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Abstract
The denitrification process profoundly affects soil nitrogen (N) availability and gen-
erates its byproduct, nitrous oxide, as a potent greenhouse gas. There are large un-
certainties in predicting global denitrification because its controlling factors remain 
elusive. In this study, we compiled 4301 observations of denitrification rates across 
a variety of terrestrial ecosystems from 214 papers published in the literature. The 
averaged denitrification rate was 3516.3 ± 91.1 µg N kg−1 soil day−1. The highest 
denitrification rate was 4242.3 ± 152.3 µg N kg−1 soil day−1 under humid subtropical 
climates, and the lowest was 965.8 ± 150.4 µg N kg−1 under dry climates. The deni-
trification rate increased with temperature, precipitation, soil carbon and N contents, 
as well as microbial biomass carbon and N, but decreased with soil clay contents. The 
variables related to soil N contents (e.g., nitrate, ammonium, and total N) explained 
the variation of denitrification more than climatic and edaphic variables (e.g., mean 
annual temperature (MAT), soil moisture, soil pH, and clay content) according to struc-
tural equation models. Soil microbial biomass carbon, which was influenced by soil 
nitrate, ammonium, and total N, also strongly influenced denitrification at a global 
scale. Collectively, soil N contents, microbial biomass, pH, texture, moisture, and MAT 
accounted for 60% of the variation in global denitrification rates. The findings suggest 
that soil N contents and microbial biomass are strong predictors of denitrification at 
the global scale.
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1  |  INTRODUC TION

Denitrification is an important process in nitrogen (N) cycling that 
transforms reactive N (e.g., nitrate) to inert N (i.e., N2) and affects 
N availability in ecosystems. It can reduce the active nitrogen 
amount in ecosystems when the nitrate is entirely converted to N2. 
Incomplete denitrification process leads to nitrous oxide (N2O), a 
potent greenhouse gas that also contributes to stratospheric ozone 
depletion. The annual denitrification is approximately 330 Tg N in 
terrestrial ecosystems (Kuypers et al., 2018), and soil is the primary 
location of denitrification (Groffman, 2012). With the substantial 
increase in reactive N inputs to ecosystems (Cui et al., 2013), the 
roles of denitrification in N cycling requires renewed attention as 
evidence suggests emissions of N2 and N2O through denitrification 
have increased by approximately 74% in the last century (Bouwman 
et al., 2013). Additionally, anthropogenic activities, such as heavy 
application of N fertilizer and/or N deposition, will further increase 
soil N budget (Bouwman et al., 2013); thus, the prediction of denitri-
fication has become an important issue. However, there are large 
uncertainties in the current projection of denitrification rates, with 
projections ranging from 72 to 185 Tg N year−1 (Bouwman et al., 
2013). It is necessary to reveal the controlling factors on denitrifica-
tion to better estimate soil denitrification at the global scale.

Denitrification is mediated by many factors, including climate, 
soil physical and chemical properties, and microbes (Martinez- 
Espinosa et al., 2021; Xu et al., 2013). In general, denitrification 
rate increases with temperature (Shan et al., 2018) and precipita-
tion (Barnard et al., 2006). Denitrification rate changes substantially 
during soil wetting- drying (Groffman & Tiedje, 1988) and increases 
by 0.24– 0.55 mg N m−3 h−1 with soil moisture (SM) ranging from 20 
to 40 cm3 cm−3 (Tan et al., 2018b). Soils with high clay content are 
likely to weaken denitrification (Wang et al., 2018) as they adsorb 
more nitrate (Mohsenipour et al., 2015). Higher soil pH can stimu-
late denitrification (Cuhel & Simek, 2011). In addition, the denitri-
fication rate is also regulated by soil carbon and N contents. For 
example, straw addition substantially stimulates denitrification rate 
(Pan et al., 2017) because it provides readily available substrates for 
denitrification. A recent study finds nitrate and carbon additions 
double the denitrification rate (Li et al., 2018). Soil microbes also 
contribute significantly to the denitrification rate (Seo & DeLaune, 
2010). However, the effects of climatic factors, soil properties, and 
microbes on denitrification rate are mainly evaluated in case studies 
and remain untested at larger spatial scales. Two recent reviews on 
denitrification emphasized the detection of the main controlling fac-
tor of denitrification at ecosystem and global scales (Almaraz et al., 
2020; Groffman, 2012), whereby the process- based relationships 
will promote the model of the denitrification.

The denitrification process usually includes conventional denitri-
fication (sensu stricto denitrification in some studies), nitrifier denitri-
fication, codenitrification, and chemodenitrification (Wrage et al., 
2001). The responses of different denitrification pathways to the 
same soil property may differ. One study reports that conventional 
denitrification rate increases with soil pH (from 4.3 to 7.0) (Hall et al., 

1998), but there is no significant relationship between nitrifier de-
nitrification and soil pH (Wrage et al., 2004). Another study reveals 
that the lower pH may motivate nitrifier denitrification from a ther-
modynamic viewpoint (Wrage et al., 2001). The different responses 
of various denitrification pathways to a certain soil property will 
weaken the relationship between total denitrification rate and this 
soil property. However, all these denitrification pathways eventually 
depend on their corresponding substrates, so we hypothesized that 
the combined effect of soil N substrates will dominate the variations 
in total denitrification rate at a global scale compared to other vari-
ables (H1). Moreover, although soil chemodenitrification is a chem-
ical process using nitrite and ferrous iron (Jones et al., 2015), the 
other pathways of denitrification are mainly a bio- process carried 
out by a large range of microorganisms (Hayatsu et al., 2008), such 
as alpha- , beta- proteobacteria, and Bacteroidetes, etc. (Jones et al., 
2013). Soil properties and climatic factors could impact denitrifiers 
and eventually influence denitrification (Wallenstein et al., 2006). A 
case study confirms that SM, organic matter, and nitrate changed soil 
denitrifiers and further influenced denitrification rate (Attard et al., 
2011), but this has not been tested at larger spatial scales. We hy-
pothesized that soil microbes are also an important driver for global 
denitrification rates and that changes in soil properties and climatic 
factors could indirectly impact denitrification through microbes (H2).

To reveal the general patterns of denitrification rate at a global 
scale and to test the above hypotheses, we compiled the available 
denitrification data from published peer- review articles (4301 ob-
servations from 214 articles) across the main terrestrial ecosystems 
(i.e., croplands, forests, grasslands, and wetlands). In this study, we 
addressed three specific questions: (1) What are the patterns of de-
nitrification rate across terrestrial ecosystems? (2) How do climatic 
factors, soil physical and chemical properties, and soil microbes in-
fluence denitrification rate at a global scale? (3) Which factors are 
the main controlling factors of denitrification rate at large spatial 
scales?

2  |  METHODS AND MATERIAL S

2.1  |  Data compilation

We collected the available denitrification rate from published 
papers. The screening of articles was conducted using two plat-
forms: Web of Science (http://apps.webof knowl edge.com) and 
China National Knowledge Infrastructure Database (http://www.
cnki.net). The keywords used to identify relevant articles were 
“Denitrification rate” AND “Soil.” Additional screening was per-
formed using Google Scholar. Papers were screened up to a pub-
lication data of September 10, 2019. For a study to be eligible in 
our analyses, we required the following criteria: (1) Denitrification 
was measured using the upper soil, mainly in the top 15 cm of soil 
(such as 0– 15, 0– 7.5, and 7.5– 15 cm). (2) There are several methods 
to measure denitrification rate, such as acetylene- based method, 
direct N2 quantification, mass balance approaches, molecular 

http://apps.webofknowledge.com
http://www.cnki.net
http://www.cnki.net
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approaches, etc. In this study, the denitrification rate was collected 
from studies using the acetylene- based method, as this is the most 
commonly used approach in terrestrial ecosystems since the 1970s 
(Groffman et al., 2006). (3) The denitrification rates were collected 
generally after the soil incubated for 48 h, when the incubated soil 
was under relatively stable anerobic condition and the denitrifying 
enzymes were active (Holtan- Hartwig et al., 2000, 2002). The data 
set also included the available site- specific information, for exam-
ple, climatic data and soil properties. The number of experimental 
replications was also extracted from articles.

2.2  |  Data set overview

The data set of denitrification rates includes 4301 observations 
from 214 peer- reviewed articles, and the data set was reposed at 
Dryad (Li, 2021). Most observations came from laboratory meas-
urements (2653 observations). The geographical distribution of 
these observations is shown in Figure S1. The majority of the deni-
trification rate data came from Asia, North America, and Europe. 
To be specific, 1398 observations came from Asia, 1184 observa-
tions came from North America, 832 observations from Europe, 
119 observations from Africa, 28 observations from Australia, 22 
from South America, and 718 observations lacked geographic co-
ordinates. The data set encompassed observations from four eco-
system types, namely, croplands (2427), forests (350), grasslands 
(552), and wetlands (863), with 109 observations lacking a clear 
ecosystem identifier. The soil properties and climatic factors had 
large ranges. For example, the clay content ranged from 1.2% to 
84%, soil pH ranged from 2.6 to 9.6, mean annual temperature 
(MAT) ranged from 1.89 to 28°C, and mean annual precipitation 
(MAP) ranged from 180 to 3457 mm.

2.3  |  Data analyses

The unit of denitrification rate were unified to µg N kg−1 soil day−1 
and adjusted to 25°C using a fixed value of Q10, 2.53 averaged from 
reported Q10 (Bonnett et al., 2013; Duan et al., 2019; Hu et al., 2013; 
Silvennoinen et al., 2008). We calculated the average denitrifica-
tion rate in each ecosystem type and climate zone. The comparisons 
of denitrification rate across ecosystem types/climate zones were 
conducted using ANOVA and the post hoc were conducted using 
“TukeyHSD.”

We tested the bivariate relationships of denitrification rate 
against environmental variables (climatic factors, soil properties, 
microbial traits, etc.) by virtue of linear mixed- effect models. The 
equation is:

where X is the environmental factor, β0, β1 are the intercept and 
slope value, and πstudy, ε are the random effect and sampling error, 

respectively. The random effect, “study,” accounted for the autocor-
relation of observations within a study.

The multivariable relationships between the denitrification rate 
and environmental variables were tested using structural equation 
models. First, we constructed the conceptual structural equation 
models for denitrification rate based on the bivariate relationships 
between the denitrification rates and environmental variables. In 
the conceptual models, climatic factors (MAT, MAP), soil properties 
[soil clay content, pH, SM, soil carbon and N contents (e.g., total 
soil nitrogen, TN)], and microbial traits (microbial biomass carbon 
[MBC], microbial biomass nitrogen [MBN], and MBC:MBN) were 
predicted to significantly and directly influence the denitrifica-
tion rate. Furthermore, climatic factors and soil properties might 
indirectly impact the denitrification rate by altering microbial 
traits. We tested the conceptual models using the “piecewiseSEM” 
package. Based on the bivariate regressions, any variable with sig-
nificant effects on denitrification rate was included in the initial 
structural equation models. The structural equation models were 
stepwise optimized by reducing redundant variables. The criteria 
to select optimal models were the minimum Akaike information 
criterion (AIC) value and a higher p value. For instance, although a 
significantly bivariate relationship between denitrification rate and 
MAP was observed, there were no significant relations between 
denitrification rate and/or microbial biomass and MAP in structural 
equation models; therefore, MAP was removed in the final struc-
tural equation models (AIC = 40.7, p = .60).

We also performed analyses to verify whether the multiple rela-
tionships were robust in each ecosystem type. Because the number 
of observations in some ecosystems (e.g., forests) did not match the 
requirement to conduct structural equation models (e.g., forests), 
we normalized all data in an individual ecosystem and tested the 
relationship between denitrification rates and environmental fac-
tors using mixed- effect models. We extracted the weighted slope of 
each relationship and presented them in figures.

3  |  RESULTS

3.1  |  Denitrification rates across ecosystem types 
and climate zones

The averaged denitrification rate was 3516.32 ± 91.08 µg N kg−1 soil 
day−1 (observation number (Num) = 4301) at a global scale 
(Figure 1a). The highest denitrification rate was observed in crop-
lands with 4181.71 ± 135.21 µg N kg−1 soil day−1 (Num = 2427). 
Forests (3279.65 ± 252.27 µg N kg−1 soil day−1, Num = 350) and 
grasslands (3283.71 ± 255.68 µg N kg−1 soil day−1, Num = 552) 
had similar mean denitrification rates at the global scale, and were 
significantly lower than that of croplands (p = .043, p = .009, re-
spectively). There were no significant differences in denitrification 
rate between forests and grasslands (p = .99). The lowest mean 
denitrification rate was 2086.17 ± 130.61 µg N kg−1 soil day−1 
(Num = 863) in wetlands.

(1)ln (denitrification rate) = �0 + �1 × lnX + �study + �,
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Among the climate types, the denitrification rates were 
4242.29 ± 152.32 µg N kg−1 soil day−1 (Num = 1171, Figure 1b) 
under humid subtropical climates, 3904.60 ± 210.46 µg N kg−1 soil 
day−1 (Num = 818) under humid continental climates, and 
2896.96 ± 958.26 µg N kg−1 soil day−1 (Num = 85) under tropical 
climates. There were no significant differences in denitrification rate 
across the three aforementioned climate zones. The Mediterranean 
climates (1384.61 ± 181.42 µg N kg−1 soil day−1, Num = 205) and 
dry climates (965.80 ± 150.35 µg N kg−1 soil day−1, Num = 87) had 
the lowest denitrification rate among climatic zones. Additionally, 

soil denitrification rate decreased with latitude, with the slope being 
−0.03 (p = .06) in the northern hemisphere and −0.09 (p = .05) in the 
southern hemisphere (Figure S2).

3.2  |  The changes of denitrification rate with 
environmental variables

Denitrification rate significantly increased with MAT (p = .04, 
Num = 3559) and MAP (p = .006, Num = 3596) at a global scale 
(Figure 2).

Regarding soil properties, denitrification rate significantly de-
creased with soil clay contents at a global scale (p < .001, Num = 1956) 

F I G U R E  1  Differences in the denitrification rate with 
ecosystems (a) and climate zones (b). The bars are standard 
error and the values are the numbers of observations in each 
ecosystem. The classification of climate zones was conducted 
based on Köppen Climate Classification. Humid subtropical climate 
includes monsoon- influenced humid subtropical climate. Humid 
continental climate includes Hot- summer humid continental climate 
and warm- summer humid continental climate. Tropical climate 
includes Tropical monsoon climate, Tropical rainforest climate, 
and Tropical wet- dry climate. Temperate oceanic climate includes 
Monsoon- influenced temperate oceanic climate. Mediterranean 
climate includes Hot- summer Mediterranean climate and Warm- 
summer Mediterranean climate. The average denitrification rate 
was presented with the observations being more than 80 (b). The 
different letters above bars indicate significantly differences in 
denitrification rate

F I G U R E  2  The bivariate relationships of denitrification rate 
with climatic factors, mean annual temperature (MAT, a) and mean 
annual precipitation (MAP, b) using the logarithmically transformed 
data at a global scale. The green lines are the slopes ±95% 
confidence intervals with grey color from the linear mixed effects 
models. The size of circles is the number of replicates in each study 
from 1 to 48. The number before parentheses is the observations 
and the number in parentheses is for studies
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(Figure 3) but did not demonstrate a significant relationship with soil 
sand content (p = .20, Num = 1677; Figure S3). Soil denitrification rate 
tended to decrease with soil bulk density (p = .42; Num = 836, Figure 
S4). Furthermore, the denitrification rate significantly increased with 
soil pH (p = .002, Num = 3521), SM (p < .001, Num = 1043, Figure 3), 
and water- filled pore space (p < .001; Num = 728, Figure S5). The 
denitrification rate increased with the contents of soil organic carbon 
(SOC) (p < .001, Num = 3318), dissolved organic carbon (p < .001, 
Num = 613), total soil N (p < .001, Num = 2640), dissolved organic N 
(p < .001, Num = 116), ammonium (p < .001, Num = 1978), and nitrate 
(p < .001, Num = 2493, Figure 3). However, there was no significant 
relationship between denitrification rate and soil C:N ratio at a global 
scale (p = .56, Num = 2368; Figure S6).

Denitrification rate was regulated by soil microbial traits 
(Figure 4). To be specific, the denitrification rate significantly in-
creased with soil MBC (p < .001, Num = 550) and MBN (p < .001, 
Num = 282) at a global scale. No significant relationship was ob-
served between denitrification rate and the ratio of MBC:MBN 
(p = .52, Num = 126) in this study.

3.3  |  The multivariable relationships between 
denitrification rate and environmental factors

The results of structural equation models revealed that the direct 
effects of soil N contents, soil properties, and climate on global deni-
trification rate (Figure 5). Soil N contents played an important role 
in denitrification rate. Soil nitrate content significantly promoted 
denitrification rate with the standard coefficient of 0.14 (p < .001). 
Soil ammonium and total soil N also showed significantly positive 
effects on the denitrification rate with standard coefficient of 0.11 
and 0.10 (both p < .001), respectively. Higher MAT (standard co-
efficient = 0.12, p < .001), soil pH (standard coefficients = 0.05, 
p = .002) and SM (standard coefficients = .04, p = .003) could favor 
soil denitrification, whereas higher soil clay content hampered deni-
trification (standard coefficient = −0.08, p < .001). Collectively, the 
direct effect of soil N substrates (joint coefficient = 0.35) was obvi-
ously greater than the effects of other soil properties and climate 
(joint coefficient = 0.13) in structural equation models.

Soil microbial biomass was also an important factor for denitri-
fication rate. Because soil microbial biomass had a direct effect on 
denitrification in structural equation models and greater microbial 
biomass significantly promoted denitrification rate with standard 
coefficient of 0.10 (p < .001). Additionally, soil properties could 
indirectly influence denitrification rate by changing soil microbial 
biomass since soil nitrate (standard coefficient = 0.04, p = .01), 
ammonium (standard coefficient = 0.07, p < .001), and total soil N 
(standard coefficient = 0.10, p < .001) could increase soil microbial 
biomass and subsequently stimulate the denitrification rate in struc-
tural equation models.

Together, soil N substrates, MAT, soil pH, SM, and clay content 
accounted for 60% of the variations in denitrification rate at a global 
scale.

3.4  |  The bivariate relationships between 
denitrification rate and environmental variables in 
different ecosystem types

The denitrification rate showed similar relationships with environ-
mental variables across croplands, forests, grasslands, and wet-
lands (Figure 6). First, the denitrification rate was significantly and 
positively related to soil N contents in each ecosystem type. For in-
stance, denitrification rate was positively correlated with soil nitrate 
contents (weighted slope = 0.14, p < .001 in croplands; slope = 0.20, 
p < .001 in forests; slope = 0.16, p = .003 in grasslands; slope = 0.26, 
p < .001 in wetlands) and total soil N (weighted slope = 0.14, p < .001 
in croplands; slope = 0.20, p < .001 in forests; slope = 0.19, p = .003 
in grasslands; slope = 0.36, p < .001 in wetlands). The denitrifica-
tion rate was also positively related to soil ammonium in croplands 
(weighted slope = 0.21, p < .001), forests (weighted slope = 0.31, 
p < .001), and wetlands (weighted slope = 0.22, p < .001). Second, 
denitrification rate was generally and positively correlated with 
soil microbial biomass. The significant relations between deni-
trification rate and MBC were consistent in croplands (weighted 
slope = 0.30, p < .001), forests (weighted slope = 0.38, p < .001), 
grasslands (weighted slope = 0.42, p < .001), and wetlands (weighted 
slope = 0.18, p < .001).

4  |  DISCUSSION

This study revealed the general patterns and controlling factors of 
denitrification rate in terrestrial ecosystems. Soil N contents (nitrate, 
ammonium, and organic N) accounted for the most variation in deni-
trification rate. Soil microbial biomass was also an important driver 
of denitrification at a global scale. Current denitrification models 
have not considered these factors comprehensively. The findings in 
this study are helpful in promoting the parameterization of denitrifi-
cation modules in models.

4.1  |  The main controlling factors of denitrification 
at a global scale

Although soil physical and chemical properties regulated the rate 
of denitrification, soil nitrate, ammonium, and total N explained 
most of the variation in denitrification rates at a global scale. Soil 
nitrate, the reactant of conventional denitrification, explained 24.1% 
of variation in global denitrification rate. In general, the changes in 
denitrification rate with soil nitrate contents are best described by 
a Michaelis– Menten function in which the denitrification rate rises 
with greater soil nitrate contents (Strong & Fillery, 2002). This re-
lationship occurs because greater soil nitrate contents increase 
soil denitrifier abundance (coefficient from 0.232 to 0.361) (Xiong 
et al., 2017) and denitrifier activity (e.g., the nirS- type denitrifier) to 
exude nitrite reductase (Enwall et al., 2010). Furthermore, the enzy-
matic activity of denitrification can increase with the greater nitrate 
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content, which consequently promotes denitrification rate (White 
& Reddy, 1999). Therefore, nitrate addition often strengthens the 
contribution of soil nitrate to denitrification rate (Xiong et al., 2017).

The changes in soil ammonium contents accounted for 19.5% 
of variation in denitrification rates at a global scale. Soil ammonium 
is the precursor of the substrate of soil nitrifier denitrification that 
have been identified by Ritchie and Nicholas (1972). In this process, 
ammonium is oxidized to nitrite and then nitrite is reduced to nitric 

oxide and eventually to molecular nitrogen (Wrage et al., 2001). 
Evidence suggests that some species of Nitrospira can oxidize ammo-
nium all the way to nitrate (Daims et al., 2015), but the Nitrosospira 
tenuis and Nitrosospira europaea can participate into denitrification 
(Shaw et al., 2006). Furthermore, Nitrosomonas europaea can also 
denitrify nitrite as a terminal electron acceptor (Poth & Focht, 1985). 
Some archaea and fungi are reported to participate in denitrifica-
tion (Vajrala et al., 2013; Wrage- Monnig et al., 2018). Wrage et al. 

F I G U R E  3  The bivariate relationships of denitrification rate against soil properties: soil clay content (a), pH (b), soil moisture (c), soil 
organic carbon (SOC, d), total soil N (TN, e), soil dissolved organic carbon (DOC, f), soil dissolved organic N (DON, g), soil ammonium 
(NH4

+– N, h), and soil nitrate (NO3
−– N, i) using the logarithmically transformed data. The green lines with grey shadings are the slopes 

±95% confidence intervals. The size of circles is the number of replicates in each study from 1 to 48. The number before parentheses is the 
observations and the number in parentheses is for studies
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(2004) reveals that nitrifier denitrification accounts for 8.3% of total 
denitrification on average; the percentage of nitrifier denitrification 
rises to 66.0%– 77.5% when soil ammonium content is much higher 
than nitrate content. Thus, soil ammonium plays an important role in 
regulating total denitrification rate through nitrifier denitrification, 
and the contribution of nitrifier denitrification to total denitrifica-
tion varies remarkably depending on environmental factors (e.g., 
SM, temperature, and soil oxic- anoxic conditions). Under suboptimal 
moisture conditions, soil nitrifier denitrification is the major path-
way of total denitrification (Kool et al., 2011). In low temperature 
zones (below 10°C, e.g., arctic zone), nitrifier denitrification is likely 
to dominate total denitrification (Ma et al., 2007). Moreover, fluc-
tuating oxic- anoxic conditions are apt for nitrifier denitrification 
(Chandran et al., 2011; Yu et al., 2018). Therefore, soil ammonium 
contents may be important for denitrification via nitrifier denitrifi-
cation under lower temperature or transient oxic- anoxic conditions.

Soil total N content also substantially regulates total denitrifi-
cation rates at a global scale (18.1%). Previous study found that soil 
denitrification rate increased by 164%– 331%, whereas soil nitrate 
contents only increased by 34.2% (Malique et al., 2019). The mas-
sive increase in soil denitrification rate was speculated to come from 
the codenitrification process because the organic N content coin-
cidentally increased by 321%. Codenitrification refers to that soil 
organic N reacts with nitrite to form nitrous oxide (Wrage- Monnig 
et al., 2018). A recent study showed that hydroxylamine, phenylal-
anine, and glycine are the substrates of codenitrification (Rex et al., 
2019). Codenitrification was reported to contribute to 33% of soil 
N2O production and 3% of N2 production after urine addition (Rex 
et al., 2018). Additionally, soil organic N can be mineralized to ammo-
nium (Li et al., 2019) to provide substrate for nitrifier denitrification, 
and soil organic N can be nitrified to nitrate through heterotrophic 
nitrification (Li et al., 2020) to provide substrates for conventional 
denitrification. Collectively, the important role of soil nitrate, ammo-
nium, and total organic N on denitrification rate supported our H1 
that the joint effect of different soil N substrates in denitrification 
explained the majority of variance in global denitrification rates.

Soil microbes also play remarkable roles in the rate of denitrifi-
cation. Many kinds of microbes participate into the denitrification 
process, such as bacteria, fungi (Rex et al., 2019; Senbayram et al., 
2018), and archaea (Wrage- Monnig et al., 2018). Many types of 
soil bacteria can express denitrifying reductases, such as alpha- 
proteobacteria, beta- proteobacteria, and gamma- proteobacteria 
(Philippot, 2002). Fungi also harbors nirK gene that can express 
nitrite reductase to take part in denitrification (Lourenco et al., 
2018). Moreover, some archaea possess denitrifying genes, for 
example, Pyrobaculum aerophilum holds narG, nirS, and norZ 
(Philippot, 2002). Furthermore, soil N can indirectly influence the 
denitrification rate by changing soil microbes, in addition to its 
direct effect as the substrate (Figure 5). The N addition usually 
accelerates denitrification rate as a results of increasing soil mi-
crobial biomass (Yao et al., 2018). A recent study confirmed that 
higher rates of denitrification occur due to the higher abundance 
of denitrifier with increasing soil N substrate (Regan et al., 2017). 

F I G U R E  4  The bivariate relationships of denitrification rate 
against soil microbial characteristics: microbial biomass carbon 
(MBC, a), microbial biomass N (MBN, b), and the ratio of MBC:MBN 
(c) using the logarithmically transformed data. The green lines with 
grey shadings are the slopes ±95% confidence intervals. The size of 
circles is the number of replicates in each study from 1 to 48. The 
number before parentheses is the number of observations and the 
number in parentheses is for studies
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Therefore, soil microbes are an important cog in denitrification at 
the global scale (H2).

MAT is a prominent climatic factor controlling denitrification 
at a global scale. As reported, the temperature sensitivity of de-
nitrification rate was approximately 2 (Stanford et al., 1975), indi-
cating denitrification rate increases with higher temperature. The 
positive relationship between denitrification rate and temperature 
may result from three reasons. First, higher temperature can stim-
ulate soil denitrifier activity. Cui et al. (2016) reveal that nirS- type 
denitrifier abundance increases from approximately 9 × 106 to 
1.5 × 107 copies when temperature rises from 15 to 35°C. Second, 
the higher temperature can increase N substrate contents for de-
nitrification. Soil nitrate concentration increases by 96.3% and 
ammonium concentration increases by 352% when temperature 
rises by 20°C (Cui et al., 2016). Third, higher temperature can in-
crease the affinity of soil substrate for microbial denitrification. 
The index of affinity of soil nitrate at 35°C is approximately two 
orders of magnitude greater than the affinity index at 20°C (Maggi 
& Riley, 2015).

SM is considered as an important factor to regulate denitrifica-
tion in some experimental studies; however, its role is less important 
in determining the global variation in denitrification rate. Although 
denitrification rate increases with soil water content ranging from 
18.4% to 37.5% in paddy soils (saturated volumetric water content 
was from 46.4 to 51.2 cm cm−3), the significant increases in denitri-
fication rate with more soil water generally occur at lower SMs, 
while the denitrification rate usually does not change when SM is 
greater than 30 cm cm−3 (Tan et al., 2018a). Most SM in our data set 

(approximately 60%) is greater than 25%. In addition, the denitrifi-
cation rate is more likely to be changed under drying- wetting condi-
tions rather than under relatively stable SM (Dong et al., 2012). The 
SM in our dataset only changed marginally, thus, we were unable to 
properly capture the effect of SM on global denitrification rate.

The influences of soil pH on denitrification is complex as there is 
no optimum pH for denitrification (Šimek et al., 2002). The positive 
relation between denitrification rate and pH is attributed to the role 
that higher pH can alleviate mineral nitrogen limitation to microbes 
(Šimek & Cooper, 2002). We also found that the concentrations of 
SOC significantly influenced denitrification rate, because the higher 
organic carbon content benefits the initiation of the denitrification 
(Saggar et al., 2013), and the addition of glucose and acetate in-
creases denitrification rate (Shan et al., 2018).

4.2  |  The implications for denitrification changes

Anthropogenic activities will significantly change denitrification by 
altering the soil N contents, microbial biomass, and temperature, 
which are the main controlling factors of denitrification rates at a 
global scale (Figure 5). Fertilization and N deposition could, on the 
one hand, significantly increase the total soil N; on the other hand, 
it may decrease soil microbial biomass under higher N inputs (Chen 
et al., 2015; Jian et al., 2016). For example, N addition significantly 
increases total soil N by 6.2% but decreases soil microbial biomass by 
5.8% at a global scale (Lu et al., 2011), therefore, the effects of N ad-
dition on denitrification rate may be marginal due to the competing 

F I G U R E  5  The multiple relationships 
of denitrification rate at the global scale. 
The orange lines stand for significantly 
positive relationships, blue lines stand 
for negative relationships, and the green 
dashed lines stand for insignificant 
relationships where the statistically 
significant level is set at α ≤ .05. Numbers 
stand for standardized coefficients. 
MAT, SM, TN, and MBN are mean annual 
temperature, soil moisture, total soil N, 
and microbial biomass N, respectively
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effects between substrates and microbial biomass. However, given 
that soil nitrate increased by 428.6% under N inputs (Lu et al., 2011), 
the effects of increasing soil N substrate may overwhelm the re-
duction in microbial biomass on denitrification, thereby eventually 
increasing soil denitrification rate. A recent study confirmed that 
denitrification substantially increases (by 174%) under greater N 
substrates despite a reduction in soil microbial biomass (Wang et al., 
2018). The usage of N fertilizer and manure continuously rises in 
order to meet the food requirement for a growing human population 
around the world (Tian et al., 2018), and the denitrification rate is 
expected to rise correspondingly in the near future.

Global warming will stimulate denitrification rate directly and also 
indirectly by increasing soil N substrate and microbial biomass. Soil 
inorganic N has increased by 17.9% under warming (Bai et al., 2013), 
which may result from the higher soil N mineralization (Bai et al., 
2013) and nitrification (Li et al., 2020) under higher temperatures. 

A meta- analysis revealed that the average of soil microbial biomass 
increases by approximately 3.6% under global warming (Xu & Yuan, 
2017). The higher soil inorganic N and microbial biomass will pro-
mote soil denitrification. Moreover, the increase in soil microbial bio-
mass was greater in areas of high altitude or latitude. In a study on 
Tibetan plateau, Zhang et al. (2015) find soil microbial biomass has 
increased by 14.3%, suggesting that warming may increase denitrifi-
cation rate to a greater extent in higher altitude and latitude.

These findings are helpful to develop models for simulating 
denitrification. First, the data set of denitrification rate that com-
piled 4301 observations across main terrestrial ecosystems offers a 
benchmark for denitrification models. Second, there are many mod-
els to simulate denitrification, such as CLM- CN, DLEM, LM3Y- N, 
LPJ- GUESS, LPX- Bern, O- CN, ORCHIDEE, ORCHIDEE- CNP, 
TRIPLEX- GHG, and VISIT. However, these models typically focus on 
soil nitrate contents and general physical and chemical properties of 

F I G U R E  6  The slopes from bivariate 
relationships of denitrification rate against 
MAT (mean annual temperature), MAP 
(mean annual precipitation), Clay, pH, 
Moisture, soil organic carbon (SOC), total 
soil N (TN), soil C:N, DOC (soil dissolved 
organic carbon), dissolved organic N 
(DON), NH4- N, NO3- N, soil microbial 
biomass carbon (MBC), microbial biomass 
N (MBN), MBC:MBN in each terrestrial 
ecosystem. The blue dot is averaged 
slope, and the bars are 95% confidence 
intervals. The values are the number of 
observations outside parentheses and the 
p values inside parentheses
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the soil (Tian et al., 2018), whereas these models have rarely consid-
ered the role of soil organic N and soil microbes. Additionally, among 
these models, only LM3V- N take soil ammonium contents into ac-
count (Tian et al., 2018). The remarkable effects of soil ammonium, 
soil organic N, and microbial biomass on denitrification rate revealed 
in this study indicate that future models should also take into con-
sideration these factors.

4.3  |  Limitation

There are some limitations in this global synthesis on denitrification. 
First, SM usually influences soil redox condition/O2 concentrations 
that are critical for the denitrification (Osaka et al., 2018). Although 
we tested the effects of SM on denitrification rate in this study, we 
did not explore the effect of soil redox condition because of data 
paucity. Second, many types of soil microbes can participate in deni-
trification, and some studies found the changes of soil microbial com-
munity also influence the denitrification rate (e.g., Philippot et al., 
2013). Additionally, functional microbes may affect denitrification 
(Levy- Booth et al., 2014). We were unable to test the effects of mi-
crobial community or functional microbes on denitrification rate due 
to a lack of global- level data. Third, we found soil nitrate, ammonium, 
and organic N play important roles in determining denitrification rate 
at a global scale, implying that they may influence total denitrifica-
tion via different pathways. This avenue remains to be further tested 
using an isotopic approach at large spatial scales. Fourth, although the 
acetylene inhibition method is the most commonly used method to 
measure denitrification rate, the denitrification rate may be underes-
timated because acetylene could inhibit the production of nitrate via 
nitrification (Groffman et al., 2006; Watts & Seitzinger, 2000).

This study is among the first attempts to comprehensively an-
alyze the patterns and controlling factors of denitrification rate in 
terrestrial ecosystems. Denitrification rate varied with ecosystems/
climate zones and was mainly determined by soil N contents (nitrate, 
ammonium, and total soil N) at a global scale. We also found that soil 
microbes play an important role in regulating denitrification rate, in 
which the significant changes in soil microbial biomass under anthro-
pogenic activities and/or climate change could eventually influence 
denitrification rate. This work highlights the importance of incorpo-
rating different soil N contents and microbial biomass into models to 
accurately project denitrification and N cycling.
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