Seeding the fenced meadow did not alter soil N2O emission 
or the abundance of AOA-amoA, AOB-amoA, nirK, nirS, and nosZ genes, possibly owing to the similar soil nutrient status 
compared to that of the fencing meadow. Grazing exclusion also resulted in significant changes in the community diversity 
and composition of microbes harboring these functional genes, especially nirK and nosZ communities. N2O emissions 
were significantly associated with microbial communities involved in N2O production and reduction but not with the gene 
abundance of AOA-amoA, AOB-amoA, nirK, nirS, and nosZ. Soil dissolved organic nutrients, including C and N, and soil 
moisture were the controlling factors for N2O production by altering the community composition of nirK- and nosZ-type 
denitrifiers, such as Bradyrhizobiaceae, Rhizobiaceae, Brucellaceae, Ochrobactrum, and Proteobacteria.
Conclusions  Our results indicated that grazing-induced elevation of potential N2O emissions from meadow soil could be 
alleviated by grazing exclusion, including sole fencing and a combination of fencing and reseeding, by changing soil dis-
solved organic nutrients and moisture thus regulating the microbial communities.
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denitrification
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1  Introduction

As the “third pole” of the Earth, the Tibetan Plateau has 
the largest alpine meadow ecosystem in the world, and 
provides huge ecological and social benefits to the local 
population (Chen et al. 2013). However, intensive human 
activities (e.g., continuous cultivation and grazing) have 
caused several negative consequences to alpine meadows, 
such as rapid degeneration of the structure and function 
of vegetation and microbial communities, resulting in 
the decline of soil quality and loss of ecological func-
tion (Kooch et al. 2020). Most importantly, overgrazing is 
considered a major cause of widespread meadow degrada-
tion, and it has resulted in severe environmental problems, 
such as accelerating greenhouse gas (GHG) emissions (Liu 
et al. 2018).

N2O contributes 8% to the global GHG emissions, and 
its 100-year global warming potential is 310 times higher 
than that of CO2 (Harter et al. 2014). N2O is stable over 
100 years under natural conditions and results in strato-
spheric ozone depletion (Fu et al. 2020). Soil is the pri-
mary N2O source, producing more than 60% of the atmos-
pheric N2O (Seitzinger and Kroeze 1998). Particularly, 
pasture is one of the most important sources of GHG, as 
grazing accelerates N cycling through nutrient recycling 
via animal manure and animal trampling, which compacts 
soil and decreases hydraulic conductivity and air perme-
ability (Zhong et al. 2017).

In the Tibetan Plateau, grazing exclusion was adopted 
to maintain ecosystem functions, which can reduce GHG 
emissions and greatly contribute to the mitigation of global 
climate change (Zhong et al. 2017). Fencing is a com-
monly used method for grassland restoration, which can 
increase N storage potential and thus reduce soil N2O emis-
sions (Song et al. 2019; Kooch et al. 2020). However, the 
underlying mechanisms of N2O emission regulation under 
grazing exclusion remain unclear, such as the associa-
tion between soil variables and N2O emissions, functional 
microbes involved in N cycling, and direct or indirect path-
ways of environmental forces driving N2O emissions. These 
topics are the basis of guidelines on restoration measures in 
fragile ecosystems. N2O emissions are primarily produced 
from two microbial pathways central to N biogeochemical 
cycling: nitrification and denitrification pathways, which 
are associated with the supply, leaching, and transforma-
tion of N in soil systems (Levy-Booth et al. 2014; Song 
et al. 2019). Thus, a better understanding of the structure 
and functioning of microbial communities involved in N 
transformation is required to control N2O emissions and 
increase N storage. Certain functional microbial groups 
determine N availability and losses from the ecosystem, 
and the abundance of N functional genes (NFGs) can be 

used to assess the strength of distinct N-cycling pathways 
(Sun and Badgley 2019; Zhong et al. 2018). The most com-
monly used N-cycling marker genes in the process of N2O 
production include amoA of ammonia-oxidizing bacteria 
(AOB) and ammonia-oxidizing archaea (AOA), nirS/K for 
nitrite reduction, and nosZ for N2O reduction (Stone et al. 
2015). Previous studies have reported that nitrification is 
the major pathway of soil N2O emission in forest and grass-
land ecosystems (Song et al. 2019; Tzanakakis et al. 2019). 
Ammonia oxidation, catalyzed by an ammonia monooxy-
genase encoded by the amoA gene, is the first and rate-lim-
iting step in nitrification mediated by AOA- and AOB-type 
microbes (Fan et al. 2019). Furthermore, denitrification 
is also fundamental in N cycling, which contributes to N 
loss and N2O emissions, in which nitrate (NO3

−) is finally 
reduced to N2 (NO3

−-N → NO2
−-N → NO → N2O → N2) by 

denitrifiers that harbor denitrifying genes, such as nirK/S, 
nosZ, napA, narG, and norB (Levy-Booth et al. 2014). 
Although the N-cycling process is well documented, how 
microbial communities that harbor these genes respond to 
grazing exclusion remains unknown. Moreover, the biotic 
and abiotic regulation pathways for N2O emissions are 
unclear, especially in the alpine meadow ecosystem.

Soil N2O emissions are highly variable and can largely 
be attributed to the coupling of soil properties, vegetation 
characteristics, and microbial interaction pathways (Glenn 
et al. 2017). Soil moisture (SM) is a sensitive factor regulat-
ing soil N2O emissions because it directly determines oxy-
gen availability in soil pores and regulates the activity of 
nitrifiers and denitrifiers within the soil profile (Wu et al. 
2017). However, the effect of SM on N2O emissions has 
been previously reported to be positive (Qin et al. 2020), 
negative (Cai et al. 2016), or neutral (Xie et al. 2015). Thus, 
the mechanisms underlying soil N2O emission feedback in 
response to variation in moisture remain unclear. In addi-
tion, pH is a vital factor affecting microbial community 
composition and structure in several ecosystems (Fierer and 
Jackson 2006; Delgado-Baquerizo et al. 2018) and can regu-
late soil N2O emissions by shaping nitrifier and denitrifier 
communities (Brenzinger et al. 2015). Moreover, soil N2O 
emissions are likely to be positively related to available N, 
including NH4

+-N and NO3
−-N, which provide N substrate 

for nitrification or denitrification processes producing N2O 
and together with C availability can directly reshape the 
composition and diversity of functional microbial commu-
nities (Zhang et al. 2019c; Yang et al. 2020a, b). In addition, 
by providing available sources and energy for nitrifiers and 
denitrifiers and regulating the living environment of micro-
organisms, dissolved organic matter is also very important 
to regulate soil N2O emissions (Cai et al. 2014; Qin et al. 
2020). The soil N2O emissions are also mitigated by plant 
properties. Zhang et al. (2019b) found that plant diversity 
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and biomass were the direct drivers of N-cycling potential 
and related microbial diversity and community composition, 
while Gu et al. (2019) found that soil N2O emissions signifi-
cantly correlated with aboveground plant biomass/below-
ground plant biomass (AGB/BGB). However, the lack of 
understanding of quantitative links or empirical relationships 
between microbial functional groups and environmental fac-
tors driving N2O emissions limits our ability to effectively 
reduce GHG emissions and maintain ecosystem services and 
functions in the Tibetan Plateau.

To determine the underlying mechanism of N2O emission 
in the meadow ecosystem, we performed experiments in four 
managed meadows in the Tibetan Plateau, namely, grazing, 
fencing, fenced + reseeding, and undisturbed meadows. We 
aimed to assess the effects of grazing exclusion on the potential 
soil N2O emissions and the abundance and diversity of nitrify-
ing and denitrifying communities. We hypothesized that (i) 
fenced and fenced + reseeded management can reduce potential 
N2O emissions, but longer restoration periods will be required 
to achieve the lowest emissions in the undisturbed meadow, 
and (ii) soil organic nutrients and moisture are the main con-
trolling factors of N2O emissions by regulating the diversity 
and community composition of nitrifiers and denitrifiers.

2 � Materials and methods

2.1 � Study area

The field experiment was carried out at the Bangjietang 
experimental site of the Alpine Meadow Ecosystem 
Research Station, Institute Geographic Science and Natural 
Resources Research, Chinese Academy of Sciences. The 
study site was located in the northwest part of the Tibetan 
Plateau in Tibet Province, PR China (32°21′N, 91°40′E; 
4672 m a.s.l.). This study area has a typical plateau continen-
tal climate with a mean annual precipitation of 409.0 mm, 
with most of it occurring during the summer season (July to 
August) (Wang et al. 2020b). The mean annual temperature 
is about −3.0 °C, annually ranging from −15.0 to 7.9 °C in 
January and July, respectively, and the annual accumulated 
temperature (> 0 °C) is 846 °C. The soil is mainly composed 
of Mattic-Cryic Cambisol (Alpine meadow soil, Cambisols 
in FAO/UNESCO taxonomy). The vegetation comprises a 
typical alpine meadow, with Kobresia pygmaea, Stipa pur-
purea, Kobresia robusta, Kengyilia thoroldiana, and Elymus 
nutans being the main species.

2.2 � Experimental design

The experimental area covered an area of 200 hm2 and was 
freely grazed by yaks until the establishment of the experi-
ment in 2009 (Wang et al. 2020b). Four meadow types 

were established: grazing meadow (GM), grazing exclu-
sion by fencing meadow (FM), grazing exclusion by fenc-
ing + reseeding meadow (FRM), and undisturbed meadow 
(UM). Twenty plots (4 treatments × 5 replications) were 
established in a randomized complete block design, and each 
plot covered 1 hm2. The sites had similar soil type, altitude, 
and slope gradient and aspect. The four meadows were char-
acterized as follows. (a) GM was grazed by four yaks per 
hectare. The grazing intensity was determined according to 
annual plant biomass that can feed the yaks and was allowed 
at intervals after accounting for the time required for plant 
re-growth instead of continuous grazing throughout the year. 
(b) FM was enclosed by iron fencing in 2009 to restore veg-
etation without grazing livestock. FM had similar grazing 
management to that of GM before fencing. (c) FRM was 
fenced and seeded in 2009. FRM also had similar grazing 
management to that of GM before fencing. Elymus nutans 
Griseb., Poa cymophila Keng., and Kengyilia thoroldiana 
(Oliver) J. L. were seeded at a depth of 3 cm, spaced 20 cm 
apart, at seeding densities of 3, 5, and 8 g m−2, respectively. 
(d) UM was an original alpine meadow that had not been 
disturbed by human activities or livestock.

2.3 � Vegetation surveys and soil physicochemical 
analysis

Soil sampling and vegetation surveys were conducted in 
September 2018, when the AGB was the highest. Nine 
10 × 10 m blocks were established in each plot and separated 
by 10–20 m along a diagonal line. Then, in each block, three 
1 × 1 m quadrats were set up for plant community and soil 
sampling. After litter, stones, and debris were removed, soil 
samples were collected from each block with a soil auger 
from the top 15 cm of the soil profile along with an S-shaped 
pattern. Finally, nine composite samples from each block 
were combined thoroughly to form one sample. Combining 
multiple soil samples can reduce the errors caused by soil 
heterogeneity at sampling points. Each collected soil sample 
was divided into two subsamples. One subsample was imme-
diately stored at −80 °C for DNA extraction, and the other 
was air-dried to determine the soil physicochemical proper-
ties. Furthermore, a vegetation survey was conducted in each 
quadrat. Plants were dug up to determine the following veg-
etation characteristic parameters: coverage, AGB/BGB, and 
richness. AGB was obtained by harvesting and air-drying 
aboveground parts, and BGB was obtained by washing the 
roots under a tap and drying at 70 °C for 48 h. Plant diversity 
was estimated using the Shannon–Wiener index.

Soil pH was determined using a combination pH meter 
with a soil-to-water ratio of 2.5:1 (v/w). Soil water content 
was measured by oven-drying the soil to a constant mass at 
105 °C. Soil total nitrogen (TN) was detected using Kjel-
dahl digestion. Soil NH4

+-N and NO3
−-N were extracted 
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with 2 M KCl at a 1:5 ratio and measured using a continu-
ous flow auto analyzer (AutAnalyel, Bran+Luebbe GmbH, 
Norderstedt, Germany), as described by Zhang et al. (2016). 
Soil organic carbon (SOC) was determined by the potassium 
dichromate oxidation method. Total phosphorus (TP) was 
measured using melt-molybdenum, antimony, and scandium 
colorimetry. Dissolved organic carbon (DOC) and dissolved 
organic nitrogen (DON) were analyzed using a TOC ana-
lyzer (LiquiTOC II, Elementar Analysensysteme GmbH, 
Langenselbold, Germany) after extraction with distilled 
water. Soil available phosphorus (AP) was extracted using 
0.5 M NaHCO3 at pH 8.5 and measured using the molybdate 
ascorbic acid method with a UV spectrophotometer (Cam-
spec, Cambridge, UK).

2.4 � N2O flux measurements

The static closed-chamber method was used to collect in situ 
fluxes of N2O. In brief, five static chambers consisted of a 
PVC pipe (height 25 cm, radius 10 cm). A movable cap was 
randomly inserted into each plot and separated by about 50 
m to collect N2O gas, and the soil depth was 10 cm (Hall 
et al. 2014). Soil N2O gases were sampled every 2 weeks 
from July to September in 2018, that is, on July 2, July 16, 
July 30, September 13, and September 27. Insulating cotton 
was used to wrap the outer walls of the chambers to prevent 
temperature fluctuation caused by external radiation and 
wind interference. N2O sampling was conducted between 
10:00 and 16:00 every sampling day to minimize the diurnal 
temperature variations (Rowlings et al. 2015; Mafa-Attoye 
et al. 2020; Zhang et al. 2021). Gas samples were collected 
from the headspace of each chamber at 0, 10, 20, and 30 
min using a 30-mL airtight syringe and transferred to gas 
sampling bags (30 mL) sealed with a butyl rubber stopper. 
After each gas collection, the cap was removed and ventila-
tion for 5 min was allowed to avoid the influence of pres-
sure changes on N2O emissions. N2O fluxes were measured 
simultaneously in the laboratory after the gas sampling. The 
concentration of N2O was determined using a gas chroma-
tography (Agilent Technologies Inc., Santa Clara, CA, USA) 
equipped with an electron capture detector with N2O elec-
tron capture detectors. The average hourly N2O emission 
was calculated using the following equation (Zhong et al. 
2013; Li et al. 2021):

where RN2O is the N2O emission rate (μg·m−2·h−1), h is the 
height of the static chamber (m), ΔC

Δt
 is the rate of N2O con-

centration increase in sealed chamber per unit time 
(× 10−9 min−1), M is the N molecular mass in a mole of N2O 

(1)RN2O = h ⋅
ΔC

Δt
×

M × 273

22.41 × (273+
T1+T2

2
)
× 60

(28 g·mol−1), 273

273+
T1+T2

2

 is the temperature correction coeffi-

cient, and T1 and T2 are the temperatures inside the static 
chamber at the first and last sampling, respectively, (°C).

2.5 � Microbial analysis

2.5.1 � Microbial DNA extraction

DNA was extracted from 0.5  g of frozen soil using a 
FastDNA SPIN kit (MP Biomedicals, Cleveland, OH, 
USA), according to the manufacturer’s protocols. The con-
centration and purity of extracted DNA were checked with 
a NanoDrop® ND-2000 spectrometer (Thermo Fisher Sci-
entific, Wilmington, DE, USA) at 260/280 nm: concentra-
tion ≥ 20 ng/μL, OD 260/280 = 1.8–2.0. All purified DNA 
samples were stored at − 80 °C until analysis.

2.5.2 � Quantitative PCR analysis

Quantitative PCR (qPCR) with ABI 7500 real-time quanti-
tative PCR system (Applied Biosystems, Foster City, CA, 
USA) was used to determine the absolute abundance of 
NFGs with selected primer pairs and thermal cycling con-
ditions (Table S1). Tenfold serially diluted plasmids of each 
gene were subjected to real-time PCR assays in triplicate to 
generate standard curves (Liu et al. 2018). Negative con-
trols, samples, and standard series were run in triplicate in 
96-well plates. The qPCR reaction mixture (20 μL) used for 
amplification comprised 10 μL of SYBR® Premix ExTaq™ 
(TaKaRa), 1 μL template DNA, 0.8 μL of each forward and 
reverse primer (20 μM), and 7.4 μL ddH2O. Furthermore, a 
melting curve analysis was performed following each assay 
to ensure the specificity of amplification.

2.5.3 � Amplicon sequencing and phylogenetic classification

After DNA extraction, a portion of DNA was used as a tem-
plate for PCR with primer pairs and thermal cycling condi-
tions chosen to amplify the AOA-amoA, AOB-amoA, nirS, 
nirK, and nosZ genes and to investigate the microbial com-
munity associated with N cycling by amplicon sequencing. 
Fragments of nirK and nosZ were amplified using the primer 
pairs nirK876 (5′-ATY​GGC​GGVAYG​GCG​A-3′)/nirK1040 
(5′-GCC​TCG​ATC​AGR​TTR​TGG​TT-3′) and nosZ2F 
(5′-CGC​RAC​GGCAASAAGGTSMSSGT-3′)/nosZ2R 
(5′-CAKRTGCAKSGCR​TGG​CAGAA-3′) (Henry et  al. 
2004), respectively. The primer pairs for AOA, AOB, and 
nirS were the same as those for qPCR (Table S1). Mothur 
software v. 1.30.1 was used to process the high-throughput 
sequence, and quality-controlled sequences were obtained 
after filtering out low-quality reads, adaptors, and barcodes 
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(Schloss et al. 2009). All high-quality effective sequences 
were clustered into operational taxonomic units (OTUs) 
using the software Usearch, with a 97% sequence identity 
threshold, and the most abundant representative sequence 
for each OTU was chosen for phylogenetic classification. 
Taxonomic assignment was conducted with RDP classifier 
version 2.2 (http://​rdp.​cme.​msu.​edu/) against the FunGene 
database (http://​funge​ne.​cme.​msu.​edu/) and a confidence 
threshold of 0.7 (Fish et al. 2013). The sequences have been 
deposited into the NCBI Sequence Read Archive (SRA) with 
accession number SRP300131.

2.6 � Statistical analysis

One-way analysis of variance (ANOVA) followed by 
Duncan’s tests for multiple comparisons was performed 
to assess the effect of grazing exclusion on plant character-
istics, soil properties, N-cycling functional genes, and N2O 
emissions at a significance level of 0.05. Principal coor-
dinates analysis (PCoA) and pairwise comparisons with 
a permutational multivariate ANOVA were performed to 
examine the overall differences between the NFG assem-
blages and related microbial community structures, based 
on Bray–Curtis distances. Spearman’s correlation was 
used to examine the relationships of soil physicochemi-
cal and vegetation properties with NFG abundances and 
N2O emissions, while Mantel’s test was used to evaluate 
the relationships of the structure of functional microbial 
communities with soil physicochemical and vegetation 
properties and N2O emissions. Multiple linear regression 
(MLR) was used to identify the most important drivers of 
N2O emissions, including soil properties and vegetation 
characteristics (Pahlavan-Rad et al. 2020). Partial least 
squares path modeling (PLS-PM) was used to reveal the 
direct and indirect pathways to N2O emissions with the 

index of goodness of fit (GOF) representing the statistical 
accuracy of estimates. Random forest modeling (RFM) 
and Spearman’s correlation were also used to identify the 
critical microbial taxa (relative abundance > 0.01) affect-
ing soil N2O emissions (Wang et al. 2021). All statistical 
analyses were conducted in R v.3.6.1 software (R core 
team) using the “vegan,” “ggplot2,” “relaimpo,” “plspm,” 
and “rfPermute” packages.

3 � Results

3.1 � Soil and vegetation properties and N2O 
emissions

Soil physical properties and nutrients differed significantly 
among the four meadows (Table 1). In general, SM, SOC, 
TP, DOC, DON, and AP showed an increasing trend after 
grazing exclusion, and the highest values were found in 
UM. Contrastingly, NO3

−-N and NH4
+-N were the lowest 

in FRM, while the FM site showed the lowest C/N ratio. pH 
showed a narrow variation ranging from 8.32 to 8.90, and 
the lowest value was found in UM. Moreover, the highest 
and lowest TN occurred in UM and FRM, respectively. Veg-
etation characteristics also varied among the four meadows 
(Table 2). AGB, BGB, and coverage in FM, FRM, and UM 
were higher than those in GM. The highest and lowest Shan-
non diversity was found in FM and UM, respectively, and no 
significant differences in species richness existed among the 
four meadows (P > 0.05). Soil N2O emissions ranged from 
7.3 to 38.22 μg·m−2·h−1 (Fig. 1) and were significantly lower 
in FM and FRM compared to those in GM, while being 
higher than that in UM (P < 0.05). No significant difference 
was observed in the N2O emissions between FM and FRM 
(P > 0.05).

Table 1   Soil properties under different meadows. Values are 
means ± standard error (n = 5). Different lowercase letters indicate 
significant differences between different treatments (Duncan’s test, 
P < 0.05). GM, grazing meadow; FM, fencing meadow; FRM, fenc-

ing + reseeding meadow; UM, undisturbed meadow; SOC, soil 
organic C; TN, total N; TP, total P; DOC, dissolved organic C; DON, 
dissolved organic N; AP, available P; C/N, the ratio of SOC and TN

Parameters GM FM FRM UM F value P value

Soil moisture (%) 4.07 ± 0.64 c 8.20 ± 0.93 b 5.80 ± 0.45 c 14.88 ± 2.83 a 47.34  < 0.001
pH 8.70 ± 0.02 b 8.69 ± 0.04 a 8.82 ± 0.04 a 8.45 ± 0.04 b 17.70  < 0.001
SOC (g kg−1) 4.04 ± 0.15 c 5.58 ± 0.12 b 4.25 ± 0.06 c 12.91 ± 0.61 a 173.30  < 0.001
TN (g kg−1) 0.48 ± 0.02 c 0.82 ± 0.02 b 0.44 ± 0.00 c 1.25 ± 0.05 a 197.8  < 0.001
TP (g kg−1) 0.20 ± 0.00 b 0.21 ± 0.00 b 0.20 ± 0.01 b 0.29 ± 0.01 a 49.90  < 0.001
DOC (mg kg−1) 365.50 ± 4.00 d 566.70 ± 13.40 b 515.80 ± 3.30 c 771.70 ± 18.40 a 1035.7  < 0.001
DON (mg kg−1) 109.10 ± 6.10 d 183.70 ± 12.40 b 155.88 ± 11.60 c 260.24 ± 3.50 a 237.88  < 0.001
AP (mg kg−1) 0.74 ± 0.18 c 0.95 ± 0.03 b 1.31 ± 0.09 a 1.49 ± 0.23 a 24.9  < 0.001
NO3

−-N (mg kg−1) 2.06 ± 0.03 bc 3.28 ± 0.07 b 1.35 ± 0.18 c 7.86 ± 2.10 a 40.7  < 0.001
NH4

+-N (mg kg−1) 2.68 ± 0.23 b 4.33 ± 0.63 a 2.07 ± 0.02 c 2.48 ± 0.19 bc 40.7  < 0.001
C/N 8.43 ± 0.54 c 6.82 ± 0.48 d 9.70 ± 0.25 b 10.35 ± 0.27 a 73.17  < 0.001
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3.2 � Abundances of NFGs

NFG abundances varied significantly among the four mead-
ows (P < 0.05; Fig. 2). Considering nitrification, the highest 
abundance of AOA-amoA among the meadows was found 
in UM. AOA-amoA and AOB-amoA abundances in FM 
and FRM were significantly lower than those in GM, and 
no significant difference in AOB-amoA was found among 
FM, FRM, and UM. For denitrification, similar trends were 
found in nirS, nirK, and nosZ. The highest gene abundances 
of nirS, nirK, and nosZ were obtained in UM, followed by 
those in GM, FM, and FRM, and the NFG abundances in 

UM were significantly higher than those in GM, FM, and 
FRM (P < 0.05). PCoA indicated a clear separation in the 
functional genes among different meadows (Fig. 3), which 
suggested that the N-cycling function varied significantly 
among the four treatments. The first two principal coordinate 
axes explained 56.23% of the total variation.

3.3 � Diversity and composition of N‑cycling 
microbial communities

The diversity and richness of N-cycling microbial commu-
nities were characterized by Shannon and Chao1 indexes, 
respectively (Table 3). Overall, the diversity and richness 
of functional microbial communities significantly differed 
among the four meadows (P < 0.05) and showed different 
fluctuation trends. Regarding nitrifiers, the lowest diver-
sity and richness of the AOA community were observed 
in UM, whereas no significant difference was found among 
those of GM, FM, and FRM (P > 0.05). Contrastingly, AOB 
showed no significant difference among the four meadows 
(P > 0.05). Regarding denitrifiers, Chao1 richness of nirS 
and nosZ showed a similar trend, with higher values found in 
GM and FRM, whereas Shannon diversity showed no signif-
icant differences. The diversity and richness of nirK in GM, 
FM, and FRM were not significantly different (P > 0.05). 
However, the highest Shannon index and lowest richness of 
nirK were found in UM.

The changes in the composition of five functional com-
munities at the class and genus levels are shown in Fig. S1 
and Fig. 4, respectively. AOA community composition was 
primarily ascribed to Crenarchaeota (Fig. 4A). Besides, 
unclassified archaea were also the main components of the 
AOA community. Crenarchaeota abundance in FM and FRM 
was higher than that in UM and GM. In the AOB community, 
Nitrosospira was the dominant genus detected in all samples 
(Fig. 4B). Meanwhile, unnamed ammonia-oxidizing bacteria 
ensemble and unclassified Nitrosomonadales belonging to 
the class Betaproteobacteria accounted for a large propor-
tion of the AOB community (Fig. 4B; Fig. S1B). Regarding 
denitrifiers, the major community contributions to nirK-
type denitrifying bacterial communities were unclassified 

Table 2   Vegetation characteristics under different meadows. Values 
are means ± standard error (n = 5). Different lowercase letters indicate 
significant differences between different treatments (Duncan’s test, 

P < 0.05). GM, grazing meadow; FM, fencing meadow; FRM, fenc-
ing + reseeding meadow; UM, undisturbed meadow

Parameters GM FM FRM UM F value P value

Shannon diversity 1.27 ± 0.12 b 1.70 ± 0.09 a 1.65 ± 0.07 ab 0.77 ± 0.12 c 17.44  < 0.001
Richness 7.00 ± 0.45 a 9.60 ± 0.68 a 9.80 ± 0.92 a 9.20 ± 1.11 a 2.11 0.139
Aboveground biomass (g m−2) 4.33 ± 0.67 b 16.31 ± 1.69 a 15.29 ± 1.99 a 16.58 ± 0.84 a 17.45  < 0.001
Belowground biomass (g m−2) 24.50 ± 4.39 d 129.18 ± 10.95 b 72.36 ± 12.35 c 250.01 ± 21.73 a 49.71  < 0.001
Coverage (%) 27.80 ± 1.77 c 85.40 ± 3.33 a 58.80 ± 3.43 b 92.80 ± 2.11 a 114.35  < 0.001
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Fig. 1   Soil N2O emissions under different meadows. Means and stand-
ard errors are presented per treatment (n = 5). Different letters indicate 
significant differences between different treatments (Duncan’s test, 
P < 0.05). GM, grazing meadow; FM, fencing meadow; FRM, fenc-
ing + reseeding meadow; UM, undisturbed meadow
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Bacteria and Proteobacteria, while the nirS-type denitrify-
ing bacterial community was composed of Bradyrhizobium, 
unclassified Brucellaceae, unclassified Bradyrhizobiaceae, 

and unclassified Rhizobiaceae (Fig. 4C and D). The OTUs of 
nosZ-type microbes of each site were mainly annotated to 10 
genera (relative abundance > 0.01), such as Bradyrhizobium, 
Ochrobactrum, Pseudomonas, and Paracoccus (Fig. 4E). At 
the class level, unclassified Proteobacteria was the major 
component of the nirS community (Fig. S1C). Meanwhile, 
both nirK- and nosZ-denitrifying bacteria mainly comprised 
Alphaproteobacteria (Fig. S1D and E). Although large pro-
portions of the N-cycling microbial communities were not 
identified to the finer levels of classification, PCoA at the 
OTU level significantly (P < 0.05) separated the N-cycling 
microbial community among treatments (Fig. 5), indicat-
ing large shifts in functional microbial communities after 
grazing exclusion. The first two principal coordinate axes 
explained 72.51%, 44.13%, 45.55%, 45.78%, and 35.38% 
of the total variation for AOA, AOB, nirS, nirK, and nosZ 
communities, respectively.

3.4 � Regulatory pathways of multiple drivers on N2O 
emissions

The correlations among soil properties, vegetation charac-
teristics, and N2O emissions are shown in Table 4. Soil N2O 
emissions were negatively correlated with SM, SOC, TN, TP, 
DOC, DON, AP, and NO3

−-N, while showing a positive cor-
relation with soil pH (P < 0.05). AGB, BGB, and coverage 
were also significantly and positively correlated with soil N2O 

Fig. 2   Abundance of N-cycling 
functional genes under different 
meadows. Means and standard 
errors are presented per treat-
ment and measurement date 
(n = 5). Different letters indicate 
significant differences between 
different treatments (Duncan’s 
test, P < 0.05). GM, grazing 
meadow; FM, fencing meadow; 
FRM, fencing + reseeding 
meadow; UM, undisturbed 
meadow
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Fig. 3   Principal coordinates analysis (PCoA) plots of N-cycling func-
tional gene assemblage based on Bray–Curtis distance. GM, grazing 
meadow; FM, fencing meadow; FRM, fencing + reseeding meadow; 
UM, undisturbed meadow
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emission (P < 0.05). Contrastingly, the abundance of none of 
the NFGs was significantly correlated with the N2O emissions 
(P > 0.05; Fig. 6A). Mantel’s test showed that, except that of 
AOB, microbial community compositions were significantly 

correlated with soil N2O emissions (P < 0.05). MLR indicated 
that the most important variables were DOC, DON, and SM, 
with a total explained variance of over 55% (Fig. 6B). Finally, 
PLS-PM was performed to further explore the complex biotic 

Table 3   Shannon diversity and Chao1 index of the AOA, AOB, nirS, 
nirK, and nosZ communities under different meadows. Data are pre-
sented as mean ± standard error (n = 5). Different lowercase letters 

within the same row indicate significant differences between the treat-
ments (Duncan’s test, P < 0.05). GM grazing meadow, FM fencing 
meadow, FRM fencing + reseeding meadow, UM undisturbed meadow

Index Functional 
microbes

GM FM FRM UM F value P value

Shannon AOA 2.92 ± 0.04 a 2.86 ± 0.13 a 2.93 ± 0.04 a 2.36 ± 0.11 b 9.86  < 0.001
AOB 2.21 ± 0.14 a 1.95 ± 0.13 a 1.94 ± 0.19 a 1.72 ± 0.08 a 2.02 0.15
nirS 4.15 ± 0.25 a 3.49 ± 0.29 a 3.45 ± 0.27 a 3.65 ± 0.19 a 1.61 0.23
nirK 2.71 ± 0.08 b 2.85 ± 0.12 b 2.80 ± 0.08 b 3.34 ± 0.05 a 10.51  < 0.001
nosZ 4.35 ± 0.28 a 3.98 ± 0.04 a 4.43 ± 0.16 a 4.03 ± 0.08 a 1.77 0.19

Chao1 AOA 74.08 ± 1.86 a 78.60 ± 4.44 a 78.64 ± 4.62 a 59.16 ± 4.06 b 5.58  < 0.01
AOB 37.17 ± 4.66 a 26.50 ± 2.51 a 33.26 ± 4.94 a 28.75 ± 3.67 a 1.37 0.28
nirS 703.11 ± 58.41 a 453.50 ± 83.41 c 655.88 ± 50.67 ab 491.28 ± 39.31 bc 4.12  < 0.01
nirK 205.91 ± 4.07 a 189.91 ± 17.19 a 201.61 ± 3.09 a 150.11 ± 9.87 b 6.17  < 0.01
nosZ 1298.14 ± 204.89 ab 685.66 ± 33.78 c 1603.29 ± 99.8 a 1001.41 ± 152.69 bc 8.12  < 0.01

Fig. 4   Community composition of A AOA, B AOB, C nirS, D nirK, and E nosZ in four meadows at the genus level. GM, grazing meadow; FM, 
fencing meadow; FRM, fencing + reseeding meadow; UM, undisturbed meadow
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and abiotic pathways for regulating N2O emission (Fig. 7). SM 
had direct positive effects on AOB and nirK communities and 
negative effects on the nirS community. Furthermore, DOC 

had a negative direct effect on the nosZ community. Although 
DOC had a negative direct effect on N2O emissions, it had 
larger effects on the AOB and nosZ communities. The direct 

Fig. 5   Principal coordinates analysis (PCoA) plots of N-cycling func-
tional microbial community for A AOA, B AOB, C nirS, D nirK, and F 

nosZ based on Bray–Curtis distance. GM, grazing meadow; FM, fencing 
meadow; FRM, fencing + reseeding meadow; UM, undisturbed meadow

Table 4   The Spearman’s rank correlations of N2O emission rate with 
soil and plant properties. P values < 0.05 are in bold. GM, grazing 
meadow; FM, fencing meadow; FRM, fencing + reseeding meadow; 
UM, undisturbed meadow; SM, soil moisture; SOC, soil organic C; 

TN, total N; TP, total P; DOC, dissolved organic C; DON, dissolved 
organic N; AP, available P; C/N, the ratio of SOC and TN; AGB, 
aboveground biomass; BGB, belowground biomass

Properties SM pH SOC TN TP DOC DON AP

r  − 0.917 0.535  − 0.868  − 0.713  − 0.655  − 0.915  − 0.899  − 0.636
P value  < 0.001 0.015  < 0.001  < 0.001 0.002  < 0.001  < 0.001 0.003

NO3
−-N NH4

+-N C/N H Richness AGB BGB Coverage
r  − 0.659  − 0.105  − 0.441 0.208  − 0.332  − 0.583  − 0.762  − 0.711
P value 0.002 0.658 0.052 0.38 0.152 0.007  < 0.001  < 0.001
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negative contributors to N2O emissions were nirK and nosZ 
communities, while the AOB community was a positive con-
tributor. Overall, the effect of all driving factors explained 
84.6% of the total variance in N2O emissions. RFM indicated 
that 56.94% of the N2O emission variance was explained by 36 
taxa, and only eight taxa (~ 22.2%) were identified as signifi-
cant predictors of N2O emissions (Fig. 8; P < 0.05), including 
nirK, nosZ-harboring microbes. Brucellaceae of nirK was the 
main predictor of soil N2O emissions. Spearman’s rank corre-
lation showed that N2O emissions were significantly correlated 
with most of the identified taxa (Table 5). The correlation anal-
ysis results indicated that Proteobacteria of nosZ-type bacteria 
and Bradyrhizobiaceae and Rhizobiaceae of nirK-type bacteria 
were the main drivers that were suppressing N2O emissions, 
whereas Brucellaceae of nirK-type bacteria was positively 
related to N2O emissions.

4 � Discussion

4.1 � Effects of grazing exclusion on soil N2O 
emissions

Elucidating the N2O emission mechanisms is important 
to develop effective management strategies for meadows 
that are sensitive to climate change. In this study, we 
aimed to determine the underlying mechanisms of graz-
ing exclusion on soil N2O emissions and to recognize the 
nitrifying and denitrifying communities associated with 
N2O emission. As expected, our results showed that soil 
N2O emissions dropped significantly after grazing exclu-
sion in the grazing meadow (P < 0.05), but longer restora-
tion periods were required to reach the lowest emissions 
recorded in the undisturbed meadow. This was consistent 

with the findings of Wang et al. (2020a) and Yin et al. 
(2020), reporting that soil N2O emissions decreased during 
revegetation and increased after grazing. The high N2O 
gas emissions in grazing meadows can be largely attrib-
uted to urine and dung deposited in the meadows by the 
grazing yaks, which are an important source of N2O (Zhu 
et al. 2020; Chen et al. 2020). Furthermore, animal tram-
pling can increase soil compaction and create an anaerobic 
environment conducive to denitrification, the main pro-
cess behind N2O emissions in grazing soil (Brucek et al. 
2009). Besides, aggregate destruction and suppression of 
plant growth caused by animal trampling are also the main 
factors facilitating rapid N turnover (Uchida et al. 2008). 
In this study, N2O emissions were negatively correlated 
to soil nutrients (e.g., DOC, DON, and SOC) and plant 
characteristics (Table 4). Contrastingly, previous studies 
suggested that the decrease in N2O emissions during the 
natural restoration of abandoned farmlands was caused 
by decreasing soil C and N availability, which suppressed 
denitrifying activities responsible for N gas production 
(Zhang et al. 2019c). This difference may be attributable 
to the composition and diversity of functional microor-
ganisms and complex soil–microbe interactions in those 
studies. Thus, it is important to identify the driving path of 
environmental factors and specific functional microorgan-
isms involved in N2O emissions.

4.2 � Effects of grazing exclusion on NFGs and related 
microbial communities

Compared to those with grazing, the abundance of all 
NFGs involving nitrification and denitrification showed 
decreasing trends after grazing exclusion (Fig. 2), sug-
gesting that fencing and reseeding could decrease the 
soil N-turnover potential. This conclusion is contrary to 
several studies, which indicated that restoration increased 
the abundance of NFGs for nitrification and denitrification 
(Song et al. 2019). In a semiarid area, 10-year fencing and 
vegetation restoration may not increase NFG abundances 
because microorganisms are likely to suffer nutrient limi-
tation in the early stages of vegetation restoration with 
insufficient water (Cui et al. 2020; Wang et al. 2020b). 
However, vegetation restoration over decades or a century 
in UM can significantly increase NFG abundances, which 
is consistent with our previous finding in grasslands of a 
semiarid area under long-term grazing prohibition (Song 
et al. 2019). In this study, seeding the fenced meadow did 
not alter the soil N2O emission or N-cycling potential, 
possibly owing to the soil nutrient status being similar 
to that of FM (Table 1). Correlation analysis showed that 
all NFG abundances except that of AOB-amoA showed 
positive correlations with soil nutrients (e.g., SOC, TN, 

Fig. 6   The results of Spearman’s correlation analysis and Mantel’s 
test. A Spearman’s rank correlation analysis of individual gene abun-
dance with soil properties, vegetation characteristics, and N2O emis-
sions showed above in A. The blue and red colors show, respectively, 
positive and negative relationships between two variables. The deeper 
the color and the larger the square, the stronger correlation relation-
ships. Significant correlations are indicated by *P < 0.05, **P < 0.01, 
***P < 0.001. Functional microbial composition (based on OTU) was 
related to each environmental factor and N2O emissions by partial 
Mantel tests using Bray–Curtis distance shown in an interaction net-
work in the bottom of A. Edge color corresponds to the Mantel’s R 
statistic for the corresponding distance correlations. The nodes’ size 
of environmental factor is proportional to the number of connections 
with significant correlation to microbial communities through par-
tial Mantel tests. Insignificant correlations (P > 0.05) are not shown 
in mantel test. B Relative variable importance in multiple linear 
regression. GM, grazing meadow; FM, fencing meadow; FRM, fenc-
ing + reseeding meadow; UM, undisturbed meadow; SM, soil mois-
ture; SOC, soil organic C; TN. total N; TP, total P; DOC, dissolved 
organic C; DON, dissolved organic N; AP, soil available P; C/N, the 
ratio of SOC and TN; AGB, aboveground biomass; BGB, below-
ground biomass

◂
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TP, NO3
−-N) (Fig. 6A). These results were consistent 

with those of Wang et al. (2020b) and Song et al. (2019), 
which indicated that a favorable environment is necessary 
to facilitate microorganism growth.

This study showed the drastic variations in the composition 
and structure of functional microbial communities (Figs. 4 and 
5; Fig. S2). At the genus level, significant changes in the rela-
tive abundance of N-cycling microorganisms were observed 
in the four treatments, particularly in nirK and nosZ com-
munities. Similar changes in microbial composition occurred 
during the restoration of abandoned farmland, as reported by 
Wang et al. (2020a). Several prominent explanatory variables 
were responsible for reshaping N-cycling microbial communi-
ties. Mantel’s test showed that N-cycling functional microbial 
composition, except that of AOB, was significantly related 

to SM, pH, soil nutrients (e.g., SOC, TN, TP, NO3
−-N), and 

vegetation characteristics, i.e., BGB and coverage (Fig. 6A), 
agreeing with previous studies (Zhong et al. 2017). Several 
studies have indicated that SM increases lead to increasing 
gene abundance and changes in the composition and diversity 
of nitrifying and denitrifying microbial communities (Prosser 
and Nicol 2012; Fan et al. 2019), and soil nutrients may be 
the main factors inducing changes in microbial community 
composition and diversity, as microorganisms have differ-
ent resource acquisition strategies and niche specialization 
and differentiation (Henry et al. 2008; Fan et al. 2014; Zhong 
et al. 2017). Moreover, plant community structure can also 
act as a major driver for soil N cycling by providing different 
compositions and amounts of litter and root exudates, further 
improving soil quality (Trivedi et al. 2020). Plant species also 

Fig. 7   Partial least squares path modeling (PLS-PM) shows the 
standardized effect of abiotic and biotic factors on potential soil N2O 
emissions. Each box represents an observed latent variable. The load-
ing for the microbial community that creates the latent variables are 
shown in the dashed rectangle. Larger path coefficients are reflected 
in the width of the arrow; blue indicates a positive effect and red, a 
negative effect. Path coefficients are calculated after 1000 bootstraps. 

Coefficients of inner model differ significantly from 0 are indicated 
by *P < 0.05, **P < 0.01, and ***P < 0.001. The diversity and rich-
ness of N-cycling microbial communities were characterized by 
Shannon and Chao1 indexes. The model is assessed using the good-
ness of fit statistic. Path coefficients that were not significantly differ-
ent from 0 were shown as dashed lines. SM, soil moisture; DOC, dis-
solved organic C; DON, dissolved organic N; abund., gene abundance
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influence the structure and distribution of microbial commu-
nities observed by selecting the microbial communities they 
host, and further regulate the ecological process of N cycling. 
Yang et al. (2020a, b) and Li et al. (2020) reported that pH 
was one of the most important factors shaping communities 
of nitrifiers and denitrifiers; however, the obvious effect of pH 
commonly occurred in acid soil where pH ranged from 4.5 to 
6.8 (Brenzinger et al. 2015). In our study, the roles of pH on 
microbial communities could not be confirmed in alkaline soil 
with a narrow variation (8.32–8.90).

4.3 � Possible drivers of N2O emissions

The copy number of functional genes is widely used to 
characterize the potential of specific N-cycling pathways. 

However, no gene abundances had a significant correlation 
with N2O emissions in our study (Fig. 6A). Similarly, Fan 
et al. (2019) reported that the correlation between N2O emis-
sions and the abundance of related functional genes was not 
significant in a fertilizing field experiment. Moreover, Yin 
et al. (2020) found that enhancement of N2O emissions by 
grazing is related to soil physicochemical characteristics 
rather than to the gene abundance of nitrifiers and denitri-
fiers in alpine grassland; however, their statistical methods 
were limited because correlation analysis may not identify 
the interaction effects of environmental factors and microbes 
on N2O emissions. The linkage between microbial functional 
genes and ecosystem processes may be too complex to sim-
ply predict the biogeochemical processes using the copy 
number of functional genes (Zhang et al. 2019c). Thus, gene 
abundance will unlikely explain the simultaneous N2O emis-
sion because such rates are dominated by real-time environ-
mental variables, especially dissolved organic nutrients and 
specific microbial taxa (Yin et al. 2020). Furthermore, the 
activity of microbial enzymes and related functional gene 
expression should also be considered to fully understand 
the evolution of the N-cycling and N2O emission processes 
during long-term restoration of meadow ecosystems. Indeed, 
the soil microbial community structure showed a strong rela-
tionship with soil N2O emissions in our study (Fig. 6A). 
Similarly, Wang et al. (2020a) found that restoration in aban-
doned farmland has the potential to mitigate N2O emissions 
by changing N cycle-related microbial communities. Thus, 

Fig. 8   Random forest modeling 
analysis identified the main taxa 
predicting the changes in N2O 
emissions (showing only the 
significant results). Signifi-
cance levels of each predic-
tor are as follows: *P < 0.05 
and **P < 0.01. GM, grazing 
meadow; FM, fencing meadow; 
FRM, fencing + reseeding 
meadow; UM, undisturbed 
meadow

Table 5   The Spearman’s rank correlations of N2O emission rate with 
major taxa (relative abundance > 0.01). Only significant results are 
shown in the table (P < 0.05)

Taxa r P value

Proteobacteria (nosZ-phylum)  − 0.753  < 0.001
Bradyrhizobiaceae (nirK-family)  − 0.711  < 0.001
Rhizobiaceae (nirK-family)  − 0.690 0.001
Brucellaceae (nirK-family) 0.664 0.001
Other (nosZ) 0.616 0.004
Ochrobactrum (nosZ-genus) 0.559 0.010
Unclassified bacteria (AOB)  − 0.457 0.043
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the composition and structure of the N-cycling microbial 
community may be more capable of predicting N2O emis-
sions than the single indicator of gene abundance.

Plant–soil–microbe regulation mechanisms to suppress 
the emissions of N2O occur during grazing exclusion and 
restoration (Kravchenko et al. 2017). However, we found 
that vegetation characteristics had a minor effect on N2O 
emissions by MLR (Fig. 6B). Plants can change the micro-
bial community by secreting different matters into the soil, 
such as carbon compounds, or by changing the nutrient sta-
tus through litter decomposition (Zhang et al. 2019a). This 
suggests that the influence of plants on microbial processes 
is mainly indirect, while soil has a greater direct impact on 
the N2O production process by providing effective nutrients 
to microorganisms and reaction substrates for the N cycle. 
SM, DOC, and DON were the primary environmental vari-
ables determining the efficacy of fencing and restoration in 
reducing N2O emissions (Figs. 6 and 7). Similarly, Cai et al. 
(2016) found that watering increased DOC concentrations 
by 72–234% but decreased N2O emissions by 33–60% in 
an experiment with increased precipitation from a mixed 
grassland site in southern Alberta, Canada. Grazing exclu-
sion directly suppressed potential soil N2O emissions by 
changing AOB, nirK, and nosZ communities and indirectly 
by altering SM, DOC, and DON (Fig. 7). Similarly, Mehnaz 
et al. (2019) found an interaction effect of P availability and 
denitrifiers on N2O emissions and NO3

− leaching. Dissolved 
organic matter, which can supply these microbes with addi-
tional available organic nutrients, was the major control-
ling factor for nitrification and denitrification processes in 
soils (Levy-Booth et al. 2014). A meta-analysis showed that 
increasing C and N bioavailability can improve microbial N 
immobilization. (Cao et al. 2021). In addition to dissolved 
organic nutrients, soil moisture content is an important fac-
tor for soil N2O emission, which affects the activity of soil 
microbes and determines the processes for N2O production 
(Feng et al. 2018; Qin et al. 2020; Zuo et al. 2020).

Regarding microbial properties, nirK and nosZ micro-
bial communities were the main inhibitors of N2O emissions 
(Fig. 7), which is in line with several studies (Jones et al. 
2013; Aamer et al. 2020). Wang et al. (2020a) reported that 
nirK and nosZ communities may play predominant func-
tional roles in denitrification during restoration in abandoned 
farmland. Mitigation of N2O emissions from soil has been 
widely attributed to denitrifiers harboring nosZ, as the only 
known biotic sink for N2O catalyzing N2O reduction to N2 
(Shaaban et al. 2018). In contrast, AOB were the main pro-
moters of N2O emissions. Although AOB gene abundance 
was lower than that of AOA in our study, AOB contributed 
to the vast majority of nitrification, as proven by several 
reports (Tzanakakis et al. 2019). Therefore, the inhibition of 
N2O emissions by grazing exclusion mainly affects denitrifi-
cation, whereas the nitrification process still plays a positive 

role in N2O emissions. Moreover, using meta-transcriptomes 
and dual-label 15 N-18O isotope analysis, Fang et al. (2019) 
revealed a shift in the N2O emissions pathway from nitrifi-
cation to nitrifier denitrification after fumigation, support-
ing further research in natural ecosystems. Surprisingly, we 
found that the nirK community has a significant inhibitory 
effect on soil N2O emissions, in contrast to their codified 
gene functions for promoting N2O production (Qin et al. 
2020). Several studies have also reported a negative rela-
tionship between the nirK community and N2O emissions 
(Fan et al. 2019; Huang et al. 2019). Hallin et al. (2018) 
indicated that nirK genomes are more likely to carry nosZ 
than nirS genomes. Thus, nirK microbes usually co-occur 
with nosZ microbes. nirK-type denitrifiers may be more 
likely to harbor potential for complete denitrification, sug-
gesting that lower N2O emissions do not reflect lower deni-
trification, but could be the result of N2O reduction to N2 
by nosZ (Fan et al. 2019). This explanation might fit the 
results because labile C and N are generally considered to 
enhance the strength of N cycling by providing substrates 
and energy sources for microorganisms (Stow et al. 2005), 
which is also consistent with the high N-cycling potential 
and low N2O emissions in UM (Figs. 1 and 2). Further-
more, Miller et al. (2008) and Morley and Baggs (2010) 
found simple C sources (e.g., glucose and sucrose) to be 
more likely to induce complete denitrification than complex 
C sources. Previous studies have also reported that nosZ 
communities are sensitive to oxygen concentration (Feng 
et al. 2018). In our study, high SM in UM supports that deni-
trification attained completion with the reduction of N2O to 
N2, suggesting that N2O production may be lower than N2O 
reduction by grazing exclusion, leading to a decrease in N2O 
emission. RFM and Spearman’s correlation also supported 
the above arguments (Fig. 8; Table 5), with N2O emissions 
being mainly suppressed by Proteobacteria of nosZ-type 
bacteria and Bradyrhizobiaceae and Rhizobiaceae of nirK-
type bacteria. The inhibitory effect of Bradyrhizobium on 
N2O emission has been verified by laboratory culture experi-
ments (Akiyama et al. 2016). Although we identified several 
taxa strongly associated with N2O emissions, only a few taxa 
(~ 22.2%) were identified as significant contributors to N2O 
emissions (Fig. 8). This suggested that widespread func-
tional redundancy also existed in the N-cycling process of 
the alpine meadow ecosystem, which may be an important 
factor influencing soil GHG emissions (Wang et al. 2021).

5 � Conclusions

The results of this study supported our hypothesis that 
grazing-induced increase in N2O emissions in meadow soil 
could be alleviated by grazing exclusion, including fenc-
ing and a combination of fencing and reseeding. Soil DOC, 
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DON, and moisture were the main environmental drivers of 
N2O emissions, as they changed the community abundance 
and structure of nirK- and nosZ-type denitrifiers rather than 
N-cycling gene abundance. Only 22.2% of the microbial taxa 
were identified as predictors of N2O emissions, suggesting a 
functional redundancy for N cycling in meadows. Our results 
revealed the regulatory mechanisms for N2O emissions dur-
ing grazing-to-fencing conversion and provided insights for 
the management of alpine meadow ecosystems.
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