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type, management and soil quality
indicators on background nitrous oxide emissions
(BNE) from Chinese croplands: a quantitative
review and analysis†

Mohamed Abdalla, *a Ziyin Shang, b Mikk Espenberg, ac Xiaoqing Cui, d

Ülo Mander c and Pete Smith a

N2O emissions (BNE) represents emissions from unfertilised soils during the current growing season or year

and these contribute to total N2O emissions. In this quantitative review and analysis, we collected 146

papers reporting BNE from 378 arable crop sites across China. The main aims were to estimate the BNE

from Chinese cropland soils and to assess impacts of crop type, management and soil quality indicators

on BNE. Data on sites, crops, management and soil quality indicators were collected. The data were

segregated into cereal crops, rice and vegetables, and yield- and area-scaled BNE were calculated. The

daily and annual BNE values (mean � standard deviation) for cereals, rice and vegetables are 1.32 � 1.16,

3.64 � 3.84 and 10.68 � 16.22 g N2O–N ha�1 and 0.98 � 0.83, 1.11 � 0.49 and 2.86 � 2.33 kg N–N2O

ha�1, respectively. Crop types have significant impacts (p < 0.05) on the BNE values from soils. The

overall mean annual BNE for China, considering the proportion of planting area for each crop type, is

0.69 � 1.52 kg N–N2O ha�1. The total national mean annual BNE for China is 146 � 109 Gg N2O–N. The

BNE from different crop types is variably controlled by interactions of many factors but primarily by soil

quality indicators (i.e. pH, soil N, soil C), climate and management. To reduce uncertainty in the total

N2O emissions from Chinese croplands, we suggest estimating the BNE at a national level, rather than

using the default value of the Intergovernmental Panel on Climate Change (IPCC) of 1 kg N2O–N ha�1.
Environmental signicance

Nitrous oxide (N2O) is a potent greenhouse gas that causes climate change and depletes ozone layer. It emits, mainly, from fertilised soils however, emission
from unfertilised soils (background nitrous oxide emission; BNE) is signicantly contributing to the total N2O emissions. In this study, the impacts of many
factors including crop types, management and soil quality indicators on the BNE from Chinese cropland were investigated. This is essential to reduce
uncertainty in the total N2O emissions, support decision-makers to advise on the best possible management strategies for mitigating N2O emissions and
reducing the impact of croplands on climate change.
1. Introduction

Background N2O emissions (BNE) are emissions from soils that
have received no N fertiliser during the current growing season
or year.1,2 BNE contribute to the total N2O emissions and are
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vital for accurately quantifying N2O emission factors from
agricultural and natural ecosystems.3–5 A review study high-
lighted the importance of including the non-growing season
when compiling national N2O inventories and selecting miti-
gation strategies.6 Therefore, it is essential to quantify the BNE
throughout the year. Previous studies reported annual BNE
values for Chinese croplands range from 0.93 to 1.43 kg N–N2O
ha�1.7–9 Moreover, other studies found that BNE from some
arable crops in China accounted for 5–41% and 26–30% of total
fertilised treatments N2O ux, respectively.10,11 Aliyu et al.12 re-
ported that climate change during this century is gradually
increasing total BNE for Chinese croplands from 120.59 � 0.69
to 142.42 � 0.78 Gg N year�1. Furthermore, the BNE played an
important role in estimating total N2O emissions, especially for
dry land.9 However, globally, a BNE value of 1.1 kg N2O–N ha�1

for croplands was reported by.13 The IPCC set an overall annual
Environ. Sci.: Atmos., 2022, 2, 563–573 | 563
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default value of 1 kg N2O–N ha�1 for BNE.1,14 However, many
countries, e.g. Japan, Denmark, the Netherlands, Australia,
Canada, Sweden and Germany, have BNE values for croplands,
which are higher/lower than the IPCC default value.8,15 This
could lead to an under/over-estimation of the total N2O emis-
sions from croplands. Further, to avoid uncertainty, the BNE
from Chinese croplands should be estimated for each crop type
separately and proportion of planting areas should be consid-
ered when BNE is calculated nationally.
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In China, farmers oen overuse synthetic N fertiliser by 30 to
40%,16 to maximise crop yields, and sometimes apply low-
efficiency N fertilisers.17–19 Such activities may result in higher
BNE values in subsequent seasons/years. However, this overuse
of N fertilizer has recently declined due to the government policy
of zero growth in N fertilizer and pesticide and the widespread
use of nationwide technological applications.20,21 Additionally,
human activities that disturb soils and change their properties
(e.g. bulk density (BD) and soil microclimate (e.g. soil tempera-
ture and moisture)) can stimulate the BNE.22 Moreover, appli-
cation of animal manure in croplands can signicantly increase
BNE. In a long-term experiment using compost, Ding et al.2

observed an increase of 106% in the BNE values from croplands.
Soil characteristics, climate and management parameters

that impact soil nitrication and denitrication rates play an
important role in determining the BNE values (Smith et al.,
2008).13 found that the main drivers for BNE were soil pH,
soil N, atmospheric N deposition, soil volumetric water content,
and soil temperature. However, an important factor underpin-
ning these processes is the mineralization of soil organic matter
(SOM), which contributes to the microbially available N pool
through the release of NH3/NH4

+.3 Abdalla et al.23 found that
peak N2O emission from control plots (i.e. zero N fertiliser)
occurred when high air temperature and precipitation were
observed. Under continuously anaerobic conditions, BNE are
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the Institute of Ecology & Earth
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Fig. 1 Map showing the main agroecosystem regions of China with
locations of experimental sites of cereal, rice and vegetables consid-
ered in this paper.
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reduced to N2 before being released to the atmosphere.24

Emissions of BNE vary across sites and seasons, because they
are strongly dependent on soil properties, management prac-
tices and climatic conditions.7,25

Previous studies found that crop types have great impacts on
BNE due to different crop management, quantities and quali-
ties of yield and crop residues.26 Higher annual BNE rates from
Chinese eld vegetables, compared to other crop systems, were
reported by many studies (e.g. 7, 9). However, Min et al.27 re-
ported seven times greater N2O emissions from greenhouse
vegetables compared to a rice-wheat system in the same area
and on the same soils. Moreover, Powlson et al.20 and Wang
et al.28 noted the need for detailed high resolution N2O emission
data by crop type, land use and technology development to
clarify the change in the emissions and inform the progress
towards realistic and cost-effective mitigation pathways. Inves-
tigating the impacts of crop type, management and soil quality
indicators on BNE from Chinese croplands is crucial to reduce
uncertainty and have accurate national and regional inventories
for total N2O emissions. The main aim of this quantitative
review and analysis is to estimate annual and total BNE and
investigate the impacts of crop type for the Chinese cropland
soils. Likewise, we assess the effects of soil quality indicators
and management on BNE from soils.

2. Materials and methods
2.1. Data collection

This review covered the main arable crops in China (i.e. wheat,
maize, rice and vegetables). We performed a comprehensive
search on the Web of Science database (accessed between
November 2019 and February 2022) using the keywords: back-
ground N2O, nitrous oxide, croplands, greenhouse gas emissions
and China. To assess publication bias we also searched for any
unpublished or grey literature data. To have the best possible
coverage, we also checked all references in the papers found in
the Web of Science search. The BNE data collected covered all
studies with annual, seasonal and rotational cumulative uxes.
Two types of data were excluded from this quantitative review
and analysis: (i) observations without replicated measurements
of BNE, (ii) data from laboratory, pot or greenhouse experiments.
Our searches resulted in 146 published papers investigating BNE
and the inuence of soil properties and environmental factors on
emissions but no un-published or grey literature data were
found. We divided the studies into three categories depending
on crop type: cereals (wheat and maize), rice and vegetables.
Although rice is a cereal, it was put in a separate category due to
the differences in its growth and management practices. These
studies were carried out at 378 sites (119 on cereals, 94 on rice
and 61 on vegetables) from different crops, management systems
and agricultural regions across China (Fig. 1 and Table S1†). The
typical growing seasons for maize, wheat and rice are 114, 245
and 121 days. The studies with 330 days or more durations were
considered full years. We calculated the annual ux for each crop
type when not given by the original papers. Here, the average
daily BNE from studies that have annual ux26 was multiplied by
the length of the fallow period and added to the seasonal ux.We
© 2022 The Author(s). Published by the Royal Society of Chemistry
considered the minor errors acceptable, as no N fertilisers were
involved. The environmental (average temperature and precipi-
tation) and management (previous N fertiliser rate, tillage, irri-
gation, liming and drainage) factors for each crop were also
analysed separately. Coordinates, annual mean climatic condi-
tions as well as soil characteristics, cumulative BNE (kg N ha�1),
study duration, replication and grain yield (t ha�1) are shown in
Table S1†.
2.2 Estimation of total BNE

We used the annual average area of croplands in China, 2000–
2019 of approximately 110 million hectares (62, 30 and 18
million ha for cereals, rice and vegetables, respectively) to
extrapolate the overall annual BNE and the total national
annual BNE.29 We used the proportional planting area of each
crop type to calculate an overall national annual BNE for China.
2.3 Methods for measuring BNE, microclimate and soil
properties

All BNE data were derived using the closed static chamber
method. Static chambers of different sizes (range from 0.02 to
0.8 m3), shapes (square, round) and materials (plastic, steel),
were applied. Measurement periods of BNE ranged from one
season to one year with 3 to 5 replications. Microclimate data
(i.e. temperature, precipitation) were collected from weather
stations at the eld sites or sites nearby. Different methods were
applied to quantify soil pH (e.g. pH probe or meter in deionized
water or 0.01 M CaCl2 in 1 : 1 and 1 : 2 or 1 : 5 (v/v)) soils:
solution ratios. For the different studies, different methods
Environ. Sci.: Atmos., 2022, 2, 563–573 | 565

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ea00033d


Fig. 2 (a) Boxplot of daily background nitrous oxide emissions (BNE) (g
N2O–N) from different crop categories (cereals, rice and vegetables)
and (b) histogram of distribution of the daily BNE at these crop
categories.
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were used to measure soil pH, for example, using a pH probe or
meter in deionised water or 0.01 M CaCl2 in 1 : 1 and 1 : 2 or
1 : 5 v/v soil:solution ratios. We made no adjustment for
analytical methods used for soil pH, and where a range of values
were reported, we took the arithmetic mean.

2.4 Yield- and area-scaled total emissions of BNE

We have calculated the yield- and area-scaled of BNE. The yield-
scaled BNE are the N2O emissions as a function of crop yield
(i.e. BNE produced per unit of grain yield) whilst the area-scaled
BNE are the N2O emissions as a function of area (i.e. BNE
produced per ha). To estimate the yield-scaled emissions for
cereals, rice and vegetables we divided the average annual BNE
by the average annual grain yield in each case. The yield- and
area-scaled total emissions, in kg CO2 eq. Mg�1 and or kg CO2

eq. ha�1, respectively, of BNE were calculated using the global
warming potential (GWP) over a 100 year time horizon of 273.30

2.5 Data analysis

We used R, version 4.1.2, to explore, harmonise, analyse and
visualise the data.31 Missing data patterns (i.e. 11% of the data;
Table S2 and Fig. S1†) were identied and explored using the
packages “naniar” version 0.6.132 and “VIM” version 6.1.1.33 The
package “missRanger” version 2.1.3 algorithmwas used to impute
missing values34 and it was repeated 99 times to account for
uncertainties in predictions. Further, we performed 100 replica-
tions of the random forest analysis using the package “Boruta”
version 7.0.035 to determine which of the climate, soil, plant and
management parameters best predicted the change in BNE. A
linear mixed-effects model (LMM) was applied to test differences
in daily and annual and national BNE, yield- and area-scaled
emissions between crop categories using the “lmer” method
(version 1.1-27.1),36 while p-values were calculated in order to
conrm the signicance of the relationships using the “lmerTest”
package version 3.1-3.37 We performed LMMs of different vari-
ables against the logarithm of annual BNE. Only comparable
studies were selected through the comprehensive literature
research described in Sections 2.1 and 2.2. In addition, different
scaling methods were used to normalise data (see Section 2.3).
LMM approach was applied for the meta-analysis of the collected
data following the principles of ref. 38. To evaluate the relation-
ships between annual background nitrous oxide emissions and
environmental parameters, the maximal information-based
nonparametric exploration (MINE) approach was applied and
the maximal information coefficient (MIC) was calculated39 using
the package “minerva” version 1.5 � 10.40 MIC captures rela-
tionship strength, and the higher MIC-R2 is, the more non-linear
is the relationship.

3. Results and discussion
3.1 Daily, annual and total national BNE from Chinese
croplands

Unlike previous studies which compared the BNE of different land
use systems, in this quantitative review and analysis, we investi-
gated the impacts of crop type, management and soil quality
566 | Environ. Sci.: Atmos., 2022, 2, 563–573
indicators on the BNE. As shown in Fig. 1, most of the data
collected were from the central and eastern parts of China, where
most of the arable lands are located. However, although soil can
act as a source or a sink for BNE,41 all data collected in this study
represent a source (Table S1†). This reects the importance of
croplands as a source of BNE. Most daily BNE values were #5 g
N2O–N ha�1 with few $10 g N2O–N ha�1 or #1 g N2O–N ha�1

(Fig. 2). The calculated daily average BNE values (mean� standard
deviation; g N2O–Nha�1 day�1) were 1.32� 1.16 for cereals, 3.64�
3.84 for rice and 10.68 � 16.22 for vegetables. The annual BNE for
cereals, rice and vegetables were 0.98 � 0.83, 1.11 � 0.49 and 2.86
� 2.33 kg N–N2O ha�1, respectively (Table 1). In both cases (daily
and annual), the BNE values from vegetables were statistically
signicantly higher (p < 0.05) compared to those from cereals and
rice crops. Thus, using the IPCC default BNE value of 1 kg N2O–N
can result in signicant underestimations of total N2O from
vegetables in China. The overall average annual BNE value from
Chinese croplands without considering the proportion of planting
area was 1.6 � 1.2 kg N–N2O ha�1. However, considering the
proportion of annual planting areas of 62, 30 and 18million ha for
cereals, rice and vegetables, respectively, resulted in a signicant
lower overall annual BNE value of 0.69� 0.52 kg N–N2O ha�1. This
highlights the importance of considering crop type and the
proportion of planting area when calculating national BNE.
Previous studies reported annual BNE values for Chinese agricul-
ture range from 0.93 to 1.43 kg N–N2O ha�1.7,8 Higher annual BNE
values of 4.7 and 5.89 kg N2O–Nha�1 fromChinese rice paddy and
dry land, respectively, were also reported.9 Additionally, Aliyu
et al.12 calculated a BNE value of 0.53 kg N ha�1 year�1 for the cold
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Statistical comparisons (LMM) of background nitrous oxide emissions (BNE) from the cereal, rice and vegetable crops.N is the number of
studies; stdev is the standard deviation. Horizontal values with different letters are statistically significantly different (p < 0.05)

BNE

Cereals Rice Vegetables

Mean stdev N Mean stdev N Mean stdev N

Daily BNE (g N2O–N) 3.82b 4.98 198 3.64b 3.84 88 10.68a 16.22 60
Annual BNE (kg N2O–N) 0.98b 0.83 197 1.11b 0.49 94 2.86a 2.34 61
National BNE (Gg N2O–N) 60.94a 51.62 197 32.82c 14.48 94 52.52b 42.94 61
Area-scaled BNE (kg CO2 eq. ha

�1) 246.6c 154.9 94 275.3b 131.2 46 784.4a 710.9 19
Yield-scaled BNE (kg CO2 eq. Mg�1) 79.10b 88.79 94 60.41c 102.1 46 83.46a 208.2 19
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temperate zone, and Gu et al.42 reported a value of 1.35 kg N–N2O
ha�1 for the cultivated mineral soils in China. However, global
annual BNE values (kg N–N2O ha�1) of 1.42 for vegetable/fruits
crops, 1.06 for cereal elds and 0.82 for rice paddy were re-
ported.13 The differences between these studies were due to the
data, approaches and methods used.11 Most of these estimated
annual BNE rates are greater than the IPCC annual default value of
1 kg N2O–N ha�1 (14). However, our calculated annual BNE rate
from Chinese croplands is lower than the IPCC default value
and than those calculated for croplands in Japan (2.20),
Denmark (2.95) and the Netherlands (4.56), Australia (1.25),
Canada (1.15), Sweden (1.03) and Germany (1.27).8,15 The BNE is
a sensitive factor and an essential source for creating an
inventory of cropland N2O emissions.3 Sapkota et al.10 and Gu
et al.11 reported that the total BNE represent 5–41% and 26–30%
of total fertilised treatments N2O ux from arable crops in
China, respectively. The total national annual BNE for Chinese
croplands is estimated to be 146 � 109 Gg N2O–N. This falls
within the previously estimated range of 92 to 184 Gg N2O–
N.12,13,42,43 Albeit, national annual BNE is expected to gradually
increase during this century due to the impacts of climate
change12 unless an efficient strategy to mitigate the ux is
introduced.
3.2 Impacts of crop type on the BNE

In this study, signicantly higher (p < 0.05) BNE values were
observed from vegetables compared to other crop types (Table
1). Management of frequent irrigation and higher amounts of
applied previous N fertiliser rates in vegetable crops result in
higher N residues in the soils and consequently, higher BNE.7

Our dataset showed that the average annual previous N fer-
tiliser (kg N ha�1) amounts applied in vegetables were 405
compared to 230 and 220 for cereals and rice crops, respectively.
This increases NO3

� concentration in the soil, which positively
correlated with BNE.44 Moreover, higher annual BNE rates from
Chinese vegetables, compared to other crop systems, were re-
ported by many studies.7,9,12 However, Zhang et al.45 reported an
extremely high annual BNE rate of 5.1 kg N2O–N ha�1 for
Chinese vegetables. They argued that this was due to manage-
ment especially higher amount of previous N fertiliser. Wang
et al.7 found the BNE accounted for about 29.3% of the total
direct N2O emissions from vegetable elds in China. These
higher BNE in combination with negligible amounts of soil
organic carbon addition to soil by vegetable, as most of their
© 2022 The Author(s). Published by the Royal Society of Chemistry
biomass is removed from the elds, could have serious impacts
on climate change.46 Nonetheless, the BNE from vegetables
could be mitigated by optimising irrigation and N fertiliser rate
and by using high-efficiency N fertilisers. The BNE values from
cereals and rice are different but not statistically signicantly
different. However, in some regions, e.g. north China plain,
where N fertiliser is overused or a low-efficiency fertiliser is
applied in wheat and maize, signicant N can accumulate in
soils and result in higher BNE in the subsequent years.47,48 The
BNE from ooded rice are sometimes lower and can be even
negative because of complete denitrication.49

The total national annual BNE from cereals, rice and vege-
tables of 60.9 � 51.6, 32.8 � 14.5 and 52.5 � 42.9 Gg N2O–N,
respectively, were statistically signicantly different (p < 0.05)
(Table 1). This is mainly due to the differences in the annual
BNE value and area covered by each crop type. The contribu-
tions of the three crop categories to the total national BNE are
42%, 22% and 36% for the cereals, rice and vegetables,
respectively. Thus for better estimation of total N2O emissions
the BNE should be calculated for each crop type separately. The
BNE yield- and area-scaled emissions (kg CO2 eq. ha

�1 or kg CO2

eq. Mg�1, respectively) for the cereals, rice and vegetables are
shown in Table 1. The yield-scaled BNE of 84 � 208 kg CO2 eq.
Mg�1 for vegetables was signicantly different (p < 0.05) from
the value of 60 � 102 kg CO2 eq, Mg�1 for rice but not signi-
cantly different from the value of 79 � 88 kg CO2 eq, Mg�1for
cereals. Here, as already mentioned, each crop has different
management, quantities and qualities of yield and crop resi-
dues, which affected the BNE differently.26 The signicantly
higher area-scaled BNE of 784 � 711 kg CO2 eq. ha

�1 was from
vegetables compared to 247 � 155 and 275 � 131 kg CO2 eq.
ha�1 for cereals and rice, respectively. Similar results were re-
ported by others (e.g. 7, 9, 12). Moreover, although not investi-
gated in this study, it is crucial to quantify and include BNE in
the calculations of the emission factor (EF) even for the period
of the non-growing season, as an accurate estimation of BNE is
essential for these calculations. In a review study, Shang et al.6

reported increases of 19% and 11% in the EF of vegetables and
rice, respectively, when they included the non-growing season
period in their calculations. Furthermore, Wang et al.28 re-
assessed global fertilised cropland-N2O emissions from 1961
to 2014 using EFs upscaled from eld measurements. Their
results agreed with the IPCC Tier 1 default EFs for upland crops
in 1990–2014, but gave�15% lower EF for the period1961-1989.
Environ. Sci.: Atmos., 2022, 2, 563–573 | 567
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However, they calculated a �67% larger EF for paddy rice over
the period 1961–2014. The global crop-specic N2O mitigation
potential from the decrease in N application rate without
compromising crop production of maize, wheat, rice or other
crops was investigated.50 They found that the N2O mitigation
potential for maize, wheat, rice and other crops were 54%, 43%,
69% and 65%, respectively.

3.3 Impacts of environmental and management factors on
BNE

The BNE are primarily the results of biological processes in soils
and are controlled by complex interactions between many
parameters (climate, soil, crop and management). The impor-
tance of these parameters in estimating BNE were investigated
in this study. The ranking of each parameter shows how
important it is for predicting the BNE from soils under each
crop category (Fig. 3). Additionally, the statistically signicant
relationships (p < 0.05) represented by MIC and measure of the
MIC-R2 values between annual BNE and environmental
parameters for each crop category were also presented in
Table 2. Depending on the data availability, varying degrees of
signicant associations between the different parameters e.g.
pH, BD, soil texture, soil organic carbon, soil nitrogen,
previous N fertiliser, yield and air temperature, management
and BNE from each crop category were found. Yin et al.13 re-
ported the importance of soil pH, N mineralization and soil
temperature in driving BNE from soils. Moreover, Conrad51

found the degree of spatial and temporal variation in N2O
emissions depends on interactions between many factors, e.g.
soil type, land use and climatic factors. The amounts of N and C
in the soils have a signicant inuence on the value of BNE.
Availability of larger amounts of soil N increase nitrication/
denitrication processes and results in higher BNE. The
soil N also interacts with other soil properties like soil organic
carbon, pH and BD and positively affects the BNE.8 The eld
historical N fertiliser application inuences the BNE amounts
due to residual N effects. LaHue et al.52 found a strong
Table 2 Statistically significant relationships (p < 0.05) represented by ma
the relationship (MIC-R2) values between annual background nitrous ox
and vegetable crops. MIC captures relationship strength, and the higher
studies

Parameters

Cereal Ri

MIC MIC-R2 N M

Air temperature 0.48 0.37 167
pH 0.37 0.19 195
BD 0.33 0.30 176 0.
Silt content 0.42 0.26 115
Sand content 0.39 0.38 116
Clay content 0.30 0.19 176
Soil C 0.32 0.07 192 0.
Soil N 0.38 0.18 161
Previous N fertilizer 0.31 0.29 163
Crop yield 0.47 0.31 94
Study length 0.61 0.58 197 0.
Chamber size 0.34 0.10 152

568 | Environ. Sci.: Atmos., 2022, 2, 563–573
relationship between historical N fertiliser use and N2O emis-
sions. They reported that higher extractable and potentially
mineralizable N was positively correlated with N2O emissions.
Abdalla et al.53 and Zhao et al.54 found that Chinese optimized
and alternative management cropping systems in which less N
fertiliser is used, can decrease total N2O emissions and increase
grain yield compared to the conventional cropping
management.

The disturbance of BD and soil temperature by human
activities like tillage can result in higher BNE.22 A simulation
study found that both measured and simulated BNE from the
control plots increased with increasing BD.55 According to
Abbasi and Adams,56 high BD reduces macro pore spaces and
increases water lled pore space thereby, stimulating soil
microbial activity. Additionally, increasing soil C stimulates
N2O emissions.55 Soils with higher clay content usually preserve
high soil moisture, which is favourable for higher BNE
production by nitrication, or denitrication.42,57 In contrast,
Xu et al.58 found higher clay content reduced BNE diffusion
from micro-sites to the atmosphere.

We found higher crop yield and the addition of higher
amount of biomass to soils by the crop signicantly increases
BNE. This is due to the regulating process of soil C, N avail-
ability, and microbial activities.59 A review study noticed that
crop residue decreased N2O emissions by 17.3% in the ooded
rice but increased them by 21.5% for upland crops.60 In
contrast, other studies, e.g.Ma et al.,61 reported some inhibitory
effects of crop residues. High temperature is also an important
parameter that increases the BNE by increasing the emission
rate of microbial activity in the soils or because of thawing/
freezing events.8,62 Temperature also increases the decomposi-
tion of soil organic matter and microbial responses to other
management and environmental parameters (e.g. rainfall).63,64

Under higher temperatures the respiratory sink for O2

increases, leading to a higher anaerobic fraction and, thereby,
higher BNE.65 This suggests that global warming will have
strong and clear positive feedback on the BNE from Chinese
ximal information coefficient (MIC) andmeasure of the non-linearity of
ide emissions (BNE) and environmental parameters for the cereal, rice
MIC-R2 is, the more non-linear the relationship is. N is the number of

ce Vegetable

IC MIC-R2 N MIC MIC-R2 N

0.50 �0.39 59
40 0.37 68 0.50 0.34 56

40 0.23 81

0.59 0.51 54
0.59 0.18 19

39 �0.02 78
0.50 �0.39 43

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Random forest analysis results for cereals (a) (n ¼ 119), rice (b) (n ¼ 49), and vegetables (c) (n ¼ 39) by different variable's categories
(climate, soil characteristics, crop, management, experimental design) describing the importance of variables for changes in annual background
nitrous oxide emissions (BNE). The resulting median of importance was used to order parameters from highest to lowest. The variables in red
have statistically significant (p < 0.05) contributions.
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croplands.12 However, the effects of temperature on N2O emis-
sions in a fertilised eld can be masked by the applied N fer-
tiliser.66 Further, the experimental parameters like study length
and number of replicates increase the precision of measure-
ments and play an important role in the accuracy of the BNE
values. In a N2O study, Flechard et al.67 compared longer N2O
measurements with shorter duration ones and found that
spatial and temporal variability may contribute to uncertainties
of �50% in the annual ux estimates. Thus, it is important to
understand all these factors to develop efficient mitigation
strategies and select an appropriate model for accounting and
reporting of the BNE and total N2O from Chinese croplands.68

This study ndings conrm that to mitigate BNE from
Chinese croplands, it is important to follow the nutrients
management guidelines (4Rs: right source, right rate, right
time, and right place). Adoption by farmers of a suitable fertil-
iser source and amount that matches crop needs and soil
properties would increase nutrient use efficiency and decrease
the total N2O emissions. Moreover, application of fertilisers at
the right time in the crop root zone and considering crop
demands, weather and seasonal conditions would allow the
crop to successfully access the nutrients, improve yields and
benet the environment.69
3.4 Limitations

Estimation of uncertainty is of crucial importance since it has
a large impact on management decisions. It needs to be consid-
ered by policy makers to develop strategies and policies for
emission reductions and to track the progress of these policies.
One limitation thatmay increase the uncertainty in this analysis is
that the majority of the N2O studies included were short-term
© 2022 The Author(s). Published by the Royal Society of Chemistry
experiments (1–2 years), as long-term experiments for a single
crop in Chinese croplands are scarce in the literature. The
multiple year-studies included had more than one crop. Some of
the control treatments received N fertiliser in previous season/year
and only not fertilised in the present measurement year, which
may overestimated BNE. Moreover, estimation of annual BNE
when not given in the original papers and the different experi-
mental conditions and common limitation of unbalanced
sampling and geographical distribution of sites might also
increase the uncertainty. Only a few studies from the Northwest of
the country fullled our search criteria. However, pooling obser-
vations from different conditions and geographical distributions
to obtain a general understanding has been widely used in meta-
analysis studies70,71. Further, no publication bias had been
assessed. Here, we found it challenging to access unpublished or
grey literature data due to scarcity of these data. However, unlike
other research discipline such as medicine, there is no evidence
that publication bias is a signicant issue in climate change
science,72 although, Michaels73 and Reckova and Irsova74 reported
some publication bias when using a small set of pre-dened
Journals or a small sample size of only 16 studies, respectively.
Additionally, we have used data from a range of Journals some of
them have low impact factors such as Journal of Plant Nutrition
and Soil Science (2.083) whilst others have high impact factors
such as National Science Review (17.275). To reduce uncertainty in
the total N2O emissions from the Chinese croplands, accurate
estimates of both direct N2O emissions from N fertiliser and BNE
are required. We have conservatively estimated the uncertainty, in
this analysis, due to these limitations and other approximations
and assumptions incorporated in the methods by calculating the
standard deviation for all values.
Environ. Sci.: Atmos., 2022, 2, 563–573 | 569
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4. Conclusions

This quantitative review and analysis show that crop types have
a signicant impact (p < 0.05) on the values of BNE from crop-
land soils. Daily, annual, yield- and area-scaled BNE from
vegetables are all signicantly higher (p < 0.05) than those from
other crop types. This could be mitigated by reducing the
amounts of previous N fertiliser and irrigation. Accordingly, it is
important to estimate BNE for each crop type separately and
consider the proportion of planting area for national BNE
calculations. This is essential to correctly estimate BNE for
croplands and reduce uncertainty in the total N2O emissions. It
will also support decision-makers to advise on the best possible
management strategies for mitigating N2O emissions and
reducing the impact of croplands on climate change. The BNE is
controlled by interactions of different parameters but mostly by
soil quality indicators (i.e. pH, soil N, soil C), climate and
management. To mitigate BNE, we suggest that all these factors
should be well considered.
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