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• Simultaneous quantification of N losses
(N2O, NO, NH3) during residue
decomposition.

• Range of residue N emission factor for
N2O (EFN2O) exceeds IPCC value.

• Total residue N or residue C/N ratio does
not explain EFN2O variability.

• Residue properties (e.g., soluble, lignin)
control potential N trace gas emissions.

• N trace gas emissions decreased as
physiological stage of residues in-
creased.
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Crop residues may serve as a significant source of soil emissions of N2O and other trace gases. According to the
emission factors (EFs) set by the Intergovernmental Panel on Climate Change (IPCC), N2O emission is
proportional to the amount of N added by residues to the soil. However, the effects of crop residues on the source
and sink strength of agroecosystems for trace gases are regulated by their properties, such as the C andN content;
C/N ratio; lignin, cellulose, and soluble fractions; and residue humidity. In the present study, an automated dy-
namic chamber method was used in combination with soil mesocosms to simultaneously measure the effects
of nine different crop residues (oilseed rape, winter wheat, field pea, maize, potato, mustard, red clover, sugar
beet, and ryegrass) on soil respiration (CO2) and reactive N fluxes (N2O, NO, and NH3) at a high temporal
resolution. Specifically, crop residues were incorporated in the 0–4 cm topsoil layer and incubated for 60 days
at a constant temperature (15 °C) and water-filled pore space (60% WFPS). Residue incorporation immediately
and sharply increased soil N2O and CO2 emissions, but these were short-lived and returned to background levels
within respectively 10 and 30days. Themagnitude of increase in soil NOflux following residue incorporationwas
lower than that in CO2 andN2O fluxes,with peak emissions observed around day20. Overall, theN content or C/N
ratio of the applied residue could not sufficiently explain the variation in soil N2O and NO emissions. The range of
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the calculated N2O EFs over a 60-day period was −0.17 to +4.5, being wider than that proposed by the IPCC
(+0.01 to +1.1). Therefore, the residue maturity stage may be used as a simple proxy to estimate the
N2O + NO emissions from incorporated residue.

© 2021 Published by Elsevier B.V.
1. Introduction

Crop residue incorporation in soils is a key practice in agricultural
management. Residues provide organic C andN inputs to soils formain-
taining or improving the soil stocks of these elements and, ultimately,
soil health and crop productivity (Lehtinen et al., 2014; Liu et al.,
2014; Lugato et al., 2014). However, residue decomposition may result
in the formation of the hotspots of microbial N turnover processes
(Kuzyakov and Blagodatskaya, 2015) and significant losses of reactive
N compounds from soils (Baggs et al., 2000). In particular, the environ-
mentally relevant reactive gaseous N forms emitted from the incorpo-
rated residue include the potent greenhouse gas (GHG) nitrous oxide
(N2O), the tropospheric ozone-depleting gas nitric oxide (NO)
(Pilegaard, 2013), and the aerosol-forming and eutrophicating gases
ammonia (NH3) (Nemitz et al., 2009) and nitrate (NO3

−), which may
be leached from soils to water resources.

Agriculture accounts for 59%–66% of global anthropogenic N2O
emissions and 10% of anthropogenic NO emissions (Butterbach-Bahl
et al., 2009; Ciais et al., 2013; IPCC, 2019a). National GHG inventories
typically estimate N2O emissions from croplands based on emission
factors (EFs), as outlined by the Intergovernmental Panel on Climate
Change (IPCC, 2006, 2019b). Briefly, the EFN2O is multiplied by various
N inputs from the synthetic N fertilizers added, organic N sources ap-
plied (e.g., manure, compost, sewage), and residue N returned. Regard-
ing the residue N returning to soils, only two default EFN2O values for
wet and dry climates (i.e., 0.6% and 0.5%, with an uncertainty range of
0.0%–1.1%) are considered when estimating N2O emissions (IPCC,
2019b). Moreover, the EFN2O value only considers the amount and N
content of crop residues, while neglecting the potential importance of
its chemical composition and moisture content. Significant N2O
emissions following the input of crop residues with a low C/N ratio
(≤15) have been documented; meanwhile, the incorporation of
residues with a high C/N ratio (>40) produced insignificant changes
or even reduced soil N2O emissions (Akiyama et al., 2020; Li et al.,
2020; Pugesgaard et al., 2017). Specifically, the composition of organic
N and C compounds in the soluble, cellulose, and lignin-like fractions
determine the N mineralization potential of residues, and this affects
the fate of the incorporated residue N, as it may be immobilized in soil
fractions or lost to the environment through the gaseous and hydrolog-
ical pathways (Lashermes et al., 2010). The composition of easily and
slowly mineralizable organic matter significantly differs among various
residues, and fresh green materials are generally decomposed faster
than straw (Schmatz et al., 2017). Therefore, and not surprisingly, a
meta-analysis of the existing literature by Chen et al. (2013) revealed
that the EFN2O of crop residues varies widely, with cereal and legume
residues presenting lower values than vegetable residues. However,
the effects of the composition of crop residues and the resulting
interactions among mineralization, N dynamics, and N trace gas emis-
sions have rarely been explored, andmost relevant studies have charac-
terized residues based solely on their N content or C:N ratio.

While the effects of residue incorporation on soil N2O emissions have
been extensively studied, its effects on soil NO emissions have been rarely
examined. Typically, NO andN2O are interrelated in the soil N cycling pro-
cesses. Therefore, estimating the combined emissions of residue-induced
NO and N2O (NO+N2O) across different residue types would provide
insight into their integrative role in biogeochemistry. Contrary to that
for soil N2O emissions, nitrification, rather than denitrification, has been
identified as the most important process driving soil NO emissions
(Medinets et al., 2015). In a meta-analysis of nine studies, Liu et al.
2

(2017) reported that crop residue incorporation significantly decreased
soil NO emissions. Similar to the observations for N2O, the NO residue
quality affects the magnitude of emission. Akiyama et al. (2020) reported
the annual EFNO value of 1.35%–2.44% and 0% for the crop residues of
potato and cabbage. Meanwhile, Liu et al. (2011) reported the EFNO
value of 0.42% for wheat straw residues. However, there is paucity of
research addressing NO losses following management using different
types of crop residues.

Furthermore, residue decomposition in soils results in the volatiliza-
tion of ammonia (NH3), which is a precursor of secondary aerosols,
leading to haze pollution (Liu et al., 2019) as well as soil acidification
(Rennenberg and Gessler, 1999; Van Der Eerden et al., 1998) and
eutrophication (Bobbink et al., 1992) NH3 production and
volatilization are the physiochemical processes that are mainly
controlled by temperature and soil pH. They are directly linked to the
decomposition of organic matter and release of NH4

+, which remains
in equilibrium with gaseous NH3 depending on soil pH (Francis et al.,
2008). Nett et al. (2016) found that 0%–1.6% of residue N was emitted
as NH3 following the incorporation of cauliflower residues in fields
with different soil types. In addition, Xia et al. (2018) reviewed the
potential of increased NH3 volatilization following straw residue
return and concluded that residue N volatilization in the form of NH3

can mainly be attributed to the stimulation of soil nitrification/
denitrification and urease activity. However, little is known regarding
the possible effects of the chemical composition of different residue
types on NH3 volatilization loss.

To this end, the objective of the present study was to investigate the
effects of the incorporation of different crop residue types on the soil
emissions of N2O, NO, and NH3 under standardized soil environmental
conditions and to explore the link between the observed differences in
the magnitude of N trace gas emission with residue properties, includ-
ing soluble, cellulose, and lignin-like fractions. Briefly, the chemical
composition of nine crop residues varying in terms of plant species
and agricultural use was characterized according to different chemical
criteria affecting decomposition dynamics, and the residues were eval-
uated for their potential to stimulate N trace gas emissions. Since the
short-term responses of N trace gas emissions are expected following
residue incorporation into soil, an automated mesocosm system
allowing for 3-hourly flux measurements was used. Moreover, to link
the microbial activity to N turnover processes and reactive N emissions,
CO2 fluxes and soil mineral N (NO3

− and NH4
+) concentrations were

monitored throughout the incubation period. We hypothesized that in
addition to the total N content or C/N ratio of the residue, themagnitude
of and variations in soil N2O, NO, and NH3 emissions significantly
depend on the other biochemical characteristics of the residue, such as
soluble, cellulose, and lignin-like fractions. Furthermore, we hypothe-
sized that following residue incorporation, N2O emissions are greater
than NO emissions and that the N2O-to-NO emission ratio is
modulated by the composition of the cytoplasmic compounds of
residue cells (soluble) and cell-wall compounds (hemicellulose, cellu-
lose, and lignin-like fractions), as these may control the stimulating ef-
fects of residues on soil microbial activity and O2 consumption.

2. Materials and methods

2.1. Experimental design and soil and crop properties

The experiments were conducted at the laboratory facilities of IMK-
IFU, KIT, Garmisch-Partenkirchen, Germany. Topsoil (0–20 cm) was
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sampled from an arable site near Gießen, Germany (50°32′N, 8°41.3′E;
172m. a.s.l.) in the summer of 2016. The soil sampleswere then homog-
enized, air-dried, and stored at 4 °C to limit further microbial activity
during storage. The soil in this region is classified as Fluvic Gleysol
with high organic matter and clay content (Appendix A, Table 1). Addi-
tional details are described by Malique et al. (2019). At the start of the
60-day experiment, the air-dried soil samples were sieved to 6mm, ho-
mogenized, and packed into cylinders (volume: 1520.1 cm3). Briefly,
the soil material was filled in layers of 2 cm and compressed to the
bulk density of 1.3 g cm−3, until reaching the final height of 8 cm
(1317.4 g DW soil per core). For a pre-incubation period of 7 days, the
WFPS of the air-dried soil samples was first reduced to 40%. The soil
was removed by spraying the surface with deionized water multiple
times to prevent surface overflow and allow homogeneous percolation
throughout the depth of the soil column. The WFPS was controlled
gravimetrically for soil water loss twice a week and, if necessary, soil
moisture was readjusted by spraying the soil with deionized water.
The incubation temperature was maintained at 15 °C. After the 7-day
pre-incubation period, crop residue material (5.1 g DW per soil core,
equivalent to 4 t DMha−1)was incorporatedmanually into the topmost
soil layer (4 cm), and the soil was subsequently recompressed to the
bulk density of 1.3 g cm−3. In the control treatment, crop residue mate-
rial was not incorporated, but tillage was simulated, which resulted in
the mixing of the soil until the depth of 4 cm. This allowed us to distin-
guish the effects of residue incorporation from those of soil disturbance
and aeration on trace gas emissions. Following residue incorporation
(day 0), the soil moisture was adjusted to the target value of 60%
WFPS. Overall, two sets of soil cores were used and treated identically.
One set (n=3 soil cores per treatment) was used for themeasurement
of N2O, NO, NH3, and CO2 fluxes using an automated soil incubation
system (Section 2.2) and the other (n = 4 soil cores per treatment)
was used for destructive sampling to determine soil mineral N concen-
trations (Section 2.6).

The aboveground plant material of nine crops was selected for the
experiment: ryegrass (Ry), winter wheat (WW), oilseed rape (OS),
field pea (PAE), maize (Ma), potato (Po), red clover (RC), mustard
(Mu), and sugar beet (SUB). The effects of the incorporation of these
residues in soil were compared with those of the control treatment
(CO), in which crop residues were not incorporated (Appendix A,
Table 2). The different plant parts (leaves and stems, among others)
were hand-cut into pieces of 1 cm and mixed in proportions similar to
their occurrence in the field. RC, Ma, and Ry materials were obtained
from the field experimental site at the Norwegian University of Life Sci-
ences in Ås, Norway and the remaining materials were obtained from
the experimental site at the INRAE in Estrées-Mons in July 2017. After
harvesting, the plant material was dried at 35 °C under ventilation to
prevent further ripening, and the residual humidity was determined
by drying the samples at 80 °C. Depending on the crop residue type
and maturity stage during harvest, the plant material was rehydrated
to two pre-defined water content levels (80% or 20%) before incorpora-
tion; these values are typical for residues either incorporated at the
green stage during their vegetative growth and physiological maturity
or at the senescent stage following full ripening, respectively (Appendix
A, Table 2). Using ground material (80 μm), the biochemical character-
istics of each residue type were determined in triplicate in the laborato-
ries at the INRAE. Specifically, the total C and N content was determined
using elemental analysis (NA2000, Fisons Instruments,Milan, Italy). The
water-soluble organic C (SWC) and dissolved N (SWN) content of the
residue was determined by aqueous extraction (30 min, 20 °C). The
SWC content of the aqueous extract was quantified using an auto-
analyzer (1010, O.I. Analytical Aurora Model 1030), and the SWN con-
tentwas determined through dry combustion according to the standard
NF EN 12260 (AFNOR, 2004). The N-NH4

+ and N-NO3
− content was

measured using continuous-flow colorimetry. Then, the chemical com-
position was determined using two-step proximate analysis (Goering
and Van Soest, 1970). In the first step, the soluble compounds (SOL-
3

VS) were extracted from 1 mm ground plant material in hot water
(30 min, 100 °C) and then in neutral detergent (1 h, 100 °C). In the sec-
ond step, concentrated H2SO4 (72%) was used for the selective
extraction of acid detergent fiber (ADF) material, and the final mass of
the non-extractable material was considered acid detergent lignin
(ADL). Ash content was measured at 550 °C for 4 h. The resulting ex-
tractswere then successively subtracted to determine the hemicellulose
(HEM = NDF-ADF), cellulose (CEL = ADF-ADL), and lignin (LIG =
ADL + ash) fractions as the residual material, as described previously
(Van Soest and McQueen, 1973).

2.2. Automated soil incubation system for soil N and C trace gas flux
measurements

The automated soil incubation system (Fig. 1) allows for the contin-
uous and unattended monitoring of soil–atmosphere trace gas ex-
change under controlled laboratory conditions. It encompasses a set of
18 soil cores (inner diameter: 127 mm; height, 120 mm;
polymethylmethacrylate material; SAHLBERG GmbH & Co. KG,
Germany), which are distributed among two thermostatic incubation
cabinets for temperature control at 15 °C (Lovibond ET 651-8,
Tintometer GmbH, Dortmund, Germany). A pressurized ambient air
storage tank continuously supplies air to the soil mesocosm system for
an entire measuring cycle of 180min. As the humidity of the air coming
from the pressure tank was low, it was removed with deionized water
to a relative humidity of 80% (RH/T probe HC2-S3C03, ROTRONIC
Messgeräte GmbH, Germany). The headspace air exchange for each
soil core was adjusted to 400 mL min−1 using mass flow controllers
(MFCs; Bronkhorst High-Tech B.V.) (Fig. 1). In general, the air from
the outlet of the soil cores is directed toward acid traps to capture NH3

in the air stream and, for short 6 min periods, it is redirected toward
gas analyzers to measure NO, N2O, CH4, and CO2 concentration. During
this 6 min period, the sample air is first dried with a permeation dryer
(PermaPure Inc., Lakewood, USA) before being fed to the gas analyzers
(Fig. 1). The flow rate to the gas analyzer, the overflow that was not
used for analysis, and the flow rate of the pre-analyzer tube were re-
corded using mass flow meters (MFMs) (Fig. 1). The measurements of
trace gas concentrations in the ambient background air (inlet) and in
the headspace air originating from the individual soil mesocosms as
well as periodic measurements of the calibration gas were performed
automatically following a defined sampling sequence. The sequence in-
volved continuous repetition of a 180-min cycle, in which each soil core
was sampled once for 6 min, with alternate measurements of gas con-
centrations in the ambient background air (inlet) and calibration gas.

2.3. Measurements of N2O, CO2, and NO concentrations and fluxes in the
headspace air

The N2O and CO2 mixing ratios in the sample air stream were
measured at 1 Hz using quantum cascade laser absorption
spectroscopy (QCLAS, CW-QC-TILDAS Aerodyne Research Inc., MA,
USA, acquired in 2008). The QCLAS instrument was calibrated every
2 weeks using two different sets of gas blends (N2O: 357.8 and
839.7 ppb; CO2: 452.6 ± 9.1 and 447.5 ± 9.1 ppm) in synthetic air
(80% N2 and 20% O2). The NO concentration in the sample air wasmon-
itored using a chemiluminescence detector (CLD 88 p, Eco Physics AG,
Duernten, Switzerland). Theweekly calibrationwas performed and reg-
ulated via solenoid valves with NO standard gas (4.35 ppmv NO in syn-
thetic air; Air Liquide GmbH, Germany) and synthetic air using a multi-
gas calibration system (series 6100; Environics Inc., Tolland, CT, USA).
To ensure that the trace gas concentrations were measured at the
steady-state only, the mean gas concentration, as observed in the last
20 s of the 6 min measuring cycle per soil core were used for flux rate
calculations. The flux rate was computed in a flow-through steady-
state chamber (Butterbach-Bahl et al., 1997) by calculating the differ-
ence in trace gas concentration between an empty core (ambient air)



Fig. 1. Schematic overview of the automated soil incubation system for trace gas analysis of N2O and CO2 with quantum cascade laser absorption spectroscopy (QCLAS) as well as of NO
with chemiluminescence detection (CLD) using 18 soil cores from varying crop residue treatments. Black lines represent the gas flow through 6 mm polytetrafluoroethylene tubes.
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and soil-filled core (chamber air), considering the total air mass flow,
using the following equation:

Fc ¼ Q
A
� ρ μcham − μambð Þ ð1Þ

where Fc is the trace gasflux from the soil core (nmolm−2 h−1);Q is the
flow rate (m3 s−1); A is the surface area of the soil core; ρ is the molar
density of the dry air molecules (mol m−3), calculated based on the
ideal gas equation; and μamb and μcham are the trace gas concentrations
(nmol mol−1) in the ambient and headspace air of the filled soil cores,
respectively. During periods without measurements (e.g., manual sam-
pling of NH3 volatilization and refilling of soil water), all trace gas fluxes
were linearly interpolated to obtain complete 3-hourly emission data as
the basis for the calculation of cumulative emissions.

2.4. EFs

The EFs for N2O (EFN2O) and NO (EFNO) were calculated as the
cumulative additional effects of the treatments on gaseous N emissions
(kgN ha−1) relative to that of the control treatment, divided by the total
N content of the plant residue (kg N ha−1):

EF %ð Þ ¼ cum:Ntreatment − cum:Ncontrol

residue Ntreatment

� �
� 100 ð2Þ
4

2.5. Quantification of soil NH3 volatilization

To quantify the rate of NH3 volatilization, the outflowing headspace
air was directed through individual acid traps to quantitatively capture
NH3 in the air stream. Each acid trap comprised a gas-washing bottle
(ROBU VitraPOR Borosilicate Glass 3.3, Hattert, Germany) filled with
100 mL of a 0.1 mol L−1 oxalic acid (C2H2O4) solution, which retained
the NH3 in the gas stream as dissolved NH4

+. The gas inlet to the
washing bottle was directed via a glass filter out of the borosilicate
glass. The washing solution was replaced biweekly, and NH4

+

concentration in the solution were determined colorimetrically using
the indophenol method (Bolleter et al., 1961). Cumulative NH3

volatilization was calculated based on the total amount of NH4
+

captured during the incubation period.

2.6. Measurements of soil mineral N concentrations

Soil mineral N concentrations (NO3
−-N and NH4

+-N) were measured
at −5, 0, 4, 7, 14, 28, and 60 days after crop residue incorporation by
sampling a set of soil cores that were only used for destructive
sampling but otherwise treated in the same way as the soil cores used
for gas flux measurements. Briefly, 10 g of soil was removed from the
cores and extracted with 40 mL of 1 M KCl solution. The filtered
extract was frozen until analysis at the Raiffeisen Laborservice
(Raiffeisen Rhein-Ahr-Eifel Handelsgesellschaft mbH, Ormont,
Germany). For the analysis, three subsamples were prepared from
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both the upper soil column (0–4 cm)with the crop residue amendment
and the lower soil column (4–8 cm) without the crop residue amend-
ment. However, as no significant differences in soil organic N concentra-
tions between the soil layers were noted, the data were pooled to
calculate the mean soil inorganic N concentrations for individual sam-
pling dates.

2.7. Statistical analyses

The collected data were analyzed using R (The R Foundation for Sta-
tistical Computing Platform, v3.6.3). The measured flux variables, ex-
cept N2O, passed the tests of normality and homoscedasticity. The N2O
fluxes were log-transformed and then analyzed. The significance of dif-
ferences in cumulative N2O, NO, NH3, and CO2 emissions among the
crop residue treatments was determined by one-way analysis of vari-
ance (ANOVA). When the ANOVA indicated significant differences
among treatments, Tukey's honestly significant different (HSD) post
hoc test was performed at a probability level of 5% or lower using the
Fig. 2. Soil concentrations of nitrate (A) and ammonium (B) in the 0–8 cm soil layer (mean± SE
(FP: field pea; Ma: maize; Mu: mustard; OS: oilseed rape; Po: potato; RC: red clover; Ry: ryegr

5

“agricolae” package in R. The correlation matrix (Appendix B, Fig. 3) of
the biochemical parameters of the residues was constructed using the
“corrplot” package in R. To overcome probable multi-collinearity
among the predictor parameters, principal component analysis (PCA)
andmultiple regression analysis (MRA)with sequential predictor selec-
tion was performed. PCA was performed using the base R prcomp()
function to explore the trends of associations of the gaseous N emissions
and biochemical properties of residues. MRA with stepwise back and
forward predictor selection (max n = 5) was performed using the
“caret” package in R to identify models with the best subsets of residue
biochemical parameters to predict cumulative emissions (i.e., N2O, CO2,
NO, and NH3), combined reactive N trace gas emissions (N2O+NO and
N2O + NO + NH3), and fractionation ratios (N2O:NO, N2O:CO2, and
N2O:NH3) based on the lowest model root mean square error (RMSE)
as the selection criteria. For MRA, the soil core triplicates were consid-
ered independent flux measurement units, yielding 27 observations (9
crop residues × 3 replicates) that were used to identify the subset of co-
efficients and standardized beta coefficients with the highest
; n=3)measured once before and six times during soil treatmentwith nine crop residues
ass; SB: sugar beet; WW: winter wheat) or control treatment (Co).
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explanatory power. Data were expressed as the mean ± standard error
(SE), and differences were considered significant at p < 0.05, unless
specified otherwise.

3. Results

3.1. Effects of residue incorporation on soil mineral N concentration

The dynamics of soil mineral N (NO3
− and NH4

+) content are
presented in Fig. 2. The average soil NO3

− concentration 6 h after soil
re-wetting and residue incorporation was 17.9 ± 1.0 mg N kg−1 soil
dry weight (SDW). Under the control treatment (Co), the mean soil
NO3

− concentration was 13.8 ± 0.2 mg N kg−1 SDW, showing little
change compared with the value in the dry soil before the start of the
experiment (11.8 ± 0.6 mg N kg−1 SDW). The greatest increase in soil
NO3

− concentrations to the value of 43.9± 12.5mgN kg−1 SDWwas re-
corded following the incorporation of Po. The lowest soil NO3

−

concentration was recorded in most treatments 4 days after residue
incorporation; thereafter, soil NO3

− concentration increased steadily,
reaching the maximum values in the range of 30–125 (mean: 63.2 ±
3.1) mg N kg−1 SDW 60 days after residue incorporation. At 60 days,
the soil NO3

− concentration under the control treatment was 60.1 ±
4.4 mg N kg−1 SDW.

At day 0, the mean NH4
+ concentration in the re-wetted soil follow-

ing residue incorporationwas 17.5±0.4mgN kg−1 SDW, being slightly
higher than the control value (13.9 ± 0.2 mg N kg−1 SDW) (Fig. 2).
Under most residue treatments, the peak soil NH4

+ concentration (for
Mu: up to 40.1 ± 7.1 mg N kg−1 SDW) was reordered within the first
14 days following residue incorporation. Soil NH4

+ concentrations
declined toward the end of the experimental period (day 60) to values
Fig. 3. Temporal changes in soil N2O fluxes (mean ± SE; n= 3) in response to the incorporatio
fluxes under different treatments. (B) Cumulative N2O fluxes. Arrows indicate the day of residu
cumulative N2O emission was reached. FP: field pea; Ma: maize; Mu: mustard; OS: oilseed rape
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<5 mg N kg−1 SDW, without significant differences among treatments
or between the treatments and control.

3.2. Effects of crop residue incorporation on soil N2O fluxes

Except under the Ry treatment, N2O fluxes during the pre-
incubation period were generally low (<7 μg N2O-N m−2 h−1) under
most treatments. Crop residue incorporation in the 0–4 cm topsoil
layer rapidly increased N2O fluxes, peaking within the first 3 days,
with the maximum values of up to ~6000 μg N2O-N m−2 h−1 under
the Mu and Ry treatments. Thereafter, within approximately 7 days,
soil N2O fluxes decreased to values below 50–100 μg N2O-N m−2 h−1

(Fig. 3A). Under the Ry treatment, a second period of increase in N2O
fluxes (>100 μg N2O-N m−2 h−1) was noted, starting around day 7
and lasting for approximately 3 weeks.

Cumulative N2O emissions significantly varied across the residue
treatments (Figs. 3B and 4A), ranging from 0.34 ± 0.06 (FP) to
4.01 ± 0.39 kg N2O-N ha−1 (Ry). In other words, cumulative N2O
emission from the crop residue-amended soil ranged from being 17%
lower to six times higher than that from the unamended control soil
(Co: 0.41 ± 0.11 kg N2O-N ha−1). Due to the wide variability in soil
N2O fluxes among the three replicates, significantly higher cumulative
N2O fluxes compared with the control value were only observed
under the Ry, Mu, and Po treatments (Fig. 4A). However, the effects of
residue incorporation were short-lived, and under most treatments,
>80% of total N2O emissions over the 60-day incubation period were
observed during the first 2 weeks following residue incorporation
(Fig. 3B).

The N content of the applied crop residues varied from 20 (WW and
OS) to 134 (Po) kg N ha−1 (Fig. 4B; Appendix A, Table 2). Among all
n of residues in the 4 cm topsoil layer over a 60-day incubation period. (A) Time series of
e incorporation (4 t DW ha−1).⊗ in panel (B) indicates the time at which 80% of the total
; Po: potato; RC: red clover; Ry: ryegrass; SB: sugar beet; WW: winter wheat; Co: control.



Fig. 4. Cumulative N2O emission (mean ± SE; n = 3) from soil cores with or without
residue incorporation (4 t DW ha−1) over a 60-day incubation period (A). Total amount
of residue N incorporated (B). Calculated residue N2O emission factor (C). The same
letters on bars indicate non-significant differences at p = 0.05. FP: field pea; Ma: maize;
Mu: mustard; OS: oilseed rape; Po: potato; RC: red clover; Ry: ryegrass; SB: sugar beet;
WW: winter wheat; Co: control. Overall mean ± SE (n = 9), excluding Co, is shown as
the grey bar.
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residue types, the mean EFN2O for the incorporated residue N was
1.78 ± 0.38% (Fig. 4C), with the highest value recorded under the Ry
treatment (4.5 ± 0.49%); conversely, the incorporation of FP residue re-
duced N2O emissions, with a negative EFN2O (−0.17 ± 0.15%) (Fig. 4C).

3.3. Effects of crop residue incorporation on soil NO fluxes

Contrary to N2O fluxes, which increased immediately following
residue incorporation, reaching peak emissions within the first 3 days,
soil NO fluxes increased slowly under most treatments, except for Mu
(Fig. 5). The peak NO emissions were recorded around day 20, with
7

values after residue incorporation being approximately 2–3 times
higher than those during pre-incorporation period. However, NO fluxes
returned to the background levels 40–50 days after residue incorpora-
tion (Fig. 5A). The highest soil NO fluxes and cumulative NO emissions
(Fig. 5A, B) were recorded under the Ry treatment (0.41 ± 0.13 kg
NO-N ha−1). The cumulative emission under the control treatment
was 0.07±0.01 kgNO-Nha−1. The overallmeanNOemission following
residue application was 0.23 ± 0.04 kg NO-N ha−1.

The average NO EF (EFNO) across all residue treatments was 0.34 ±
0.02% (Fig. 6B). The highest EFNO was recorded under the OS (0.73 ±
0.08%) and WW (0.78 ± 0.07%) treatments, while the incorporation of
Po and RC residues did not significantly affect soil NO emissions (EFNO
Po: 0.02 ± 0.01%; EFNO RC: 0.005 ± 0.007%) (Fig. 6B).

3.4. Effects of crop residue incorporation on NH3 volatilization

The total NH3 volatilization rate over the 60-day experimental pe-
riod following residue incorporation ranged from 2.2 to 5.4 kg N ha−1,
with the highest values recorded under the OS treatment (5.4 ±
1.2 kg NH3-N ha−1) and the lowest under the Ry treatment (1.6 ±
0.9 kg NH3-N ha−1). The rate under the control treatment was 2.4 ±
0.5 kg NH3-N ha−1. Overall, residue incorporation increased NH3

volatilization by 25.1% (Appendix B, Fig. 1). However, due to the signif-
icant variability in fluxes among the replicates, no significant effect of
residue incorporation was observed on NH3 volatilization.

3.5. Effects of crop residue incorporation on soil CO2 fluxes

The temporal dynamics of soil CO2 fluxes over the 60-day incubation
period are presented in Appendix B, Fig. 2. The CO2 flux immediately
increased after residue incorporation, with the maximum values of
soil respiration recorded under the RC treatment (629 ± 202 mg CO2-
C m−2 h−1). After the first 1–2 days, soil respiration declined exponen-
tially until the end of the experiment, with short-lived spikes of emis-
sions due to the re-adjustment of soil moisture (days 5/6, 28;
Appendix B, Fig. 2A). The cumulative soil CO2 emission from the
unamended soil (Co: 435 ± 131 kg CO2-C ha−1) was significantly
lower than that from the crop residue-amended soil, with the highest
value recorded under the Ry treatment (Appendix B, Fig. 2B). There
were no significant differences in the cumulative CO2 emission across
the plant residue treatments throughout the incubation period.

3.6. Effect of the biochemical parameters of residue on soil N trace gas fluxes
and respiration

To explore the trends of relationships of the biochemical properties
and maturity stage of residue with soil N trace gas emissions and respi-
ration, PCAwas used. The first principal component (PC1) separated the
residueswith high SOL-VS, SWC, and N on the right and thosewith high
C/N ratio and CEL on the left. The second principal component (PC2)
separated the residues with high HEM (specifically Ry) at the top and
those with high NO3

− (in particular Po residues) at the bottom. NO and
NH3 emission were not well projected in this plane. Meanwhile, N2O
and CO2 emissions were strongly and positively correlated with each
other and with the residue maturity stage (green) but negatively
correlated with LIG.

Stepwise MRA was used to further explore the relationships of the
N2O, NO, NH3, CO2 emissions with the biochemical components of
crop residues. As shown in Table 1, the SWC and LIG fractions of the res-
idue had a significant but negative effect on N2O emission, while SOL-VS
had a significant and positive effect. The NO3

− content and CEL fraction
of the residue, though not significantly, further explained the variability
in N2O emission, with an overall coefficient of determination (R2) of
0.776. The variability in cumulative NO emissions due to residue incor-
poration was best explained (R2 = 0.515) by the SOL-VS fraction (pos-
itive effect) as well as the N content, SWC content, and CEL fraction



Fig. 5. Temporal changes in soil NO fluxes (mean ± SE; n = 3) in response to the incorporation of residues in the 4 cm topsoil layer over a 60-day incubation period. (A) Time series of
fluxes under different treatments. (B) Cumulative NO fluxes. Arrows indicate the day of residue incorporation (4 t DW ha−1). ⊗ in panel (B) indicates the time at which 80% of the total
cumulative NO emission was reached. FP: field pea; Ma: maize; Mu: mustard; OS: oilseed rape; Po: potato; RC: red clover; Ry: ryegrass; SB: sugar beet; WW: winter wheat; Co; control.
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(negative effect) of the residue. The magnitude of cumulative soil NH3

volatilization was mainly dependent on the NH4
+ content of the

residue, although the overall explanatory power of the relationship
remained low (R2 = 0.2). The variability in cumulative soil respiration
among treatments was best explained (R2 = 0.866) the NO3

− content
(negative) as well as the total N and NH4

+ content and the CEL and
HEM fractions of the residue.

The residue maturity stage was not included as a variable in the ini-
tial MRA (Table 1) because our experimental design only described two
stages (i.e., green vs. senescent).When included as a categorical variable
in MRA (Table 2), the green stage was proven the key variable for
predicting N2O and NO emissions and soil respiration (CO2).

4. Discussion

4.1. Residue N content or C/N ratio alone cannot explain the variability in
soil N2O emissions

In the present study, 1.79% of the incorporated residue N was emit-
ted in the formof N2O. However, themean value did not reflect thewide
variability in EFN2O observed; as such, the EFN2O values of the
incorporated crop residue varied from −0.17 to 4.5% (Fig. 4C). Since
the residue application rate was constant at 4 t DW ha−1, the observed
variability in EFN2O may be related to the N content of the incorporated
residue, which also showed a wide range (20–134 kg N ha−1) (Fig. 4B).
However, the highest EFN2O value was recorded for WW and OS (both
20 kg N ha−1), which showed the lowest N content. Thus, parameters
other than N content must play a role in controlling N2O emissions
and warrant consideration in the estimation of EFN2O for crop residues.
8

Diverse residue types reportedly affect the magnitude of soil N2O
emission, and the high rate of soil N2O emission is affected by the C/N
ratio of the applied residues (Baggs et al., 2000; Huang et al., 2004).
Specifically, the C/N ratio of ~30 is widely accepted as the critical value
(Chen et al., 2013). Accordingly, the incorporation of residues with a
C/N ratio of <30 is expected to promote soil N availability and N2O
emission; conversely, following the incorporation of residues with a C/
N ratios exceeding 30, soil N may be immobilized, while N2O
emissions may remain unaffected or even diminish. The present study
also provides evidence for the critical C/N threshold of ~30. In the
present study, the incorporation of some residues with C/N ratios
exceeding 30 showed similar (Ma: C/N = 66) or reduced (Fp: C/N =
43) N2O emissions compared with the control treatment (Fig. 3A;
Appendix B, Fig. 4). However, the incorporation of WW or OS residues
with a C/N ratio of ~100 increased soil N2O emissions compared with
the control treatment (Fig. 3A; Appendix B, Fig. 4). Similar observations
have been reported by Li et al. (2013) for crop residues with a C/N ratio
exceeding 100, suggesting that this attribute is not a reliable predictor of
the potential of crop residue to stimulate soil N2O emission. The
inconsistent responses of soil N2O emissions to the incorporation of
crop residues with a high C/N ratio may be explained based on work
of Kravchenko et al. (2017), who showed that the incorporation of
residues with a high C/N ratio stimulated heterotrophic microbial
activity, which may lead to a depletion of O2 concentration and
thereby increasing the likelihood of soil anaerobicity and N2O
production hotspot formation.

In contrast, in the present study, the incorporation of residues with
C/N ratios below 25 (i.e., SB: 16, Po: 12, RC: 18, Mu: 16, and Ry: 23)
(Fig. 3A; Appendix B, Fig. 4) resulted 2–3 times higher soil N2O



Fig. 6. Cumulative NO emissions (mean ± SE; n = 3) from soil cores with or without
residue incorporation (4 t DW ha−1) over a 60-day incubation period (A). Calculated
residue NO emission factor (B). The same letters on bars indicate non-significant
differences at p = 0.05. FP: field pea; Ma: maize; Mu: mustard; OS: oilseed rape; Po:
potato; RC: red clover; Ry: ryegrass; SB: sugar beet; WW: winter wheat; Co: control.
Overall mean ± SE (n = 9), excluding Co, is shown as the grey bar.
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emissions than the control treatment. However, given the significant
variability in soil N2O emissions in response to the incorporation of
residues with a wide range of C/N ratios in our experiment as well as
in ameta-analysis by Charles et al. (2017), the biochemical composition
and other soil factors evidently play a role in determining the N2O
emission potential of crop residues.

4.2. Biochemical composition of the residue affects N2O emission

Depending on the crop type, the biochemical composition of the res-
idues may vary significantly in terms of the concentration of lignin
(LIG), cellulose (CEL), hemicellulose (HEM), and sugars (SOL-VS)
(e.g., Kriaučiuniene et al., 2012). These compounds present specific de-
composition rates. For instance, the decomposition of LIG is slower, re-
quiring months to years, than that of other soluble low-weight
compounds, which are decomposed within days to months (Devêvre
and Horwáth, 2000; Vanlauwe et al., 1996). Our PCA revealed the dis-
tinct separation of residues with a higher fraction of soluble compounds
(SOL-VS and SWC) and those with a higher fraction of structural com-
pounds (CEL or LIG). Furthermore, our stepwise MRA considering the
biochemical characteristics of residues showed that the SWC content
and the SOL-VS and LIG fractions are the key predictors of the potential
of crop residue to stimulate soil N2O emission (highly significant,
p < 0.001; Table 1). In addition, a greater proportion of structural
fractions, such as insoluble LIG, in the residue (e.g., WW and FP)
would reduce soil N2O emissions, possibly due to increased N immobi-
lization (Yansheng et al., 2020). As such, when microorganisms
9
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10
decompose crop residue as a source of energy and C to support their
growth and reproduction, they require N to build cellular components
(Robertson and Groffman, 2015), which limits substrate availability
for nitrification and denitrification.

The stimulating effect of residues with a high SOL-VS fraction on soil
N2O emissions was likely associated with the promotion of microbial
activity due to the enhanced sugar, starch, and protein availability.
Increased microbial activity supports the formation of anoxic hotspots
in or around the moist residue particles in soil, thus creating soil
environmental conditions conducive to high denitrification activity
and N2O production (Kravchenko et al., 2017). Our measurements of
soil respiration (Appendix B, Fig. 2) support this hypothesis: following
the incorporation of residues with high SOL-VS concentrations (RC, SB,
Mu, Po, and Ry), soil CO2 fluxes were increased greatly, whereas
following the incorporation of residueswith low SOL-VS concentrations
(FP, Ma, OS, andWW), the stimulation of soil respiration was distinctly
lower. Moreover, the rapid reduction in soil NO3

− concentration
following the incorporation of crop residues implies a high rate of
denitrification and, simultaneously, a low rate of nitrification in the
first 4 days after the amendment (Fig. 2A). This assumption was
supported by the observed increase in the soil NH4

+ concentration
during the same period (Fig. 2B).

The SOL-VS fraction and SWC content were strongly and positively
correlated, as demonstrated by the narrow projection of the two vari-
ables in the PCA biplot (Fig. 7). Although our MRA results suggested a
negative relationship between the SWC content and N2O emission
(Table 1), SWC in decomposing plantmaterial has been reported to sup-
port the formation of anoxic microsites and denitrification in agricul-
tural soils (Surey et al., 2020). The abundance of readily available
dissolved C substrates relative to the soil available N promotes denitrifi-
cation and increases the N2O-to-N2 ratio (e.g., Ingwersen et al., 1999).
According to Ingwersen et al. (1999), if the availability of SWC relative
to that of soil N is high, denitrifiers may express the complete denitrifi-
cation enzyme chain, such that N2 becomes the sole end product of
denitrification. This mechanism may explain the observed high N2O
emissions following the incorporation of the WW and OS residues,
which presented the highest C/N ratios but the lowest SWC content, in
the present study. Under these conditions, the anaerobic hotspot cre-
ated by the incorporation of residues (Kravchenko et al., 2017) may be
carbon- rather than nitrogen-limited, resulting in increased N2O
production during denitrification.

The PCA biplot (Fig. 7) revealed a strong and positive correlation be-
tween the residue stage maturity and the CO2, N2O, and NO emissions.
The residue maturity stage was not included as a variable in stepwise se-
lection in the initial MRA (Table 1), because our experimental design only
described two stages (greenvs. senescent),which donot reflect the entire
spectrum of real-world conditions. Nevertheless, when included as a cat-
egorical variable, the residuematuritywas selected as the key predictor of
CO2, NO, and N2O emissions (Table 2). Thus, the incorporation of green
residues with a moisture content of 80% significantly stimulated
microbial activity compared with the incorporation of senescent
residues with a moisture content of 20%. The inclusion of maturity as a
variable removed the SOL-VS fraction from the best subset model and
promoted the SWN and SWC content of the residue to become the signif-
icant predictors of N2O emission. Overall, our experiment indicated that
residue maturity may be used as a simple and effective method for
classification and, thus, as a proxy for the biochemical characteristics of
residues. However, the strong relationship between maturity stage and
N2O emission warrants further screening of crop residues with a wider
range of moisture levels under standardized conditions of oxygen
supply—representative of the field conditions.

4.3. Review of the IPCC EFN2O values for different crop residues

Most of the current national emission inventory methods use direct
EFN2O with a single default value of 1% for N input from organic



Fig. 7. Projection of the chemical components of the residue and the emissions of N2O, NO,
NH3, and CO2 following the incorporation of nine types of residues. Observations on the
plane defined by the first two components of principal component analysis (PCA) are
presented. The variables are represented by arrows. The coordinates of each variable
indicate the correlation coefficients on the first two principal components. The variables
are better represented in the plane when the arrow points are close to the circle. When
they are correctly represented, the correlations between parameters are stronger and the
angle between their directions is smaller. The first and second axes of PCA explained 70%
of the total variance. C: carbon content; CEL: cellulose; HEM: hemicellulose; LIG: lignin
and ash; N: nitrogen; C.N: C/N ratio; SWN: water-soluble N; SWC: water-soluble C; SOL-
VS: natural detergent fiber extract; NO3: nitrate; NH4: ammonium; maturity: senescent
vs green stage of residue at incorporation; N2O: cumulative N2O emission; NO:
cumulative NO emission; NH3: cumulative NH3 emission; CO2: cumulative CO2 emission.
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amendments (IPCC, 2006). In 2019, the IPCC revised the residue EFN2O
and suggested differentiating the effects of residue N on soil N2O
emissions in dependence of climate. The currently recommended values
of the residue N EFN2O are 0.6% (0.1–1.1%) and 0.5% (0.0–1.1%) for wet
and dry climates (IPCC, 2019b), respectively. However, under controlled
environmental conditions of the present experiment, the amount of N
supplied to the crop residue-amended soil could only partly explain the
observed N2O emissions (Table 1). In the present study, the average
EFN2O was 1.79% (−0.17 to 4.5%; Fig. 4C), which is beyond the
uncertainty range of the disaggregated IPCC value (0.1–1.1%).

Furthermore, our MRA and PCA demonstrated that the maturity
stage and the SWC and SWN fractions of the applied residue, rather
than its total N content, are the major factors driving of the potential
of the residue to promote soil N2O emissions following incorporation
(Table 2). Therefore, our findings suggest that the disaggregated EFN2O
for green vs. senescent crop residues depends on their biochemical
characteristics. However, due to the limited number of residues
investigated in the present study, providing such disaggregated factors
may be inappropriate.

4.4. Effects of crop residue incorporation on soil NO emissions

NO released fromaerobic soils ismainly produced throughmicrobial
nitrification (Russow et al., 2008), although it may also be produced
through nitrifier denitrification (Medinets et al., 2015). A meta-
analysis based on a limited number of studies, including some on crop
11
residue incorporation, reported that soil NO emissions mainly occurred
following fertilizer application (Liu et al., 2017). In thepresent study, NO
emissions did not occur in the first few days following residue incorpo-
ration, as in the case of N2O, but they peaked approximately 2–3 weeks
later, indicating that the observed stimulation of soil NO emissions was
closely linked to residue decomposition, as no such peak was observed
in the control treatment. Our stepwiseMRA showed that the cumulative
NO emissions were negatively correlated with the SWC and NH4

+

content and positively correlatedwith the SOL-VS fraction of the residue
(Table 1). Given this correlation and the delayed occurrence of the NO
emission peak, we assume that either nitrification or nitrifier denitrifi-
cation is the source of the observed NO emission. According to Wrage
et al. (2001) nitrifier denitrification can serve as the key source of soil
NO and N2O emissions at high soil N availability but low soil organic C
availability and O2 pressure. However, as the NH4

+ content of the
residuewas a negative predictor of cumulative NO emission, the impor-
tance of nitrifier denitrification as the driving process for NO peak emis-
sions remains speculative. Given that the soil NO3

− concentration
continued to increase in our experiment following a first drop after
the incorporation of residues, the most likely origin of the observed
increase in NO emissions was nitrification. This assumption was further
supported when the residue maturity stage was included in MRA and
NH4

+ became a significant positive predictor of NO emission (Table 2).
In the present study, the incorporation of crop residues stimulated

soil NOemissions comparedwith the control treatment. Across six stud-
ies in ameta-analysis by Liu et al. (2017), residue incorporation reduced
NO emissions by 9% on average. In contrast, Akiyama et al. (2020) re-
ported that in a field study, the effects of residues on soil NO fluxes
strongly differed among the residue types. For potato residues,
Akiyama et al. (2020) calculated the annual EFNO of 1.35%–2.44%,
while cabbage residue produced no significant effect (EFNO ≅ 0%). In
the present study, the EFNO over a 60-day period ranged from 0% for
Po to 0.8% for Ry (Fig. 6B), and there was negative correlation between
applied residue NH4

+ and cumulative NO emissions (Table 1). Therefore,
other residue characteristics, such as labile C fractions, should be consid-
ered in the estimations of regional or national NO emissions.

Overall, our results indicate that the incorporation of residue stimu-
lates soil NO emissions over extended periods. This finding should be
further investigated in field studies, specifically since the effects of resi-
dues on soil NO emissions remain relatively understudied and since the
contribution of biogenic NO to the regional tropospheric NOx concen-
trations and, thus, to tropospheric O3 formation, may be significant.

4.5. Crop residue incorporation increased NH3 volatilization

NH3 volatilization from crop residues is closely linked to residue
decomposition, during which ammoniacal N is released, which is both a
source of NH3 and the starting point for a range of microbial processes,
such as nitrification and denitrification, which can produce both NO and
N2O (Butterbach-Bahl et al., 2013). In a recent meta-analysis, Xia et al.
(2018) pointed out that the application of residues to soils may be a
major global source of atmospheric NH3, although the magnitude of
NH3 volatilization due to residue management largely depends on soil
texture and residue placement (e.g., mulch vs. plowing) rather than the
residue type (Nett et al., 2016). In the present study, the incorporation
of residue increased NH3 volatilization by 25% on average, ranging
between 2 and 6 kgNha−1, over 60 days (Appendix B, Fig. 1). Irrespective
of the insignificant differences among crop residues in the present study,
our MRA selected NH4

+ as a significant predictor of NH3 volatilization
following the incorporation of crop residues (Tables 1, 2).

4.6. Cumulative gaseous N losses stimulated by incorporation of crop
residue

Among theN gases studied (NO, N2O, and NH3), N2Owas on average
(60%) the dominant N trace gas stimulated by residue incorporation
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(Fig. 8). NH3 emissions accounted for 31% of the mean value; however,
depending on the residue type, NH3 volatilization was reduced (Ry,
WW, or RC).

The contribution of NO as an N loss pathway was relatively low and
did not exceed 9% in any of the treatments. Presumably, the stimulation
of denitrification after crop residue input (Li et al., 2016; Yamamoto
et al., 2017) is the reason for the high N2O emissions and the low NO
emissions, as NO is mainly formed during nitrification (Medinets et al.,
2015). The fractionation between NO and N2O was not significantly
modulated by the biochemical composition (soluble, cellulose, and
lignin-like fractions) of the residues. Following the stepwise selection
in MRA, the NO3

− content of the residue was the most important
predictor of the ratio of N2O:NO emissions.

According to a recent field study, WFPS is an important controlling
factor for NO emissions after residue input (Akiyama et al., 2020). In
general, nitrification is the predominant process when the WFPS is
below 60%, whereas denitrification becomes predominant when the
WFPS exceeds 60% (Pilegaard, 2013). In the present study, soil was
maintained at 60% WFPS; thus, the ratio of N2O:NO emission was
expected to be close to 1. However, NO made the smallest contribution
to the reactive gaseousN loss in our experiment. Cumulative gaseous re-
active N loss (N2O+NO+NH3) was strongly promoted by SOL-VS, CEL,
HEM, and NH4

+ of the residues (Table 1). Furthermore, the importance
of the maturity stage of the residues for gaseous N loss was proven
again when it was included as a variable in the multiple regression
model (Table 2). Despite the lower explanatory power of the resulting
model, the crop maturity stage as a single variable could be used as a
simple classification scheme. Likewise, the predicted combined cumula-
tive emission (N2O + NO) from residue recycling was very well (R2 =
0.838, Table 2) according to the following multiple linear regression
model:

N2Oþ NO ¼ 9:04þ 3:98�maturity green½ � þ 8:36� SWN − 1:18
� SWC − 0:09� HEM − 0:33� LIG

Overall, our results indicate that maturity can be used as a key pre-
dictor of the potential of a residue to stimulate soil gaseous reactive N
loss, although additional experiments with other soil types are
Fig. 8.Gaseous N (N2O, NO, and NH3) losses (mean± SE; n=3) from soil cores with residue in
day incubation period. FP: field pea; Ma: maize; Mu: mustard; OS: oilseed rape; Po: potato; RC
excluding Co, is shown.
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warranted for validation. Rather than the N content or C/N ratio of the
applied residue, the readily available SWC and SWN fractions positively
or negatively control the combined emission of N2O and NO. Further,
the HEM and LIG fractions in the residue material play additional roles
in controlling these emissions.

4.7. Limitations of the incubation approach

Although the present study furthered our understanding of the ef-
fects of the maturity stage and biochemical composition of residues on
soil N trace gas emissions, the incubation approach has a few limita-
tions. Briefly, the experiments were conducted with re-packed soil col-
umns, which reduces the variability of soil physicochemical
characteristics usually observed in situ. While working with sieved
and re-packed soils usually ensures an initial even distribution of mi-
crobes and a high probability that they can access their substrates
(Schnecker et al., 2019), it also results in artifacts, such as increased mi-
crobial activity. Moreover, re-wetting of dried soils further stimulates
microbial activity, resulting in a pulse of C and N mineralization
(Borken and Matzner, 2009). Furthermore, our experiment only in-
cluded a single soil type, even though the effect of residue incorporation
on soil N2O emissions may vary depending on soil properties, such as
texture (Charles et al., 2017). Finally, soil mesocosms were incubated
under standardized moisture and temperature, although these
conditions greatly vary in the field. Adjusting temperature and soil
moisture to the target values is usually followed by a period of
marked changes in soil microbial activity and soil C and N trace gas
fluxes. Therefore, we set a pre-incubation period of a week, such that
the effects of re-wetting on soil microbial activity were mostly dimin-
ished, as evidenced by the decline in soil respiration (Appendix B,
Fig. 2). Therefore, our results regarding the magnitude of the effects of
residues on soil C and N trace gas emissions are not directly transferable
to the field situation. Nonetheless, the incubation approach allowed us
to closely monitor and quantify the effects and mechanisms of residue
incorporation on soil N trace gas losses as well as soil microbial C and
N turnover processes, although the latter remain to be explored. Work-
ing with intact soil cores may further improve the transferability of re-
sults to field situations. However, this would introduce an additional
corporation (4 t DWha−1) relative to the control without residue incorporation over a 60-
: red clover; Ry: ryegrass; SB: sugar beet; WW: winter wheat. Overall mean± SE (n= 9),
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level of complexity due to small scale soil inhomogeneities, which obvi-
ously already hamper the identification of the effects of residue incorpo-
ration on soil N emissions in the field (Arias-Navarro et al., 2017;
Clemens et al., 1999; Kravchenko et al., 2017). Furthermore, future stud-
ies should explore additional N loss pathways through similar
mesocosmexperiments. Specifically, the effects of residue incorporation
on NO3

− leaching and dinitrogen (N2) emissions via denitrification
should be investigated. While hydrological N losses can be quantified
easily in mesocosm experiments, reliable quantification of soil N2

emissions remains a challenge both under field and laboratory
conditions (Wang et al., 2020). However, quantifying N2 emissions is a
prerequisite to close the N-balance; thus, to better understand the ef-
fects of residues on soil N cycling and environmental N losses, this loss
pathway should be quantified (Zistl-Schlingmann et al., 2019).

5. Conclusion

The current national emission inventory methods use a direct EFN2O,
with a single default value of 1%, for N input from organic amendments.
The 2019 amendment of the IPCC guidelines specified the EFN2O value
for crop residues is 0.5–0.6% (IPCC, 2019b). However, in the present
incubation experiment, the average EFN2O values for nine different
crop residues were beyond the given uncertainty rage of 1.79 ± 0.3%.
Therefore, the N content or C/N ratio of the applied residue alone is
not sufficient to explain the variations in N2O emissions. Additional
biochemical components, including the soluble, cellulose, and lignin
fractions, as well as the maturity stage of the incorporated residue
were analyzed to explore their relationships with the soil N2O, NO,
and NH3 emissions. The residue maturity stage may be used as a
simple proxy for gaseous N losses in clayey loamy soils. Our findings
suggest a further disaggregation of the EFN2O approach, that is,
differentiation between the green (i.e., photosynthetic active) and se-
nescent (e.g., straw) stages and consideration of the biochemical prop-
erties of the residues. The proposed EFN2O approach can contribute to
the improved reporting of GHGemissions fromcrop residues in national
inventories in the coming years. Nevertheless, further investigations on
the comparability of the results obtained with re-packed soil columns
and those obtained from in situ studies are recommended.While the in-
corporation of crop residues arguably stimulates the emission of N trace
gases from agricultural soils, this amendment is essential tomaintain or
further improve soil C stocks and soil fertility aswell as crop yield. Care-
ful residue management can help avoid potentially high N losses from
their input, such as through delayed incorporation or drying.
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