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As natural and managed terrestrial ecosystems are major

sources of the potent greenhouse gas nitrous oxide (N2O) and

of the atmospheric pollutant nitric oxide (NO), predicting the

source strengths of these ecosystems is central to

understanding and sustainably managing the N-oxides fluxes.

Here we reviewed 82 high temporal resolution datasets on N2O

and 57 on NO fluxes collected from multi-site and multi-year

field measurements, including grasslands, forests, and

agricultural crops, to assess whether soil N intensity, that is, the

time-weighted sum of soil NH4
+ and/or NO3

� concentrations,

can be used to estimate annual N-oxides emissions. We show

that soil N intensity alone can accurately predict annual N2O

and NO emissions, and that the N2O emission strength is

exponentially related to the soil inorganic N load. Thus,

measuring soil inorganic N loads should improve current

estimates of N-oxide emissions from global terrestrial

ecosystems, and open possibilities for monitoring N2O

mitigation efforts.
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Introduction
Nitrogen (N)-oxide gases (i.e. nitrous oxide [N2O] and

nitric oxide [NO]) play an important role in the biogeo-

chemical N cycling, but also have significant environ-

mental impacts [1,2]. Nitrous oxide is known as a potent

greenhouse gas (GHG) as well as the most abundant

stratospheric ozone (O3)-depleting substance [3], and

NO affects tropospheric O3 concentrations, an important

GHG and atmospheric oxidant, and aerosols through

atmospheric chemistry [4]. All of these effects contribute

to global radiative forcing. Soils are recognized as major

sources of both atmospheric N2O and NO. According to

the Fifth Assessment Report of the Intergovernmental

Panel on Climate Change [5], soils under agricultural

crops and natural vegetation contribute 5.0–13.8 Tg

N2O-N and 8.7–11.7 Tg NO-N to the atmosphere annu-

ally. Uncertainties in estimates of the source strengths of

N2O and NO are still very large, but might be narrowed if

easy to measure proxies can be used to predict soil N-

oxide fluxes [e.g. Refs. 6–9,10�].

So far, while studies have identified empirical relation-

ships to quantify soil N-oxide fluxes for individual sites,

these relationships often fail to work for other sites [11].

Relationships that were found to be sufficiently robust to

approximate emissions across sites differing widely in

environmental conditions (management, vegetation, soil

properties, and climate) remain rare and limited in their

regional and temporal scope. For example, Rochette et al.
[10�] showed that growing season N2O fluxes from Cana-

dian agricultural soils can be predicted by growing season

precipitation, soil texture (coarse, medium and fine), type

of N (synthetic and organic), and crop type (perennial and

annual), although the accuracy of this approach at larger

scales remains untested.

In soils, N-oxides emissions are closely linked to the

microbial processes of nitrification (the oxidation of ammo-

nium [NH4
+] to nitrite [NO2

�] and nitrate [NO3
�]) and

denitrification (the reduction of NO3
� and NO2

� to NO,

N2O, and dinitrogen [N2]) [12,13]. Both processes use soil

mineral N (NH4
+ and NO3

�) as substrates that originate

mainly from the mineralization of organic matter or, in

managed systems, from fertilization. Consequently, there

is a strong theoretical basis for the relationship between soil
in this publication are the sole responsibility of the authors and do not

er countries.
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2 Climate change, reactive nitrogen, food security and sustainable agriculture

Figure 1

Relationship between soil nitrate (NO3
�-N) intensity and annual nitrous

oxide (N2O) emissions across various landuses (horticulture (i.e. tea,

vegetable and orchard), different arable crops, grasslands and forests,

see Table S1) (FN2O ¼ 1:18e 0:15NO�
3 �N intensity; adj. R2 = 0.79,

P < 0.01, n = 82). The inset highlights the relationship for sites with

annual N2O fluxes < 4 kg N2O-N ha�1 yr�1 (FN2O ¼ 0:42 þ
0:18 NO�

3 �N intensity; adj: R2 ¼ 0:41; P < 0:01; n ¼
59Þ. Dotted lines represent 95% confidence bands and bars

represent � 1 standard error.
N availability, N cycling rates and N-oxide fluxes. This

context can be well described by the conceptual ‘hole-in-

the-pipe’ model [14,15], within which rates of N cycling

and N availability control the ‘size of the pipe’ (i.e. the

amount of N that is nitrified and denitrified), while the

‘sizes of the holes’ (i.e. the N-oxide losses from each

process) are controlled by factors such as soil moisture,

pH and carbon content as well as the types and quantities of

microbes (nitrifiers and denitrifiers). However, N cycling

rates and N availability (e.g. soil net N mineralization and

inorganic N concentrations) are temporally and spatially

highly variable so that in most studies only weak or no

correlations between measured N-oxide fluxes and soil

NH4
+ and/or NO3

� concentrations in cropland [e.g.

R2 = 0.08; 16], grassland [e.g. R2 = 0.04; 17�] or forest [e.

g. R2 = 0.17; 18] have been found.

However, this lack of correlation may be different if

observations are averaged across longer time intervals,

that is, at seasonal or annual time scales. The use of soil N

intensity is such an approach. N intensity (i.e. the time-

weighted sum of soil NH4
+ and/or NO3

� concentrations)

is an integrated measure indicating the longer term avail-

ability of inorganic N to the soil microbial community,

which is supposed to affect the presence and activity of

nitrifiers and denitrifiers in soils [16]. On longer time

scales, such as months to years, several studies found

strong correlations between cumulative N2O emissions

and soil NO3
�-N intensity [19–24]. However, the capac-

ity of such an approach to scale emissions across sites was

never tested. Thus, we hypothesized that soil N intensity

is a proxy that can be used to accurately scale annual soil

N2O and NO fluxes across natural and managed ecosys-

tems, and that compared to soil N intensity other soil

environmental factors mostly play a minor role for pre-

dicting annual fluxes. We tested this hypothesis by

screening the existing literature for datasets on annual

N-oxide fluxes and measured soil inorganic N concentra-

tions for various landuses, soil types, and climatic

conditions.

Data
To test our hypothesis, we compiled a database of

observed annual N2O and NO fluxes and topsoil (usually

0�10 cm) inorganic N concentrations. In total, data from

13 sites were used, mainly in China, but also including

sites in Africa, Europe, and Australia, comprising 82 treat-

ment-years (see Table S1 in the Supplementary mate-

rial). In all studies N2O and NO fluxes were measured

using either manual or automated chamber-based tech-

niques with sampling frequencies varying from subdaily

to weekly. In the selected studies, topsoil inorganic N

concentrations were determined every 1–2 weeks. In all

studies, soil inorganic N was measured by extracting soils

with a salt solution (CaCl2, KCl, or K2SO4), and measuring

the concentrations of NH4
+ and NO3

� in the extracts

colorimetrically. Soil N (NH4-N and NO3-N or the sum of
Current Opinion in Environmental Sustainability 2020, 47:1–6 
both) intensity was calculated as the integrated sum of

topsoil inorganic concentrations over a one year period

[16]. In addition to soil N intensity, N application rate,

climate (e.g. precipitation), mean soil temperature, soil

organic C, clay content, and pH were used in the regres-

sion analysis. Non-linear, linear, and stepwise multiple

regression analysis were used to test if a relationship

between soil N intensity and/ or other site characteristics

and annual N2O and/or NO fluxes exist. Statistical anal-

yses were done using the SPSS software (SPSS China,

Beijing, China).

Relationships between N intensity and annual
N-oxides emissions
Across all sites, landuses, climate and soil conditions,

stepwise multiple linear regression analysis showed that

soil NO3
�-N intensity was the most important factor

controlling N2O emissions, explaining 57% of the varia-

tion on its own and 69% of the variation when combined

with four other soil/climatic variables (see Table S2 in the

Supplementary material). However, an exponential

model using only soil NO3
�-N intensity explained 79%

of the variation in annual N2O emissions (Figure 1); 10%

more variation than the 5-factor multiple linear regres-

sion. Correlations with individual soil properties (e.g. soil

pH or clay content) alone were not significant (P > 0.05),

but the addition of soil pH and clay content improved the

exponential model with soil NO3
�-N intensity,
www.sciencedirect.com



Soil N intensity as driver of annual N2O and NO fluxes from terrestrial ecosystems Yao et al. 3

Figure 2

Relationship between (a) N application rate or (b) soil nitrate (NO3
�-N) intensity and annual nitrous oxide (N2O) emissions for sites receiving N-

fertilizers, that is, horticulture (i.e. tea, vegetable and orchard) and arable cropping sites (see Table S1). Dotted lines represent 95% confidence

bands and bars represent � 1 standard error.
explaining 87% of the variability in annual N2O emissions

(see Figure S1 in the Supplementary material).

If the sites and observation years with annual N2O emis-

sions > 4 kg N2O-N ha�1 yr�1 are excluded (i.e. excluding

observations from intensively fertilized [>200 kg N ha�1

yr�1] horticultural sites such as tea, vegetable and orchard

fields), the relationship between annual N2O emissions and

soil NO3
�-N intensity changes from non-linear to a linear

relationship (Adj: R2 ¼ 0:41; P < 0:01; n ¼ 59; Fig-

ure 1). For the agricultural fields (i.e. horticulture and

different arable crops), there was also a positive correla-

tion between N application rate and annual N2O emis-

sions (i.e. the IPCC approach); however, this resulted in a

lower R2 as compared to the relationship of annual soil

N2O emissions with soil NO3–N intensity (i.e. Adj.

R2 = 0.66 versus 0.78, Figure 2).

Similar to N2O, stepwise regression analysis showed that

annual NO fluxes correlated most closely with soil NH4
+-

N intensity (Adj. R2 = 0.94, P < 0.01, n = 57; see Figure 3

and Table S2 in the Supplementary material). Weaker,

but significant, negative correlations were found between

soil pH and annual NO emissions (Adj. R2 = 0.37,

P < 0.01, n = 57) and soil clay content and annual NO

emissions (Adj. R2 = 0.24, P < 0.01, n = 57). However,

including all parameters in a multiple regression analysis

did not result in an improved model as compared to the

relationship with soil NH4
+-N intensity alone. Observa-

tions with high soil NO fluxes (> 4 kg NO-N ha�1 yr�1)

were mainly from tea and forest sites that are typically
www.sciencedirect.com 
acidic [pH < 5.5; 25,26,27], which drives NO formation

via chemo-denitrification rather than by nitrification [28].

Unlike with the N2O emissions, excluding these high

emitting sites did not significantly change the relationship

between NH4
+-N intensity and annual NO emissions,

but only reduced the R2 value (Adj. R2 = 0.28, P < 0.01,

n = 49; Figure 3).

Information on soil N (NH4
++NO3

�) intensity can also be

efficiently used to predict the sum of annual N2O + NO

emissions (Adj. R2 = 0.62, P < 0.01, n = 57; see Table S2

in the supplementary material and Figure 4). Similar to

the NO, there were negative relationships between

annual N2O + NO emissions and both soil pH (Adj.

R2 = 0.18, P < 0.01, n = 57) and clay content (Adj.

R2 = 0.14, P < 0.01, n = 57). Total water input (precipita-

tion plus irrigation water) was also weakly, but positively

correlated to annual N2O + NO emissions (Adj. R2 = 0.13,

P < 0.01, n = 57). However, the only significant parame-

ters determined by the stepwise regression were water

input and soil inorganic N intensity (Adj. R2 = 0.69,

P < 0.01, n = 57; see Table S2 and Figure S2 in the

Supplementary material). Limiting the regression analy-

sis to observations with annual N2O + NO fluxes <8 kg N

ha�1 yr�1 did not significantly change the equation

(FN2OþNO ¼ 0:81 þ 0:27xInorganic N intensity) but only

resulted in a lower R2 (Adj. R2 = 0.47, P < 0.01, n = 41).

Perspective and implications
Here we show for the first time that the integrated sum of

soil inorganic N concentrations and annual N2O as well as
Current Opinion in Environmental Sustainability 2020, 47:1–6
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Figure 3

Relationship between soil ammonium (NH4
+-N) intensity and annual

nitric oxide (NO) emissions across sites with various landuses:

horticulture (i.e. tea, vegetable and orchard), arable crops, grasslands

and forests (see Table S1) (i.e. FNO ¼ 0:35 þ 0:30 NHþ
4

�N intensity; adj: R2 ¼ 0:94; P < 0:01; n ¼ 57Þ. The inset

highlights the relationship for low NO-emitting points < 4 kg NO-N

ha�1 yr�1 (i.e. FNO ¼ 0:69 þ 0:17 NHþ
4 �N intensity; adj: R2 ¼

0:28; P < 0:01; n ¼ 49Þ. Dotted lines represent 95% confidence

bands and bars represent � 1 standard error.

Figure 4

Relationship between soil inorganic N (NO3
� + NH4

+) intensity and

annual N2O + NO emissions across various landuses (horticulture (i.e.

tea, vegetable and orchard), arable crops, grasslands and forests in

Table S1) (FN2OþNO ¼ � 0:10þ0:58Inorganic N intensity; adj.

R2 = 0.62, P < 0.01, n = 57). The inset highlights the relationship for

low N2O + NO-emitting points < 8 kg N ha-1 yr-1

(FN2OþNO ¼ 0:81 þ 0:27Inorganic N intensity, adj. R2 = 0.47,

P < 0.01, n = 41). Dotted lines represent 95% confidence bands and

bars represent � 1 standard error.
NO emissions are closely related across a wide variety of

sites, landuses, soil conditions, climate and, thus, soil

environmental conditions. Such a relationship had been

proposed earlier [14,15], although previous studies have
Current Opinion in Environmental Sustainability 2020, 47:1–6 
mostly failed to demonstrate a close link between soil

inorganic N concentrations and instantaneous in-situ

N2O fluxes. The lack of correlation between instanta-

neous fluxes and inorganic N concentrations is because

denitrification, which dominates N2O production in agri-

cultural systems [29,30], and requires the combination of

anaerobic conditions and the presence of an electron

donor as well as a source of NO3
�. Nitrous oxide may

also be produced by nitrification, which tends to vary less

over time; however, the product ratio for nitrification is

very low [0.02 to 0.09%; 31] compared to denitrification

[�9%; 2,32]. As a result, high NO3
� concentrations alone

will not produce high N2O fluxes. But unlike many

previous studies, we did not attempt to link seasonal

dynamics or short-term emission peaks to soil inorganic

N variations, but rather used aggregated annual values

[16,19–21]. The use of aggregated inorganic N values

tends to correspond better with annual emissions because

the probability of anaerobic conditions occurring concur-

rently with sufficient NO3
� increases with greater N

intensities, likely resulting in more episodes of denitrifi-

cation. This approach is similar to the IPCC approach [33]

that estimates soil N2O emissions based on fertilizer

inputs. The non-linear relationship between soil NO3
�

intensity and N2O emissions though, seems to be as

robust as the IPCC approach (Figure 2) while better

describing the exponential increase of soil emissions of

highly fertilized soils [34–37]. Unlike the IPCC approach

though, soil NO3
� intensity can also be used to predict

fluxes from non-fertilized systems.

The strong exponential correlation between soil NO3
�

intensity and cumulative annual N2O fluxes also suggests

that reducing soil NO3
� concentrations is key to mitigat-

ing N2O fluxes. Thus, utilization of the 4R fertilization

strategy [38,39], which matches fertilizer type, applica-

tion rate, location and timing to the plant needs should

reduce N2O emissions even if fertilizer N application

rates remain high. Also, the utilization of plant species

that can improve N use efficiency [e.g. using plant trait-

based approaches such as species mixtures for grasslands

and cover crops, intercropping systems, diversified crop

rotations and breeding programs, 40��] or inhibit nitrifi-

cation [e.g. through biological nitrification inhibition –

BNI, 41] should also reduce soil NO3
� intensities and

hence N2O fluxes as well.

The addition of soil property information (soil texture and

pH in the case of N2O) into the model further improved

the accuracy of the estimates, explaining 87% of the

observed variability (see Figure S1). As information on

soil inorganic N concentration is easier to gather than field

GHG flux measurements, and as recent advancements in

sensor technologies that quickly and directly measure

inorganic N concentrations in the plant rooting zone come

online [42�], the approach suggested here should improve

estimates of regional N2O emissions. This could be
www.sciencedirect.com
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especially useful for estimating anthropogenic N2O emis-

sions from agriculture, forestry and other land-use activi-

ties that do not include fertilizer applications (e.g. landuse

change, forest degradation due to human activity/N satu-

ration/pollution, etc.). Furthermore, this does not only

hold for N2O, but also for NO emissions from soils, which

are a significant source for regional tropospheric NOx

concentrations.

In summary, the empirical models developed in this

study explain 79% of the variance in annual N2O emis-

sions from natural and managed ecosystems, and 94% of

the variance in annual NO fluxes. These models are

innovative in that the strong link between aggregated

inorganic N concentrations and annual N-oxide emissions

will allow us to use soil inorganic N data to support

mitigation policy and produce national inventories. In

future studies, the reliability of these models should be

verified using data external to that used to build the

model and improved by using additional datasets with

better geographical representation and temporal

distribution.

Conflict of interest statement
Nothing declared.

Acknowledgements
We thank the following persons for providing additional data not yet
published or reported elsewhere: Yanqiang Wang, Baoling Mei, and Baohua
Xie. Financial support for this work was provided by the National Key
Research and Development Program of China (Grant No.
2016YFA0600804) and the National Natural Science Foundation of China
(Grant Nos. 41977282, 41675144 and 41761144054). Additional support for
KBB was received by the Deutsche Forschungsgemeinschaft (Grant No.
BU1173/19-1). This article evolved from a workshop titled “Climate
Change, Reactive Nitrogen, Food Security and Sustainable Agriculture”
held at the Karlsruhe Institute of Technology in Garmisch-Partenkirchen,
Germany, on 15–16 April 2019, and which was sponsored by the OECD Co-
operative Research Programme: Biological Resource Management for
Sustainable Agricultural Systems whose financial support made it possible
for the authors to participate in the workshop.

Appendix A. Supplementary data
Supplementary material related to this article can be

found, in the online version, at doi:https://doi.org/10.

1016/j.cosust.2020.03.008.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

� of special interest
�� of outstanding interest

1. Williams EJ, Hutchinson GL, Fehsenfeld FC: NOx and N2O
emissions from soil. Global Biogeochem Cycles 1992, 6:351-
388.

2. Bouwman AF, Boumans LJM, Batjes NH: Emissions of N2O and
NO from fertilized fields: summary of available measurement
data. Global Biogeochem Cycles 2002, 16:1058 http://dx.doi.org/
10.1029/2001GB001811.
www.sciencedirect.com 
3. Ravishankara AR, Daniel JS, Portmann RW: Nitrous oxide (N2O):
the dominant ozone-depleting substance emitted in the 21st
century. Science 2009, 326:123-125.

4. Yao Z, Yan G, Zheng X, Wang R, Liu C, Butterbach-Bahl K:
Reducing N2O and NO emissions while sustaining crop
productivity in a Chinese vegetable-cereal double cropping
system. Environ Pollut 2017, 231:929-941.

5. IPCC: Climate change 2013: the physical science basis. In
Contribution of Working Group I to the Fifth Assessment Report of
the Intergovernmental Panel on Climate Change. Edited by Stocker
TF, Qin D, Plattner GK, Tignor MMB, Allen SK, Boschung J, Nauels
A, Xia Y, Bex V, Midgley PM. Cambridge, United Kingdom and
New York, NY, USA: Cambridge University Press; 2013. p. 1535.

6. Skiba U, Sheppard L, MacDonald J, Fowler D: Some key
environmental variables controlling nitrous oxide emissions
from agricultural and semi-natural soils in Scotland. Atmos
Environ 1998, 32:3311-3320.

7. Groffman PM, Brumme R, Butterbach-Bahl K, Dobbie KE,
Mosier AR, Ojima D, Papen H, Parton WJ, Smith KA, Wagner-
Riddle C: Evaluating annual nitrous oxide fluxes at the
ecosystem scale. Global Biogeochem Cycles 2000, 14:1061-
1070.

8. Klemedtsson L, Von Arnold K, Weslien P, Gundersen P: Soil CN
ratio as a scalar parameter to predict nitrous oxide emissions.
Global Change Biol 2005, 11:1142-1147.

9. Roelandt C, van Wesemael B, Rousevell M: Estimating annual
N2O emissions from agricultural soils in temperate climates.
Global Change Biol 2005, 11:1701-1711.

10.
�

Rochette P, Liang C, Pelster D, Bergeron O, Lemke R, Kroebel R,
MacDonald D, Yan W, Flemming C: Soil nitrous oxide emissions
from agricultural soils in Canada: exploring relationships with
soil, crop and climatic variables. Agric Ecosyst Environ 2018,
254:69-81

This paper shows that growing season N2O fluxes from Canadian agri-
cultural soils can be predicted by growing season precipitation, soil
texture (coarse, medium and fine), type of N (synthetic and organic),
and crop type (perennial and annual), which provides useful information
for guiding the development of soil N2O emission quantification in other
countries.

11. Davidson EA, Verchot LV: Testing the hole-in-the-pipe model of
nitric and nitrous oxide emissions from soils using the
TRAGNET database. Global Biogeochem Cycles 2000, 14:1035-
1043.

12. Conrad R: Soil microorganisms as controllers of atmospheric
trace gases (H2, CO, CH4, OCS, N2O and NO). Microbiol Rev
1996, 60:609-640.

13. Butterbach-Bahl K, Baggs EM, Dannenmann M, Kiese R,
Zechmeister-Boltenstern S: Nitrous oxide emissions from soils:
how well do we understand the processes and their controls?
Philos Trans R Soc B 2013, 368:20130122.

14. Firestone MK, Davidson EA: Microbiological basis of NO and
N2O production and consumption in soil. In Exchange of Trace
Gases between Terrestrial Ecosystems and the Atmosphere.
Edited by Andreae MO, Schimel DS. New York: John Wiley; 1989:7-21.

15. Davidson EA, Keller M, Erickson HE, Verchot LV, Veldkamp E:
Testing a conceptual model of soil emissions of nitrous and
nitric oxides. BioScience 2000, 50:667-680.

16. Burton DL, Li X, Grant CA: Influence of fertilizer nitrogen source
and management practice on N2O emissions from two Black
Chernozemic soils. Can J Soil Sci 2008, 88:219-227.

17.
�

Zhang H, Yao Z, Wang K, Zheng X, Ma L, Wang R, Liu C,
Zhang W, Zhu B, Tang X et al.: Annual N2O emissions from
conventionally grazed typical alpine grass meadows in the
eastern Qinghai–Tibetan Plateau. Sci Total Environ 2018,
625:885-899

This article reports for the first time that high-altitude alpine grass
meadows are marginal sources of atmospheric NO, and annual cumu-
lative N2O fluxes show a significant dependence on the aboveground net
primary productivity.

18. Rowlings D, Grace P, Kiese R, Weier K: Environmental factors
controlling temporal and spatial variability in the soil-
Current Opinion in Environmental Sustainability 2020, 47:1–6

https://doi.org/10.1016/j.cosust.2020.03.008
https://doi.org/10.1016/j.cosust.2020.03.008
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0005
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0005
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0005
http://dx.doi.org/10.1029/2001GB001811
http://dx.doi.org/10.1029/2001GB001811
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0015
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0015
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0015
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0020
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0020
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0020
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0020
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0025
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0025
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0025
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0025
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0025
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0025
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0030
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0030
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0030
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0030
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0035
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0035
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0035
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0035
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0035
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0040
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0040
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0040
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0045
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0045
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0045
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0050
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0050
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0050
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0050
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0050
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0055
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0055
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0055
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0055
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0060
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0060
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0060
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0065
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0065
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0065
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0065
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0070
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0070
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0070
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0070
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0070
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0075
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0075
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0075
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0080
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0080
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0080
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0085
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0085
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0085
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0085
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0085
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0090
http://refhub.elsevier.com/S1877-3435(20)30027-0/sbref0090


6 Climate change, reactive nitrogen, food security and sustainable agriculture
atmosphere exchange of CO2, CH4 and N2O from an Australian
subtropical rainforest. Global Change Biol 2012, 18:726-738.

19. Burton DL, Zebarth BJ, Gillam KM, MacLeod JA: Effects of split
application of fertilizer nitrogen on N2O emissions from
potatoes. Can J Soil Sci 2008, 88:229-239.

20. Zebarth BJ, Rochette P, Burton DL: N2O emissions from spring
barley production as influenced by fertilizer nitrogen rate. Can
J Soil Sci 2008, 88:197-205.

21. Zebarth BJ, Rochette P, Burton DL, Price M: Effect of fertilizer
nitrogen management on N2O emissions in commercial corn
fields. Can J Soil Sci 2008, 88:189-195.

22. Engel R, Liang DL, Wallander R, Bembenek A: Influence of urea
fertilizer placement on nitrous oxide production from a silt
loam soil. J Environ Qual 2010, 39:115-125.

23. Chantigny MH, Rochette P, Angers DA, Bittman S, Buckley K,
Masse D, Belanger G, Eriksen-Hamel N, Gasser M: Soil nitrous
oxide emissions following band-incorporation of fertilizer
nitrogen and swine manure. J Environ Qual 2010, 39:1545-1553.

24. Wanyama I, Pelster DE, Arias-Navarro C, Butterbach-Bahl K,
Verchot LV, Rufino MC: Management intensity controls soil N2O
fluxes in an Afromontane ecosystem. Sci Total Environ 2018,
624:769-780.

25. Butterbach-Bahl K, Gasche R, Willibald G, Papen H: Exchange of
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