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A B S T R A C T   

Nitrous oxide (N2O), the third most important greenhouse gas, contributes to the increasing frequency and 
severity of climate extremes. Disentangling feedbacks of climate extremes on terrestrial N2O emission is 
important for forecasting future climate changes. Here, we experimentally imposed extreme drought and heat 
wave events during three years in a semiarid grassland to investigate the responses of N2O flux. We identified 
that N2O flux suppression during droughts was mediated by soil water content (SWC), microbial biomass carbon 
(MBC), soil inorganic nitrogen (SIN) and dissolved organic carbon (DOC) contents, and the abundance of 
archaeal amoA, nirK, and narG. However, bacterial amoA, nirS, and nosZ remained stable. Upon rewetting 
following droughts, the SWC, SIN, DOC, archaeal amoA, nirK, narG, and resultant N2O fluxes recovered to the 
magnitude of the ambient control. In contrast, heat waves alone or in combination with drought did not impact 
N2O fluxes or the underlying physical, chemical and microbial states. Stepwise multiple linear regression sug-
gested that SWC, DOC, and MBC were the key factors regulating immediate responses of N2O flux to climate 
extremes while the major factors regulating seasonal mean N2O flux in response to climate extremes were 
archaeal amoA abundance, nirK abundance, and MBC. Our results suggest that N2O fluxes were sensitive to 
droughts but insensitive to heat waves. Soil moisture induced changes in substrate availability, and the com-
munity size of total and functional microorganisms in soil jointly regulated N2O responses to climate extremes. 
The relative importance of regulating factors shifted at different timescales.   

1. Introduction 

As the third most important long-lived greenhouse gas, the radiative 
forcing of nitrous oxide (N2O) is up to 265 and 11 times larger than those 
of carbon dioxide and methane on a 100-year timescale, respectively 
(Stocker, 2014). Atmospheric N2O concentration has risen steadily from 
290 ppb in 1940 to 330 ppb in 2017 (WMO, 2018; Park et al., 2012), 
leading to global warming and thereby to intensification of the hydro-
logical cycle. As a result, extreme climate events, a weather event 

occurred rarer than the 10th or 90th percentile of a probability density 
function estimated from observations such as drought and heat wave 
events, will become more intense and more frequent (Hansen et al., 
2012; Coumou and Robinson, 2013; Sherwood and Fu, 2014). 

Production of N2O in soil occurs mainly via two microbial processes, 
nitrification under aerobic environments and denitrification under 
anaerobic environments (Thamdrup, 2012). Nitrification and denitrifi-
cation are carried out by microbial nitrifiers and denitrifiers, respec-
tively, which contain functional genes (e.g. amoA, nirK/nirS, and narG) 
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encoding specific redox enzymes (ammonia monooxygenase, nitrite 
reductase, and nitrate reductase) that catalyze various N transformation 
steps(e.g. ammonia oxidation to hydroxylamine, nitrite reduction to 
nitric oxide, and nitrate reduction to nitrite) in each process (Kuypers 
et al., 2018). Thus, the abundances of soil functional genes were widely 
considered as indicative of microbial mechanisms regulating nitrifica-
tion and denitrification rates and thus N2O flux dynamics (Chen et al., 
2019; Hu et al., 2016; Shi et al., 2021). 

Soil ammonium and nitrate are the substrates for nitrification and 
denitrification, respectively. The majority of denitrifiers are heterotro-
phic and require electron donors in the form of reduced organic carbon 
(C). Therefore, we may expect ecosystem N2O fluxes to be regulated by 
the activity of nitrifiers, denitrifiers, and the availability of soil C and N 
substrates (Yang et al., 2018; Ma et al., 2020). Besides, total and func-
tional microorganism activities are primarily controlled by water 
availability, especially in water-limited drylands (Maestre et al., 2015). 
Therefore, climate changes may directly alter soil water availability, 
which could further impact soil substrate content via microbial miner-
alization and/or activities of nitrifiers and denitrifiers. Ultimately, these 
abiotic and biotic factors jointly but hierarchically regulate N2O flux 
responses. 

The integrated effects of drought and heat wave events on the di-
rection and magnitude of changes in N2O fluxes would depend on the 
responses of N2O fluxes both during and after the climate extremes (i.e. 
response and recovery). For example, low soil moisture during droughts 
could suppress microorganisms and thereby organic C and N minerali-
zation (Larsen et al., 2011; Novem Auyeung et al., 2013), limiting the 
supply of C and/or N substrates to nitrification and denitrification and 
ultimately reducing N2O fluxes (Li et al., 2018). However, after drought 
events, N2O fluxes generally increase once the soil is rewetted to the 
normal level due to relief of negative matric potential (Goldberg and 
Gebauer, 2009), accelerated mineralization (Birch, 1964), and/or more 
anaerobic soil environment (Davidson et al., 2008). Importantly, 
drought and heat wave events are also able to directly impact nitrifiers 
and denitrifiers and thereby N2O fluxes through changing soil water 
availability, temperature, and aeration (Sun et al., 2018; Chen et al., 
2019; Song et al., 2019b). However, the response and recovery of 
different nitrifiers and denitrifiers are likely to differ due to various 
habitat preference, stress tolerance, and environmental adaptability 
(Hu et al., 2016; Chen et al., 2017; Li et al., 2020c). Therefore, identi-
fying the responses of water and substrate availability as well as nitri-
fiers and denitrifiers during and after climate extreme events would 
provide deep insight into the integrated responses of N2O flux over 
seasonal to annual timescales. 

Long-term warming (e.g. slight increase in mean annual tempera-
ture) and short-term heat waves (e.g. largely increased temperature 
lasting several weeks) would cause different ecological effects. Small 
increases in mean annual temperature may relieve temperature limita-
tions and thereby stimulate metabolism, while a more extreme, short- 
term heat waves may suppress metabolism (Bauweraerts et al., 2013; 
Reyer et al., 2013). Although long-term warming effects on terrestrial 
N2O flux have been extensively explored, little is known about the im-
pacts of shorter, more extreme heat wave events (Li et al., 2020c). 
Drought and heat wave events often co-occur (i.e. hot droughts), and 
their combined effects may intensify as a result of high temperature 
increasing evaporation and subsequent soil moisture limitation of 
evaporative cooling (De Boeck et al., 2010; Overpeck, 2013; Samaniego 
et al., 2018). Understanding the interaction of multiple climate extremes 
is more meaningful and powerful in predicting global change effects on 
ecosystem functionality than single-factor studies (Luo et al., 2008; Zhu 
et al., 2016; Song et al., 2019a). Nevertheless, the interaction between 
droughts and heat waves on N2O fluxes remains poorly understood 
(Brown et al., 2011). 

To examine responses and recovery of N2O fluxes to individual and 
combined drought and heat wave events (hot droughts), we conducted a 
replicated, factorial manipulative experiment from 2014 to 2016 in a 

semiarid grassland. N2O fluxes were measured over the growing season. 
Soil C and N substrates (dissolved organic C and inorganic N) and the 
abundances of soil functional genes involved in nitrification and deni-
trification were measured following implementation of the treatments 
and at the end of the growing season. Given that the ecological processes 
of semiarid regions are generally water-limited, we hypothesized that: 
(a) soil water deficit caused by drought and heat wave events would 
reduce the bio-availability of soil C and/or N and the abundances of 
nitrifiers and denitrifiers, thereby suppressing N2O fluxes; (b) Elimina-
tion of the drought and heat wave stress would lead to N2O flux recovery 
to the ambient level because rainfalls relieve water limitation on mi-
crobial activities; (c) Compared with drought, heat wave would have 
less impacts on N2O fluxes, and hot drought may have greater effects due 
to their possible interactions on water stress. 

2. Materials and methods 

2.1. Study site 

The experimental site was located in a semiarid grassland at the 
Inner Mongolia Grassland Ecosystem Research Station in Inner 
Mongolia, China (43◦20ʹ N, 116◦40ʹ E, 1200 m asl). This grassland has 
been fenced off to prevent grazing since 1979 and has a more prominent 
natural litter layer than nearby grazed sites. Vegetation was dominated 
by perennial rhizome and bunch grasses such as Leymus chinensis, Stipa 
grandis, Achnatherum sibiricum and Agropyron cristatum. Mean annual 
temperature (1953–2017) was 2.5 ◦C and mean annual precipitation 
was 281 mm with 86% of the rainfall in the growing season (May to 
September). The soil was classified as dark chestnut in Chinese soil 
classification or Calcis-orthic Aridisol in US Soil Taxonomy classifica-
tion, with 60% sand, 21% clay and 19% silt and the average surface bulk 
density (0–10 cm) is 1.20 g/cm3.The permanent wilting point is 0.12 
cm3cm− 3 (Li et al., 2020a). 

2.2. Experimental design 

This experiment was a part of the Extreme Climate Events and 
Biodiversity-II (ECEB-II) experiment that began in 2012 (Li et al., 
2019a). A randomized block design was used in this experiment 
including four treatments with three replicate blocks. Twelve plots (2 m 
× 2 m) were established with a 2-m buffer zone between blocks and 2-m 
buffer zone between two adjacent plots within the same block, and 
randomly assigned to the ambient control (control), heat wave (heat 
wave), extreme drought (drought), and drought in combination with 
heat wave (hot drought). Each plot was surrounded by a metal frame 
installed to a depth of 40 cm and extending 10 cm above ground to 
prevent water exchange across plot boundaries. 

The intensity of heat wave and drought was based on the growing- 
season weather data (1953–2010, the longest available record) ob-
tained from the Meteorological Station of Xilinhot city 40 km from the 
research site and at similar elevation (43◦57ʹ N, 116◦07ʹ E, 1003 m asl). 
In this study, we defined drought by the length of the precipitation-free 
period (i.e. pulse-drought, Hoover and Rogers, 2016). As the longest dry 
interval between two sequential rainfall events during the growing 
season was 30 days, we defined an extreme drought treatment as a 
rain-free period of 30 days (20 July and 19 August), which is achieved 
here by rainfall shelters. The 99th percentile of daily maximum tem-
perature during the growing season is 38 ◦C. The heat wave treatment at 
this site was designed to produce air temperatures of 38 ◦C during 
daytime (9:00 - 15:00 h) for a period of seven consecutive days, with no 
nighttime treatment, according to the definition of heat wave in De 
Boeck et al. (2010). The heat wave treatments were applied during the 
drought period with a transparent infrared lamp (2000 W, 220 V, 100 
cm × 31.4 cm, PHILIPS) connected with a thermal resistor (CU 50, Micro 
Sensor Co., Ltd., China) to an automated temperature controller (XMT 
7100, Huibang technology Co., Ltd., China). Because of limited 
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electrical supply at the research site, asynchronous heating was used for 
heat wave and hot drought treatments. Heating in the hot drought 
treatment was applied immediately after heating of the heat wave-only 
treatment. Our previous work demonstrated that asynchronous heating 
for heat wave and hot drought treatments would not bias ecosystem 
structural and functional responses, because ambient environmental 
conditions during the two heating periods were similar in each year. 
Further details are provided in our previous publications (Li et al., 
2020a, 2020b). 

2.3. N2O flux measurements 

The static chambers-gas chromatograph method was used to mea-
sure N2O fluxes. In May 2012, a chamber anchor with water groove on 
the upper surface of the edge (50 cm L × 50 cm W × 10 cm H) was 
inserted 8 cm into the soil each plot. The chamber (50 cm L × 50 cm W 
× 50 cm H) was made of stainless-steel and covered with thick foam for 
heat insulation and fitted with two fans inside to mix the chamber air. 
During the measurements, we placed the chambers on the anchor with 
the bottom edges inserted into the water groove and then added water 
into the groove to prevent gas exchange. Next, we successively collected 
gas samples (80 mL once) from the headspace of the chamber after 0, 10, 
20, 30, and 40 min. Because the totally collected gas (400 mL) only 
accounted for 0.32% of the chamber volume (1.25 × 105 mL), the air 
pressure within the chamber during measurements did not change 
enough to affect the flux. These gas samples were stored in sealed 
sampling bags, which were evacuated by vacuum pump before sam-
pling, transferred to the laboratory, and then analysed for N2O con-
centration using a gas chromatograph equipped with an electron capture 
detector (Agilent 7890A GC System, Palo Alto, CA, USA) within one 
week of sampling. The N2O flux was calculated as the slope of linear 
regressions from the measured gas concentrations with time. We used 
the atmospheric-based sign convention in which positive and negative 
N2O flux values represent net ecosystem flux and uptake, respectively 
(Li et al., 2016). 

N2O flux was measured approximately every 1–2 weeks over three 
consecutive growing seasons in 2014 to 2016. For comparison across 
different measurement dates, all N2O flux measurements were con-
ducted between 9:30–11:30 a.m. on sunny days. 

2.4. Measurement of soil temperature and water content 

During the growing season, soil temperature at 10 cm depth was 
measured concurrently with N2O flux using soil thermometers (TL-883, 
Tonglixing technology Co., Ltd., China). Measurements of soil water 
content (SWC) in the 0–20 cm depth were taken every 5 days in 2015 
and 2016 and approximately every 10 days in 2014 using time domain 
reflectrometry probes (TDR 300, Spectrum Technologies, Inc. CST, 
USA). 

2.5. Soil sampling 

Soils were selectively sampled at the end of the drought treatment 
(18 August) and the growing season (around 24 September) to capture 
immediate effects of the climate extremes and their recovery after the 
treatments from 2014 to 2016. Each soil sample consisted of three 
topsoil cores (0–10 cm) sampled using a steel auger (3 cm diameter) per 
plot that were immediately pooled and sieved to ≤2 mm. Then, soil 
samples were kept at -20 ◦C in a freezer until analysis for physico-
chemical properties and functional gene abundance. 

2.6. Measurement of soil physicochemical properties 

Soil nitrate and ammonium were extracted with 50 ml of 0.5 M 
K2SO4 from 5.0 g fresh soils and determined using a continuous flow 
spectrophotometer (AutoAnalyzer 3 System; SEAL Analytical GmbH, 

Norderstedt, Germany) (Che et al., 2018). Soil inorganic N (SIN) was 
estimated as the sum of nitrate and ammonium. Dissolved organic C 
(DOC) and microbial biomass C (MBC) were measured using the chlo-
roform fumigation–extraction method (Vance et al., 1987). Briefly, a 
pair of soils (10 g dry weight equivalent for each) was fumigated for 24 
hr with ethanol-free CHCl3 and unfumigated as control, respectively. 
After that, both the fumigated and unfumigated soil samples were 
extracted by shaking for 30 min in 60 ml of 0.5 M K2SO4. Then, the 
extracts were filtered and analyzed for DOC by a Total Organic Carbon 
Analyzer (Elementar vario TOC, Elementar Co., Germany). MBC was 
calculated as the differences between DOC contents in the fumigated 
and unfumigated control samples using a conversion factor of 0.45. 

2.7. Measurements of soil functional genes 

According to the methods described by suppliers, total DNA was 
extracted from 0.30 g of soil by PowerSoilTM DNA Isolation Kit (MO BIO 
Laboratories, Carlsbad, CA, USA) and quantified with a NanoDrop 2000 
spectrophotometer (Thermo Fisher Scientific Inc., USA). To attenuate 
the potential effects of subsequent polymerase chain reaction (PCR) 
inhibitors, we diluted the DNA solutions with three times water for the 
PCR and real-time PCR amplifications. Copy numbers of archaeal amoA, 
bacterial amoA, nirK, nirS, narG, and nosZ genes were quantified using 
the 7500 Real-Time PCR System (Applied Biosystems, Foster City, CA, 
USA), with the specific degenerated primers sets for each gene 
(Table S1). 

We used plasmids harboring the corresponding DNA fragments to 
construct standard curves. Briefly, PCR products of the target functional 
genes were generated and ligated into the pMD20-T vector (Takara Bio 
Inc. Shiga, Japan), and then the cloning fragments were transformed 
into Escherichia coli strain DH5α competent cells. After culturing, the 
plasmid DNA was extracted from the recombinant Escherichia coli and 
quantified with a NanoDrop 2000 spectrophotometer (Thermo Fisher 
Scientific Inc., USA). Finally, a 10-fold serial dilution of the plasmid DNA 
was employed to produce the standard curve. The reaction mixtures (20 
μL) contained 1 μL of DNA template, 10 μL of SYBR Premix Ex Taq II 
(Takara Bio Inc. Shig a, Japan), 0.5 μL of forward and reverse primer (20 
μmol L− 1), 0.4 μL of ROX Reference Dye II (50 ×), and 7.6 μL of nuclease- 
free water. PCR runs were started with an initial denaturation for 30 s at 
95 ◦C, then 40 cycles of 5 s at 95 ◦C and 25 s at the specific annealing 
temperatures for each gene (Tables S1), followed by 40 s at 72 ◦C and 30 
s at 80 ◦C. Fluorescence signals at 80 ◦C were recorded to attenuate 
influences of primer dimers. Then, melting curve analysis was used to 
test the specificities of the PCR products. All DNAs were analyzed in 
triplicate using three no-template controls to check for reagent 
contamination. The functional gene copy numbers, which were calcu-
lated directly from standard curves, were used to assess the abundance 
of the microbial functional groups (Che et al., 2018). 

2.8. Statistical analyses 

A paired t-test was used to identify heat wave effects on soil tem-
perature and canopy temperature during the heating period. We used a 
repeated measures ANOVA to test for the effects of heat waves, drought, 
year, and their interactive effects on seasonal mean N2O flux as well as 
soil physicochemical properties and soil functional genes at the end of 
the treatments (18 August) and the end of the growing season (around 
24 September). A post-hoc Duncan’s test was used to assess mean dif-
ferences in N2O fluxes, soil properties and gene abundances across the 
four treatments and different years. The treatments effects and vari-
ability across three years were mainly assessed by the P-values of indi-
vidual treatment effects and interactions between treatment and year 
from repeated measures ANOVA, while the post-hoc Duncan’s tests were 
just used as for supplementary examination. 

Additionally, linear and binomial regressions were employed to 
explore the relationships of N2O with soil physicochemical properties 
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and soil functional genes across the three years. Model evaluation was 
performed based on the adjusted R2 (larger is better). Given that the 
variables changed significantly among the years (Tables 1 and 2), the 
data in the same year were normalized using z-score normalization 
before the correlation analyses, to eliminate inter-annual variability. 
Furthermore, stepwise multiple linear regressions with backward elim-
ination using a linear model were conducted to examine the relation-
ships between N2O flux and other variables, including SWC, SIN, MBC, 
DOC, archaeal amoA, nirK and narG which had significant linear re-
lationships with N2O flux (see Fig. 5), measured at two timescales: 1) 
during or immediately after the treatments and 2) over the whole 
growing season. After that, relative importance of predictor variables in 
the best regression model was assessed using relweights function (R code 
see Text S1). Treatment effects were considered to be statistically sig-
nificant at P ≤ 0.05 and marginally significant at P ≤ 0.10 given the 
small number of treatment replicates (n = 3). All statistical analyses 
were performed with R v.3.4.4, R with MASS and car packages (R Core 
Team, 2018). 

3. Results 

3.1. Micro-climate 

During a single 30-day period in each growing season, 
experimentally-imposed drought excluded 15% (37 mm), 22% (52 mm) 
and 22% (42 mm) of the growing season precipitation in 2014, 2015 and 
2016, respectively, which also substantially reduced soil water content 
(SWC) during the treatments (Fig. 1a–c). We did not find the heat wave 
further reduced soil water content in the hot drought treatment 
compared with the drought treatment. Averaged across the three years, 
experimental warming significantly raised canopy temperature (3.33 ◦C 
and 3.61 ◦C, P < 0.01) and soil temperature (0.37 ◦C and 0.50 ◦C, P<
0.01) during the heat wave and hot drought treatments, compared to the 
ambient control (Fig. 1d–f). 

3.2. N2O flux 

Overall, this grassland functioned as a source of N2O over the 
growing season with the seasonal mean fluxes ranging from 0.011 to 
0.026 mg N2O-N m− 2 h− 1 across the treatments and three years. Large 
daily variations (5.9 × 10− 4 - 0.051, -9.7 × 10− 4 - 0.051, and 8.3 × 10− 4 

- 0.051 mg N2O-N m− 2 h− 1 in 2014, 2015 and 2016, respectively) and 
interannual variations (P < 0.01 for Year effects, Table 1) were observed 
with higher seasonal average N2O fluxes in 2016 (0.021± 0.002 mg 
N2O-N m− 2 h− 1) than those in 2014 (0.015±0.001 mg N2O-N m− 2 h− 1) 
and 2015 (0.014±0.001 mg N2O-N m− 2 h− 1) (Fig. 2). Across the three 
years, droughts had consistently and significantly negative effects on 
seasonal average N2O fluxes (P = 0.04 and 0.55 for Drought effects and 
Drought × year interactions, respectively, Table 1) although the dif-
ferences in seasonal average N2O fluxes between the Drought and 

Control treatments were not significant in each individual year 
(Fig. 2d–f). Droughts reduced N2O flux mainly during the treatment 
periods, but N2O flux rapidly recovered within one to two weeks after 
the treatments to similar levels in the ambient plots (Fig. 2a–c). In 
contrast, the seasonal dynamics and averages of N2O fluxes in the heat 
wave (0.017, 0.016, and 0.026 mg N2O-N m− 2 h− 1 in 2014, 2015, and 
2016, respectively) were very similar to those of the ambient control 
(0.019, 0.015, and 0.024 mg N2O-N m− 2 h− 1 in 2014, 2015 and 2016, 
respectively; Fig. 2) (P = 0.96 for Heat wave effects, Fig. 2 and Table 1). 
There were no significant interactions between droughts and heat waves 
on N2O flux during the treatment period or for the whole growing season 
(P = 0.14 for Drought × heat wave interactions, Table 1). Accordingly, 
we detected no significant differences in N2O fluxes between the 
droughts only and the hot drought treatments (Fig. 2 and Table 1). 

3.3. Soil physicochemical properties 

Droughts had significantly negative effects on MBC across the three 
years (P < 0.01 and P = 0.72 for Drought effects and Drought × heat 
wave interactions, Table 1), and the effects persisted to the end of each 
growing season (P < 0.01 and P = 0.24 for Drought effects and Drought 
× year interactions, Table 1, Fig. 3a and b). Similarly, DOC and SIN were 
reduced by drought (P < 0.01 for both Drought effects, Fig. 3c and e); 
however, they recovered by the end of each growing season (P = 0.34 
and 0.45 for both Drought effects, Fig. 3d and f). Droughts resulted in 
greater SIN decreases following treatment in 2014 and 2016 than in 
2015 (P < 0.01 for Drought × heat wave interactions, Table 1, Fig. 3e). 
Heat waves reduced SIN at the end of the drought treatment but not at 
the end of each growing season, but heat waves had no effects on MBC 
and DOC at either sampling time. Although there were significant 
interactive effects of droughts and heat waves on MBC at the end of each 
growing season and on SIN at the end of the treatments, we did not find 
coherent, orderly interactions from which to draw strong inferences 
(Table 1). 

3.4. Soil functional genes 

Abundances of all six soil functional genes involved in nitrification 
and denitrification were higher in 2014 and 2015 than in 2016 (Fig. 4 
and Table 2). Overall, heat waves had little effect on soil functional gene 
abundances, except that heat waves decreased and increased archaeal 
amoA at the end of the growing season in 2015 and 2016, respectively, 
and increased nosZ abundance in 2015 and decreased nosZ abundance at 
the end of the drought treatment in 2014 and 2016 (Fig. 4 and Table 2). 

Droughts had significant negative effects on the abundance of 
archaeal amoA, nirK, and narG at the end of the treatments (P < 0.01, P 
< 0.01 and P = 0.01, respectively; Fig. 4a, e, and i and Table 2). There 
were no significant interactions between drought and year (P = 0.06, 
0.75, and 0.21 for archaeal amoA, nirK, and narG, Table 2), indicating 
that the negative effects were consistent across three years. However, 

Table 1 
Results from repeated measures variance (ANOVA) analysis of drought and heat wave effects on soil seasonal mean N2O fluxes, soil dissolved organic carbon (DOC), 
microbial biomass carbon (MBC), and soil inorganic N contents (SIN) at the end of treatments (EoT) and the growing season (EoGS) across all the three years.   

df  DOC MBC SIN 

N2O EoT EoGS EoT EoGS EoT EoGS 

F P F P F P F P F P F P F P 

Heat wave 1 <0.01 0.96 0.48 0.51 0.06 0.82 <0.01 0.95 1.08 0.33 12.49 <0.01 0.23 0.65 
Drought 1 6.13 0.04 17.52 <0.01 1.04 0.34 44.00 <0.01 7.80 0.02 15.89 <0.01 0.63 0.45 
Year 2 7.53 <0.01 4.94 0.02 34.92 <0.01 0.12 0.89 4.01 0.04 0.70 0.51 58.82 <0.01 
Heat wave × drought 1 0.14 0.14 0.07 0.79 0.47 0.51 1.69 0.23 3.18 0.11 8.40 0.02 1.52 0.25 
Heat wave × year 2 0.05 0.95 1.34 0.29 0.05 0.95 4.08 0.04 0.68 0.74 0.81 0.46 0.25 0.78 
Drought × year 2 0.62 0.55 0.59 0.56 0.02 0.98 0.34 0.72 2.32 0.24 8.26 <0.01 0.10 0.91 
Heat wave × drought × year 2 0.47 0.64 2.55 0.11 0.17 0.84 1.81 0.19 0.53 0.31 1.67 0.22 <0.01 1.00 

P-values in bold are statistically significant to an alpha value of 0.05. 
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the drought effects on archaeal amoA and nirK not detectable by the end 
of the growing season across the three years (P = 0.18 and 0.38 Fig. 4a, 
b, e, f, i and j and Table 2) while the drought effects on narG persisted to 
the end of the growing season in 2014 but not in the following two years 
(P < 0.01 for Drought effects and Drought × year interactions, Fig. 4j 
and Table 1). The abundance of bacterial amoA in the drought treat-
ments decreased at the end of the treatment and then recovered at the 
end of the growing season in 2014 but remained unaffected by droughts 
in 2015 and 2016 (Fig. 4c and d). Droughts increased abundance of nirS 
at the end of the growing season in 2014 and 2015 but not in 2016 
(Fig. 4g and h). The abundance of nosZ was unchanged under droughts 
at the end of treatments but increased at the end of the growing season 
in 2015 (Fig. 4k and i). 

There were multiple significant two-way interactive effects of 
droughts and heat waves and three-way interactive effects of droughts, 
heat waves and year on gene abundances (Table 2). However, the in-
teractions varied for different genes and in different years, with no 
consistent trends. 

3.5. Relationships of N2O with soil physicochemical properties and soil 
functional genes 

We found significant (P ≤ 0.05) or marginally significant (0.05 < P ≤
0.10) positive relationships of N2O flux with SWC, MBC, DOC, SIN and 
the abundance of archaeal amoA, nirK, and narG (Fig. 5a–e, h and i). 
Although SWC measurement frequency was inconsistent across the 
three years, we found similar positive relationships between SWC and 
N2O flux each year (Fig. S1). Additionally, N2O flux had a U-shape 
relationship with the abundance of bacterial amoA and nirS (Fig. 5f and 
g) but had not significant or marginally significant relationships with 
nosZ abundance (Fig. 5j). Stepwise multiple linear regression suggested 
that the key factors regulating long-term seasonal mean N2O flux over 
the five months in response to climate extremes were archaeal amoA 
abundance (explaining 44% of R2), nirK abundance (explaining 34% of 
R2), and MBC (explaining 22% of R2). In contrast, the major factors 
regulating short-term responses of N2O flux (during and immediately 
after the 30-day treatments) to climate extremes were SWC (explaining 
49% of R2), DOC (explaining 29% of R2), and MBC (explaining 21% of 
R2). 

4. Discussion 

4.1. Sensitivity of N2O flux to droughts 

Overall, N2O fluxes showed similar response patterns to SWC 
changed by droughts: suppressed during the treatments but recovered 
quickly to the ambient level after the treatments (Figs. 1a–c and 2a–c). 
Furthermore, we uncovered some mechanisms underlying the rela-
tionship between N2O and SWC, including soil microbes and substrate 
availability. The results partly supported the hypotheses that climate 
extremes affect N2O fluxes dynamics during and after the drought 
events through soil water variation-induced changes in both or either of 
soil C and N availability and abundance of nitrifiers and denitrifiers. 

Lower MBC, SIN and DOC were observed at the end of the droughts 
(Fig. 3a, c, and e). The possible mechanisms would be that soil water 
stress restrained microbial activity including organic matter decompo-
sition and N mineralization(Li et al., 2019b), which reduced C and N 
availability (Li et al., 2019a). In this study, microbes were more sensi-
tive to droughts than plants as plant biomass remained stable under 
droughts (Li et al., 2021). In contrast, past studies suggested that 
drought did not suppress microbial biomass and microbial N minerali-
zation, but restrained plant growth, resulting in higher SIN accumula-
tion due to diffusion limitation and lower plant N uptake (Evans and 
Burke, 2013; Homyak et al., 2017). The inconsistent results may be 
attributable to different drought intensities (rainfall reduction) and 
types (press-drought vs. pulse-drought). Ta
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The strong positive relationships between N2O flux and MBC, SIN, 
and DOC (Fig. 5c and d) highlighted the vital role of C and N substrates 
in controlling N2O flux. Soil microbial biomass could positively affect 
soil nitrification by accelerating soil N mineralization (Baldos et al., 
2015, Li et al., 2020d), which in some cases is the most important driver 
of soil nitrification rate (Hu et al., 2016). At the global scale, SIN is the 
most important driving factor for N2O flux, as it provides substrate for 
producing N2O through nitrification and denitrification (Li et al., 
2020d). Thus, reduced SIN under drought is likely to directly limit N2O 
production. Low C availability could also reduce N2O production 
directly by limiting the heterotrophic denitrification processes (Li et al., 
2018). Furthermore, the diffusion rates of C and N substrates into mi-
crobial cells could also be restricted at low soil water content (Evans and 
Burke, 2013). 

Decreased N2O fluxes under droughts also coincided with decreases 
in the abundances of nitrifiers (archaeal amoA) and denitrifiers (nirK and 
narG) (Fig. 4a, e, and i). It may be because drought-induced soil water 
deficiency could directly suppress both nitrifier and denitrifier growth 
or even lead to death of these microorganisms (Shi et al., 2012; Auyeung 
et al., 2015). Additionally, reduced DOC and SIN had potentially limited 
on community size of nitrifier and denitrifier (Fig. S2). Consequently, 
microbial processes including ammonia oxidation, nitrite reduction to 
nitric oxide, nitrate reduction to nitrite and resultant N2O production 
could be inhibited (Kuypers et al., 2018). In contrast, bacterial amoA and 
nirK remained stable in the face of the droughts (Fig. 4c and e), 
demonstrating that bacterial amoA and nirK were more resistant to 
droughts than archaeal amoA and nirS genes, respectively (Fuchslueger 
et al., 2014; Chen et al., 2017). Although the overall effects of drought 
on bacterial amoA and nirS were not significant, these two gene re-
sponses to droughts varied among years, resulting in the non-linear re-
lationships across the three years (Fig. 5 f and g). 

In addition to low C and N availability and low abundance of specific 
functional genes under droughts, low soil water content could increase 
the O2 availability in soil and thus create an unfavorable aerobic envi-
ronment for denitrifying activities and anaerobic denitrification 
(Davidson et al., 2008). In some cases, soil O2 status, outweighing the 
effects of other factors, can be the most decisive environment trigger for 

N2O production (Song et al., 2019a). 
After the droughts, SWC rebounded quickly to the ambient level with 

the first rainfall. Accordingly, the reduced SIN, DOC and the abundance 
of archaeal amoA, nirK and narG generally recovered to the same levels 
as in ambient plots by the end of the growing season (Figs. 3d, f and 4b, f, 
j). As a result, the dynamic of N2O flux in the drought plots reached the 
same magnitude as in the control plots (Fig. 2a-c). Similar resilience was 
previously reported in two other managed montane grasslands (Hart-
mann and Niklaus, 2012). 

In some cases, abnormally large N2O flux pulses occur following soil 
re-wetting or large precipitation events after droughts (Goldberg and 
Gebauer, 2009; Xu and Luo, 2012), which was generally increases in 
denitrification (Harris et al., 2021). However, we did not detect N2O flux 
pulses 1–5 days after re-wetting in the drought plots (Fig. 2a-c). It could 
be because rainfall-induced N2O pulses diminished within hours 
(Eberwein et al 2020) which were not captured by current measure-
ments. Importantly, in this study, droughts decreased SIN and DOC 
through suppressing microbial N mineralization as discussed above. 
While SIN and DOC recovered to ambient levels following droughts, 
they did not exceed those in the control plots (Fig. 3d and f). Instead, 
there was an abnormally large N2O flux pulse measured on 6 August 
2016 (0.053, 0.055, 0.118 and 0.128 mg N2O-N m− 2 h− 1 for Drought, 
Hot drought, Heat wave and Control treatments, respectively; Fig. 2c) 
stimulated by a large precipitation event (23.2 mm) and correspond-
ingly high soil water content (29%) on 26 July (Fig. 1c). As a result, even 
though the growing season total precipitation in 2016 (187 mm) and the 
abundance of soil functional genes were less than those in 2014 (256 
mm) and 2015 (243 mm) (Figs. 1 and 4), the mean N2O flux is the largest 
(Fig. 2). Thus, distribution of precipitation, rather than the total seasonal 
precipitation amount, influenced inter-annual variations of N2O flux 
(Du et al., 2006). 

The stepwise multiple linear regressions indicated that immediate 
responses of N2O flux to climate extremes were largely regulated by soil 
water availability, which could induce changes in soil aeration, C sub-
strates and total microorganisms. In contrast, at the whole-season scale 
when taking legacy effects of climate extremes into consideration, 
archaeal amoA abundance, bacterial nirK abundance, and MBC were the 

Fig. 1. Soil water content and daily precipitation during the growing season (a–c) and changes in soil temperature and canopy temperature during the heating period 
in heat wave and hot drought treatments (d–f). Δ Temperature is the difference between heating treatments and control treatment. Bars and lines in the left panels 
represent daily precipitation and soil water content, respectively. The blue, orange and green shaded stripes indicate periods of drought treatment, and periods of 
heating in heat wave and hot drought treatments, respectively. Error bars indicate 1 SE. (For interpretation of the references to color in this figure legend, the reader 
is referred to the web version of this article.). 
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best predictors of seasonal mean N2O flux in responses to climate ex-
tremes. In this case, soil water content might have served as a first-order 
driver for total and functional microorganisms and thus N2O flux vari-
ation over longer periods. Collectively, changes in soil water availability 
itself and the moisture-induced variation in soil C and N substrates and 
specific soil functional genes jointly regulated N2O (Fig. S3). However, 
the relative importance of above-mentioned factors may shift at 
different timescales. In contrast to our study, Harris et al. (2021) found 
that drought had no consistent impact on these functional genes. 
Instead, drought restricted N2O production most likely through reduced 
solute availability for all pathways. Additionally, codenitrification or 
chemodenitrification may play important role in regulating N2O flux 
responses to drought. 

4.2. Insensitivity of N2O fluxes to heat waves alone or in combination 
with droughts 

Different from droughts, heat waves did not cause a remarkable 
decrease in soil moisture compared with the ambient control (Fig. 1). 
Meanwhile, the seasonal dynamics and averages of N2O fluxes were very 
similar to those of the ambient control, indicating the insensitivity of 
N2O fluxes to heat waves in this semiarid grassland ecosystem (Fig. 2). 
Therefore, the hypothesis that climate extremes affect N2O fluxes 
through soil water variation was supported. 

As discussed above, in addition to SWC, N2O fluxes were also 
correlated with MBC, C and N substrates and soil functional genes 
(Figs. 5 and S1). In this study, heat wave had little effect on any of the six 
functional genes measured (Fig. 4). Heat waves significantly decreased 
SIN at the end of treatment (Fig. 3). In contrast, heat waves slightly 
increased DOC in 2014 and 2015, although the overall effects were not 
significant. Our previous study suggested heat waves reduced root 

Fig. 2. Seasonal dynamics (a–c) and average N2O fluxes (d–f) over the growing season for the four treatments during 2014 to 2016. The blue, orange and green 
shaded stripes indicate periods of drought treatment, and periods of heating in heat wave and hot drought treatments, respectively. ns indicates non-significant 
differences (P > 0.05) among the treatments. Error bars indicate 1 SE. (For interpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.). 
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Fig. 3. Soil microbial and physicochemical properties for the four treatments at the end of treatments and growing season during 2014 to 2016, respectively. 
Different letters indicate significant differences (P ≤ 0.05) among treatments. Error bars indicate 1 SE. 
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biomass (Li et al., 2020b). Decomposition of the dead roots may cause an 
increase in DOC. Perhaps, the positive effects of increased DOC elimi-
nated the effects of decreased SIN on N2O emission. 

Our previous studies demonstrated that both CH4 and CO2 fluxes did 
not respond to experimental heat waves in this semiarid grassland (Li 
et al., 2016, 2020). Nevertheless, past global meta-analyses based on 
field warming experiments suggested that terrestrial ecosystems would 

have positive feedback to experimental warming at seasonal or annual 
scales in terms of N2O fluxes (Bai et al., 2013; Li et al., 2020c). It might 
be because the 7-day period of heat stress was too short to cause 
fundamental variation in ecosystem functions and processes. Perhaps, 
longer periods or/and higher levels of heat wave events or multiple heat 
wave events within the growing season might induce significant changes 
in N2O emission. To date, studies exploring heat wave effects on N2O 

Fig. 4. Soil functional genes for the four treatments at the end of treatments and growing season during 2014 to 2016, respectively. Different letters indicate 
significant differences (P ≤ 0.05) among treatments. Error bars indicate 1 SE. 
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fluxes have been rare, leading to a high uncertainty in assessing inte-
grated responses of N2O flux to heat waves. 

Initially, we hypothesized that hot droughts would induce larger 
adverse impacts on N2O flux than droughts alone, as heat waves would 
likely escalate water stress under drought. Instead, there were no 
evident interactions between droughts and heat waves on SWC, MBC, 
DOC, SIN and the abundance of soil functional genes. As a result, we did 
not find significant interaction of heat waves and droughts on N2O 

fluxes. 
In conclusion, our study indicated that N2O fluxes were sensitive to 

drought while insensitive to heat wave because soil water content did 
not change considerably under heat waves in this semiarid grassland. 
Furthermore, changes in soil water availability itself and the consequent 
variation in soil C and N substrates and specific soil functional genes 
jointly regulated N2O. However, the relative importance of the above 
factors may shift at different timescales. Immediate responses of N2O 

Fig. 5. Relationships of N2O flux with soil physicochemical and biological properties and soil functional genes across three years. Each data point represents the 
seasonal mean of a treatment over the measurement period and was normalized by z-score. Only significant (P ≤ 0.05) and marginally significant relationships (0.05 
< P ≤ 0.10) were shown. 
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flux to climate extremes were largely predicted by SWC, DOC, and MBC 
while archaeal amoA abundance, nirK abundance, and MBC were the 
best predictors of seasonal mean N2O flux in responses to climate ex-
tremes. There were no significant interactions between droughts and 
heat waves on soil water content, C and N substrates, soil functional 
genes related to N2O production, and thereby N2O fluxes. 
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