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Nitrous oxide (N2O) emissions from soil contribute to global warming and are in turn
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substantially affected by climate change. However, climate change impacts on N2O
production across terrestrial ecosystems remain poorly understood. Here, we syn‐
thesized 46 published studies of N2O fluxes and relevant soil functional genes (SFGs,
that is, archaeal amoA, bacterial amoA, nosZ, narG, nirK and nirS) to assess their re‐
sponses to increased temperature, increased or decreased precipitation amounts,
and prolonged drought (no change in total precipitation but increase in precipita‐
tion intervals) in terrestrial ecosystem (i.e. grasslands, forests, shrublands, tundra
and croplands). Across the data set, temperature increased N2O emissions by 33%.
However, the effects were highly variable across biomes, with strongest tempera‐
ture responses in shrublands, variable responses in forests and negative responses in
tundra. The warming methods employed also influenced the effects of temperature
on N2O emissions (most effectively induced by open‐top chambers). Whole‐day or
whole‐year warming treatment significantly enhanced N2O emissions, but daytime,
nighttime or short‐season warming did not have significant effects. Regardless of
biome, treatment method and season, increased precipitation promoted N2O emis‐
sion by an average of 55%, while decreased precipitation suppressed N2O emission
by 31%, predominantly driven by changes in soil moisture. The effect size of precipi‐
tation changes on nirS and nosZ showed a U‐shape relationship with soil moisture;
further insight into biotic mechanisms underlying N2O emission response to climate
change remain limited by data availability, underlying a need for studies that report
SFG. Our findings indicate that climate change substantially affects N2O emission
and highlights the urgent need to incorporate this strong feedback into most climate
models for convincing projection of future climate change.
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1 | I NTRO D U C TI O N

Ultimately, the physical and biological characteristics of each
experiment impact the microorganisms involved in soil N2O pro‐

Rising atmospheric concentrations of greenhouse gases drives

duction. These microbes may now be quantified using recent

changes in both temperature and the hydrological cycle, including

innovations in molecular biology, providing insight into biotic mech‐

altered amounts and timing of precipitation. Although CO2 is the

anisms mediating the climate–N2O feedback (Kuypers, Marchant, &

most abundant greenhouse gas in the atmosphere, the global warm‐

Kartal, 2018). The functional genes that encode N redox enzymes

ing potential of N2O is 265 times greater than that of CO2 (Stocker,

are widely used in environmental studies as gene markers for ni‐

2014). In terrestrial ecosystems, temperature and precipitation

trifiers and denitrifiers (Figure S1). For example, Archaeal amoA

changes alter soil microclimate (Liu et al., 2016), nutrient availability

and bacteria amoA genes are used as genetic markers for ammo‐

(Bai et al., 2013) and microbial ecology (Zhang et al., 2013), thereby

nia‐oxidizing archaea and ammonia‐oxidizing bacteria respectively

impacting N2O (Dalal & Allen, 2008). Therefore, our ability to predict

(Francis, Roberts, Beman, Santoro, & Oakley, 2005). NarG is used

future climate depends in part on a comprehensive understanding of

as a gene maker for the detection of microorganisms that reduce

feedbacks between terrestrial N2O emissions and ongoing climate

nitrate to nitrite (Kandeler, Deiglmayr, Tscherko, Bru, & Philippot,

change.

2006). NirS and nirK that encode cd1‐NIR and Cu‐NIR are used as

Taken individually, past studies of N2O flux response to cli‐

gene makers for denitrifiers that reduce nitrite to NO (Henry et al.,

mate change show a wide variety of responses such as the positive

2004; Kandeler et al., 2006). However, to date, there have been no

(Cui et al., 2018), neutral (Li et al., 2016) and negative effects (Hu

reviews on how climate change affected the soil functional genes

et al., 2010) on N2O emission under experimental warming. Possible

(SFGs) involved in nitrification and denitrification, limiting our un‐

reasons for such variation include differences in biome type, cli‐

derstanding of the biotic drivers’ impacts on responses of N2O flux

mate manipulation characteristics, and experimental methods, all

to climate change.

of which may impact the microbial communities mediating N2O

Recently, several meta‐analyses have examined N2O fluxes

emission. Across biomes, variation in vegetation composition

under climate changes, but these were limited in scope by a lack

(i.e. shrubs, graminoids and bryophytes) often moderates climate

of data, a narrow focus on one type of climate change (e.g. warm‐

change effects on greenhouse gas fluxes (i.e. CO2, CH4 and N2O;

ing by Bai et al., 2013 or drought by Homyak, Allison, Huxman,

Kuiper, Mooij, Bragazza, & Robroek, 2014; Ward et al., 2013), due

Goulden, & Treseder, 2017), or limitation to a specific biome type

to different plant and microbial traits (de Vries et al., 2012; Teuling

(e.g. Mediterranean climate cropping systems by Cayuela et al.,

et al., 2010). Climate manipulation characteristics affecting N2O

2017). Besides, few previous meta‐analyses assessed how different

emissions may include intensity, duration and timing (seasonal and/

treatment durations and intensities affected N2O flux responses.

or diurnal) of an impact. These characteristics determine how the

Given the diversity of biomes, climate manipulations and methods

impact translates into soil microclimate (e.g. changes in soil mois‐

across individual site‐based studies, there is a need for synthesis

ture under different drought intensity by Li et al., 2018) and non‐

across the rapidly growing body of site‐level N2O flux studies at a

linear microbial responses to resultant stress (McHale, Mitchell, &

global scale.

Bowles, 1998). At the seasonal scale, warming outside the growing

To address these knowledge gaps in how climate change al‐

season (i.e. cold season) of a peatland tended to exert greater ef‐

ters N2O flux from terrestrial ecosystems, we compiled 210 ob‐

fects on N2O emissions than in the growing season (Ward et al.,

servational data points from 46 published articles (Table S2) to

2013). At the diurnal scale, warming applied at different times of

quantitatively synthesize N2O fluxes and the relevant SFGs under

the day may have different impacts on nitrogen pools and dynamics

climate changes, including both warming and changes in precip‐

(Bai et al., 2013). When biome type and climate impacts are con‐

itation regime. The objectives of this study were to (a) identify

sistent, differences in N2O emissions may be related to nutrient

global‐scale patterns of N2O emissions and the relevant SFG re‐

availability (Dijkstra, Morgan, Follett, & Lecain, 2013) and/or mi‐

sponses to various types of climate changes; (b) relate the variabil‐

crobial community composition (Bijoor, Czimczik, Pataki, & Billings,

ity in the responses among studies to different biomes, treatment

2008) with treatment duration. Finally, a wide variety of methods

methods, treatment time, treatment season as well as treatment

and equipment are employed in manipulative climate change ex‐

duration and intensity; and (c) examine underlying biotic mecha‐

periments, potentially impacting soil microclimate, microbiology

nisms for the alteration in N2O emissions in response to climate

and, ultimately, N2O responses. For experimental warming, air and

changes.

soil temperature can be manipulated with methods including open‐
top chambers (OTC), heating cables, infrared radiators, glasshouses
and curtains. Each methodology has its specific characteristics
and limitations (Aronson & McNulty, 2009), creating different eco‐
logical impacts on nitrogen cycling (Bai et al., 2013). Precipitation

2 | M ATE R I A L S A N D M E TH O DS
2.1 | Data selection

changes are most commonly imposed using fully or partly covered

We collected publications that reported on responses of N2O

rainout shelters (Hoover, Wilcox, & Young, 2018), resulting in dis‐

or/and SFGs (i.e. archaeal amoA, bacterial amoA, nosZ, narG,

crepant ecological effects (Hoover & Rogers, 2016).

nirK and nirS) to experimental precipitation and/or temperature

|
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manipulations in the field until November 11, 2018 by search‐

recalculated from digitized figures of each study using Digitizer (Free

ing Web of Science using a range of search terms and wildcards

Software Foundation, Inc.).

(Table S1). To better represent responses of N2O and SFGs under
natural conditions, we did not include greenhouse mesocosm or
laboratory experiments. Water control experiments using sewage

2.2 | Statistical analyses

and wastewater, or irrigation management studies in cropland (e.g.

Natural log of the response ratio (ln R), defined as the ‘effect size’,

drainage and flood irrigation) were not included. Similarly, studies

was used to assess the responses of N2O fluxes (average or cumu‐

on altering water table levels in wetlands or fens, changes in snow

lative fluxes over a specific measurement period), SFGs and other

cover or drying‐rewetting cycles were also excluded. We limited

variables to climate change treatments, which were calculated as:

our analyses to results from plots that solely manipulated precipi‐

( / )
ln R = ln Xt Xc ,

tation or temperature; results from plots with changing precipita‐
tion or temperature combined with other resource manipulations
were excluded. N2O fluxes show seasonal variations. To reduce

(1)

with a variation (v) of:

bias caused by limited sampling dates, we only included studies
that measured N2O fluxes for least 3 months. If a study reported

v=

results from experiments conducted in different locations or hav‐

s2t
2

n t Xt

+

s2c
2

,

(2)

n t Xc

ing multiple distinct treatments, these components were treated
as individual case studies. Because effect size (natural log of the

where Xt and Xc are the means for the treatment and control groups,

response ratio, Equation 1) could not be calculated for those ob‐

st and sc are the standard deviations for all observations in the treat‐

servations with zero or negative values under either control or

ment and control groups respectively; nt and nc are the sample sizes

treatments, data from studies that contained zero or negative val‐

for the treatment and control groups respectively.

ues were not included (21 out of 231 observational data points).

We chose to use ln R because it is not biased by the variations

In total, our meta‐analysis included 46 published papers, includ‐

among replicates within a treatment (including control) and the

ing 72 precipitation or temperature manipulation case studies

absolute magnitude of N2O fluxes among experiments and gen‐

(Table S2).

erally follows a normal distribution (Gruner et al., 2008; Vidal &

The manipulative climate change studies in the field were

Murphy, 2018). The mean effect size (ln R) of all observations for

grouped into four types of treatment: (a) increased precipitation, (b)

a treatment was calculated from ln R using a categorical random

decreased precipitation, (c) increased temperature and (d) prolonged

effect model. The effect sizes in different phases within the same

drought (increased the intervals of precipitation but did not alter the

study were treated separately (e.g. one effect size per year in a

precipitation quantity). For each selected study, we collected lati‐

multiyear study), because the mean effect sizes based on ran‐

tude, longitude, mean annual temperature (MAT) and precipitation

domly selected individual effect sizes from these multiple‐phase

(MAP), and one of five main biome types: forest, shrubland, grass‐

studies were highly similar to those based on the entire effect size

land (including grassland, lawn, meadow, prairie, steppe and savan‐

data set (Table S3). This approach was similar to past meta‐analy‐

nah), cropland (including wheat, rice, maize and apple) and tundra.

sis studies (Butler, Elser, Lewis, Mackey, & Chen, 2018; Dijkstra &

The geographical locations of the studies involving N2O fluxes under

Adams, 2015).

climate changes spanned from 2°53′N to 56°29′N (Figure 1), with

Collectively, 98 effect sizes for N2O were derived from 51 N2O

the MAT ranging from −5.2 to 26.0°C, and the MAP from 108 to

flux studies, including 68 effect sizes from 29 increased temperature

2,000 mm (Table S2). Studies reporting SFGs were conducted at

experiments, 10 effect sizes from 7 increased precipitation experi‐

nine geographically and climatically diverse sites including Inner

ments, and 18 effect sizes from 14 decreased precipitation experi‐

Mongolia, Hebei and Guangdong in China, Iberian Peninsula in

ments (Figure 2a–c). There was only one study with two effect sizes

Spain, northern Minnesota in United States, Austria and Switzerland

on N2O fluxes under prolonged drought, and no study tested SFG

(Figure 1).

response to prolonged drought (Figure 2d).

We also collected information on treatment time (whole‐day,

Confidence interval (CI) of the effect size was generated using

daytime or nighttime warming for increased temperature), treat‐

bootstrapping (9,999 iterations). Significance of effect size was as‐

ment season (whole‐year, growing season, winter and several‐day

sessed with the 95% CI. If the 95% CI of the effect size of a treatment

for increased temperature; whole‐year and growing season for in‐

on a variable overlapped “0,” the treatment effect was considered

creased precipitation), treatment duration and treatment method

nonsignificant; otherwise, the treatment effect was significant.

(heating cables, infrared radiators, curtains and OTCs for increased

Categorical random effect model was used to assess whether N2O

temperature; exclusion [excludes all ambient rainfall] or reduction

fluxes and SFGs showed different responses to climate changes

[excludes a fixed proportion of the ambient rainfall] for decreased

among different biomes, treatment times, treatment seasons and

precipitation; Table S2). Control and treatment means (X), standard

treatment methods. A significant between‐group heterogeneity

deviations (s), and sample sizes (n) of N2O, SFGs and correspond‐

test (Qb) indicated a significant difference in the treatment effect

ing soil water content and temperature were directly extracted or

between different groups (e.g. exclusion vs. reduction for decreased

4
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(a)

(b)

F I G U R E 1 Global distributions of experiments reporting N2O (a) and soil function genes (b) included in this meta‐analysis. Marker colours
indicate four types of climate change. The size of the symbol in (a) represents the number of experiments per location. Symbol shading in (b)
represents different soil functional genes at each location
precipitation). All statistical analyses described above were per‐

and experimental treatment were also examined. According to

formed in MetaWin 2.1.

the principle of maximum adjusted R 2 , linear correlations were

To facilitate explanation, the mean effect size (ln R) was trans‐

employed to examine the relationships between the effect

formed back to the percentage change resulted from the treatment

size for N2O and changes in soil temperature, treatment dura‐

using the following formula:

tion in increased temperature studies and the effect size for
soil moisture in decreased and increased precipitation stud‐

(

ln R

e

)
− 1 × 100%.

(3)

ies. Similarly, binomial correlations were used to test the rela‐
tionships between the effect size of SFGs and the effect size

In addition to the meta‐analysis procedure, relationships be‐

of soil moisture across decreased and increased precipitation

tween effect size on N 2O or SFGS and changes in soil condition

studies.

|
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F I G U R E 2 The mean effect sizes
of experimental climate change on
N2O fluxes from soil. The variables are
categorized into different groups based
on the biomes, treatment times, seasons
and methods respectively. Error bars
represent 95% confidence intervals. The
dashed line was drawn at mean effect
size = 0. The effect was considered
significant if the 95% CI of the effect
size did not cover zero. The sample size
for each variable is shown next to the
point and the number of study is in the
parentheses. OTC: open‐top chamber

3 | R E S U LT S

(R2 = .43, p = .03) while there were no significant relationships between
N2O emissions and temperature in other biomes (Figure 3a). Besides,
the effect size of increased temperature on N2O emissions increased

3.1 | N2O flux

with marginal significance with treatment duration in studies with the

On average, increased temperature and increased precipitation sig‐

OTC method (R2 = .17, p = .07), decreased marginally with the duration

nificantly increased N2O emissions by 33% and 55% (95% CI: 11%–

in studies with the heating cable method (R2 = .14, p = .08), but did

62% and 29%–83%), respectively, while decreased precipitation and

not change significantly in studies with the infrared radiator method

prolonged drought supressed N2O emissions by 31% and 25% (95%

(Figure 3b). Additionally, the effect of increased temperature on N2O

CI: −41% to −17% and −30% to −22%) respectively (Figure 2).

emissions had a weakly positive relationship with latitude (Figure S2b).

Different biomes showed clear differences in N2O response to

The effects of increased precipitation on N2O emission were con‐

increased temperature (p < .01; Table 1). Increased temperature stim‐

sistently positive regardless of treatment seasons (p = .93; Table 1;

ulated N2O emission by 208% in shrublands (95% CI: 62%–507%),

Figure 2b). Similarly, decreased precipitation reduced N2O emission

supressed N2O emission in tundras by 68% (95% CI: −85% to −35%),

irrespective of biomes and treatment methods (p = .90 and .85 re‐

had various effects in forests (95% CI: −4% to 164%). Meanwhile, in‐

spectively; Table 1; Figure 2c). The effect size on N2O emissions had

creased temperature did not significantly alter N2O emissions in the

a significant positive relationship with the effect size of soil mois‐

biome groupings of grasslands (95% CI: −10% to 44%) or croplands

ture across increased and decreased precipitation studies (R2 = .25,

(95% CI: −12% to 22%; Figure 2a). Additionally, N2O responses to in‐

p < .01; Figure 3c). Additionally, the effect of decreased temperature

creased temperature depended significantly on treatment methods

on N2O emissions had a significantly positive relationship with MAP,

(p < .01; Table 1). The use of OTCs consistently increased N2O emis‐

while there is no significant relationship between the effect of in‐

sions (mean effect size: 172%; 95% CI: 59%–407%) while heating

creased precipitation on N2O emissions and MAP (Figure S2c).

cables had no significant effect (mean effect size: 45%; 95% CI: −6%
to 117%). In contrast, infrared radiators and curtains did not signifi‐
cantly increase N2O emissions (Figure 2a). Although N2O emission in

3.2 | Soil functional genes

response to increased temperature did not significantly change with

Increased temperature did not significantly affect abundance of archaeal

treatment time and season (p = .53 and .67 respectively; Table 1), the

amoA, bacterial amoA and nosZ, but significantly decreased the abun‐

treatments over whole‐day (mean effect size: 35%; 95% CI: 11%–

dances of nirK and nirS by 26% (95% CI: −38% to −6%) and 31% (95%

67%) or whole‐year (mean effect size: 38%; 95% CI: 8%–80%) con‐

CI: −49% to −12%) respectively (Figure 4). There were no significant

sistently had significant positive effects (Figure 2a).

differences in increased temperature effects on SFGs between biome,

The effect size of increased temperature on N2O emissions in‐

treatment season and method groups (Figure S3; Table 1). Decreased

creased significantly with increasing soil temperature in shrubland

precipitation had few effects on abundances of archaeal amoA, bacterial

6
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The between‐group heterogeneity (Qb) of climate change effects on various response variables

Manipulative type

Response variables

Increased temperature

N2O flux

Archaeal amoA

Bacterial amoA

Decreased precipitation

df b

Qb

p‐Value

Biomes

4

27.45

<.01

Treatment times

2

0.65

.53

Treatment seasons

2

0.50

.67

Treatment methods

3

21.61

<.01

Biomes

2

0.32

.81

Treatment seasons

1

0.39

.51

Treatment methods

1

0.12

.72

Biomes

2

1.47

.54

Treatment seasons

1

0.04

.84

Treatment methods

1

<0.01

.97

Biomes

2

0.96

.66

Treatment seasons

1

0.01

.96

N2O flux

Treatment seasons

1

<0.01

.93

nirK

Biomes

1

0.13

.62

nosZ
Increased precipitation

Categorical variables

nirS

Biomes

1

4.95

.07

nosZ

Biomes

1

0.42

.53
.89

N2O flux
Archaeal amoA

Biomes

2

0.29

Treatment methods

1

0.05

.85

Biomes

1

0.73

.46

Treatment methods

1

1.00

.42

Bacterial amoA

Biomes

1

1.83

.23

Treatment methods

1

0.97

.36

nosZ

Treatment methods

1

0.47

.70

p‐values in bold are statistically significant to α = .05.

F I G U R E 3 Relationships between effect sizes on N2O emission and intensity and duration of climate change treatment. Only significant
(p ≤ .05) or marginally significant (.05 < p < .10) relationships were shown and corresponding shaded areas represent 95% confidence
intervals. The sample size for each variable is shown in parenthesis. OTC: open‐top chamber
amoA, nirK and nosZ (Figure 4a–c,e; Figure S4) but showed positive ef‐

effect on abundances of archaeal amoA, nirK, nirS and nosZ (Figure 4a,c–e;

fects on abundances of nirS based on two studies (mean effect size:

Figure S5) while showing negative effects on abundances of bacterial

170%; 95% CI: 41%–432%; Figure 4d). Increased precipitation had little

amoA (mean effect size: −52%; 95% CI: −64% to −35%; Figure 4b).

LI et al.
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F I G U R E 4 The mean effect sizes of
climate change on soil functional genes.
Error bars represent 95% confidence
intervals. The dashed line was drawn
at mean effect size = 0. The effect was
considered significant if the 95% CI of the
effect size did not cover zero. The sample
size for each variable is shown next to the
point and the number of studies is shown
in parenthesis

F I G U R E 5 Relationships between
effect sizes of changed precipitation on
soil functional genes and soil moisture.
Only significant or marginally significant
relationships (binomial relationships) were
shown and the shaded areas represent
95% confidence intervals. The sample size
for each variable is shown in parentheses

For increased temperature studies, there were no significant

limited sample size) and changes in soil temperature and treatment

relationships between the effect size on SFGs (archaeal amoA,

duration (Figure S6a–f). Across increased and decreased precip‐

bacterial amoA and nosZ; nirK and nirS were not tested due to

itation studies, nirK and nosZ showed significant and marginally

8
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This was much higher than the nonsignificant increase of 14% found

were lowest when the effect size on soil moisture was about 0.2

in an earlier meta‐analysis based on 26 measurements (Bai et al.,

(R 2 = .60, p = .02 and R 2 = .30, p = .08 respectively; Figure 5d,e).

2013), confirming that warming could increase N2O emissions, con‐

In contrast, the relationships of the effect size on archaeal amoA,

sistent with expectations based on temperature‐driven microbial

bacterial amoA and nirS to the effect size on soil moisture were not

kinetics.

significant (Figure 5a–c).

There are several possible mechanisms for the positive effect of
increased temperature on N2O emissions (Figure 6). First, elevated

4 | D I S CU S S I O N

soil temperature can speed N mineralization and thereby inorganic
N availability (Bai et al., 2013; Bijoor et al., 2008; Chen et al., 2017;
Cui et al., 2018; Tu & Li, 2017), providing substrate for nitrification

To our knowledge, this meta‐analysis is one of the pioneering stud‐

and denitrification. Second, increased temperature may benefit

ies to provide a synthetic evaluation of N2O emissions from terres‐

plant growth including root growth and turnover (Wu, Dijkstra,

trial ecosystems, especially relevant SFGs, under multiple types of

Koch, Penuelas, & Hungate, 2011). Labile carbon via root exudation

climate change including increased temperature, increased precipi‐

and litter decomposition would facilitate N2O emissions (Liu et al.,

tation, decreased precipitation and prolonged drought. Compared

2018) as denitrification is generally stimulated by high availability

with previous meta‐analysis studies, this study encompasses a

of labile carbon as a source of energy (Kuypers et al., 2018). Third,

more extensive database (e.g. 68 vs. 26 for N2O under increased

increased temperature can enhance root respiration, which con‐

temperature; Bai et al., 2013). In particular, this study fills a critical

sumes oxygen in soils and thus promotes N2O production through

knowledge gap on how increased precipitation affects N2O emis‐

anaerobic denitrification (Saggar et al., 2013). Fourth, the activity

sions. Unfortunately, to date, prolonged drought effects on N2O and

and abundance of denitrifiers and nitrifiers could be directly stimu‐

relevant SFGs still remain largely unclear due to insufficient studies

lated by higher temperature to produce more N2O (Shi, Chen, Chen,

(one study for N2O emission and no study for SFGs; Table S2).

Wu, & Wu, 2012). For example, warming boosted N2O emission as a
result of increased bacterial amoA abundance in a boreal–temperate

4.1 | N2O emission stimulated by increased
temperature

forest (Martins et al., 2017). Cantarel et al. (2012) suggested that
increased temperature had positive effects on N2O emission due
to not only a greater production of N2O but also less reduction of

On average, our analysis indicated that experimentally increased

N2O in an upland grassland ecosystem, as demonstrated by the in‐

temperature significantly increased N2O emission by 33% (Figure 2a).

creased abundances of bacterial amoA, nirK as well as nosZ genes.

F I G U R E 6 Processes and mechanisms
influencing impacts of climate change on
N2O flux. Positive/enhancing impacts and
negative/suppressing impacts between
two variables are indicated by red and
blue lines, respectively, on which relative
mechanisms are listed. For example,
increased temperature treatment
would heat soil temperature which may
increase or decrease soil aeration by
enhancing respiration or by increasing
soil moisture via snow thawing, thereby
causing positive or negative effects on
denitrification respectively. Nitrification
and denitrification processes are indicated
by purple and yellow lines, respectively,
on which relative soil functional genes are
listed. Black dashed lines indicate equal
variables

|
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In some permafrost regions, in addition to direct positive effects of

temperature or warming duration. Therefore, the general patterns of

increased soil temperature, soil thawing under increased tempera‐

increased temperature effect on N2O emissions in relation to warm‐

ture also further promoted N mineralization, plant growth and thus

ing intensity or duration remain largely unknown.

organic matter, and the activities of denitrifiers and nitrifiers, result‐

The OTC method appeared to be the most effective increased

ing in extra positive effects on N2O emission (Chen et al., 2017; Cui

temperature method, followed by heating cables, in terms of pro‐

et al., 2018).

motion of N2O fluxes (Figure 2a). Interestingly, the effect size of

With the assembled data sets presently available, we were not

increased temperature on N2O induced by OTCs and heating ca‐

able to pinpoint the soil microbial mechanisms underlying positive

bles showed positive and negative relationships with treatment

temperature effects on N2O emission at a global scale (Figure 4). The

duration respectively (Figure 3b). This may be because the passive

potential reasons for such a disconnection between temperature

OTC method generally had less impacts on soil moisture when the

effects on N2O emission and on SFGs include data limitations and

temperature was gradually but continuously increased (Bai et al.,

possible underlying mechanistic explanations. An important limita‐

2013), and thus the direct positive temperature effect dominated

tion of this meta‐analyses is that N2O flux and SFGs were measured

among the driving factors to N2O emissions. In contrast, directly

independently, presenting a possible barrier to finding their relation.

and actively heating soil with heating cables for a long time could

To date, there remains a lack of sufficient field experiments measur‐

substantially reduce soil moisture (Bai et al., 2013), thereby offset‐

ing both N2O emissions and SFGs (e.g. there were only three studies

ting the positive effect of increased temperature on N2O emissions.

with four observations investigating warming effects on nirK and

Another potential reason for the high sensitivity of N2O emission

nirS). Mechanistically, if soils are dried by increased temperature,

to the OTC warming method is that this method was mainly used

we would expect decreased abundances of denitrifiers and nitrifi‐

in cold ecosystems (Table S2), such as a permafrost region (MAT

ers, especially denitrifiers which are inhibited by aerobic conditions

is −3.9°C; Cui et al., 2018), Tibetan Plateau (MAT is −5.2°C; Chen

in drier soils (Waghmode et al., 2018). Additionally, enhanced plant

et al., 2017) and an alpine tundra (MAT is −1.6°C; Zhou et al., 2016).

growth with increased temperature may increase inorganic nitro‐

The OTCs were the most often used method to increase tempera‐

gen uptake by the plants, thereby reducing soil nitrogen availability

ture in remote or high‐latitude regions where electrical supply can

for N2O production through nitrification and denitrification (Carter

be problematic (Aronson & McNulty, 2009). Although experimen‐

et al., 2012; Dijkstra et al., 2012, 2013; Pereira et al., 2013; Zhu et

tally increased temperature could effectively ease the temperature

al., 2015). In some cases, plants prioritize aboveground growth in the

limitation to microbial activities in these areas, infrared radiation,

face of increased temperature while reducing belowground carbon

which is the best method for simulating natural warming for eco‐

supply (Dieleman et al., 2012), which may limit denitrifier prolifera‐

systems (Aronson & McNulty, 2009), appeared to have less influ‐

tion and thus N2O emissions. These mechanisms could also underlie

ence on N2O emissions. It might be attributed to the fact that this

observed negative or null effects of increased temperature on N2O

method was widely used in various environmental conditions (e.g. a

emission in some studies (Dijkstra et al., 2013; Hu et al., 2010; Liu

large range of ambient temperature and precipitation, Table S2) and

et al., 2016). Overall, alteration of soil temperature and moisture

induced various effects on soil temperature as well as soil moisture

under experimental warming may have interactive or cascading

and subsequent nitrogen cycling as discussed above. As a result, the

effects on plant growth and/or soil nitrogen and carbon contents,

temperature effect on N2O emission could have been offset or over‐

complicating relationships between N2O responses and SFGs

shadowed by moisture effect in some cases (Liu et al., 2016; Tu & Li,

(Figure 6). Further observational data are required.

2017). Besides, only whole‐day and whole‐year warming treatment
significantly enhanced N2O emission among all treatment times and

4.2 | High variation of N2O response to increased
temperature across biomes and warming methods

seasons, respectively, suggesting that continued warming had the
largest impacts on N2O emissions. Therefore, the high variability in
N2O emission responses to increased temperature may bring great

It should be noted that the effect sizes of increased temperature

challenges to predict N2O fluxes under global warming and resultant

on N2O emissions and the relationships with changes in soil tem‐

future climate change at large spatial or temporal scales based on the

perature and treatment duration varied largely with different biomes

field manipulative experiments.

and warming methods (Table 1; Figures 2a and 3a,b), consistent
with a previous review suggesting that increased temperature had
mixed effects on N2O emission (Dijkstra et al., 2012). Shrublands
showed the strongest response to experimental increased tempera‐

4.3 | N2O emission under changed
precipitation regimes

ture among all the biomes and the positive responses to rise in soil

Overall, our estimate of N2O emission suppression (−31%) by de‐

temperature were mainly recorded in a 3‐year study conducted in

creased precipitation (Figure 2b) is generally comparable to the

a permafrost region, Northeast China (Cui et al., 2018). However,

recent synthesis of drought‐induced decline in N2O emission

for extensively investigated grassland and forest ecosystems, we

(−53%) with a smaller data volume (15) and a different computing

did not find any significant relationships between the effect size

method for effect sizes (Hedge's d; Homyak et al., 2017). However,

of increased temperature on N2O emission and changes in soil

the corresponding 95% CI of estimates in this meta‐analysis was
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much smaller than that of Homyak et al. (2017; −0.53 to −0.19

amount (Knapp et al., 2008; Thomey et al., 2011). For example, larger

vs. −1.38 to −0.15), providing a more well‐constrained estimate of

but fewer rain events led to greater average soil moisture in a semi‐

how precipitation regulates N2O production globally. In contrast

arid shortgrass steppe in north eastern Colorado (Heisler‐White,

to the effect of decreased precipitation, N2O emission was sig‐

Blair, Kelly, Harmoney, & Knapp, 2009) while resulting in a lower

nificantly promoted by increased precipitation (Figure 2c), which

temporally averaged soil water content in a semiarid steppe in Inner

is in agreement with most previous observations (Brown et al.,

Mongolia (Liu et al., 2017).

2011; Du, Guo, Cao, & Li, 2016; Liu et al., 2015; Zhang, Hou, Guo,
Li, & Xu, 2017). Together with the consistent response of N2O
emission to increased and decreased precipitation regardless of

5 | LI M ITATI O N S A N D PE R S PEC TI V E S

biomes, treatment methods and seasons (Figure 2b,c), as well as
the strong positive relationship between the effect sizes of N2O

Globally, we found overall significant positive effects of experi‐

versus soil moisture (Figure 3c), we highlight that N2O emissions

mentally increased temperature on N2O emission, but there are

from terrestrial ecosystems were strongly regulated by soil water

still uncertainties across individual studies due to multiple regu‐

availability.

lation mechanisms. We were unable to quantify the direct and

Generally, N2O emissions were more affected by decreased pre‐

indirect effects among soil temperature, soil moisture, soil nitrate

cipitation‐induced negative effects including suppression of micro‐

and ammonium concentrations, plant biomass (above and below

organism activities and abundances (Auyeung, Martiny, & Dukes,

portion) and, especially, soil function genes on N 2O fluxes (e.g.

2015; Shi et al., 2012), decline in nitrogen mineralization (Larsen

using structural equation model method), as few studies meas‐

et al., 2011) and unfavourable aerobic environment for denirtifiers

ured many of these variables simultaneously. N2O emission was

(Davidson, Nepstad, Ishida, & Brando, 2008), in comparison to the

the primary targeted parameter in these studies, while the corre‐

accompanying positive effects such as increase in C and N substrate

sponding SFGs were rarely measured. Such limited data of SFGs

import (Davidson, Ishida, & Nepstad, 2004) and favourable aerobic

currently available from regions did not allow us to draw general

environment for nirtifiers (Carter et al., 2012). In contrast, the in‐

conclusions about how nitrifiers and denitrifiers respond to cli‐

creased precipitation‐induced positive effects tended to dominate

mate changes at a global scale. However, considering soil biotic

over the negative effects on N2O emissions (Brown et al., 2011; Liu

communities play direct and fundamental roles in driving soil N2O

et al., 2015; Zhang et al., 2017). Therefore, soil moisture could be

response to climate change, the SFG responses to simulated cli‐

considered as an important regulatory and thus predictive factor for

mate change are urgently needed to improve our understanding

N2O emissions under climate change although current projections

of biological mechanisms for N2O emissions from various terres‐

about precipitation variations in response to climate change remain

trial ecosystems.

uncertain (Lazenby, Todd, Chadwick, & Wang, 2018).
Interestingly, we found that both effect sizes of nirK and nosZ

Our analysis did not consider the interaction between different
climate changes. Increased temperature and decreased precipita‐

showed U‐shaped relationships with the effect size of soil mois‐

tion are often coupled in nature mainly through positive drought–

ture (Figure 5d,e), in contrast to the perception that nirK and nosZ

temperature feedbacks (Ciais et al., 2005; De Boeck, Dreesen,

genes may be inhibited by lower soil moisture and corresponding

Janssens, & Nijs, 2010; Seneviratne, Luthi, Litschi, & Schar, 2006),

higher soil oxygen concentration under drought (Delgado‐Baquerizo

while both temperature and precipitation were predicted to in‐

et al., 2014; Homyak et al., 2017). The increases in the abundance of

crease in the future in some regions, such as East Africa (Stocker,

these two functional genes were observed when 67% of rainfall was

2014). Effects of changes in temperature and precipitation work

excluded during a dry season in a 35 year old mixed species forest

together and may trigger unexpected outcomes. Besides, atmo‐

study (Chen et al., 2017). More studies are required to verify the ef‐

spheric nitrogen deposition is a primary global change and nitro‐

fects of decreased precipitation on denitrifiers and nitrifiers as well

gen enrichment has been shown to alter N2O response to climate

as N2O emissions.

changes (Brown et al., 2011; Chen et al., 2017; Zhao et al., 2017).

The only prolonged drought study in this meta‐analysis suggested

Evaluating interactive effects of multiple global change factors on

that prolonged drought suppressed N2O emissions by 25% (Fentabil

ecosystem processes is more important for understanding ecolog‐

et al., 2016). As with increased or decreased precipitation, we as‐

ical responses than looking into a single factor alone (Luo et al.,

sumed that prolonged drought effects on N2O emissions should also

2008; Zhu, Chiariello, Tobeck, Fukami, & Field, 2016). Thus, it is

be strongly controlled by soil moisture (Figure 6). In other words,

essential and vital to adequately assess how N2O fluxes would re‐

N2O emission could be increased by prolonged drought‐induced

spond to interactions of these factors.

higher volume rainfall events necessary to accomplish the same

In reviewing field experiments in this meta‐analysis, it became

seasonal precipitation with longer dry intervals or decreased by

apparent that almost all studies included in this meta‐analysis exam‐

prolonged drought‐induced dry soil conditions during drought. But

ined the impacts of long‐term chronic climate change. For increased

soil moisture response to prolonged drought, both magnitude and

temperature studies, 16 of 29 studies were warming throughout the

direction, may depend on ecosystem types due to habitat‐specific

whole year and 12 studies were warming over the growing season

environmental conditions (e.g. moist or dry) and annual precipitation

or winter only, with only 1 heat wave study (extreme warming for
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1 week; Li et al., 2016; Figure 2a). For increased precipitation stud‐
ies, evenly increased precipitation throughout a year were tested
in all studies apart from one with randomly increased precipitation
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to simulate heat waves and heavy rainfalls. Although past studies
have largely improved our understanding of how N2O flux responds
to changes in precipitation and increases in temperature, much work
is required to further our understanding of the climate change ef‐
fects on N2O fluxes, as the ecological effects of climate extremes
and those of long‐term chronic climate change were markedly differ‐
ent (Jentsch, Kreyling, & Beierkuhnlein, 2007; Reyer et al., 2013). A
typical example is the application of a constant heat sum on north‐
ern red oak seedlings with different amplitudes and duration, +3°C
for 4 weeks, + 6°C for 2 weeks and +12°C for 1 week, representing
warming, moderate heat wave and severe heat wave respectively
(Bauweraerts et al., 2013). Interestingly, these three treatments in‐
creased, did not change and decreased biomass accumulation, re‐
spectively, highlighting opposite ecosystem responses to long‐term
warming and short‐term heat waves. Therefore, we suggest that
future manipulative field experiments should investigate extreme
climate event treatments.

6 | CO N C LU S I O N S
Understanding the responses of N2O emissions from soil under
climate change is important for predicting future climate and ni‐
trogen cycling in terrestrial ecosystems. Our synthesis based on
an extensive new database showed that increased temperature
significantly stimulates N2O emissions at a global scale, despite
varying degrees of impact across different biomes, treatment time
and warming methods, representing a positive global warming
feedback. Additionally, as increased and decreased precipitation,
respectively, promoted and suppressed N2O emission regardless
of biomes, treatment methods and seasons, as well as the strong
positive relationship between the effect sizes of N2O versus soil
moisture, precipitation amount and corresponding soil moisture
could be considered as a strong regulatory and thus predictive fac‐
tor for N2O emissions under a future uncertain precipitation re‐
gime. To accurately project future climate, climate models should
incorporate N2O feedback and field manipulative studies need to
focus on biotic mechanisms (i.e. SFGs) underlying N2O emission in
response to climate change.
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