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Abstract
Purpose The study aimed to explore how grazing and mowing influence the archaeal, bacterial, and fungal nitrous oxide 
 (N2O) production potential and identify the key soil factors driving  N2O emissions from soil.
Methods Three treatments: fence (no grazing or mowing), grazing, and mowing were set in a field-scale experiment. Total 
(TNEA and TDEA), fungal (FNEA and FDEA), bacterial (BNEA and BDEA), and archaeal (ANEA and ADEA) nitrifica-
tion and denitrification enzyme activities were measured to compare the effect of grazing and mowing on the potential of 
 N2O emission.
Results The TC varied from 16.7 to 19.0 g  kg−1 and the TN content varied from 1.19 to 1.37 g  kg−1 during the growing sea-
son. The TNEA, TDEA, BNEA, and BDEA were significantly higher in summer (July) (p < 0.01), and in grazing than other 
treatments (p = 0.01). Archaeal nitrification enzyme activity (ANEA) was significantly higher in July (p < 0.01), but showed 
no difference among control, grazing, and mowing. Fungal nitrification enzyme activity (FNEA) showed no difference among 
all treatments and seasons. Fungi made a greater contribution to TNEA and TDEA in all seasons except to TNEA in summer.
Conclusions Short-term grazing increased soil  N2O production potential through stimulating the bacterial nitrification 
and denitrification in summer which was the peak growth period of grassland. Mowing did not affect the  N2O production 
potential in all seasons, suggesting that the effect of grazing on the soil nitrogen cycle operated by microorganisms is more 
disturbance than mowing in this Inner Mongolia grassland.
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1 Introduction

Nitrous oxide  (N2O), as a strong greenhouse gas highly 
capable of causing global warming, is produced by micro-
organisms in soil during the nitrification which converts 
the ammonium  (NH4) to nitrite  (NO2

−), and then to nitrate 
 (NO3

−), and by the denitrification that reduces nitrogen 
oxides such as  NO3

− to nitrogen gases  (N2O and  N2) (Zumft 
1997; IPCC 2013). Normally, the nitrification and denitri-
fication enzyme activities were used to indicate the ability 
of nitrifier and denitrifier (Zhong et al. 2017). The bacteria 
have been thought to be the dominant microbial functional 
groups in conventional nitrogen (N) cycle. This is partially 
ascribed to a series of studies in high fertility or relatively 
mesic ecosystems such as farmland or pasture with high bac-
terial abundance (Hayatsu et al. 2008; Klotz and Stein 2008; 
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Di et al. 2009). According to recent reports, although the 
fungal nitrification process is still unclear, fungi are gener-
ally dominated in heterotrophic nitrification process in for-
ested soils (Zhu et al. 2015). Fungi also plays an important 
role during the denitrification process in C- and N-rich soils 
or in arid lands (Marusenko et al. 2013; Chen et al. 2015; 
Zhong et al. 2018a, b). Moreover, although the ammoxida-
tion archaea (AOA) have been proved very important in nitri-
fication (Hayatsu et al. 2008), the archaeal denitrification 
can also be a significant source of  N2O production, but it is 
rarely studied (Offre et al. 2013). Therefore, further studies 
should be warranted to confirm whether different types of 
microorganisms are involved in microbial production of  N2O 
and the associated mechanisms.

Temperate grasslands are mostly used as grazing land 
for animal production and cover 11% of the earth’s terres-
trial surface (Sala 2001); it influences  N2O emissions and 
 N2O emissions estimated to be more than 10% of the global 
budget in grazed-grasslands (Oenema et al. 2007). Grazing 
and mowing are the major land-use types in the temperate 
grassland ecosystem, usually being assumed to have different 
effects on  N2O production in soil (Zhong et al. 2017). Mow-
ing can significantly decrease N and C inputs belowground 
through reducing vegetation cover and biomass, leading to 
nutrient limitation to soil microorganisms (Wan and Luo 
2003). Generally, mowing reduces the size of the plant root 
system and affects microbial N mineralization (Sørensen 
et al. 2008), nitrification, and denitrification and thus  N2O 
emissions (Pan et al. 2016). In contrast, grazing often alters 
the aeration or compaction of soils due to tramping (Oenema 
et al. 2007; Houlbrooke et al. 2008), changes plant biomass 
and composition through selective feeding (Leriche et al. 
2001), and modifies the soil levels of N and organic matter 
qualitatively and quantitatively by returning dung and urine 
(Saggar et al. 2004). All these differences between mowing 
and grazing induced distinct effects on the N cycle and  N2O 
emission, e.g., replacement of free-grazing by mowing for 
10 years increased the soil N storage by 10.2% in a temper-
ate grassland (He et al. 2012). Recently, to better compre-
hend how grazing or mowing affects  N2O emission and its 
production process, the functions of bacterial nitrifiers and 
denitrifiers have been investigated quite extensively, but the 
studies of the fungal and archaeal  N2O production are little 
(Pan et al. 2016; Zhong et al. 2017; Zhang et al. 2018; Yin 
et al. 2020; Wang et al. 2021).

Previous studies are mainly focused on bacterial nitri-
fiers and denitrifiers or their activities, taking these to 
be the key factors on  N2O emission in grasslands. How-
ever, while many studies have explored N mineralization, 
nitrification, and even denitrification as well as bacterial 
nitrifiers and denitrifiers for better understanding of  N2O 
emission and ecosystem functioning by grazing or mowing 

(Pan et al. 2016; Zhong et al. 2017). However, there have 
been scarce reports as to how mowing and grazing affect 
the archaeal and fungal nitrification and denitrification 
and their contribution to  N2O production (Zhong et al. 
2017, 2018a, b). Due to the optimum growing environ-
ments of bacteria, fungi, and archaea are different, their 
responses to environmental changes should be distinct. 
Compared with bacteria, archaea and fungi prefer those 
habits with higher soil organic C/N ratios, arid, and lower 
temperatures (Chen et al. 2015; Marusenko et al. 2013; 
Pietikäinen et al. 2005). Additionally, evidence showed 
that the abundance and activity of AOA is higher than 
ammonia-oxidizing bacteria (AOB) in temperate grassland 
(Chen et al. 2014; Zhong et al. 2017). Therefore, the lack 
of research concerning nitrification and denitrification by 
archaea and fungi will be a challenge for us to accurately 
predict the effect of grazing and mowing on  N2O produc-
tion especially in a relatively arid environment such as 
temperate grassland.

As a typical temperate grassland type, the grassland of 
Inner Mongolia is approximately 8.67 ×  107 ha in area in 
the Eurasian steppe (Koechlin 1993). Increased intensi-
ties and frequencies of grazing and mowing have caused 
serious grassland degradation and modified the N cycle 
rate in recent decades (Akiyama and Kawamura 2007; 
Xu et al. 2008). However, the mechanism behind remains 
unknown. According to precedent reports for this region, 
grazing or mowing is influential to the productivity and 
diversity of plant species (Zhou et al. 2006; Gao et al. 
2008), quality of soil (Han et al. 2008), soil microbial 
community (Zhou et al. 2010), and bacterial nitrifiers and 
denitrifiers (Zhong et al. 2017), and  N2O flux (Xu et al. 
2008; Chen et al. 2019). Nonetheless, there has been no 
information regarding the archaeal and fungal nitrification 
and denitrification under grazing and mowing. Through 
incubation experimentation, the study aims to compare 
grazing with mowing effect on the possible  N2O produc-
tion from archaeal, bacterial, and fungal nitrification and 
denitrification, in order to achieve contribution evalua-
tion of the  N2O production capacity in a representative 
Inner Mongolian steppe. Based on the previous studies, 
we hypothesize that (1) soil fungi and archaea would 
make a greater contribution to  N2O production than soil 
bacteria because of the arid environment in this temper-
ate grassland (Xu et al. 2008). (2) Grazing and mowing 
would decrease the  N2O production potential due to the 
grassland degradation by them (Zhong et al. 2017), and the 
bacterial, archaeal and fungal potential of  N2O production 
would respond differently to grazing and mowing. (3) The 
key driving factors would be markedly different since the 
archaeal, bacterial, and fungal populations prefer differing 
soil contexts (Chen et al. 2014; Zhong et al. 2018a, b).
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2  Materials and methods

2.1  Study site description

The experimental site, the Grassland Ecosystem Research 
Station at the Inner Mongolia University (44°10' N, 116°28 
E), is seated in Inner Mongolia’s Xilin River Basin. It has 
a semiarid climate, with an annual mean temperature of 
0 °C and an annual mean rainfall of 280 mm. Plants grow 
almost for 150 days yearly, spanning between early May 
and early September. For this region, winter is cold, dry, 
and long: extending for more than 6 months a year from 
October to March. Summer is warm wet and brief: lasting 
nearly 3 months from June to August, and it is an impor-
tant season for grass growing due to more than 80% of the 
precipitation is distributed in this season. April/May is 
a short spring period and August/September constitutes 
autumn. Major plants Leymus chinensis and Stipa krylovii 
occupy 60–80% of the overground biomass in the grass-
land overall. According to identification, the experimental 
site soil is dark chestnut (Chernozems according to ISSS 
Working Group RB 1998).

The experimental grassland was on flat areas, and the 
enclosure was enclosed established in 2013 to investigate 
the effects of sheep grazing and autumn mowing (for hay) 
clipping on grassland ecosystems. The native experimen-
tal grassland was used with a very low stocking intensity 
by nomadic herders historically. None grassland plots of 
33.3 × 33.3  m2 were used to arrange the three grassland use 
treatments (grazing, mowing, and control with no grazing 
nor mowing), replicated three times in an incomplete ran-
domized block design, which has three replicates — three 
fence plots, three grazing plots, and three mowing plots. 
Each plot was 33.3 × 33.3  m2 in size. The grazing plots were 
grazed by a group of 6 sheep at a moderate grazing inten-
sity, and the grazing intensity was controlled by setting on 
the sheep on the 20th of each calendar month from May to 
September, and the set off sheep treatment was conducted 
on the 21st until the grass height reached was approximately 
6–7 cm from May to September; the stock rate was 6 adult 
sheep each plot. The mowing plots were mowed once one-
cut haying in mid-August for hay every year by a lawn 
mower (also at a height of 6–7 cm above the ground).

2.2  Soil sampling and vegetation description

Sampling of soil was taken by triplicates in the year 2015: 
spring (27 May), summer (27 July), and autumn (27 Sep-
tember). For each sampling time, three soil cores (10 cm 
in diameter) were stochastically extracted from each plot’s 
topsoil (depth 0–10 cm) and bulk mixed together as one 
sample, with 9 soil samples in total per time. After placing 

the sampled soils into plastic sealed bags, they were trans-
ported into laboratory and sieved to homogenize and 
remove the fine roots, then cooler-stored. All soil samples 
used for chemical analyses were air-dried, while those for 
enzyme analysis were assayed within 2 weeks after being 
4 °C preserved. The plant standing biomass and diversity 
was only observed once on 27 July. After collection and 
48 h of 65 °C oven-drying, the biomasses were weighed 
species-wise based on nine 1-m2 quadrats per sampling 
plot (Nihlgard 1972).

2.3  Soil chemical analyses

An automated ion analyzer (Quickchem FIA Star 5010, 
LACHAT) was utilized for examining the soil levels of 
 NO3

−–N and  NH4
+–N in KCl extracts (2 mol). Soil mois-

ture determination was performed following 24 h of 105 °C 
oven-drying. For soil level analysis of total carbon (TC) and 
total nitrogen (TN), the  H2SO4–K2Cr2O7 oxidation and the 
Kjeldahl acid digestion were respectively employed (Nelson 
and Sommers 1996).

2.4  Measurement of total, bacterial, fungal, 
and archaeal nitrification and denitrification 
enzyme activities

For measuring the total (TNEA), bacterial (BNEA), fungal 
(FNEA) and archaeal (ANEA) nitrification enzyme activi-
ties and using to indicate the  N2O production potential from 
total, fungal, and archaeal nitrification, which were meas-
ured following the protocol described by Dassonville et al. 
(2011) with some improvements. Each bottle (250 mL) was 
placed with fresh soil (equivalent to 10 g of dry soil), and 
then added with  NH4

+–N (50 µg N–(NH4)2SO4  g−1 dry soil) 
solution (10 mL) and distilled water to make the final vol-
ume of 80 mL, followed by incubation for 48 h at 28 °C with 
oscillation (180 rpm) in a shaker. There were four chemical 
treatments: (1) streptomycin sulphate  (C42H84N14O36S3, a 
bactericide) at 3.0 mg  g−1 in solution, (2) cycloheximide 
 (C15H23NO4, a fungicide) at 1.5 mg  g−1 in solution (Castaldi 
and Smith 1998; Laughlin and Stevens 2002), (3) sterilized 
for 30 min by exposing soil slurry to a 0.3 MPa (pressure) 
and 121 °C (temperature) environment (abiotic reaction) 
(Heil et al. 2015), and (4) a no-inhibitor control. Sampling 
of the soil slurry (10 mL each) was accomplished at 0, 
24, and 48 h and filtered during the incubation. Filtered 
samples were analyzed for  NO3

− +  NO2
− density on an 

automated discrete analyzer (Smartchem 200, LACHAT). 
The nitrification enzymatic activity rates were measured 
based on the slope of time-dependent linear rate of the 
 NO2

− +  NO3
− generation. TNEA = the rate of nitrification 

enzymatic activities from treatment (4). The abiotic reaction 
in nitrification incubation of soil was from treatment (3). 
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BNEA = the rate of nitrification enzymatic activities from 
treatment (4)–treatment (1). FNEA = the rate of nitrifica-
tion enzymatic activities from treatment (4)–treatment (2). 
ANEA = the rate of nitrification enzymatic activities from 
treatment (4)–treatment (1)–treatment (2)–treatment (3).

For measuring the total (TDEA), bacterial (BDEA), fun-
gal (FDEA) and archaeal (ADEA) denitrification enzyme 
activities and using to indicate the  N2O production potential 
from total, fungal, and archaeal denitrification, which were 
measured as per the procedure elaborated in Marusenko et al. 
(2013) and Patra et al. (2006) with some improvements. Each 
bottle (250 mL) was placed with fresh soil (equivalent to 10 g 
of dry soil), and then added with a 6-mL solution filled with 
 KNO3 (50 µg  NO3-N  g−1 dry soil), glutamic acid (0.5 mg C 
 g−1 dry soil), and glucose (0.5 mg C  g−1 dry soil). The next 
step was adding distilled water to the mark, which helped 
in offering optimum denitrification conditions. There were 
four chemical treatments: (1) 3.0 mg  g−1 solution of strepto-
mycin sulphate bactericide  (C42H84N14O36S3), (2) 1.5 mg  g−1 
solution of cycloheximide fungicide  (C15H23NO4) (Castaldi 
& Smith 1998; Laughlin & Stevens 2002), (3) sterilized for 
30 min by exposing soil slurry to a temperature of 121 °C and 
a pressure of 0.3 MPa (Heil et al. 2015), and (4) a no-inhibitor 
control. To suppress the  N2O-to-N2 reduction and maintain 
an anaerobic denitrification, the N gas and 10%  C2H2 (v/v) 
were used as the air at the bottle headspaces. Then, the soil 
slurry–containing bottles were subjected to 48 h of 28 °C 
incubation while shaking at 180 rpm. In the course of incuba-
tion, gas samples (10 mL each) were collected using syringes 
at 0, 24, and 48 h and analyzed the  N2O concentration via gas 
chromatography. The denitrification enzymatic activity was 
determined based on the regression line slopes using the 0-, 
24-, and 48-h values of  N2O content following incubation. 
TDEA = the rate of denitrification enzymatic activities from 
treatment (4). The abiotic reaction in denitrification incuba-
tion of soil was from treatment (3). BDEA = the rate of deni-
trification enzymatic activities from treatment (4)–treatment 
(1). FDEA = the rate of denitrification enzymatic activities 
from treatment (4)–treatment (2). ADEA = the rate of deni-
trification enzymatic activities from treatment (4)–treatment 
(1)–treatment (2)–treatment (3).

The fungal, bacterial, and archaeal contribution to soil 
TNEA was predicted by BNEA, FNEA, or ANEA as a per-
centage of BNEA + FNEA + ANEA. The fungal, bacterial, 
and archaeal contribution to soil total denitrification enzyme 
activity was estimated by the ratio of BDEA, FDEA, or 
ADEA to BDEA + FDEA + ADEA.

2.5  Statistical analysis

The influences of treatments (control, grazing, and mowing), 
seasons (Spring, Summer, and Autumn), and their interplays 
on the soil trait measurements were examined for statistical 

significance via repeated-measures ANOVA using SAA ver-
sion 9 (SAS Institute, USA). Significant differences among 
three treatments or three seasons were further examined at a 
0.05 level through Duncan’s multi-range test. Within every 
plot, the structure of correlation along seasons was compound 
symmetrical. All data were tested to ensure that they satisfy 
the requirement for normality before the statistical analysis.

Aided by IBM® SPSS® Amos™ 20, structural equation mod-
eling (SEM) was used to explore the effect paths among chemical, 
physical, and biological traits of soil, as well as the  N2O gen-
eration potentials. Variables like soil moisture (SM), TN, TC, 
 NH4

+-N and  NO3
−-N; FNEA, BNEA, ANEA and TNEA; and 

FDEA, BDEA, ADEA, and TDEA were taken into considera-
tion in the SEM model. Given the small sample number for the 
variable number per modeling (n = 27), the estimates were likely 
conservative and fit (Shipley 2000; Kang and Shipley 2009). We 
performed SPSS 18-aided principal component analysis (PCA) 
prior to the SEM procedure to represent  NH4

+,  NO3
−, TC, and TN 

by “SC”, thereby reducing the model variable number to attain a 
better model fit to data. The degree of fitting between the model-
implied covariance structures and the actual data covariance struc-
tures was determined through χ2 test, and the p value > 0.05 from 
the χ2 test indicates adequate model fit. The estimated standard-
ized coefficients were examined by analyzing correlation matri-
ces and were considered significant when p < 0.05 (Petersen et al. 
2012).

3  Results

3.1  Soil analysis

As shown in Fig. 1a, during growing period, the SM con-
tent varied between 9.7 and 15.0%, with significantly higher 
summertime value than in the rest of the seasons (p < 0.01). 
Compared to the control group, the treatment groups (graz-
ing and mowing) exhibited evidently lower SM values 
(p = 0.02). No significant interplay was noted between treat-
ments and seasons on the SM variable.

The TC varied from 16.7 to 19.0 g  kg−1, and the TN 
content varied from 1.19 to 1.37 g  kg−1 during the growing 
season, and both showed no significant difference across 
treatments or seasons (data not shown). The  NH4

+-N con-
centration revealed that seasons interacted prominently 
with treatments (p < 0.01), with the grazing group exhib-
iting significantly stronger interaction (p < 0.01) than 
the rest of the treatments during summertime (Fig. 1b). 
According to the data, the summertime and autumn levels 
of  NO3

−-N were prominently higher than the springtime 
level (p < 0.01) (Fig. 1c). The measured mean standing 
biomass of plants on 27 July, where the biomass values 
peaked, was 56.00 g, 5.49 g, and 26.49 g DM  m−2 in con-
trol, grazing, and mowing treatments, respectively.
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3.2  Nitrification and denitrification enzyme 
activities of bacteria (BNEA, BDEA), fungi (FNEA, 
FDEA), and archaea (ANEA, ADEA)

The TNEA was considerably higher in summer (July) than 
in other seasons (p < 0.01) and in the grazing treatment 
than in other treatments in summer (p < 0.01) (Fig. 2a). 
No meaningful differences in FNEA were found among 
the treatments and seasons (Fig. 2b). Although the ANEA 

at the summer time was markedly higher than the rest of 
the seasons (p < 0.01), the ANEA values had no difference 
among the treatments. Markedly higher BNEA was found in 
the control group during spring period (p < 0.01) and in the 
grazing group during summer period (p < 0.01). Significant 
interactions of treatment by season (p < 0.01) were found for 
TNEA and BNEA (Fig. 2c, d).

The TDEA, BDEA, FDEA, and ADEA all were evidently 
higher during summertime as compared to the rest of the 
season (Fig. 3).

3.3  The contribution of bacteria, fungi, and archaea
to the total nitrification and denitrification enzyme 
activities

BNEA, FNEA, and ANEA contributed varyingly to TNEA, 
ranging from 15 ± 4 to 44 ± 1%, from 25 ± 3 to 58 ± 1%, and 
from 20 ± 1 to 33 ± 1%, respectively. FNEA contributed 
more noticeably to TNEA during the spring and autumn 
periods (p < 0.01). Significant interactions of seasons with 
treatments were noted for this variable (p < 0.01), with the 
grazing group exhibiting evidently stronger interaction dur-
ing autumn period (p < 0.01). The contribution of BNEA and 
ANEA to TNEA showed no difference among the treatments 
in spring and autumn periods (Fig. 4a).

BDEA, FDEA, and ADEA also contributed varyingly 
to TDEA, ranging from 25 ± 1 to 38 ± 2%, from 47 ± 2 to 
61 ± 2%, and from 10 ± 2 to 17 ± 1%, respectively. The con-
tribution of FDEA and ADEA to TDEA was significantly 
lower in spring (p < 0.01) and autumn (p < 0.01), respec-
tively (Fig. 4b).

3.4  Factors controlling the total nitrification 
and denitrification potential in the soils

The soil factors (SC) were the data of TN, TC,  NH4
+-N, and 

 NO3
−-N by principal component analysis, and its result is 

shown in Fig. S1. The first principal components were capa-
ble of interpreting the soil factor variations and explained 
58.2% of the total variance. After the TN, TC,  NH4

+-N, and 
 NO3

−-N were replaced by SC, the SEM results demonstrated 
fitting of the conceptual models for both TNEA (χ2 = 4.375, 
d.f. = 6, RMSEA = 0.0421, CFI = 0.95, GFI = 0.96, 
NFI = 0.91 p = 0.598) and TDEA (χ2 = 6.283, d.f. = 7, 
RMSEA = 0.0309, CFI = 0.92, GFI = 0.97, NFI = 0.90, 
p = 0.198) to the observation data in the conventional sys-
tem, as shown in Fig. 5.

To TNEA, the foremost factor was FNEA, followed 
by factors like ANEA and BENA (Fig. 5a). For FNEA, 
BNEA, and ANEA, SM was counted as the foremost factor 
to FNEA, as well as to ANEA; however, SC was the most 
significant for BNEA. Analogous to TNEA, for TDEA, the 
FDEA was the foremost factor as well, which was followed 

Fig. 1  Effects of various treatments on the SM (Soil moisture) con-
tent (a),  NH4

+-N (b), and  NO3
−-N (c) levels over different seasons 

(May (spring), July (summer) and Sep (autumn)). Black square means 
control, teal square means grazing, white square means mowing; T 
means different treatments, S means different seasons. Data are 
expressed as means ± 1  s.e.m (n = 3), whereas different capital and 
lowercase letters indicate significant treatment and season differences, 
respectively (p < 0.05)
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by BNEA and AENA, as shown in Fig. 5b. For FDEA, 
BDEA, and ADEA, SM was also counted as the foremost 
to FDEA, as well as to ADEA; however, SC was the most 
important for BDEA.

4  Discussion

N2O emission is attributed primarily to the nitrification and 
denitrification of microbes, but the role of fungi especially 
the archaea in  N2O production processes remains under-
explored. Our results show that fungi play a major role 
in nitrification and denitrification processes in the studied 
semi-arid steppe grassland; the contribution of FNEA to 
TNEA varies from 25 ± 1 to 58 ± 1%, and the contribution 
of FDEA to TDEA varies from 47 ± 2 to 62 ± 2%, across 
the seasons (except for the nitrification process in July) 
(Fig. 4). This finding is in accordance with the sugges-
tions that fungi play an important role in N cycle process 
(McLain and Martens 2005, 2006; Collins et al. 2008). 
In contrast to previous studies that only focused on the 
merits of bacteria and fungi on the generation of  N2O, it 
revealed that the fungi contribution to the nitrification and 

denitrification potential varied from 25 to 59% (Fig. 4) 
which was lower than the previously reported values, 
which were commonly greater than 50% contribution in 
temperate grasslands (Zhong et al. 2018b), meadow grass-
land (Zhong et al. 2018a), and farms (Herold et al. 2012). 
The fungi overestimated contribution in previous studies 
could be due to the limitation of their methodology that 
did not exclude the contribution of archaea in nitrification 
and denitrification. On the other hand, the contribution of 
BNEA to TNEA was 44 ± 3% in July, which showed a dif-
ferent trend compared with other treatments and seasons 
in our site; it might be due to the urine and dung return 
(Zhong et al. 2014). The urine and dung return signifi-
cantly increased the soil  NH4

+-N content then increased the 
bacterial nitrification enzyme activity because the bacteria 
favor the inorganic nutrients compared with the fungi and 
archaea in the summer (Chen et al. 2015).

Our study also revealed the important role of archaea in 
the soil nitrification and denitrification, where the archaea 
contributed more prominently to these processes as compared 
to the bacteria (Fig. 4). This result was in line with the previ-
ous observation that the AOA is more important than AOB 
for nitrification in temperate grassland (Di et al. 2009). Fungi 

Fig. 2  Effect of treatments on soil total nitrification enzyme activ-
ity (TNEA) (a), fungal nitrification enzyme activity (FNEA) (b), 
archaeal nitrification enzyme activity (ANEA) (c), and bacterial 
nitrification enzyme activity (BNEA) (d) in different seasons (May 
(spring), July (summer) and Sep (autumn)). Black square means 

control, teal square means grazing, white square means mowing; T 
means different treatments, S means the different seasons. Data are 
expressed as means ± 1  s.e.m (n = 3), whereas different capital and 
lowercase letters indicate significant treatment and season differences, 
respectively (p < 0.05)
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and archaea prefer the arid, low substrate conditions (Prosser 
and Nicol 2008; Jia and Conrad 2009). The studied grassland 
has a low soil moisture of only 8–15%, and low contents of 
soil nutrients, much lower than those managed and mesic 
ecosystems such as agricultural or forest ecosystems (Huang 
et al. 2017; Zhou et al. 2017). The studied semi-arid steppe 
grassland provides a favorable environment for fungi and 
archaea (Bai et al. 2010); thus, fungi or archaea play a more 
important role than bacteria in the potential  N2O production.

According to our findings, the second assumption was 
partly supported by the results. Our study finds that 3 years 
of grazing and mowing did not reduce the potential  N2O 
production in all seasons (Figs. 2 and 3); moreover, graz-
ing significantly increased the TNEA and TDEA in July. It 
showed that short time grazing and mowing would increase 
the N cycle rates in the early grazing (Risser and Parton 
1982). Our results supported the second assumption that 
the bacterial, archaeal, and fungal potential of  N2O pro-
duction would respond differently to grazing. Although the 
fungal and archaeal processes of  N2O production played a 
major role but was not changed by grazing or mowing in the 
Inner Mongolia grassland, grazing significantly increased 
bacterial nitrification and denitrification enzyme activities 
in July, and it might be the major reason for the increase 

of the TNEA and TDEA (Figs. 3 and 4). Previous studies 
mainly explained the  N2O production process based on the 
soil moisture variations, as well as the changes of C and 
N concentrations. Grazing would stimulate N cycling rate 
by decoupling N and C return through excreta (Phetteplace 
et al. 2001) or the negative effect through reducing soil mois-
ture in this semiarid environment (Wang et al. 2006; Xu 
et al. 2008; Chamindu Deepagoda et al. 2019). Our result 
is not in conflict with those studies and showed that the soil 
moisture was significantly decreased (Fig. 1), but the TC 
and TN contents were quite unaffected by grazing treatment 
(data unlisted). Coinciding with the increased soil  NH4

+-N 
concentration by grazing in July (Fig. 1), the greater TNEA 
and TDEA in summer indicated that the positive effect of 
available N return through excreta was greater than the nega-
tive effect of reduced soil moisture by grazing in this season. 
Our study further revealed that through regulating microbial 
pathway of  N2O production, short-term grazing in summer 
stimulated the potential of  N2O production in this temperate 
grassland mainly due to the induced bacterial nitrification 
and denitrification rates. The structural equation modeling 
regarding the correlation of soil environment variables with 
the  N2O production potential demonstrated that the soil 
condition (nutrition) was a more important factor than soil 

Fig. 3  Effect of treatments on soil total denitrification enzyme activ-
ity (TDEA) (a), fungal denitrification enzyme activity (FDEA) (b), 
archaeal denitrification enzyme activity (ADEA) (c) and bacterial 
denitrification enzyme activity (BDEA) (d) in different seasons (May 
(spring), July (summer) and Sep (autumn)). Black square means 

control, teal square means grazing, white square means mowing; T 
means different treatments, S means the different seasons. Data are 
expressed as means ± 1  s.e.m (n = 3), whereas different capital and 
lowercase letters indicate significant treatment and season differences, 
respectively (p < 0.05)
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to control the BNEA and BDEA (Fig. 5). Grazing did not 
change the bacterial NEA and DEA in spring (May) and 
autumn (September) (Figs. 3 and 4) due to the limited avail-
able N  (NH4

+-N and  NO3
−-N) (Fig. 1). This indicates that 

although there were manure returns, the low-temperature 
environment limited the decomposition of animal manure, as 
a result of the low release of available nutrients (Zhong et al. 
2018b). In this study, no significant changes of the archaeal 
and fungal NEA and DEA by grazing or mowing with the 
seasons imply that the fungi and archaea were resistant to 
environmental changes (Marusenko et al. 2013; Offre et al. 
2013), or the changes by treatments were insufficient to 
cause any difference in archaeal or fungal NEA or DEA 
that was noticeable.

In this study, 3 years of mowing did not affect the  N2O 
production in all seasons (Figs. 3 and 4). It has been reported 
that mowing can affect the soil N cycle by regulating plant 
species diversity, root biomass and exudates (Bardgett et al. 
1998), and nutrient deposits belowground, then resulting in 
the change of substrates to soil N cycle (Wan and Luo 2003). 
In our study site, however, soil TN,  NH4

+-N, and  NO3
−-N 

were all not changed by mowing across the seasons (Fig. 1). 
Although the aboveground plant biomass was significantly 
reduced by mowing after mid-August, the plant diversity was 
not changed (p = 0.72, data not shown). Therefore, the root 
biomass and exudates and nutrient deposition belowground 
might not be changed by mowing too. In contrast, grazing 
could quickly change the soil N cycle process by regulating the 

Fig. 4  Fungal, bacterial and 
archaeal contributions to the 
total nitrification enzyme 
activity (TNEA) (a) and total 
denitrification enzyme activ-
ity (TDEA) (b). C means 
control; G means grazing; M 
means mowing. Values are 
means ± 1 s.e.m (n = 3), whereas 
different capital and lowercase 
letters indicate significant treat-
ment and season differences, 
respectively (p < 0.05)
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plant diversity and urine and dung return to soil (Saggar et al. 
2004; Keil et al. 2011). Mowing reduced the soil in all seasons 
(Fig. 1); however, the reduction of soil moisture content by 
mowing was much smaller than grazing (Fig. 1a) and insuf-
ficient to result in TNEA or TDEA shifts. As a consequence, 
the impact of mowing on the soil nitrogen cycle process was 
less than that of grazing in a semiarid grassland.

5  Conclusions

We conclude that fungi play a dominant role in the  N2O pro-
duction process in the semiarid Inner Mongolian grassland 
except for nitrification process, followed by archaea and bac-
teria, and that grazing alters the microbial pathway of N cycle 
process, increasing the role of bacteria and enhancing the soil 
 N2O production potential in the growth season. It suggested 
that precise forecast for  N2O emission with land use will ben-
efit from the distinguishing bacterial, fungal, and archaeal N 
cycle process in grasslands. Mowing does not affect the  N2O 
production processes across all the seasons, indicating a less 

effect of mowing than grazing on the soil N cycle processes. 
We propose that mowing can be better to balance the negative 
effects of continuous grazing on soil N cycling and availability.
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