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Email: jeo@agro.au.dk directly and indirectly affect nitrous oxide (N,O) emissions. As the current inventory

Crop residues are important inputs of carbon (C) and nitrogen (N) to soils and thus
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crop residues on N,O could involve distinguishing mature and immature crop residues

with distinctly different emission factors. The medium-term (years) and long-term
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1 | INTRODUCTION

Crop residues contribute substantial inputs of carbon (C) and or-
ganic nitrogen (N) to the soil (Lal, 2005) and play an important role
in the global flows of C and N through agroecosystems. Residues
originate from both above- and belowground plant materials,
which are added to soils when plants mature (e.g., annual crops
such as cereals and oilseed crops) and when harvesting or mulch-
ing crops as part of soil fertility management (e.g., cover crops and
green manures).

Crop residues are critical for sustaining cropland soil fertility
and make a major contribution to sustain soil C stocks (Carvalho
et al., 2017). However, they also contribute to nitrous oxide (N,O)
emissions directly through the addition of organic N and indirectly
by affecting microbial source processes during the formation of
N,O. Depending on the amount and fate of C and N in the resi-
dues and their contributions to N,O emissions or to the soil C and
N balance, residues might increase or decrease the greenhouse
gas (GHG) footprint of agricultural systems (Guenet et al., 2021).
There are temporal aspects to such considerations, since the ef-
fect of crop residue management on soil C levels will saturate over
time (Haas et al., 2022), whereas effects on N,O emissions will
generally persist under stable cropland management and environ-
mental conditions.

The amount of N in crop residues is used in national GHG emis-
sion inventories to estimate N,O emissions from agriculture. Resi-
dues are estimated to contribute to 9.3% of global agricultural N,O
emissions (0.72 Tg N,O-N) in 2020, according to FAOStat (2023)
with emissions having more than doubled since 1961. However, the
proportion of global N,O emissions from crop residues has been
almost constant over time. This reflects the parallel increase in N
fertilization rates and in crop yields that with fixed allometric func-
tions and N concentrations results in an increasing amount of total N
returned in crop residues.

In 2020, 22.2 Tg CO,-eq were estimated to have been released
as N,O from agricultural crop residues in the EU (EEA, 2022),

S ey

(decades) effects relate to the effects of residue management on soil N fertility and
soil physical and chemical properties, considering that these are affected by local cli-
matic and soil conditions as well as land use and management. More targeted mitiga-
tion efforts for N,O emissions, after addition of crop residues to the soil, are urgently
needed and require an improved methodology for emission accounting. This work
needs to be underpinned by research to (1) develop and validate N,O emission fac-
tors for mature and immature crop residues, (2) assess emissions from belowground
residues of terminated crops, (3) improve activity data on management of different
residue types, in particular immature residues, and (4) evaluate long-term effects of

residue addition on N,O emissions.

accounting, crop residues, immature, inventory, mature, nitrogen, nitrous oxide, soil

contributing to about 17% of direct N,O emissions from agricul-
tural soils. Nonetheless, the concerns on the accuracy of the quan-
tification of this source have largely been neglected in inventory
guidelines (Chen et al., 2013; Hergoualc'h et al., 2019), so current
estimations of N,O emissions from crop residues are associated
with some of the largest uncertainties in national GHG inventories.
These uncertainties relate to (1) the amount of residues (above- and
belowground) and N concentration of the returned residue, (2) the
magnitude of N,O emissions associated with the application of crop
residues of different biochemical quality to soils, and (3) how N,O
emissions and uncertainties differ with crop species, soils, climate,
and management practices. Recent studies suggest that the concur-
rent C and N transformations are critical for N,O emissions from
crop residues (Charles et al., 2017; Chen et al., 2013; Xia et al., 2018).

There is wide consensus in the scientific community that the
current inventory methodology that uses the N inputs in above-
and belowground crop residues as the sole determining factor for
estimating N,O emissions fails to consider the underlying factors
and processes affecting emissions (Abalos, Rittl, et al., 2022; Lash-
ermes et al., 2022; Shan & Yan, 2013). While the methodology may
well quantify the magnitude of the N,O emissions from crop resi-
due management, it likely fails to accurately consider and quantify
the different sources of emissions, thus resulting in missed oppor-
tunities for potential mitigation. Here, we explore and discuss the
shortcomings of the current approach for accounting N,O emissions
from crop residues and propose a way forward for developing an

improved methodology.

2 | CURRENT ACCOUNTING OF RESIDUES
IN INVENTORIES

The IPCC guidelines (Hergoualc'h et al., 2019) for reporting national
inventories of GHGs provide guidance for calculating the amount
of N in above- and belowground crop residues for estimating direct
and indirect N,O emissions. The IPCC has provided default values
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and relationships for a range of crop types. The methodology uses
linear relationships (slopes and intercepts, differing between crop
types) to enable estimation of crop residue biomass from yield activ-
ity data. It accounts for crop residues in annual grain and root crops,
forage crops and the renewal of pastures. However, additional non-
harvestable crops such as cover crops are not specifically included.

The IPCC 2006 guidelines (De Klein et al., 2006) stipulate a
default emission factor of 0.01kg N,O-N kg N returned in both
above- and belowground residues. The 2019 refinement of the
IPCC guidelines (Hergoualc'h et al., 2019) has updated the default
emission factors for direct N,O emissions from crop residues re-
turned to soils calculated as 0.006 N,O-N kg N for wet climates
and 0.005 N,O-N kg N for dry climates. However, direct exper-
imental measurements of N,O emissions from crop residues are
challenging as in practice such emissions always happen on top
of background soil emissions. Some of the crop residue emissions
occur directly in the first days to weeks after residue incorpora-
tion, but crop residues also contribute to N bound in soil organic
matter. There it effectively contributes to the background produc-
tion of N, O in soils, much of which originates from fertilizer N that
is recovered by crops and then returned to the soil through crop
residues (Kim et al., 2013). Background soil emissions are defined
as those that occur in the absence of the direct input from any N
fertilizer or manure, and crop residues therefore contribute sig-
nificantly to this.

3 | BIOGEOCHEMISTRY OF RESIDUE
NITROUS OXIDE EMISSIONS

Nitrous oxide emissions result primarily from the microbial processes
of nitrification and denitrification (Butterbach-Bahl et al., 2013).
Nitrification is an autotrophic oxidative aerobic process that trans-
forms ammonium (NH4*) to nitrate (NO3’). Denitrification mainly
occurs as a heterotrophic process under anaerobic conditions by
stepwise reduction of NO,™ to N, (Kraus et al., 2015). The major
controls for both processes are the substrate availability (i.e., NH4+
and NOs') and soil environmental conditions, such as soil water con-
tent, temperature, pH, labile C availability, and oxygen concentration
(Butterbach-Bahl et al., 2013; Song et al., 2019).

Crop residues recycled to the soil influence N,O emissions
in several ways, that is, by providing a source of readily available
C and N as substrates for microbial activity, and by modifying soil
structure, oxygen balance, soil moisture, and temperature (Stavi
et al., 2016). The different ways in which crop residues can influ-
ence N,O emissions reflect the complexity and the antagonisms
of their effects on soil processes involved in N,O emissions, and
they also influence the different pathways of N,O formation. While
some studies reported an increase in N,O emissions with crop res-
idues compared with nonamended soils (Shan & Yan, 2013), others
showed a decrease in emissions (Basche et al., 2014), or even no
difference between crop residues on the soil surface and bare soil
(van Kessel et al., 2013). These results show that the effects of crop

residues on N,O emissions cannot be accurately predicted simply
from the amount of N they contain, as implied in the IPCC emission
factor approach.

One of the main factors controlling N,O emissions is crop res-
idue quality, that is, its biochemical and physical characteristics
(Figure 1). These quality aspects determine the balance between N
mineralization and N immobilization (due to microbial assimilation)
during decomposition (Mary et al., 1996), as well as residue-C dy-
namics and partitioning between mineralization and stabilization
(Lashermes et al., 2016). The concomitant C and N mineralization
of crop residues will either consume or release mineral N and also
stabilize N in soil organic matter derived from microbial residues and
decomposed plant materials (Mitchell et al., 2018). This is important
for GHG emissions because it determines the partitioning between
short-term effects of residue recycling on microbial C and N trans-
formations affecting N,O emissions and medium- to long-term ef-
fects related to impacts on soil C and N stocks (Guenet et al., 2021)
and on soil physical properties that may also influence N,O emis-
sions (Ball, 2013).

Mineralization of crop residues produces NH,*, which can
subsequently be nitrified and denitrified (Figure 1). In conditions
of low soil mineral N availability, the residue-derived N can be
immediately assimilated by heterotrophic decomposing microor-
ganisms, to fulfill their N requirements in parallel to C microbial
assimilation, without any release of NH4+ or NO; into the soil, at
least in the short term. For a substrate with a high C:N ratio such
as wheat straw, N will be removed from the soil's mineral N pool to
sustain assimilation by decomposing microorganisms, and mineral
N will have little or no availability for N,O production, unless this
mineral N is provided through fertilization. For a substrate with a
low C:N ratio (e.g., the residue of N-rich crops such as vegetables
[from lettuce, cauliflower, cabbage, carrot, etc.] or biomass left on
soil from a plant harvested at immature stage [cover crops]), the
amount of N available during substrate degradation will be suffi-
cient or even exceed the microbial N requirements, and this excess
N may accumulate in the soil and be subjected to N,O production
and emission.

It is, therefore, crucial to distinguish the “nitrogen effects” of
crop residue recycling (through nitrification and denitrification,
via residue N input and the mineralization-immobilization bal-
ance) from the various “carbon effects” on heterotrophic microbial
communities and their impacts on the soil redox conditions due
to oxygen consumption, and on the physical effects influencing
soil water content and water and oxygen exchange influenced by
changes in soil physical properties (Figure 1). All these effects in-
teract with crop residue quality, placement, and spatial distribu-
tion and with the soil type. The lack of consistency reported in the
literature, of the effects of crop residues on N,O emission, could
be a consequence of “carbon effects” or the soil environment,
which make it difficult to predict emission from residue N inputs
only (Lashermes et al., 2022). Other key points are that measure-
ments on the contribution of root biomass, root turnover, root ex-

udates, and their rate of decomposition, as well as contribution
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FIGURE 1 Nitrous oxide emissions
from crop residue addition can be
considered as N effects that are
influenced by the amount added in
residues (nitrogen effects), the role

of added degradable C substrate for

the microbial N transformations, and

the effect of C mineralization on soil
oxygen depletion (carbon effects). The C
substrate also overall drives the microbial
activity, including denitrification.

Nitrogen
effects
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to medium- and long-term (background) emissions, are poorly un-
derstood and scarcely documented in both arable and particularly
grassland systems (Anthony et al., 2023).

4 | CROP RESIDUE QUALITY AND
MANAGEMENT

Cropping systems are characterized by a diversity of plant species
that contribute to a range of residue inputs to soil, reflecting grow-
ing conditions, the stage of maturity and harvest time (Bertrand
et al., 2009), and the type of plant organ (Freschet et al., 2012). The
effect of the chemical composition of plant tissues, which includes
soluble organic compounds such as nucleic acids, fatty acids and
mineral N (NOS', NH4+), and structural polymeric C compounds
such as cellulose, hemicellulose, and lignin in the plant cell walls, on
the biodegradability of crop residues is quite well established, but
still difficult to predict accurately (Bertrand et al., 2006; Machinet
etal., 2011; Talbot & Treseder, 2012). The chemical structure of crop
roots makes them less rapidly degradable than stems and leaves
(Bertrand et al., 2006; Rasse et al., 2005) with chemical structures
differentially determining C and N mineralization processes (Jensen
et al., 2005; Li et al., 2020). However, soil environmental conditions
also influence crop residue decomposition, and this may differen-
tially affect the mineralization of root and shoot residues (Tahir
etal., 2016).

Harvesting operations and the type of soil tillage determine the
location of crop residues in the soil profile and the degree of het-
erogeneity of their spatial distribution. In particular, while crop resi-
dues are incorporated into the soil to a depth depending on the type
of plowing, in no-till or reduced tillage systems, crop residues are
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left on the soil surface to form a mulch. Soil-residue contact is then
limited, making soil nutrients spatially “distant” from the residue-C
left on the soil surface, reducing the accessibility of N to decom-
posers, and the opportunity for microbial immobilization (Coppens
et al., 2006). Mulch of plant residues on the soil surface modifies the
soil's water and thermal regimes, particularly by limiting evaporation
under dry climatic conditions. These effects may stimulate microbial
activity and increase the potential for anaerobic conditions (Pinheiro
et al., 2019). At the interface with the soil, mulches represent “hot
spots” for N,O emissions, because this situation combines the mi-
crobial activity of oxygen-consuming decomposers, a source of N,
and moisture conditions favorable to denitrification (Kravchenko
et al., 2017). This effect depends on the mass and density of the
mulch and its distribution at or near the soil surface. Mulches with
N-rich residues, contained in some green manures, may also leach
soluble highly degradable N and C compounds that in the soil can be
substrates for N,O production (Thiébeau et al., 2021). Therefore, in
combination with reduced tillage or direct seeding, crop residues left
as a mulch in conservation agriculture or in semiperennial cropping
systems such as sugar cane (Sousa Junior et al., 2018) can not only
increase soil C sequestration but also enhance N,O emissions, and
in some cases overriding the C sequestration benefits on the long-
term net GHG balance (Lugato et al., 2018). Another long-term ef-
fect of enhancing soil C is the effect on soil bulk density and porosity
(Williams et al., 2017), where the lower bulk density with residue
addition generally provides better soil aeration that under some soil
conditions lowers the denitrification rate and the N,O emission po-
tential (Mutegi et al., 2010).

Crop residues in soils or on their surface can lead to significant
spatial variability in N,O emissions due to the spatial heterogeneity
in residue placement associated with crop harvesting operations,
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residue chopping, and incorporation by tillage (Staricka et al., 1991).
This creates soil zones of intense microbial activity, which lowers
oxygen concentration and enhances conditions for denitrification
and N,O emissions (Kravchenko et al., 2017; Kuntz et al., 2016; Li
et al., 2016; Song et al., 2019). This is favored by crop residues with
a high content of degradable C characterized by the neutral deter-
gent soluble fraction (primarily soluble carbohydrates; Lashermes
et al., 2022). The large spatial and temporal variation in N,O emis-
sions within microsites affected by crop residues and other factors
has led to the concept of hotspots and hot moments as key drivers
of N,O emissions in agricultural systems (Kravchenko et al., 2017;
Loecke & Robertson, 2009; Wagner-Riddle et al., 2020).

This knowledge can be used to inform the components of crop-
ping systems that are particularly at risk of large N,O emissions,
representing critical moments for N,O emissions that should be
considered for inclusion in inventories and for mitigation (Sylvester-
Bradley et al., 2015). These include:

e Autumn and winter periods where fresh crop residues remain on
the soil surface (not incorporated). In cold areas, freeze-thaw can
affect decomposition and N,O fluxes (Bleken et al., 2022).

e Incorporation of N-rich and easily decomposable cover crops
(Taghizadeh-Toosi et al., 2022). Emissions may further increase
when the incorporation of cover crops is associated with the ad-
dition of N in mineral fertilizers or manure, as may happen when
plowed in the spring (Abalos, Recous, et al., 2022).

e Cover crops that are frost-killed during winter (e.g., Brassica spe-
cies) promoting decomposition of degradable C and N compounds
and thus N,O emissions (Li et al., 2015).

e Incorporation of green crop residues after harvesting in summer
or autumn of vegetative crops, like vegetables, potatoes, and
sugar beet (Nett et al., 2015).

e Plowing of grasslands (e.g., grass-clover swards) where degrad-
able Cand N in the incorporated plant materials can support nitri-
fication and denitrification (Reinsch et al., 2018).

Given that there is inadequate activity data on crop residue man-
agement for different residue types available for these situations,
these critical moments are not currently considered in the inven-
tories, and it is also difficult to estimate their contribution to total
annual emissions from agroecosystems, although these may be sub-
stantial (Anthony et al., 2023). The critical moments are crucial for
affecting emissions in the short term; however, they also interact
with long-term changes in soil properties and with the cropping sys-

tem and fertilization regime.

5 | MODELLING NITROGEN AND CARBON
EFFECTS

Many biogeochemical models have the capability of simulating C
and N cycles in agroecosystems and associated soil N,O emissions.
They can identify effective strategies for crop residue management

(quality of incorporated crop residues, amount of material, incor-
poration depth, etc.) that lower the GHG footprint of crop produc-
tion. These models can be applied to various agricultural systems
differing in soil properties, climate, or crop rotations. Models differ
in complexity on how C and N cycles and soil N,O emissions are
simulated, thereby considering the multitude of processes involved
from residue application until the emission of GHGs, especially N,O
(Brilli et al., 2017).

Most process-based models simulate N,O emission from denitri-
fication and nitrification as influenced by substrate availability (i.e.,
NO," and NH4*) and, depending on the complexity of the model, fac-
tors that define the soil environmental conditions such as soil water
content, temperature, pH, labile C availability, and oxygen concen-
tration (Brilli et al., 2017; Butterbach-Bahl et al., 2013; Del Grosso
et al., 2006). However, the impact of residue incorporation on soil
physical properties, that is, soil pores, bulk density, and water hold-
ing capacity, is only considered by a few models (Brilli et al., 2017).
This is often the case for the effect of tillage methods on the soil
physical properties and the interaction with the incorporation of
plant residues. Ehrhardt et al. (2018) evaluated the potential of using
a process-based model ensemble to predict N,O emissions at the
field scale in arable and grassland systems and the associated un-
certainties. The nonlinear dependencies of the factors influencing
N turnover and N,O hotspots with residue management make the
handling of spatiotemporal effects particularly important for model
performance. This is still a considerable challenge because of strong
spatial variations in soil structure and distribution of substrates and
microorganisms (Chakrawal et al., 2019) as well as of crop residues at
a smaller scale than the resolution of current field scale biogeochem-
ical models (Zhang et al., 2022).

6 | IMPORTANCE FOR BACKGROUND
EMISSIONS

Understanding background N,O emissions is important, not only
because we need to accurately understand the human contribution
to GHG emissions but also because background emissions are used
in the calculation of emission factors for N,O production following
N input to agricultural systems (De Klein et al., 2006). Background
emissions in most soils will be largely derived from the mineraliza-
tion of soil organic matter and subsequent microbial N turnover pro-
cesses, including nitrification and denitrification. Some emissions
are also associated with the atmospheric deposition of reactive N.
However, the primary source of the background emissions will even-
tually be the N inputs through plant litter and animal droppings, and
regarding agricultural systems, by crop residues and manures.

From inventory and mitigation perspectives, there is a genuine
interest in quantifying background emissions to ensure that we
fully capture the anthropogenic emissions of N,O associated with
agricultural N management. Given that it is very difficult to make
direct measurements of emissions from crop residues, inventories

assume an emission factor approach to estimate the contribution
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that crop residues will make to emissions and therefore effectively
acts as a proxy for the background emission itself. The methodology
assumes that emissions from crop residues can be assessed within
1year following incorporation. Nevertheless, from experimental ev-
idence, it is known that crop residue decomposition while occurring
rapidly at first, will decline and could continue beyond 1year (Fol-
lett et al., 2007). It is equally possible that decomposition may result
in most emissions being restricted to a period of a few weeks or
months following incorporation (Badagliacca et al., 2017).

Estimates of background emissions have been derived from ex-
periments where N,O emissions have been measured in the absence
of N additions. A review showed that the magnitude of these emis-
sions from agricultural soils was around 1.1kg N,O-N ha™ year™
(Bouwman, 1996). Both global and regional analyses of background
emissions have indicated a link between land use and emissions
that could be associated with differences in site and soil properties
such as pH, bulk density, and air temperature (Aliyu et al., 2018; Kim
et al,, 2013). This suggests that long-term effects of residue addition
on N,O emissions may be mitigated by good soil management related
to soil pH (Zhu et al., 2019), drainage (Dobbie & Smith, 2006), and soil
structure (Pulido-Moncada et al., 2022). However, it also highlights a
potential tradeoff in residue management since effects of increasing
soil organic carbon can be associated with increased N,O emissions.

Drivers Short term (months)
. Residue quantit
Residue-related y
variables Residue quality
e Mineralizable N
o Degradable C
Soil pH
. Soil moisture
Environmental
modifiers
Temperature
Freeze-thaw
Residue management
. Ploughing of leys
Cropping system SRR
management

N fertilization

Hotspots / moments
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% GloballChange Biology %A | ]_EYJ—

7 | PERSPECTIVES FOR IMPROVED
ACCOUNTING AND RESEARCH GAPS

The conceptual graph in Figure 2 presents a summary of the main
drivers of N,O emissions from residues with short-, medium-, and
long-term timeframes related to influential factors and processes as
outlined in Figure 1. The N,O emissions from crop residues in the
short term are mainly associated with the quality of the residues,
where immature residues are associated with substantially larger
emissions than mature residues (Abalos, Rittl, et al., 2022). This dis-
tinction is made based on the physiological stage of the crop when
the residues are generated. However, the current accounting system
does not make this differentiation (Hergoualc'h et al., 2019). The cur-
rent inventory methodology mostly considers the residue sources
from the mature category. In contrast, several of the immature crop
residues are ignored or overlooked. This calls for revisiting the IPCC
methodology for estimating N,O emissions from crop residues, and a
potential avenue would be to distinguish mature and immature crop
residues with separate emissions factors from the two categories
(Sylvester-Bradley et al., 2015). Such a differentiation would greatly
impact the targeting of potential mitigation measures, since mature
and immature crop residues are managed and prioritized very differ-
ently by farmers (De Notaris et al., 2022).

Medium term (years) Long term (decades)

Soil organic N stock

Soil N fertility i
Soil structure
(porosity)
Soil pH Soil pH
Soil moisture Soil moisture
Temperature Temperature
Crop sequences Tillage
N fertilization Soil cover

FIGURE 2 Drivers of nitrous oxide emissions from crop residues in the short (months), medium (years), and long term (decades) and how

this may be influenced by management.
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Crop residue amendment has implications for soil fertility in the
medium term, including potential effects on soil N fertility that af-
fects the need for application of N fertilizer, particularly the use of
immature N-rich residues and grass leys (Pullens et al., 2021). This
will affect the use of N fertilizer, but these effects on N,O emissions
are already well described in the IPCC emission inventory method-
ology. Long-term effects of residue management potentially affect
background emissions by influencing the mineralization from the
soil organic N stock. However, this is modified by the effects of re-
turning organic matter on soil structure and porosity with lower soil
bulk density following residue application, which tends to reduce
emissions.

The effects of crop residue quality on N,O emissions are
known to be linked to soil type and soil properties, as well as the
method and timing of residue incorporation in soil (Abalos, Re-
cous, et al., 2022). Crop residue management is only to a very
limited extent included as part of policy measures to reduce ag-
ricultural GHG emissions. Emission reductions can only be effec-
tively incentivized and implemented as mitigation measures, if
there are documented and verified effects reflected in national
inventories and if uncertainties can be significantly reduced. Such
efforts require focus on the critical moments for N,O emission
identified above.

We suggest that differentiating between mature and immature
crop residues may greatly improve the accuracy of the emissions
accounting and that this may lower the barriers for adoption of
effective mitigation technologies. However, there are still many
research gaps to overcome for achieving improved accuracy and
applicability of the accounting for mitigating N,O emissions from
crop residues, including (1) validated emission factors for mature
and immature crop residues, (2) improved knowledge on emissions
from belowground residues and the importance of belowground
residue quality for N,O emissions, (3) improved activity data on
residue management, including methodologies to quantifying
amounts of different residue types, (4) improved information on
the influence of environmental conditions, (5) improved data on
long-term effects of residue addition on N,O emissions, and (6)
improved representation of the micro-scale spatial heterogeneity
in simulation models for simulating N,O emissions associated with

residue management.

8 | CONCLUSIONS

There is considerable evidence that N,O emissions from crop resi-
dues applied to soil are affected by the biochemical characteristics
of the residues and that both N and C contents and their manage-
ment greatly affect emissions. This is not currently accounted for in
the IPCC emission inventory methodology. A distinction between
mature and immature aboveground crop residues may be a relatively
straightforward approach that would greatly improve the accuracy
of the accounting as well as allow better targeting of suitable mitiga-
tion strategies. However, the revision of emission factors for specific

crop residues and the timing and placement of residues are likely to
require further research. Other more fundamental research gaps in
our understanding of emissions from crop residues include (1) sepa-
rating N,O emissions from residues and soil, (2) understanding and
modelling micro-scale spatial effects of C and N turnover from resi-
dues, including those from root residues, and (3) the importance of
short-term versus long-term effects of residue management, that is,
the importance of direct residue effects versus soil quality effects

of N,O emissions.
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