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Nitrous oxide (N2O) emissions are highly variable due to the complex

interaction of climatic and ecological factors. Here, we obtained in-situ

annual N2O emission flux data from almost 180 peer-papers to evaluate the

dominant drivers of N2O emissions from forests and unfertilized grasslands at a

global scale. The average value of N2O emission fluxes from forest (1.389 kg

Nha-1yr-1) is almost twice as large as that from grassland (0.675 kg Nha-1yr-1).

Soil texture and climate are the primary drivers of global forest and grassland

annual N2O emissions. However, the best predictors varied according to land

use and region. Soil clay content was the best predictor for N2O emissions from

forest soils, especially in moist or wet regions, while soil sand content predicted

N2O emissions from dry or moist grasslands in temperate and tropical regions

best. Air temperature was important for N2O emission from forest, while

precipitation was more efficient in grassland. This study provides an overall

understanding of the relationship between natural N2O emissions and climatic

and environmental variables. Moreover, the identification of principle factors

for different regions will reduce the uncertainty range of N2O flux estimates,

and help to identify region specific climate change mitigation and

adaptation strategies.

KEYWORDS
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1 Introduction

Nitrous oxide (N2O) is the third most important long-lived trace greenhouse gas after

CO2 and CH4. The average atmospheric N2O concentration has reached to 333.2 ppb in

2020, which is an increase of 23% with respect to pre-industrial levels (1). In natural

ecosystems like forests and grasslands, N2O is primarily produced during re-
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mineralization of organic matter via the soil microbial processes

of nitrification and denitrification (2, 3). Soils are the largest

natural source of N2O, accounting for about 58% of the total

natural source (4).

Natural soil N2O emissions are mainly controlled by climatic

and ecological variables (5). Carbon to nitrogen ratios (C/N) have

been shown to be a good predictor for N2O emissions from

organic soils (6–9), while N2O emissions from grassland soils were

positively correlated with soil clay content (Clay) and

temperature, but negatively correlated with annual precipitation

(10). In Brazil, soil pH, soil organic carbon (SOC), and Clay were

good predictors for N2O emissions from unfertilized soils (11).

Araujo et al. (2021) showed that annual temperature and soils

properties (such as phosphorous, C/N ratio, clay and sand

content, soil nitrate contents) were the main drivers for the

spatial distribution of N2O emissions from grassland and forest

soils in Argentina (12). However, the principle factors dominating

N2O emissions have been shown to vary strongly among different

regions (13), with the key drivers of global forest and grassland

N2O emissions still not clear.

Precise estimates of the global N2O emissions from forests

and grasslands are difficult to obtain owing to the high

spatiotemporal heterogeneity of N2O flux caused by the

complex production and emission processes. Nevertheless,

process-based models, with detailed description of the N

cycling process exist and are considered powerful tools for

estimating regional or global N2O emissions (14). Various

models have been developed to simulate N2O emissions from

soils, such as DNDC (15), LPJ (16), and DLEM (17). However,

few process-based models have been validated against in situ

observations across a wider domain with various climatic and

ecological conditions. Consequently, it’s difficult to verify the

reliability of the regional or global estimates, which always have a

high uncertainty (18, 19). Although the reliability of regional

estimates is gradually reduced with a better understanding of the

N cycling process (4, 5, 13, 20, 21), the principle factors and the

feedback mechanisms of N2O emissions at regional scale are still

highly uncertain (4, 5, 20, 22). Thus, identifying robust drivers of

N2O emissions for different ecological zones is critical for

reducing the uncertainty of global estimates.

Field data-oriented analysis can be an effective tool to better

understand regulating factors of N2O emission from different

ecosystems, if sufficient data is available (13). There have been

data-oriented studies on forest and grassland N2O emissions at

global scale (13, 23, 24). Kim et al. (2013) found that only annual

temperature had a significant correlation with N2O emissions

from natural soils (24). Zhuang et al. (2012) used the Artificial

Neural Network (ANN) model to show that precipitation was

the most sensitive variable for natural N2O emissions (13).

However, both of them didn’t take the effect of soil texture

into account, which also is known to be an important factor for

natural N2O emissions (25). Stehfest et al. (2006) used linear

mixed-effects model (LMM) to evaluate the effects of all possible
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continuous or discrete variables on N2O emissions. Finally, it

verified that SOC, pH, bulk density, drainage, and vegetation

type have a significant influence on N2O emissions from natural

soils (23). LMMs are now widely used for analyzing datasets

from multiple experiments (26). However, the observation

length of 57% of the data used was less than 50 days, and only

12% of the data came from observations over more than 300

days. Thus, these datasets fail to accurately represent conditions

over the entire vegetation cycle, resulting in large uncertainties.

Since 1980s, a large number of long-term field N2O experiments

has been conducted throughout the world, providing sufficient

representative data for field data-oriented analysis (27, 28).

Consequently, the aim of this study was to assess whether the

magnitude of annual N2O emissions from forest and unfertilized

grasslands sites at global scale can be related to specific

environmental factors (i.e. vegetation, soil pH, soil carbon

content, soil nitrogen content, soil C/N ratio, soil bulk density,

soil clay content, soil sand content, air temperature,

precipitation, and N deposition etc.); and to explore whether

the robust predictors are different for different land use and

regions. To address these objectives, in-situ field measurements

of annual N2O emissions with detailed reports of soil properties

were collected from forest and unfertilized grassland sites

covering a wide range of environmental conditions that varied

from 44.83S to 64.27N in the latitude direction at a global scale.
2 Materials and method

2.1 Data sources

Data from field experiments were extracted from peer-

reviewed scientific articles that reported N2O emission from

forest or grassland soils across the world. The studies in scope of

the analysis were searched by ISI Web of Science and China

Knowledge Resource Integrated Database (CNKI) with key

words of “nitrous oxide”, “denitrification”, “nitrification”, and

“forest” and “grassland”. We compiled datasets following the

criteria of: (a) the data were obtained by in-situ observational

experiments; (b) the measurements were conducted with the

static chamber technique. Those obtained with eddy covariance

observation systems were excluded to avoid bias caused by

differences in observational systems; (c) the experiments lasted

at least one year, while at sites with a longer freezing period the

time duration of the experiments could reduce to 8 months; (d)

studies reporting soilN2O uptake reported were excluded.

Beside N2O fluxes, site information (such as experimental

period, measurement frequency, longitude and latitude,

elevation, and vegetation type), and other environmental

information, such as climate (including mean annual

temperature (MAT) and precipitation (MAP)), soil properties

(including pH, soil organic carbon concentration (SOC), soil

total nitrogen (TN), bulk density (BD), and sand and clay
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fractions in mineral soil), and N deposition (N_dep) were also

obtained from relevant studies at the same site. In addition,

MAT and MAP during the experimental period of each study

were extracted from the Climatic Research Unit Time-Series

(29) (CRU TS 3.22). The distributions of these factors were

showed in Figures S1, S2.

Totally, 556 sets of N2O emission flux measurements were

collected from about 180 scientific papers (Appendix 1). Among

them, 355 datasets were of forests at 161 sites in 32 countries

(Figure 1). The other 201 datasets were of grassland N2O

emission fluxes at 81 sites in 25 countries. The observation

sites distributed worldwide, and concentrated in Southern Asia,

Europe, North America, and South America (Figure 1).
2.2 Data preprocessing

We unified the metric unit of the N2O fluxes into kg N2O-N

ha-1yr-1 from the diverse metrics reported in different studies. In

case that the annual N2O emission flux was not given in the

literature, it was calculated by summing up the time-weighted

flux measurements in each year. Both dry and wet seasons in

tropics and growing and non-growing seasons in temperate

zones were included in the calculation of annual fluxes; for

sites in high latitudes such as Siberia, the annual flux only

included the cumulative fluxes of growing season.

The soil property was featured by pH, SOC, BD, TN, C/N,

sand and clay content in this study soil depths (e.g., 0-5cm, 0-

10cm, 0-20cm etc.) of different sources was normalized to 0-

10cm. The linear regression functions between different layers

for SOC, BD, and TN have been developed in our previous

study, and we used the same transfer function to do the

standardization of soil properties (19). Soil texture was

classified into three groups: coarse, medium and fine soils.
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Soils with sand content no less than 65% and clay content less

than 18% were defined as coarse soils. Soils with clay content no

less than 35% belonged to the fine soil group (31). The climate

zones were defined by temperature categories with four groups

(cold temperate, warm temperate, subtropical, and tropical), and

Dry-Wet (dry, moist, wet) conditions with three groups

according to IPCC climate zones (32). The global vegetation

was also categorized into five groups: evergreen coniferous

forest, evergreen broadleaf forest, mixed coniferous and

broadleaf forest, deciduous forest, and grasslands.
2.3 Statistical analysis

The normality of the N2O emission data were tested with

Shapiro-Wilk test (33). We conducted a Spearman rank

correlation analysis to identify edaphic and climatic factors

(i.e. pH, SOC, TN, BD, sand, Clay, MAT, MAP, and N_dep)

influencing N2O emissions. The non-parametric Kruskal-Wallis

one-way ANOVA test was used to evaluate the variances across

different groups of soil textures, climate zones, and vegetation in

forest and grassland ecosystems.

LMMs (Linear mixed-effect model) analysis was applied to

quantify the principle factors that correlate with N2O emissions.

Study site was introduced into the model as a random factor,

because clustering replicates by location could introduce spatial

autocorrelation (34). Furthermore, given the positive skew

distribution of forest and grassland N2O emissions and in

preparation for LMM development, both (forest and grassland

N2O emissions) were transformed by Box-Cox transformation

(35). Finally, power transformation was made with the

conversion coefficient 0.15, 0.10 for forest and grassland,

respectively (Figure 2). The fit and accuracy assessment of the

LMM were reported through model parameter significance test
FIGURE 1

Global distribution of the experimental sites with measurements of annual N2O emission fluxes. The map was generated using ESRI ArcGIS 10.0
(URL: http://www.esri.com), and the coordinate system is WGS84. The base image was acquired and modified from GLC2000 database (30)
(https://forobs.jrc.ec.europa.eu/products/glc2000/products.php).
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together with Akaike information criterion (AIC) and Bayesian

information criterion (BIC) (36). Smaller AIC and BIC indicate

better model performance.
3 Result

3.1 N2O emissions from global forest and
grassland soils

According to the observation dataset, the average annual N2O

emissions of global forest and grassland soils was 1.130 kg N2O-N

ha-1yr-1, with a maximum value of 11.388 kg N2O-N ha-1yr-1,

which occurred in a heavy textured (60% clay) lowland moist

Amazonian forest (37). The annual N2O emission flux from global

forest soils and grassland soils varied from 0.003 to 11.388 kg

N2O-N ha-1yr-1, 0.007 to 4.800 kg N2O-N ha-1yr-1, respectively

(Table 1). 58% of forest N2O emission and 79% of grassland N2O

emission data fall within 0 to 1.0 kg N2O-N ha-1yr-1. The flux
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distributions of both ecosystems were non-normal (Figure 2). The

power transformation coefficients were 0.15, 0.10 for forests and

grasslands, respectively. The non-parametric Kruskal-Wallis

variance analysis showed that there was a significant difference

of annual N2O emissions between the two ecosystems. The

median of forest annual N2O emission fluxes was significantly

higher than that of grasslands (Table 1). Ecosystem type could

explain 5% (y = 0.72xecosystem -0.04, R2 = 0.05, p<0.01; In the

equation, Grassland = 1, and Forest =2) of the changes in annual

N2O emission fluxes in natural soils.
3.2 The influence of environmental
factors on N2O emissions

Spearman correlation analysis indicated that the annual N2O

emissions from both forests and grasslands was positively

correlated with Clay, MAT, and MAP, and had a significant

negative correlation with Sand (Table 2). In forests, the annual
TABLE 2 Spearman correlation coefficient (R) between N2O emissions and edaphic, climatic variables.

pH SOC BD TN C/N Clay Sand MAT MAP N_dep

Forest (N=355) -0.11* -0.01 -0.07 0.01 0.04 0.23** -0.12* 0.19** 0.23** 0.06

Grassland (N=201) -0.05 0.12 0.02 0.04 0.20** 0.14* -0.22** 0.26** 0.41** 0.04
frontie
*, ** significance level P < 0.05 and P < 0.01, respectively
A B

FIGURE 2

Frequency histogram of N2O emissions in forest (A) and grassland (B). The subgraph in the upper right is the distribution of N2O emissions after
BOX-COX transformation.
TABLE 1 Summary statistics of annual N2O emission fluxes (kg N2O-Nha-1 yr-1).

Sites Samples Median Minimum Maximum Average SE*

Forest 161 355 0.730 0.003 11.388 1.389a 0.090

Grassland 81 201 0.315 0.007 4.800 0.675b 0.060

Total 242 556 0.553 0.003 11.388 1.130 0.063
rsi
*, standard error; a, b represents the result of variance analysis.
n.org
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N2O emissions had a significant negative relationship with pH,

while in grassland the annual N2O emissions were positively

related with C/N (Table 2). Among all variables, though Clay

and MAP were targeted by Spearman correlation analysis as the

two most important factors of N2O emissions in forests, the

stepwise regression analysis selected MAT, Clay and N

deposition instead of Clay and MAP. In grasslands, only MAP

was chosen for the stepwise regression analysis of annual

N2O emissions.

In forests, the median and average value of N2O emissions in

the (sub-) tropics were significantly higher than that in

temperate zones (Figure 3A). In grasslands, the median and

average value of N2O emissions in tropical zones were

significantly higher than that in temperate and subtropical

zones (Figure 3B). The variance of annual N2O emission

fluxes were always high in the tropics (Figures 3A, B). The

average N2O emissions from grassland soils in global moist

zones were significantly higher than in dry zones (Figure 3D).

However, in forests there was no significant difference of N2O
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emissions between arid, moist and wet zones (Figure 3C). In

summary, the principle climatic variable for N2O emissions

differed between forests and grasslands.

Both the statistic median and mean of the N2O emissions

from coarse texture soils were significantly lower than that of the

medium and fine soils (Figures 3E, F). The finer the soil texture,

the higher the magnitude of N2O emission. In addition, mixed

coniferous and broadleaf forest and evergreen broadleaf forests

had the relatively higher N2O emissions than deciduous forests

and grasslands (Figure 3G).
3.3 LMMs of forest and grassland N2O
emissions with different variables

For forest N2O emissions, the LMMs were tried by AIC and

BIC criteria. We retained the model parameters by their

statistical significance (Table 3). The pH, C/N, Clay, Sand,

MAT, and MAP were all significant (P < 0.05) in LMMs, and
D

A B

E F

G

C

FIGURE 3

Box plot of N2O emissions in different climate zone, dry-wet, texture, and vegetation types. (A, C, E) are from forest, and (B, D, F) are from
grassland. For (G), the blank boxes represent forest, and the grey box represents grassland. a, b, and c represent the significant different
between the median value variances. Solid circles represent averages, lines within the boxes indicated medians, and upper and lower edges of
the boxes represent the 25th and 75th percentiles. The stars are outliers.
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the best-fit factor was Clay, which had the minimum AIC and

BIC (Table 3). The importance of these variables ranked: Clay >

Sand > MAT > C/N > MAP > pH. The additive effects of multi-

variables were also tested, and four variables, i.e. pH, C/N, Clay

and MAT were selected into the model, and the explanation of

the fixed effect to the forest N2O emissions was 7.8% (P < 0.05)

(Table 3). In addition, the best-fit model with mixed additive and

two-way interactions (AIC=-335.3) could explain 11.1% (P <

0.05) of the forest N2O emission change. Furthermore, the effect

significance of the variables differed among regions. For

example, the positive effect of Clay on forest N2O emissions

was more significant in fine textured soils in tropical or moist

regions, while the negative effect of C/N was more significant in

coarse soils of temperate or moist regions (Table S1).

For grassland N2O emissions, we ranked the influence of

environmental covariates based on AIC and BIC. The result

showed that, Sand was the most important continuous variable

that had the best-fit LMM model of grassland N2O emission

(Table 3). The importance rank was Sand > Clay > MAT, which

indicated that soil texture was the principle factors for the spatial

heterogeneity of global grassland N2O emission. In addition, by

comparing the numerous models with additive or interaction

effect of multi-variables LMM, only Sand was still the best-fit

model. However, the explanation of the fixed effect of Sand was

only 1.7% (P < 0.01), while the explanation of the fixed effect of

MAP was 11.3% (P = 0.11) (Table 3). Sand had a significant

negative effect on grassland N2O emission from temperate soils,

tropical soils, or dry zone soils (Table S1). MAP mainly had a

significant positive effect on grassland N2O emission from fine

texture soils (Table S1).

The LMMs with continuous variables quantitatively reflect

the effect of environmental factors on N2O emissions. In

addition, the influences of categorical variables, such as
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climatic temperature zone, vegetation, soil texture, and dry-

wet, on annual N2O emissions were also tested with LMMs

(Table 4). Given that these categorical variables were classified

based on the information of spatial distribution, we could

directly obtain the primary factors that caused the spatial

difference of N2O emissions. By comparing the AIC and BIC

values, the variable with the best-fit LMM was the climatic

temperature zone and dry-wet for forest and grassland,

respectively (Table 4). But in contrast, the dry-wet and

climatic temperature zone was not significant for global forest

and grassland N2O emissions, respectively (Table 4). Soil texture

was the second best-fit variable for both forest and grassland.

The 2-way interaction LMMs indicated that the interaction of

climate zone and soil texture (AIC=-299.4, BIC=-245.5), dry-wet

and soil texture (AIC=-428.0, BIC=-395.0) had minimum values

of AIC and BIC for forest and grassland, respectively (Table 4).
4 Discussion

The primary measurement systems for N2O emission are eddy

covariance systems and the closed chamber technique (38, 39).

Among those, the static chamber method has been widely used by

collecting air samples in chambers and then analyzing with a gas

chromatograph equipped with an electronic capture detector (40).

Given that there is no systematic research on the difference between

the two observation systems (41, 42), our study only considered the

N2O emission data that observed by the static chamber method in

this study. In addition, only studies that reported emissions were

considered, while those reporting soil N2O uptake were neglected

because N2O uptake in natural soils is very weak and reported

uptake rates often range within the detection limit of the measuring

system. Moreover, highest uptake rates are generally found in
TABLE 3 AIC and BIC of mixed linear models with different continuous variables.

Fixed variables AIC BIC Sig. R2 of fixed effect

Forest

pH -286.9 -271.5 0.01 0.005

CN -289.0 -273.5 0.01 0.000

Clay -307.8 -292.4 0.00 0.053

Sand -298.5 -283.2 0.04 0.014

MAT -296.4 -280.9 0.00 0.035

MAP -287.9 -272.4 0.01 0.013

pH+C/N+Clay+ MAT -321.2 -294.5 0.078

pH*MAP + Sand*C/N + Clay *MAT + Sand *MAP -335.3 -308.6 0.111

Grassland

C/N -415.3 -402.1 0.13 0.004

Clay -418.6 -405.4 0.02 0.049

Sand -423.5 -410.3 0.00 0.017

MAT -416.2 -403.0 0.07 0.088

MAP -415.5 -402.3 0.11 0.113
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wetland and peatland ecosystems (43), while in forest and grassland

soils these are only of minor importance. Furthermore, the limited

observations of N2O uptake in forest and grassland soils are

typically very episodic, driven by changes of NO-
3 during the year

(44), while our analysis focuses on variations in annual emissions.

In this study, spearman analysis showed that the predominant

variables (i.e. Clay, Sand, MAT, and MAP) that affected N2O

emissions were the same for both forest and grassland (Table 2).

These factors also have been proven to have significant effects on

N2O emissions by the other studies (13, 24, 45). Moreover, the

N2O emissions from both forest and grassland had a negative

relationship with pH, which was in consistent with previous

studies (46, 47). But only the correlation in forest was

significant (Table 2), most likely be due to the fact that forest

soils are more acidic than grassland soils (48) (Figure S1A,

FigureS2A). Soil C/N has been reported as good predictor for

N2O emissions from soils, especially for organic soils, with

generally negative effects on N2O emissions (8). However, our

study indicated a positive effect of soil C/N on N2O emissions

(Table 2), which can probably be explained by the fact that our

analysis only investigated a linear relationship, while the

relationship between N2O emissions and soil C/N is probably

better explained by a parabola, and we only found the same

negative effect in temperate zone (Table S1). A recent meta-

analysis also found a Gaussian curve relationship between

annual N2O fluxes and C/N ratio in organic soils, which could

explain the negative relationship when C/N was above 18 (9).

However, soil C/N for most sites in our dataset was lower than 18

(Figure S1E, Figure S2E). In addition, atmospheric N deposition

had no significant effect on annual N2O emissions from both
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forest and grassland (Table 2). Because atmospheric N depositions

of most sites were less than 30kg Nha-1yr-1, which presumably was

too low to significantly affect N2O emissions.

Soil N2O productions and emissions result from the

synergistic effect of temperature, substrate availability,

microbial community, and gas transport process etc. Due to

the sensitivity of N2O production to these factors, N2O

emissions are highly heterogeneous in time and space, even at

small scales (49). Our analysis showed that soil sand and clay

content were important drivers that affected global N2O

emissions from both forest and grassland soils (Table 2). Soils

with heavy clay content had higher N2O emissions, and this

positive effect was more significant in moist and wet regions

where usually highest emissions are observed (Table 2; Table S1).

This generally agrees with previous reports (37, 50–53) and can

be explained by the larger volume of small pores in finer soil,

making it more conductive to denitrification and N2O

production (25, 54). In addition, the clay particles are

favorable for N mineralization rates (55), but not temperature

sensitivity of N2O emissions (56–59). Furthermore, our results

showed that LMM including Clay or Sand for forest and

grassland, respectively, had the minimum AIC (Table 3). That

is to say, Clay is the best predictor for forest N2O emissions,

while Sand is the best predictor for grassland. However, there is

currently no study on the importance of these two factors for

different ecosystems at a global scale. We infer that this might be

due to general differences in soil type of the two ecosystems.

Because in our dataset, about 30% of grassland sites were

classified as coarse textured soil, while only 16% of forest sites

belonged to coarse groups (Table S2). This results in Sand being
TABLE 4 AIC and BIC of mixed linear models with different category variables.

Fixed variables AIC BIC Sig

Forest

Climate -300.6 -277.4 0.000

Vegetation -294.8 -271.6 0.001

Texture -291.3 -284.9 0.003

Dry-Wet -284.2 -265.0 0.115

Vegetation*Texture -293.4 -243.2 0.001

Vegetation*Climate -296.4 -238.5 0.000

Texture*Climate -299.4 -245.5 0.000

Climate *Texture* Vegetation -300.8 -181.3 0.000

Grassland

Climate -412.1 -392.3 0.371

Texture -417.4 -400.8 0.042

Dry-Wet -420.7 -404.2 0.007

Climate *Texture -425.0 -382.0 0.001

Climate*Dry-Wet -418.1 -378.5 0.008

Dry-Wet*Texture -428.0 -395.0 0.000

Climate *Texture*Dry-Wet -422.6 -346.6 0.000
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a more effective predictor for N2O emissions from grassland. A

similar relationship was also found between mineral-associated

organic carbon and soil sand content, which was also more

effective in grassland than in forest (60).

The seasonal dynamics of soil temperature and soil moisture

could reflect the seasonal course of N2O (61), while the annual

dynamic of temperature and precipitation influence the spatial

distribution and intern-annual dynamics of N2O (4). Spearman

correlation analysis showed that the explanations of MAT and

MAP on N2O emissions were relatively high (Table 2). Compared

with temperature, precipitation is thought to bemore important for

N2O emissions from natural ecosystems (5, 13, 62). In this study,

the LMMs’ result showed that precipitation was the most effective

factor for global grassland N2O emission, although the fixed linear

relationship was only significantly in dry and moist grassland

(Table S1). The average N2O emissions from wet tropical

grassland was significantly lower than that from moist grassland

(Table S2). However, there was no significant difference of N2O

emissions between the two zones for forests (Figure 3C). That can

probably be attributed to the higher infiltration capacity of

grassland soils resulting in more pronounced wetting and drying

cycles and thus a stronger negative response of N2O emissions to

rainfall compared to the wet or flooded soil conditions in the finer

textured forest soils (51, 63). Furthermore, we found that

temperature was more important than precipitation for N2O

emissions from forest (Table 3). This is because of the significant

direct or indirect effect of temperature on the soil enzyme activities

and the resulting supply of N substrate of nitrification and

denitrification (64). Increasing temperature could significantly

favor N2O emissions by a strong biotic regulation via ammonia-

oxidizing bacteria amoA gene abundance, while the effect of rainfall

reduction was not significant (65). However, some study found that

increased or decreased precipitation could promote or suppress

N2O emissions to varying degrees (66). Sometimes, a decreasing

soil water content could offset the positive effect ofwarmingonN2O

emissions (67). So, there are still large uncertainties regarding the

feedback of N2O emission to the additive and interactive effects of

temperature and precipitation in regional scale.

Up to now, estimates of simulation studies for N2O

emissions from global forest and grassland soils vary from 2.61

Tg N2O-Nyr
-1 to 11.48 Tg N2O-Nyr

-1 (4, 5, 13, 20, 21). Using the

results of our data analysis we calculated global N2O emissions

for forest and grasslands by extrapolating average emissions for

different groups, like climate, texture or vegetation classes

without considering the effects of human management.

According to the independent classify variable, we estimated

that the N2O emissions form forests and grasslands were 5.22-

5.55 Tg N2O-Nyr-1, 1.45-1.93 Tg N2O-Nyr-1 (Table S2),

respectively: This estimate is at the higher end of the estimates

of Zhang et al. (2019) (Forest:3.62 ± 0.16 Tg N2O-Nyr-1,

grassland:1.40 ± 0.03 Tg N2O-Nyr-1) (5). If we use the

interaction variables to classify, the N2O emissions form

forests and grasslands were 4.11 Tg N2O-Nyr
-1, 1.06 Tg N2O-
Frontiers in Soil Science 08
Nyr-1 (Table S3), respectively, which was similar to the result of

Tian et al. (2020) (natural soils, 5.6 Tg N2O-Nyr-1) (4).

Although, these estimates have large uncertainties, they are

well within the range of current estimates of global scale N2O

emissions, showing that the difference of key factors of N2O

emissions in different ecosystems or regions (Table 3; S1) can be

a promising approach to estimate N2O from these ecosystems.
5 Conclusion

This study highlighted that natural forest soils are a strong

natural source of N2O, with an average annual emission flux

almost double that of grassland soils. For both ecosystems, soils

with a high clay content in moist tropical climates appear to be a

hotspot of N2O. In addition, grasslands in moist region have

relatively higher N2O emissions than the other regions. Soil

texture, annual mean temperature and precipitation are the most

important factors that influence forest and grassland N2O

emissions at a global scale. However, the best predictors varied

according to land use and region. While clay content was the

best predictor for N2O emissions from forest soils, especially in

moist or wet regions, sand content predicted N2O emissions

from dry or moist grasslands in temperate and tropical regions

best. However, MAP, with a significant positive effect on N2O

emissions from grassland soils in dry and moist regions, had the

highest R2 of fixed effected of grassland N2O emissions.

Although the principle factors of soil N2O emission are

varying in different regions, these simple statistical models can

help to derive global estimates for specific ecosystems when no

detailed data for process-based simulation models is available.

Moreover, this study provides an overall view of them.

According to the result of this study, the process-based model

estimates could do calibration and validation with more

representative sites that capture different primary factors in

different regions, which is benefit to increase the reliability and

spatial applicability of the model. In addition, in order to

accurately evaluate the estimates’ uncertainty, the sensitivity

differences of the principle factors in various regions also

should be taken into account in future studies.
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