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Abstract

Soil management strategies involving the application of organic matter
(OM) inputs (crop residues, green and livestock manure, slurry, digestate,
compost and biochar) can increase soil carbon storage but simultaneously lead
to an increase in non-CO, greenhouse gas (GHG) emissions such as
N,O. Although multiple meta-analyses have been conducted on the topic of
OM input impacts on GHG, none has focused specifically on European arable
soils. This study plugs this gap and can assist policymakers in steering
European agriculture in a more sustainable direction. The objective of this
meta-analysis was to quantify how OM inputs of different nature and quality,
but also the application strategy, can mitigate soil N,O emissions in different
pedoclimatic conditions in Europe. We quantitatively synthesised the results
of over 50 field experiments conducted in 15 European countries. Diverse ara-
ble crops, mainly cereals, were cultivated in monoculture or in crop rotations
on mineral soils. Cumulative N,O emissions were monitored during periods of
30-1070 days in treatments, which received OM inputs, alone or in combina-
tion with mineral N fertiliser; and in controls fertilised with mineral N. The
overall effect of OM inputs had a slight tendency to reduce N,O emissions by
10% (n = 53). With the increasing carbon-to-nitrogen ratio of the OM inputs,
this mitigation effect became more pronounced. In particular, compost and
biochar significantly reduced N,O emissions by 25% (n = 6) and 33% (n = 8)
respectively. However, their effect strongly depended on pedoclimatic charac-
teristics. Regarding the other types of OM inputs studied, a slight N,O emis-
sion reduction can be achieved by their application alone, without mineral
N fertiliser (by 16%, n = 17). In contrast, their co-application with mineral
N fertiliser elevated emissions to some extent compared to the control (by 14%,
n = 22). We conclude that amongst the seven OM inputs studied, the applica-
tion of compost and biochar are the most promising soil management
practices, clearly demonstrating N,O emission reduction compared to mineral
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1 | INTRODUCTION

Approximately 6.2 Tg N,O-N a™', or 35% of the annual
worldwide emission, comes from agricultural soils
(Kroeze et al., 1999). Following the application of chemi-
cal or organic fertiliser to the field, microbial processes
(known as nitrification and denitrification) are the pri-
mary sources of nitrous oxide (N,O) in soils. Soil manage-
ment strategies involving the application of organic
matter (OM) inputs such as crop residues, green manure,
livestock manure, slurry, digestate, compost and biochar
have been shown to increase soil carbon (C) storage, as
documented by several global meta-analyses and reviews
(Bai et al., 2019; Bolinder et al., 2020; Gross et al., 2021;
Jian et al., 2020; Siedt et al.,, 2021; Tiefenbacher
et al., 2021; Xia et al.,, 2018). However, the mitigation
effects of agricultural practices enhancing C sequestration
can be offset if N,O emissions increase (Lugato et al., 2018;
Zhou et al., 2017). The complex processes of N,O loss from
soil can also be affected by many environmental and crop
management factors such as soil organic C (SOC) content,
nitrate and ammonium concentrations in soil solution, N
application rate, fertiliser type and application technique, soil
oxygen status, microbial abundance and activity, soil pH, soil
drainage and moisture, and crop species (Butterbach-Bahl
et al., 2013; Thangarajan et al., 2013). In contrast, soil man-
agement practices enhancing C sequestration and reducing
N,O emissions may imply a “double-win” situation, with
synergetic mitigation effects on climate change.

1.1 | Crop residues

The return of crop residues to the soil is an agricultural
nutrient-conserving practice that effectively increases soil
fertility and crop nutrition. When added to the soil, they
are subject to microbial N mineralisation and nitrifica-
tion, which results in N,O production. This process,
however, relies on the N content of crop residues
(Frimpong & Baggs, 2010; Garcia-Ruiz & Baggs, 2007;
Millar & Baggs, 2005; Miller et al., 2008). Crop residues
also stimulate microbial N assimilation through the
development of an organic C substrate for microbial
growth. Hence, heterotrophic microorganisms may

N fertiliser. In contrast, other OM inputs had a small tendency to mitigate N,O
emissions only when applied without mineral N fertiliser.

climate change mitigation, effect size, EJPSOIL, nitrous oxide, organic matter inputs,
pedoclimatic characteristics

Highlights

+ The first meta-analysis focused on mitigating
N,O emissions in European arable land.

« The effect of seven different organic matter
(OM) inputs were synthesised in over 50 field
experiments.

« The overall effect of OM inputs had a slight
tendency to reduce N,O emissions, by 10%.

« Compost and biochar mitigated N,O emissions
by 25% and 33% respectively.

compete with autotrophic nitrifiers for NH,* (Burger &
Jackson, 2003), leading to a reduction of N,O production.
However, crop residues may serve as an energy provider
for denitrifiers, enhancing denitrification and conse-
quently N,O production under anaerobic conditions.
Moreover, it is after the incorporation of crop residues
that peaks in N,O emissions are expected, also driven by
the soil compaction status (Pulido-Moncada et al., 2022).
The impact of crop residues on N,O emissions was
studied in five global meta-analyses. However, in four,
most of the studies originated from China and India, and
the number of European studies included was scarce
(Table 1). Field studies demonstrated a large variation in
response to crop residue inputs, depending on the soil
water regime: either (i) emission stimulation for upland
crops; or (ii) emission reduction and a negligible impact
for paddy crops. Furthermore, crop residue effects on
soil N,O emissions depended greatly on soil properties,
specifically soil moisture content and soil texture (Chen
et al., 2013), and clay content (Xia et al., 2018). Crop resi-
due quality such as biochemical and physical characteris-
tics is also an important factor controlling N,O emissions
(Olesen et al., 2023). These quality factors control the bal-
ance between N mineralisation and immobilisation (due
to microbial assimilation) during decomposition (Mary
et al., 1996), as well as residue C dynamics and partition-
ing between mineralisation and stabilisation (Lashermes
et al., 2016). Although Chen et al. (2013) highlighted the
necessity of connecting the quantity and quality of crop
residues with soil properties for predicting soil N,O emis-
sions, in two later meta-analyses, the authors did not
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consider these moderators (Fan et al.,, 2023; C. Liu
et al., 2014).

1.2 | Cover crop/green manure

Green manure is a term used to describe crops that are
grown in and incorporated into the soil to improve its
fertility and OM content. Green manuring can have
different impacts on N,O emissions, depending on the
type of crop, the method of incorporation and the rate
of mineral N fertilisation. Legume crops such as clover
or alfalfa, tend to increase N,O emissions compared to
non-legume crops such as grass or rye because they fix
more N from the atmosphere and release it into the soil
(Carter et al.,, 2014). Non-legume cover crops that
mediate the trapping of nitrate in arable fields can
reduce the indirect N,O emissions (Constantin
et al., 2010).

Composting green manure with straw before soil
application can reduce N,O emissions compared to
ensiling or fresh incorporation because composting
reduces N availability and increases the carbon-
to-nitrogen (C/N) ratio of the OM. Incorporating green
manure by ploughing can increase N,O emissions
compared to harrowing because ploughing promotes
anaerobic conditions near the decomposing OM,
which favours denitrification (Carter et al., 2014).
Green manure can therefore have both positive and
negative effects on N,O emissions, depending on how
it is managed.

Four meta-analyses have studied the effect of cover
crops/green manure on N,O emissions based on field
data (Basche et al.,, 2014; Han et al., 2017; Li
et al., 2023; Muhammad et al., 2019). There was a clear
difference between non-legume and legume cover
crops in terms of their effect on N,O emissions: non-
legume cover crops had either a negligible effect or
reduced the emissions, whilst legumes typically stimu-
lated N,O emissions (Table 1). Han et al. (2017) found
that with increasing N inputs from cover crops, N,O
emissions also increased. Both environmental and
farm management factors modified the impact of cover
crops on N,O emissions, including fertiliser N rate,
precipitation and the period of measurement (Basche
et al., 2014). Furthermore, the incorporation of cover
crop residues contributed to an increase in N,O emis-
sions, whilst a surface-placed residue resulted either in
an emission reduction or had a negligible effect
(Basche et al., 2014; Muhammad et al., 2019). However,
when measured for periods of 1 year or longer, cover
crops on average lead to a small or negligible increase
in N,O emissions.

- peialnigzl.qg.;‘ce Wl LEY 50f24

1.3 | Livestock manure, slurry, compost
and digestate

Globally, the application of animal manure to arable land
as organic fertiliser enhances SOC stocks compared to
synthetic N fertiliser alone (e.g. Maillard &
Angers, 2014). However, the potential of manure applica-
tion for climate change mitigation by increasing SOC
stocks can be attenuated by enhanced N,O emissions.
The magnitude and duration of N,O emissions from
manure depend on its composition and quality, including
its total N, ammonium-N, organic N, C/N ratio, pH and
water content (Zhou et al., 2017).

The method and timing of manure application can
also influence N,O emissions. For example, the surface
application or incorporation of manure can reduce N,O
emissions compared to injection or band spreading
because it diminishes anaerobic conditions and denitrifi-
cation potential in the soil (Thorman et al., 2020). Match-
ing manure application with crop N demand can also
reduce N,O emissions, for example, in the spring or sum-
mer (the beginning of the crop season) compared to the
autumn (end of season) to reduce N losses (Thorman
et al., 2020).

Two global meta-analyses have summarised the
effects of manure and slurry on N,O emissions in com-
parison with mineral fertilisers in fields (Han et al., 2017;
Zhou et al., 2017), and two meta-analyses have included
mostly studies in China (Wei et al., 2020) or in China and
India (Fan et al., 2023). Zhou et al. (2017) showed that
the application of raw manure strongly increased soil
N,O emissions, but with increasing soil clay content
and pH, the effect sizes of manure application on N,O
emissions decreased. Three other meta-analyses dem-
onstrated overall small and non-significant effects of
manure and slurry, ranging from —15.3% to 12% (Fan
et al., 2023; Han et al., 2017; Wei et al., 2020) but also
showed a negative correlation between clay content
and the effect sizes (Han et al., 2017). In coarser soils,
manure and slurry slightly increased N,O emissions
compared to mineral fertiliser, whilst in finer soils,
they tended to have similar or lower N,O emissions
than mineral fertiliser (Han et al., 2017). The replace-
ment rate of mineral fertiliser with organic fertiliser
was another crucial factor, explaining the variability in
effect sizes. The full substitution of mineral fertiliser
with organic fertiliser decreased N,O emissions by 25%
(Wei et al., 2020).

Two meta-analyses showed small and statistically
non-significant effects of compost and digestate on N,O
emissions (Kong et al., 2023; Zhou et al., 2017). The effect
sizes of N,O emissions depended primarily on the
replacement ratio, and the full substitution of mineral

85U8017 SUOWILLIOD A1) 8|qeoljdde ayy Aq peusenob afe saolie VO ‘8sn JO Sa|Nn 10} ARIq1T8UIUO A8]IA UO (SUONIPUOD-PUe-SULBYWI0D A8 |1 ARe.d1jBu 1 {UO//:SANL) SUONIPUOD pue SWe 1 8y} 88S *[7202/50/82] U0 Akeldiauljuo (1M ‘snysexereAuouuon AQ 88YET 'SS/TTTT 0T/I0P/W0D A8 |1 Afe.d1jpulU0's euIno kssay/sdny Wwoly pepeojumod ‘€ ‘%202 ‘6852S98T



VALKAMA ET AL.

o | WILEY-FR i

fertiliser with digestate slurry increased N,O emissions
by 26% (Kong et al., 2023).

1.4 | Biochar

Biochar, the product obtained after pyrolyzing biomass,
potentially contributes to climate change mitigation
(Smith, 2016; Woolf et al., 2010). During pyrolysis, bio-
mass is subjected to high heat and low O, conditions,
resulting in about a quarter of its mass being converted
to biochar. The process rearranges C into strongly bonded
aromatic molecules which are more difficult for microbes
to access and metabolise. Biochar C can remain unminer-
alised in the soil for hundreds to thousands of years,
depending on the feedstock from which it is made, the
temperature at which it is produced, and the soil and cli-
mate systems to which it is added (Lehmann et al., 2015;
Lehmann et al., 2006).

In addition to its C sequestration potential, many
studies have reported that biochar can help reduce soil
N,O emissions. Four global meta-analyses synthesised
the effect of biochar on N,O emissions in laboratory,
greenhouse and field experiments with various crops
(Borchard et al., 2019; Cayuela et al., 2014; Liu
et al., 2018; Verhoeven et al., 2017). Cayuela et al. (2014)
included studies conducted mainly in laboratories and
greenhouses and demonstrated the largest overall reduc-
tion in N,O emissions by about 50% (Table 1). The bio-
char feedstock, pyrolysis conditions and C/N ratio were
shown to be key factors influencing N,O emissions,
whilst a direct correlation was found between the biochar
application rate and N,O emission reductions. Indeed,
Liu et al. (2018) demonstrated that along with the bio-
char addition rate, the magnitude of emissions reduction
increased, reaching the maximum when the biochar
addition rate was higher than 40t ha™'. The chemical
form of N fertiliser applied with biochar and the interac-
tion between soil texture and biochar were also found to
have a major influence on soil N,O emissions.

Another global meta-analysis by Verhoeven et al.
(2017) showed much lower reductions of N,O emissions
due to biochar under field conditions (Table 1). This
meta-analysis consisted of 43 studies, of which only
6 were conducted in Europe. Liu et al. (2018) showed the
intermediate effects of biochar addition to soils resulting
in a reduction of N,O emissions by 32%. The authors
pointed out that the effect of biochar was largest in loam
soils, but small and non-significant for soils with low organic
carbon content (<5 g kg~ "). Biochar made from manure or
pyrolyzed at temperatures lower than 350°C showed a weak
and insignificant reduction of soil N,O emissions. Verhoe-
ven et al. (2017) demonstrated there was a trend of reduced

N,O mitigation in longer-term studies. Borchard et al. (2019)
also stressed that although the overall effect of biochar was
statistically significant (—38%), N,O emission reductions
tended to be negligible after 1year. The use of biochar
reduced N,O emissions in arable farming and horticulture,
but not in grassland or perennial crops.

To summarise, during the last decade, several meta-
analyses have been published to quantify the impact of
OM inputs on N,O emissions at the global scale
(Table 1). These global meta-analyses showed inconsis-
tent results even for the same OM type. In addition, none
of these global meta-analyses focused on European agri-
cultural soils, with most studies originating from China,
India and United States, or in some cases, the countries
of origin were not reported. These facts may prompt scep-
ticism concerning the straightforward applicability of the
results for European pedoclimatic zones. Moreover, many
EU science policy practitioners may not be convinced
when recommendations are based on the synthesis of
non-European studies, which may inadequately repro-
duce agricultural management practices and pedocli-
matic conditions in Europe.

Although there were some attempts to harmonise the
results of European field experiments on the effect of crop
residues, green manure and slurry on N,O emissions
(Lehtinen et al., 2014; Sandén et al., 2018), the scarce data
collected were a barrier to conducting a reliable research
synthesis. Our study is the first European meta-analysis to
summarise the effect of soil management strategies, involv-
ing the application of a wide range of OM inputs (crop resi-
dues, green manure, livestock manure, slurry, digestate,
compost and biochar), on N,O emissions in arable land.

We hypothesised that soil management strategies involv-
ing the application of OM inputs would mitigate soil N,O
emissions in European arable land. The objective of this
meta-analysis was to quantify the effectiveness of OM inputs
with contrasting nature and quality, as well as the effective-
ness of the application strategy for mitigating soil N,O emis-
sions in different pedoclimatic conditions in Europe.

2 | MATERIALS AND METHODS

To assure high quality, we followed a checklist for quality
criteria specifically compiled for a meta-analysis in soil
and agricultural sciences (Fohrafellner et al., 2023).

2.1 | Studies collection

The research question was structured according to the
PICO framework (population, intervention, comparator
and outcome):
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Population: European arable land.

Intervention: Organic matter inputs (green manure,
crop residues, livestock manure, slurry, digestate, bio-
char, compost), alone or in combination with mineral N
fertiliser.

Comparator: Mineral N fertiliser.

Outcome: Cumulative N,O emissions per unit land
area for a period.

We found the articles by searching for the keywords
“soil*” AND (“agr*” OR “farm*’ OR “field”) AND
(“Europe” OR Name of European country) AND (“crop
residue*” OR “cover crop*”’ OR “green manure” OR “live-
stock manure” OR “slurry” OR “compost” OR “biochar”
OR “digestate”) AND (“N,O” OR” nitrous oxide”), using
Web of Science, Scopus, Agricola (USDA National Agri-
cultural Library), ScienceDirect, the AGRIS International
System for Agricultural System and Technology and Goo-
gle Scholar. The outcome from the first search was a
large number of studies that were later refined by select-
ing European research organisations with the assumption
that only European research organisations had the ability
to conduct field experiments in Europe. At least one (co-)
author needed to be affiliated with these institutes.

The screening was conducted in two stages:

1. The title of each study was examined for relevance. If
at this stage it did not indicate the presence of exclu-
sion criteria (Table 2), the abstract was screened.

2. All studies that passed the abstract screening were
checked for suitability in the form of a full text
screening.

We also screened the references of global N,O meta-
analyses and reviews on the effect of biochar (Borchard
et al., 2019; Cayuela et al., 2014; Verhoeven et al., 2017),
crop residues (Abalos et al., 2022; Chen et al., 2013;
Wang et al., 2018; Xia et al., 2018), green manure,
cover crops (Abdalla et al., 2019; Basche et al., 2014;
Muhammad et al., 2019; Muhammad et al.,, 2021),
manure (Sandén et al.,, 2018; Shakoor, Shahzad,
et al., 2021; Shakoor, Shakoor, et al., 2021; Zhou
et al., 2017), compost, slurry (Sandén et al., 2018) and
their databases if available. The article search was com-
pleted in November 2022.

2.2 | Inclusion criteria

To be included in the database, a study had to meet the
inclusion criteria listed in Table 2. About 200 screened
articles contained exclusion criteria, amongst which the
most common were laboratory studies and zero N
fertilisation.
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2.3 | Data extraction

The data extraction method is crucial for dealing with the
non-independence of the observations that can lead to
underestimations of the standard error of the mean effect
and therefore liberal evaluations of the statistical signifi-
cance of effects (Nakagawa et al., 2017).

To avoid problems with the non-independence of the
effect sizes, only one pair comparison corresponding to
the longest period of N,O measurements was extracted
from an article. If an article reported results for several
OM inputs, a treatment was randomly selected, taking
care that the number of studies for each OM type was
comparable. If an article reported results from different
experimental sites with different pedoclimatic character-
istics or from the same site but with different soil charac-
teristics, those sites were considered as independent
studies and were included in the database. If several arti-
cles referred to the same experimental site with the same
pedological characteristics, the article with the longest
experimental duration was selected. However, when dif-
ferent articles reported the results from the same site
such as El Encin (Spain), Berge (Germany), Cascina Bar-
oncina (Italy), but experiments were conducted in differ-
ent decades or/and with different OM inputs, we
included them in the database as independent studies.

The data were extracted from tables and digitised
from figures using the ImageJ 1.37 program (Schneider
et al., 2012). Standard errors (SE) were converted to stan-
dard deviations (SD) where necessary (SD=SEx+/n,
where n is the number of replicates). When no measure
of variability was provided, we extracted the SD from the
ANOVA table using the EX-TRACT tool (Acutis
et al., 2021, 2022). This tool allows the estimation of the
experimental error (i.e. standard deviation and standard
error of treatments mean) associated with the statistical
analysis results of published articles (i.e. estimated from
the LSD, P(F) values or even from the assignment of let-
ters indicating differences amongst means based on the
results of a multiple comparison test).

2.4 | Database creation

We collected 46 articles published between 1993 and
2022 in peer-reviewed scientific journals, as well as a pro-
ject report and a PhD thesis (Table 3; Appendix in
Data S1). The database consists of 53 field studies, located
in 46 sites with mostly loamy soil textures, across 15 Euro-
pean countries covering all European climate zones, from
Alpine North to Mediterranean South (Table 3, Figure 1).
A total of 13 studies was conducted in Spain, 11 in
Germany, 4 in Italy, 3 in Denmark, England, Finland,
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TABLE 2
Criteria
Language
Study location
Soil
Study type

Land use

Cropping system

Control 1 (except for crop
residues studies)

Control 2 (for crop residues
studies only)

Treatment

Means

Standard deviation or standard error

Sample size (number of replicates)

Abbreviation: OM, organic matter.

VALKAMA ET AL.

Inclusion and exclusion criteria for the literature screening process.

Inclusion

English

Europe, including non-EU, and part of Turkey
Mineral

Field study

Arable land

Monoculture, crop rotation, intercropping

No OM inputs, no animal- or fish-based organic
fertiliser, no other organic amendments
(sphagnum peat, wood chips, grass clippings,
biosolids, sawdust and wood ash).

Doses of mineral N fertilisation within the range
used in EU.

Conventional tillage (up to 30 cm soil depth)

Crop residues incorporated or removed.

As control 1, but crop residues removed

OM inputs (crop residues, green manure,
livestock manure, slurry, digestate, biochar,
compost) applied either solely or in
combination with mineral N fertiliser.

Conventional tillage, minimum or no-tillage

Crop residues incorporated to soil or retained on
soil surface.

Reported cumulative N,O emissions for a period
for treatment and control in text, tables and
figures, or means can be calculated

Reported for treatment and control or can be
calculated from statistics by using EX-TRACT
tool (Acutis et al., 2021, 2022)

Reported in tables, figures, or methods

Exclusion

Other than English language

Other regions of the world

Organic

Laboratory, greenhouse, modelling studies

(unless primary data from field studies
presented as well)

Permanent crops (vineyard; fruit trees; berry
plantation; olive grove);

Pastures, rice field; forests and semi-natural areas;
wetlands

Agroforestry

Any OM inputs, animal- or fish-based organic
fertiliser organic amendments (sphagnum peat,
wood chips, grass clippings, biosolids, sawdust
and wood ash).

Doses of mineral N fertilisation higher or lower
than used in EU

Zero N fertilisation.

Conventional tillage deeper than 30 cm soil
depth, minimum or no-tillage

Crop residues incorporated

Other OM inputs, not in the list

Not reported and cannot be calculated, or results
expressed as a daily flux

Not reported and cannot be calculated by using
EX-TRACT tool (non-available statistics or
experimental design)

Not reported

France and Norway, 2 in Scotland, Switzerland and the
Netherlands, and 1 in Greece, Cyprus, Slovakia and
Sweden. The entire database for the meta-analysis is
available in Zenodo (https://zenodo.org/doi/10.5281/
zen0do.10907111).

Two studies on the effect of crop residues (Essich
et al., 2020; Nett et al., 2016) were not included in the
database due to extremely large effect sizes, In R = 1.8
(500%) and 2.05 (680%) respectively, which violated the
normal distribution of effect sizes.

All calculated cumulative N,O emissions were esti-
mated from chamber measurements in the fields during

periods from 30 to 1070 days, throughout the growing
season (31 studies), outside growing season (3 studies), or
throughout the year (19 studies). The types of OM inputs
included 10 studies of crop residues, 10 of slurry, 9 of
green manure, 8 of biochar, 7 of digestate, 6 of compost
and 3 of livestock manure. Total N supply due to OM
inputs ranged between 20 and 418 kg ha ' a™"', and the
C/N ratio ranged between 2.7 and 390. In 32 field studies,
organic materials were added to soils in combination
with mineral N fertiliser, resulting in total N amounts
more than in the control (26 studies), equal to the control
(5 studies), or less (1 study). In the other studies, OM

85U8017 SUOWILLIOD A1) 8|qeoljdde ayy Aq peusenob afe saolie VO ‘8sn JO Sa|Nn 10} ARIq1T8UIUO A8]IA UO (SUONIPUOD-PUe-SULBYWI0D A8 |1 ARe.d1jBu 1 {UO//:SANL) SUONIPUOD pue SWe 1 8y} 88S *[7202/50/82] U0 Akeldiauljuo (1M ‘snysexereAuouuon AQ 88YET 'SS/TTTT 0T/I0P/W0D A8 |1 Afe.d1jpulU0's euIno kssay/sdny Wwoly pepeojumod ‘€ ‘%202 ‘6852S98T


https://zenodo.org/doi/10.5281/zenodo.10907111
https://zenodo.org/doi/10.5281/zenodo.10907111

VALKAMA ET AL.

TABLE 3

ID

N o B AW

11
12

13
14
15
16
17

18
19

20

21
22
23
24

25
26
27
28
29

30
31
32

Authors®
Abalos et al. (2013)

Alluvione et al.
(2010)

Autret et al. (2019)
Baggs et al. (2000)
Baral et al. (2017)

Bosco et al. (2019)

Calleja-Cervantes
et al. (2017)

Dambreyville et al.
(2008)

Dambreville et al.
(2008)

Dicke et al. (2015)

Franco-Luesma et al.
(2022)

Guardia et al. (2017)

Hagemann et al.
(2017)

Hansen et al. (1993)
Herr et al. (2019)
Horak et al. (2017)
Hiippi et al. (2015)

Kesenheimer et al.
(2019)

Kobke et al. (2022)

Kontopoulou et al.
(2015)

Lagomarsino et al.
(2022)

Louro et al. (2015)
Ludwig et al. (2011)
Maris et al. (2018)

Mateo-Marin et al.
(2020)

Meijide et al. (2007)
Meijide et al. (2009)
Nadeem et al. (2012)
O'Toole (2021)

Olofsson and Ernfors
(2022)

Omirou et al. (2020)
Perdli et al. (2006)

Plaza-Bonilla et al.
(2014)

Studies included in the meta-analysis.

Country
Spain
Italy

France
Scotland
Denmark
Italy
Spain

France

France

Germany

Spain

Spain

Germany

Norway
Germany
Slovakia
Switzerland

Germany

Germany

Greece

Italy

Spain
Germany
Spain
Spain

Spain
Spain
Norway
Norway

Sweden

Cyprus
Finland
Spain

Site
El Encin

Turin

La Cage
Mosstowie
Foulumgaard
Pisa

Arazuri

Champ Noél

Le Rheu

Berge
Aula Dei

El Encin
Goldener Acker

Surnadal
Heidfeldhof
Malanta
Zurich
Thinger Hof

Reinshof

Agrinio

Cascina Baroncina

Mabegondo
Darmstadt
Almacelles

Soto Lezcano

La Poveda

El Encin

Ostrevoll

NMBU field station

Lonnstorp

Acheleia Paphos
Vihti

Senés de Alcubierre

Soil texture
Silty clay loam

Silt loam

Silt loam

Sandy loam
Loamy sand
Loamy sand

Silty clay loam

Silt loam

Silt loam

Sandy loam

Silt loam

Sandy clay loam

Silty clay loam

Sandy loam
Silt loam
Loam

Clay loam

Silt loam

Silt loam

Clay loam

Sandy loam

Silty clay loam
Loamy sand
Clay loam

Silt loam

Sandy loam
Sandy clay loam
Silty clay loam
Silty clay loam

Loam

Clay
Clay
Silty clay loam

Environmental
zone

Mediterranean South

Mediterranean
Mountains

Atlantic Central
Alpine North

Alpine North
Mediterranean North

Lusitanian

Atlantic Central

Atlantic Central

Alpine North

Mediterranean South

Mediterranean South

Atlantic Central

Alpine North
Alpine North
Pannonian
Continental

Alpine North

Alpine North

Mediterranean South

Mediterranean North

Lusitanian
Pannonian
Mediterranean South

Mediterranean South

Mediterranean South
Mediterranean South
Nemoral

Boreal

Continental

Mediterranean South
Boreal

Mediterranean North
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OM type
Crop residues

Green manure

Green manure
Crop residues
Slurry

Green manure

Digestate

Slurry

Livestock manure

Digestate

Green manure

Compost

Biochar

Slurry
Slurry
Biochar
Biochar

Crop residues

Crop residues

Compost

Digestate

Slurry
Livestock manure
Crop residues

Slurry

Compost
Compost
Digestate
Biochar

Green manure

Compost
Slurry
Slurry

(Continues)
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TABLE 3 (Continued)
Environmental
ID Authors® Country Site Soil texture zone OM type
33-1 Regina et al. (2021) Finland Jokioinen Loamy sand Boreal Green manure
33-2 Regina et al. (2021) Finland Jokioinen Sand Boreal Green manure
34 Rothardt et al. (2021) Germany Hohenschulen Sandy clay loam Alpine North Crop residues
35 Sanchez-Martin et al.  Spain El Encin Sandy clay loam Mediterranean South  Livestock manure
(2010)
36 Sanchez-Garcia et al. ~ Spain Campus of Espinardo  Sandy loam Mediterranean South  Biochar
(2020)
37 Sanz-Cobena et al. Spain la Chimenea Silty clay loam Mediterranean South  Green manure
(2014)
38 Sarkodie-Addo etal.  England Wye Silt loam Atlantic Central Green manure
(2003)
39 Scotti et al. (2022) Italy Cascina Baroncina Sandy loam Mediterranean North  Biochar
40-1 Senbayram et al. Germany Karkendamm Sand Alpine North Digestate
(2014)
40-2 Senbayram et al. Germany Hohenschulen Sandy loam Alpine North Digestate
(2014)
41 Skinner et al. (2019) Switzerland Therwil Silt loam Atlantic Central Compost
42 Sun et al. (2017) Germany Berge Sandy loam Alpine North Biochar
43-1 Sylvester-Bradley England Gleadthorpe Sandy loam Atlantic Central Crop residues
et al. (2015)
43-2  Sylvester-Bradley Scotland Edinburgh Clay loam Alpine North Crop residues
et al. (2015)
43-3  Sylvester-Bradley England Terrington Clay loam Alpine North Crop residues
et al. (2015)
44 Taghizadeh-Toosi Denmark Foulum Loamy sand Alpine North Crop residues
et al. (2022)
45 Thers et al. (2020) Denmark Askov Experimental ~ Sandy loam Alpine North Biochar
Station
46 van Groenigen et al. The Netherlands Leeuwarden Silty clay loam Atlantic Central Slurry
(2004)
47 Velthof and The Netherlands Wageningen Sand Atlantic Central Slurry
Mosquera (2011)
48 Wolf et al. (2014) Germany Braunschweig Sandy loam Alpine North Digestate

Abbreviation: OM, organic matter.

“Reference list of articles appears in Appendix in Data S1.

inputs were applied solely at the N amounts either more
than in the control (nine studies), equal to the control
(seven studies), or less (four studies) or an unknown
amount (one study).

The annual average precipitation and average annual
temperature measured on the experimental sites that are
included in this meta-analysis ranged between 250 and
1300 mm, and between 4.5 and 19.6°C respectively. The
studies included in this meta-analysis cultivated diverse
arable crops in the field experiments, mainly cereals
(maize, spring wheat, winter wheat and spring barley). In

47 of these studies, arable crops were cultivated in mono-
culture or in crop rotations in a conventional farming
system on the treatment plot, and in only six studies, an
organic farming system was used on the treatment plots
(control plots were always conventional).

The soil management of the treatments included con-
ventional tillage at a soil depth of 20-30 cm in 42 studies,
minimum tillage in 5 studies and no-tillage in 1 study,
whilst 5 studies did not report soil tillage management.
No cover crops were used in 41 studies, non-legume
cover crops in 9 studies and legumes in 3 studies.
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FIGURE 1 The location of
46 experimental sites used for
meta-analysis and related
environmental zones of Europe
(Metzger et al., 2005). ALN, >
Alpine North; ALS, Alpine
South; ANA, Anatolian; ATC,
Atlantic Central; ATN, Atlantic
North; BOR, Boreal; CON,
Continental; LUS, Lusitanian;
MDM, Mediterranean
Mountains; MDN,
Mediterranean North; MDS,
Mediterranean South; NEM,
Nemoral; PAN, Pannonian.
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Fields were not irrigated in 37 studies, whilst they were
irrigated in 16 studies.

2.5 | Explanatory variables (moderators)
To explain the variation in the N,0O changes due to OM
inputs, we included 19 explanatory variables derived
from the database and grouped them into five categories,
namely, study characteristics, OM input characteristics,
climate, soil and agronomic management (Table 4). Till-
age practices were not included in the list of explanatory

variables, as the fields were conventionally tilled in most
studies, and there was a lack of studies with minimum
tillage or no tillage. A Spearman rank order correlation
(rs) was run between soil characteristics and climate to
assess their intercorrelation.

2.6 | Meta-analysis

Meta-analysis was conducted using Meta Win 2.0 statis-
tical software (Rosenberg et al., 2000) and IBM SPSS
Statistics 29.
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TABLE 4 Categorical and continuous explanatory variables (moderators) included in the meta-analysis.
Variable category Explanatory variables Group or range
Study characteristics Duration of experiments (years) 0.3-35

Measurement period (days)

Season of N,O measurements

OM input characteristics Type

OM input strategy

30-1069

All year, in growing season, outside of
growing season

Green manure, crop residues, livestock
manure, slurry, digestate, biochar,
compost

OM applied alone (OM alone); OM applied
in combination with mineral N fertiliser

(OM + N)

C/N ratio 2.7-390

Total N supply in OM (kg ha~'a™1) 20-418
Climate Annual precipitation (mm) 275-1300

Average annual temperature (°C) 4.5-19.6
Soil SOC (%) 0.69-4.5

Clay (%) 1-52

Sand (%) 2-91

Soil C/N ratio 7-21

pH 48-8.4
Agronomic Total N supply as 25-613

management sum of mineral N and

OM (kgha™'a™)
Farming system
Cropping system
Cover crops

Irrigation

Abbreviation: OM, organic matter.

A quantitative meta-analysis involves calculating an
effect size (i.e. the magnitude of the treatment effect) that
can be averaged across independent studies. As two
experimental groups were compared, the response ratio
(R) was computed for the response variables as an index
of the effect size:

r=XoM, (1)
Xc

where Xy and X represent the means for cumulative

N,O emissions (kg N,O-Nha ') in treatments (OM input

solely or in combination with mineral N fertiliser) and in

controls (mineral N fertiliser) respectively, averaged for

experimental replicates.

As the distribution of R is skewed, performing statisti-
cal analyses in the metric of the natural logarithm of R is
usually preferred due to its much more normal distribu-
tion in small samples than that of R (Hedges et al., 1999):

Conventional, organic
Monoculture, crop rotation, intercropping
Non-legume, legume, no cover crops

Irrigation, no irrigation

In(R) = 1n (%) = In(Xom) — In(Xc). (2)

A normal distribution for In R was tested by Shapiro-
Wilk test in SigmaPlot15.
We calculated the variance of In(R) (Hedges et al., 1999):

(SD¢)?
nc (Xc>2 '

(SDom)?

nom ()_(OM)2

Vinw) = (3)

where SDoy and SD¢ are the corresponding standard
deviations and n is the sample size (number of
replicates).

We assumed that studies did not share the same effect
sizes, and we therefore used a random effects model to
combine estimates across the studies. The application of
this kind of model accounts for experimental method dif-
ferences between studies (that are considered only a
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random sample of possible effect sizes) which may intro-
duce variability (“heterogeneity”, z*) amongst the true
effects.

We calculated the weighted mean of the log response
ratio for all studies as:

Z w; lnRi
In(R) = @)
2o Wi
i=1

where InR; is the log response ratio for study i, n is the
number of studies and w; is the weight for study i,
defined as (Borenstein et al., 2009):

1
_Vi+T2’

()

wi

where V; is the variance of the study i and 72 denotes the
amount of residual heterogeneity (between-study vari-
ance). Because the variance of the effect sizes is a func-
tion of the sample size (Equation 3), studies with a larger
sample size had lower variances and received heavier
weights.

The 7? parameter is considered the variance of the
true effect size. As it is impossible to compute it from
the entire population of the effect size, 7 is an estimation
of the observed effect by using DerSimonian and Laird
method (Borenstein et al., 2009):

, (Q=d)
2= (6)

k 2
where Q=" w;(Y;—M)* df =n—1; C:ZWI'_%’
i=1 l

where wj; is the study weight, Y; is the study effect size,

M is the summary effect and » is the number of studies.

A random effects model served to combine estimates
across the studies, assuming that the studies in each
subgroup did not share the same effect size. Because
meta-analytic data often have small sample sizes and
may violate basic distributional assumptions (such as
normality), resampling techniques can be important to
accurately determine the significance of meta-analytic
metrics (Rosenberg et al., 2000). We used a bootstrap sta-
tistical method (Efron & Tibshirani, 1986) to generate
bias-corrected 95% confidence intervals (CIs) around the
log response ratios from 4999 iterations. To test whether
In R differed between the groups of categorical explana-
tory variables, we used the y? test to examine the
between-group heterogeneity (Qg). To study the effect of
continuous explanatory variables, we ran weighted meta-
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regressions, with In R as the dependent variable, and the
continuous variables as independent ones. We also used
the y* test to examine the model heterogeneity (Qy),
which describes the amount of heterogeneity explained
by the regression models. The significant level of Qy; indi-
cates that an independent variable (a moderator) explains
a significant amount of variability in effect sizes (In R).

To identify the outliers, we used the backward search
algorithm specifically developed for meta-analysis
(Mavridis et al., 2017). Backward search algorithms start
with the full data set and remove sequentially outlying
observations until all outliers have been removed. This
method can be useful when there are a few outlying stud-
ies (Mavridis et al., 2017).

Results were back transformed, except for meta-
regression, and reported in the text and figures as per-
centage changes from the controls:

N,O emission change (%) = [EXP(In(R)) — 1] x 100%. (7)

The OM input effects on the N,O emissions were consid-
ered to be significantly different from the controls if the
95% ClIs did not overlap with zero.

2.7 | Sensitivity analysis

Funnel plot asymmetry, which may indicate publication
bias in meta-analysis, was examined by plotting In R against
its SE (Sterne & Egger, 2001). Moreover, Egger’s regression-
based test was conducted, enabling the detection of funnel
plot asymmetry. A statistically non-significant p-value of
Egger's test indicates no publication bias.

To estimate the magnitude of the file-drawer problem
a fail-safe number (Nfs) was calculated. A fail-safe num-
ber is the number of non-significant, unpublished or
missing studies that need to be added to a meta-analysis
to change its results from significant to non-significant.
Specifically, we used Rosenthal's method that estimates
how many missing studies we would need to retrieve and
incorporate in the analysis before the p-value became
non-significant (Borenstein et al., 2009).

Trim-and-fill analysis was performed to allow one to
enter values for “missing” studies to generate a symmet-
ric funnel plot from which a new mean effect size can be
estimated (Duval & Tweedie, 2000).

3 | RESULTS

This meta-analysis summarised the results of 53 field
studies on the effect of seven different types of OM inputs
added to soils on cumulative N,O emissions, covering
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FIGURE 2 The distribution of effect sizes for 53 studies
examining the effect of organic matter inputs on cumulative N,O
emissions. The dashed line indicates the control (mineral N fertiliser).
The result for the normality test (Shapiro-Wilk) is shown.

European climate zones from the Alpine North to the
Mediterranean South. These studies were published
mainly in peer-reviewed scientific journals between 1993
and 2022. The impacts of pedoclimatic characteristics,
agricultural management practices and the nature and
quality of OM inputs on N,O emissions were also studied.

3.1 | Overall effect

The effect sizes for 53 studies examining the effect of OM
inputs on cumulative N,O emissions were normally dis-
tributed (W-statistic = 0.984, p =0.697; Figure 2).
The forest plot indicates the large variability of effect
sizes, ranging from —75% (InR= —1.35) to +200%
(In R = 1.10) (Figure 3). The overall effect across all stud-
ies had a slight tendency to emissions reduction by 10%
(In R = —0.12) compared to the control, that is mineral
N fertiliser (median of 1.8 kg N,O-N ha™%). Since the 95%
CI (—20%; 0%) overlapped with zero (the control), this
indicates that the overall effect of OM inputs on N,O
emissions was not statistically significant.

3.2 | OM input characteristics

321 | C/N ratio

There was a statistically significant positive relationship
between the C/N ratio of OM inputs and N,O emission

reduction (Figure 4). According to the meta-regression,
OM with C/N ratio < 20 had a risk for increased N,O
emissions, whilst OM with C/N ratio of 20, 30, 50 and
100 reduced N,O by 1%, 4%, 11% and 25% respectively,
for example. OM inputs with the C/N ratio of 300, such
as biochar, may have a potential to reduce emissions by
up to 65% (In R = —1.01).

3.2.2 | Type of OM and N amount

The subgroup analysis showed that seven studied OM
types had somewhat different effects (Qg = 12.3, df = 6,
52, p = 0.056; Figure 5a). The effect of OM types such as
green manure, crop residues, livestock manure, slurry
and digestate ranged from —18% to +15%, but their 95%
CIs overlapped with zero, indicating non-significant
effects (Figure 5a). In contrast, compost and biochar sig-
nificantly reduced N,O emissions by 25% (95% CL: —36%
to —18%, n = 6) and 33% (95% CI. —48% to —14%, n = 8)
respectively compared to mineral N fertiliser (Figure 5a).

For the further moderator analyses, based on the sim-
ilarity of effect sizes, the OM inputs were merged into
two larger groups, namely OM; (green manure, crop resi-
dues, livestock manure, slurry and digestate) and OM,
(biochar and compost). This allowed us to obtain enough
studies per group. The response of N,O emissions was
statistically different between the groups (Qp = 10.5,
df =1, 52; p = 0.001; Figure 5b): OM; had no effect on
N,O emissions compared to mineral N fertiliser (0%, 95%
CIL: —14% to 15%, n = 39), whilst OM, reduced N,O emis-
sions by 29% (95% CI: —40% to —18%, n = 14).

Finally, the total N supply in OM, ranging from 20 to
418 kgha 'a™', did not relate to effect sizes for both
OM; (Qu=0.00, df=1, 21; p=0.944) and OM,
(Qnm =0.82,df =1, 13; p = 0.364).

3.23 | OM input strategy

The impact of green manure, crop residues, livestock
manure, slurry and digestate (OM;) on N,O emissions
change depended on input strategy (Qg = 5.53, df =1,
38; p = 0.019; Figure 5b). In combination with mineral N
fertiliser, they tended to increase emissions by 14% (95%
CL: —3% to 41%, n = 22). When the experiments with
crop residues (n = 10) were excluded from the previous
subgroup analysis, the impact of organic fertilisers in
combination with mineral N fertiliser increased N,O
emissions by 30% (95% CI: 2%-74%, n = 12) compared to
control. In contrast, the application of organic fertilisers
alone showed a declining trend by 16% (95% CI: —35% to
2%, n = 17).
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FIGURE 3

Forest plot showing effect sizes for 53 independent studies examining the effect of organic matter inputs on N,O emissions

compared to mineral N fertiliser (control). Black squares are summary effect estimates for each study with lower and upper 95% CIs. The

square size corresponds to study weight, the white square indicates the weighted average with 95% CIs across all studies and the dashed

vertical line indicates the control (mineral N fertiliser).

Unlike OM;,, biochar and compost reduced N,O emis-
sions statistically significantly, regardless of the input
strategy (Figure 5b).

3.3 | Pedoclimatic factors

The meta-regressions indicated no statistically significant
relationships between climatic characteristics and N,O
emission change due to the inputs of green manure,
crop residues, livestock manure, slurry and digestate
(Figure 6a,b). In addition, soil characteristics such as the

content of sand, clay or SOC, soil pH and soil C/N ratio
was unrelated to N,O emission changes (Table S1 in
Data S1). This suggests that the impact of these OM
inputs on N,O emissions is similar for all European pedo-
climatic zones.

In contrast, the annual average temperature and
annual precipitation was correlated with the efficiency of
biochar and compost to mitigate N,O emissions
(Figure 6c,d). A smaller efficiency was observed under
warmer or drier climatic conditions such as in the Mediter-
ranean South than that in a temperate or boreal climate.
For example, increasing the annual average temperature
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FIGURE 4 The relationship between the C/N ratio of organic
matter inputs and N,O emission change compared to mineral N
fertiliser (control). The symbol size represents the study weight.
The dashed line indicates the control (mineral N fertiliser) and the
crosses indicate the outliers (ID38, ID39, ID40-1). For the back-
transformation of In R, see Equation (7). n, number of independent
studies; Qy, model heterogeneity.

from 5°C (boreal) to 15°C (Mediterranean South) reduced
the efficiency of biochar and compost to mitigate N,O from
55% to 23%. With a further temperature increase to 20°C,
the efficiency of biochar and compost to mitigate N,O emis-
sions dropped to zero.

Moreover, increasing soil pH and sand content was
related to a decline of the mitigation effect of biochar and
compost (Figure 7). According to the meta-regression, in
soil with high sand content (70%, e.g. sandy loam), the
efficiency of biochar and compost was low, and it
dropped twice in alkaline soils (—7%) compared to neu-
tral soils (—15%). In contrast, in soil with low sand con-
tent (20%, e.g. silt loam), the efficiency was as high as
—43% in neutral soils, and it dropped slightly to —37% in
alkaline soils.

Several confounding factors such as the intercorre-
lation between soil pH and both annual average tem-
perature (r; = 0.781, p < 0.001, n =14) and annual
precipitation (r; = —0.673, p < 0.001, n = 14) should
be interpreted with care. For example, studies in
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FIGURE 5 N,O emission change due to organic matter
(OM) types (a) individually and (b) clustered to the larger groups
(OM;; OM,), and separated by input strategy (OM alone, OM
applied alone; OM + N, OM applied in combination with mineral
N fertiliser). The filled circles indicate OM; (green manure, crop
residues, livestock manure, slurry and digestate), and the open
circles indicate OM, (biochar, compost). The square corresponds to
the overall effect. The dashed vertical line indicates the control
(mineral N fertiliser). The numbers in parentheses indicate the
number of independent studies. The N,O emission changes were
considered significantly different from the controls if the 95% CIs
did not overlap with zero. Qg is the between-group

heterogeneity test.

the Mediterranean South had alkaline soils, with
pH ranging between 7.4 and 8.4, whilst studies in
temperate and boreal zones had acidic soil, with
pH ranging between 5.7 and 6.5. This does not allow
us to draw a clear conclusion on which factor, soil
pH or climate, is the most important in terms of
driving N,O emissions reduction by biochar and
compost.
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FIGURE 6

(a and b) Scatter plots between N,O emission change due to green manure, crop residues, livestock manure, slurry and

digestate and annual average temperature and annual precipitation. (c and d) Weighted meta-regressions (solid lines) between N,O emission

change due to biochar and compost and annual average temperature and annual precipitation. The symbol size represents the study weight.
The dashed line indicates the control (mineral N fertiliser), whilst the cross indicates the outlier (ID45 Thers et al., 2020). For the back-
transformation of In R, see Equation (7). For abbreviations for environmental zones, see Figure 1. n, number of independent studies; Qy,

model heterogeneity.

3.4 | Management practices and study
characteristics

There were no statistically significant relationships
between total N supply (mineral N + OM) and effect
sizes (Table S2 in Data S1). Agronomic management
practices (farming systems, cropping systems, the
presence of cover crops or irrigation) did not modify

the effect sizes (Table S2 in Data S1). This indicates
that N,O emission changes due to OM inputs were
independent of the management practices studied
here. Finally, the effect sizes were not related to the
duration of experiments, the measurement period
(covering a period from 1 month to 3 years) or to
the season of N,O measurement (Table S2 in
Data S1).
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FIGURE 7 Weighted meta-regressions between N,O emission
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and sand content. The symbol size represents the study weight. The
dashed line indicates the control (mineral N fertiliser). For the
back-transformation of In R, see Equation (7). n, number of
independent studies; Qy;, model heterogeneity.

3.5 | Sensitivity analysis

The funnel plot for N,O emissions studies showed no asym-
metry (Figure S1 in Data S1). In addition, no publication
bias was detected by the Egger's regression-based test
(p = 0.896; Table S3 in Data S1). The trim-and-fill analysis
of publication bias for meta-analysis was also implemented.
The imputed five “missing” studies shifted In R slightly from
—0.12 (—11%) to —0.17 (—16%) (Figure S1 in Data S1). How-
ever, the adjusted estimate is close to the original.

For studies on biochar and compost, a fail-safe num-
ber is 77, indicating that the results are robust. A consis-
tent number of unpublished or missing studies would
need to be added (that is 5.5 times more than in the pre-
sent meta-analysis) to change the results from significant
to non-significant.

4 | DISCUSSION

We hypothesised that soil management strategies involv-
ing the application of OM inputs would mitigate soil N,O
emissions. Indeed, the results of meta-analysis showed
that the overall effect of OM inputs had a slight tendency
to reduce N,O emissions by 10% (n = 53). One of the
important factors related to the N,O emission reduction
was the C/N ratio of OM inputs as indicated by meta-
regression (Figure 4). However, it should be noted that
amongst all OM types, biochar with high C/N ratio was
the major contributor to this strong relationship. The
threshold of emissions reduction was set at the C/N ratio
of 20-30, which is commonly considered a threshold for

net N immobilisation (Mooshammer et al., 2014). Simi-
larly, the meta-analysis by Cayuela et al. (2014) showed
that biochar with a C/N ratio higher than 30 decreased
N,O emissions but not for biochar characterised by ratios
lower than 30 C/N. Meta-analyses on the effect of crop
residues amendments also demonstrated that the C/N
ratio was one of the main factors determining the vari-
ability of N,O emission response (Chen et al., 2013; Xia
et al., 2018).

In our meta-analysis, we clearly demonstrated a sta-
tistically significant reduction of N,O emissions by 33%
due to biochar and by 25% due to compost (Figure 5a).
The result of biochar effect was in accordance with the
global meta-analysis by Liu et al. (2018) and by Borchard
et al. (2019), who estimated emissions cutting by 32% and
38% respectively. The meta-analysis by Cayuela et al.
(2014) demonstrated an even larger reduction effect
(—54%), which can probably be attributed to the experi-
ment type, as the experiments were conducted in labora-
tory and greenhouse conditions but not in the field. The
results of our study contrasted with the meta-analyses by
Verhoeven et al. (2017) and Zhou et al. (2017), who
showed minor effects of biochar (for upland —11.5%) and
compost (+2.8%). The inconsistency between the out-
comes of different meta-analyses may have been driven
by the locations considered, and the variability in pedo-
climatic conditions of the experiments may therefore
have been included in both meta-analyses.

Our study demonstrates that the effect of biochar and
compost depended on climate, with less emissions reduc-
tion in warmer or drier climatic conditions such as in the
Mediterranean South than in temperate climates
(Figure 6¢,d). However, due to intercorrelation, it is diffi-
cult to confidently conclude which factor, soil pH or cli-
mate, was the most important moderator in terms of
driving N,O emission reduction by biochar and compost.
In line with our results, Sdnchez-Garcia et al. (2014)
showed that the dominant soil microbial community,
usually characterised by pedoclimatic conditions,
strongly influences the dominant N,O pathway (denitrifi-
cation vs nitrification), and that biochar can both
increase and decrease N,O emissions in different climates
or soils.

Indeed, our meta-analysis confirmed that the mitiga-
tion effect of biochar and compost declined with an
increasing soil pH or sand content (Figure 7) and became
zero in soils with a sand content ranging from 80% to
95%, depending on soil pH. N,O emissions are more
likely to be higher in acidic soils due to the suppression
in the production of the N,O reductase enzyme (NosZ) at
lower pH (B. Liu et al., 2014). Sandy soils will normally
have a lower incidence of waterlogging compared to
clay soils and thus lower anaerobic sites where
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denitrification can take place. The mitigation effect of
biochar and compost may therefore be less pronounced
in these conditions.

Several mechanisms may contribute to the N,O emis-
sion reduction after compost application, as observed in
our study. The typically lower availability of mineral N
compounds in compost (Omirou et al.,, 2020; Zhou
et al., 2017) may have limited the denitrification process
(Zhou et al., 2017). Furthermore, the addition of carbon
associated with compost application may stimulate
microbial respiration resulting in anaerobic microsites,
where complete denitrification to N, can take place
(Omirou et al, 2020), reducing the emissions of
N,O. Dalal et al. (2010) suggested that the reduction
of N,O emissions due to compost may be explained by its
chemical properties. The typically high C/N ratios favour
the immobilisation of mineral N, whilst high lignin con-
centrations and high lignin/N ratios slow down organic
N decomposition. Both processes result in reduced min-
eral N levels in the soil, limiting denitrification.

Although high biochar C/N ratios are correlated with
lower N,O emissions, the immobilisation of N in micro-
bial biomass is not the main reason biochar reduces
N,O. Biochar with high C/N ratio is typically produced at
higher temperatures (>500°C), whereby N is driven off,
and the remaining solid product is enriched in C, with
higher alkalinity, increased porosity and surface area
(Mukherjee et al., 2011). Several controlled experiments
have concluded that biochar reduced N,O through the
entrapment and sorption of N,O in biochar pore space
(Cornelissen et al., 2013), slowing of the N,O diffusion to
the surface in water saturated biochar pores (Harter
et al., 2016), greater alkalinity (supporting complete deni-
trification to N,) (Weldon et al., 2019), abiotic reduction
of N,O to N, on redox active biochar surfaces (Quin
et al., 2015) and immobilisation of N, which limits N sub-
strate access to denitrifying bacteria (Singh et al., 2010;
Spokas et al., 2009). In summary, whilst the C/N ratio for
both compost and biochar was correlated with reduced
N,O emissions, the mechanisms for reduction due to
compost were mostly due to biotic factors, whilst the rea-
sons for reduction due to biochar were mostly abiotic.

It should be noted that the extensive use of biochar in
European agriculture is scant, and N,O reductions from
biochar observed in research experiments (also in the
studies included in this meta-analysis) have mostly been
achieved when high dose rates have been used
(>10 tha™ ). It is unrealistic to expect these high dose
rates in broadacre agriculture due to the current high
market price for biochar (€800 t~', Garcia et al., 2022).
Furthermore, the N,O suppression effect from biochar
has been shown to abate with time as it ages and loses its
alkalinity (O'Toole, 2021; Thers et al., 2020). However,
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more long-term field experiments are needed to assess
this effect in a European meta-analysis.

The effect of other OM types (green manure, crop res-
idues, livestock manure, slurry and digestate) on N,O
emissions ranged from —18% to +15% compared to min-
eral N fertiliser, but not statistically significantly
(Figure 5a). Inputs of crop residues tended to decrease
N,O emissions per unit area, but not significantly. This
contradicts the general statements of previous meta-
analyses, where crop residues in upland soils reported
stimulation of N,O emissions, but with large variability
in the effects (Table 1). However, this is mainly because
the N,O stimulation was significant for vegetables and
legumes, but not for cereals (Abalos et al., 2022; Chen
et al., 2013). This pattern is also confirmed by the results
of other incorporated plant residues such as green
manures (Basche et al., 2014), where the stimulation by
legumes was many times higher than by non-legume
plants (+490% and +7% respectively, Table 1), arguably
due to the N content of the residues, that is low C/N
ratio.

In the European studies included in our database,
there were mainly non-legume crops, whilst the scarce
data on legumes were reflected in the knowledge gap on
the effect of legume residue incorporation/removal
on N,O emissions. Compared to other OM types, most
cereal crop residues (except crops for silage) are already
drier and more depleted in N content compared to green
residues, as they are incorporated after the grain harvest.
Another factor is the biochemical composition of the crop
residues (Abalos et al., 2022), as the more lignin or cellu-
lose content in the incorporated aboveground biomass at
the time of application may tend to reduce cumulative
N,O emissions after incorporation. The yield-scaled N,O
emissions have been proposed as a suitable metric for the
evaluation of N,O mitigation by considering the crop pro-
ductivity (Van Groenigen et al., 2010). Van Groenigen
et al. (2010) observed a negative correlation between the
nutrient use efficiency and yield-scaled N,O emissions on
the basis of a global meta-analysis but due to shortage of
data, did not quantify the effect of organic amendments.
Original field experiments showed inconsistent results
for the yield-scaled N,O emissions due to crop residues:
either increased N,O emissions due to non-legume cover
crops (Taghizadeh-Toosi et al., 2022) and their mixture
with legumes (Kim et al., 2017), or decreased N,O emis-
sions by the incorporation of legume residues (Sanz-
Cobena et al., 2014), whilst no changes by incorporation
of cereal residues (Rahman et al., 2024; Sanz-Cobena
et al., 2014).

Our results for livestock manure and slurry were con-
sistent with the global meta-analyses by Han et al. (2017),
Wei et al. (2020) and Fan et al. (2023), who demonstrated
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statistically non-significant effects on N,O emissions
(—15% to +12%, Table 1). In their meta-analysis, Zhou
et al. (2017) observed some differences in effect sizes
between manure types (p = 0.087), with the largest
stimulation of N,O emissions due to the application of
poultry manure (+45.4%), whilst there was a statistically
non-significant emission reduction (—21.4%) due to farm-
yard manure compared to mineral N fertiliser. The varia-
tion in the extent of emissions from different types of
manure demonstrates the effects of manure properties
such as moisture content, total N and available N content
on emission generation (Bell et al., 2016). In our meta-
analysis, however, we were unable to address the effect
of manure types due to the limited number of studies
(n = 3 for livestock manure and n = 10 for slurry).

This meta-analysis revealed that neither soil charac-
teristics nor climate impacted N,O emission changes due
to inputs of green manure, crop residues, livestock
manure, slurry and digestate, suggesting that the results
were valid for all European environmental zones. In
contrast, several global meta-analyses demonstrated
the importance of pedoclimatic characteristics in the
regulation of N,O emissions due to manure (Han
et al.,, 2017; Zhang et al., 2022; Zhou et al., 2017),
cover crops (Muhammad et al., 2019) and straw return
(Xia et al., 2018). For example, the significant stimula-
tory effects on N,O emissions due to manure were
observed for warm temperate climates, acid soils
(pH < 6.5) and the soil texture classes of sandy loam
and clay loam, as shown in the global meta-analysis
by Zhou et al. (2017). Zhang et al. (2022) concluded
the greater power of key abiotic factors (annual pre-
cipitation, soil pH and soil C/N ratio) in explaining
N-induced changes in soil N,O emission, since there
was no clear relationship between changes in soil N,O
emission and shifts in ammonia oxidizer and denitri-
fier abundances, which are the main producers
of N,O.

Here, we stress the importance of the input strategy
for organic fertilisers (green manure, livestock manure,
slurry and digestate), as their addition to soils in combi-
nation with mineral N fertiliser increased N,O emissions
by 30%, whilst their inputs alone showed a decline trend
by 16%. This can be attributed by the lower availability or
the slower release of mineral N compounds from OM
compared to the application from mineral N fertiliser, as
was also suggested by Zhou et al. (2017) for N,O emission
reductions after compost application. In the meta-
analysis by Wei et al. (2020), it was shown that the
organic substitution of mineral fertiliser non-significantly
decreased N,O emissions by about 13%, whilst at the high
fertilisation rate, N,O emissions were significantly
decreased by about 37%. Similarly, the meta-analysis by

Kong et al. (2023), who mainly summarised Chinese
studies, demonstrated that the partial replacement of
mineral N fertiliser by biogas slurry (a liquid with a high
moisture content and a low C/N ratio) reduced N,O
emissions by 16%.

5 | CONCLUSION

The major challenge of conducting this meta-analysis
was the ambitious goal of synthesising the effects of
seven OM inputs, which had a different nature and
quality (i.e. plant- or animal-based, raw or pre-trea-
ted), on N,O emissions in the European field
experiments.

Amongst the seven types of OM inputs studied, only
biochar and compost application to soils reduced N,O
emissions statistically significantly compared to mineral
N fertiliser. Other OM inputs (green manure, livestock
manure, slurry and digestate) added solely to soils tended
to reduce N,O emissions. In contrast, the addition of OM
inputs to soils in combination with mineral N fertiliser
entailed a risk of increasing N,O emissions.

Although the total number of independent experi-
ments included in the database exceeded 50, which is
considered as a large number of studies for a meta-
analysis (Hedges et al.,, 1999), the availability of field
experiments for each OM type was relatively small. This
impeded a detailed study on the role of pedoclimatic fac-
tors and management practices in relation to a specific
OM type. There is therefore a need for more European
studies that monitor N,O emissions in the field.
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