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Abstract
We steered the soil microbiome via applications of organic residues (mix of cover crop residues, sewage sludge + compost, 
and digestate + compost) to enhance multiple ecosystem services in line with climate-smart agriculture. Our result highlights 
the potential to reduce greenhouse gases (GHG) emissions from agricultural soils by the application of specific organic 
amendments (especially digestate + compost). Unexpectedly, also the addition of mineral fertilizer in our mesocosms led 
to similar combined GHG emissions than one of the specific organic amendments. However, the application of organic 
amendments has the potential to increase soil C, which is not the case when using mineral fertilizer. While GHG emissions 
from cover crop residues were significantly higher compared to mineral fertilizer and the other organic amendments, crop 
growth was promoted. Furthermore, all organic amendments induced a shift in the diversity and abundances of key microbial 
groups. We show that organic amendments have the potential to not only lower GHG emissions by modifying the microbial 
community abundance and composition, but also favour crop growth-promoting microorganisms. This modulation of the 
microbial community by organic amendments bears the potential to turn soils into more climate-smart soils in comparison 
to the more conventional use of mineral fertilizers.

Keywords  Greenhouse gases · Agricultural soils · Organic amendment · Flux measurements · Microbial community 
abundance and compositions · Plant growth

Introduction

Atmospheric concentrations of the major GHG, carbon diox-
ide (CO2), methane (CH4), and nitrous oxide (N2O), have 
increased since the industrial revolution by 40%, 150%, and 
20%, respectively (Sohngen and Tian 2016; IPCC 2018); 
approximately 50% and 60%, respectively for CH4 and 
N2O of these GHG emissions originated from agriculture 
(Tian et al. 2016). The change in climate, in combination 
with other anthropogenic disturbances, has led to a tipping 
point of irreversible change in e.g. increased temperatures, 
loss of biodiversity, and eutrophication of global ecosys-
tems (Steffen et al. 2018). In particular, N2O emission from 
agricultural soils is attributable to the intensive application 
of mineral/synthetic fertilizers (Sainju 2016; Tian et al. 
2016; Kaupper et al. 2020a), which simultaneously causes 
environmental problems such as eutrophication of surface 
and groundwater and acidification of soils. Hence, cur-
rent agricultural management practices urgently need to be 
transformed towards climate-smart sustainable agriculture. 
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Climate-smart sustainable agriculture focuses on minimiz-
ing GHG emissions and increasing C sequestration while 
maintaining or even enhancing crop yield (Paustian et al. 
2016). Therefore, there is an urgent demand for fertilizers 
that release nutrients in a more sustainable way, with lower 
eutrophication effects, build-up of soil C while still support-
ing plant growth. Green fertilizers constitute a stoichiometri-
cally more balanced substrate on the one hand not only for 
the crops but also for feeding soil microbes that are the basis 
of the whole soil food web, thereby supporting soil quality 
in general (Hoffland et al. 2020). In order to support soil 
functions and maintain or even increase crop yields, combi-
nations of organic and more mineral green fertilizers (like 
green manure) may bear this potential by providing an easily 
accessible fertilizer with long-lasting effects on soil quality 
(Tahat et al. 2020). However, the role of microbial diver-
sity and functioning in these mixed fertilizer trials needs 
more exploration, given that microorganisms are crucial 
for a sustainable agricultural system, and constitute plant 
growth–promoting bacteria (PGPB) and fungi (PGPF) for 
example nitrogen-fixers (diazotrophs) (Hossain et al. 2017; 
Srinivasarao and Manjunath 2017; Doni et al. 2019) which 
can be exploited to increase crop production. Yet, system-
atic studies exploring the interplay between fertilizer com-
position, GHG emissions, soil microbes, and crop yields in 
agricultural soils are scarce and incomplete give the current 
knowledge on soil microbial communities.

In soils, nitrogen (N) transformation is rapid as nitrifica-
tion (oxidation of NH4

+) and denitrification (NO3
− reduc-

tion) processes occur readily, resulting in the production and 
release of N2O by microorganisms (bacteria and fungi) from 
these soils (Butterbach-Bahl et al. 2013; Rohe et al. 2014; 
Keuschnig et al. 2020). While multiple microbial pathways 
exist that result in N2O production, only the complete deni-
trification to N2 by N2O-reductase (nosZ)-carrying bacteria 
exists as a N2O sink in agricultural soils (Chapuis-Lardy 
et al. 2007). However, while bacterial species can act as 
an N2O sink, fungal species only possess NO-reductase to 
produce N2O (Higgins et al. 2018). Recently, it has been 
shown that both fungi and bacteria are involved in N2O pro-
duction after plant residue amendment, whereas bacteria 
predominately contributed to N2O production after mineral 
fertilizer application (Yamamoto et al. 2017). Representa-
tives of the newly discovered N2O-reducing clade II (nosZII) 
have been postulated to turn soils into N2O sinks (Domeig-
noz-Horta et al. 2016; Hallin et al. 2018). Approximately 
50% of denitrifiers in the N2O-reducing clade II only possess 
the nosZ gene and could reduce N2O further to N2, without 
even producing N2O (Jones et al. 2014; Domeignoz-Horta 
et al. 2015). First experiments with soil amendments with 
a non-denitrifying nosZII strain decreased the emitted N2O 
and turned the soil into a N2O sink (Domeignoz-Horta et al. 
2016). Interestingly, nosZII-harbouring denitrifiers increased 

in agricultural soil after amendment with organic fertilizers. 
However, whether this stimulation is attributable to substrate 
addition via fertilizer and/or residue-borne microorganisms 
remains unclear, as is most of the ecology of these clade 
II N2O-reducers, even though understanding their ecologi-
cal characteristics is important if they are used as a GHG 
reducing application in agricultural soils (Hallin et al. 2018). 
Additionally, a recent study showed that also the addition of 
copper (Cu) together with mineral fertilizers may reduce the 
N2O emissions of agricultural fields, since Cu is essential for 
the N2O-reductase (Shen et al. 2020).

Consumption of atmospheric CH4 in well-aerated upland 
soils is responsible for approximately 10% of the global CH4 
sink (Saunois et al. 2016). However, the CH4 sink capacity 
in agricultural soils is 3 to 9 times lower compared to undis-
turbed upland soils (Ho et al. 2015). This is mainly caused 
by the effect of agricultural intensification and associated 
fertiliser use on the CH4-oxidizing bacteria (methanotrophs). 
For instance, the destruction of the soil’s physical structure 
through tilling was shown to disturb CH4 gradients in soil, 
affecting the activity of the high-affinity methanotrophs 
(Hütsch 1998). Also, the use of N-rich fertilizers reduces 
atmospheric CH4 uptake, likely due to the competitive 
inhibition of ammonia on the CH4 monooxygenase which 
catalyses the first step of CH4 oxidation (Schnell and King 
1994; Gulledge et al. 1997; Bodelier and Steenbergh 2014; 
Bodelier et al. 2019). These changes in agricultural practices 
can be long-lasting; the recovery of atmospheric CH4 uptake 
to pre-agriculture levels can take up to 80 years (Maxfield 
et al. 2008; Levine et al. 2011; Bodelier and Steenbergh 
2014; Tate 2015). However, a recent study (Ho et al. 2015) 
demonstrated significantly enhanced CH4 uptake rates after 
the addition of organic amendments (e.g. compost, sewage 
sludge) to different agricultural soils; notably, the stimulated 
CH4 uptake rates were comparable to rates reported in well-
aerated forest soils. Despite the importance of restoring the 
CH4 uptake potential of agricultural soils, research focus-
ing on this aspect is scarce, presumably due to the antici-
pated low or negligible CH4 uptake potential in these soils 
as compared to (semi-)natural grassland and upland forest 
soils (Mosier and Delgado 1997; Ciais et al. 2009; Veldkamp 
et al. 2013).

In a previous study, we evaluated different organic 
amendments and combinations thereof for their potential to 
reduce GHG by promoting CH4 uptake and minimizing CO2 
and N2O emissions (Brenzinger et al. 2018). Building on 
that knowledge, we designed this study in which we incor-
porate plants in order to assess the performance of organic 
amendments in two different agricultural soil types (sandy 
and clay soils) aiming at not only a favourable GHG bal-
ance by steering the microbial community but also main-
tain or increase crop yields by selective stimulation of the 
PGPB/PGPF. Specifically, we address the following research 
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questions: (1) How can GHG emissions be reduced through 
the application of organic amendments without losing crop 
performance and how is crop growth itself affecting GHG; 
(2) How does organic fertilizer input influence microbial 
abundance and composition of microbial guilds involved in 
the C- and N-cycle (methanotrophs, methanogens, nitrifi-
ers, denitrifiers, diazotrophs), as well as the PGPB/PGPF; 
and what are the key (a)biotic factors controlling and shap-
ing the microbial communities after the addition of organic 
amendments, and are changes in the microbial communities 
permanent? We hypothesize that the application of single 
or mixed organic fertilizers results in a more enriched and 
balanced microbial community, leading to lower GHG emis-
sions without losing crop performance.

Material and methods

Site description, soil sampling, and organic 
amendments

 Soils were collected in agricultural fields from the research 
station of Wageningen University in Lelystad (52° 32′ 26.4″ 
N, 05° 33′ 34.7″ E) and Vredepeel (51° 32,032″ N, 05° 
50,054″ E) representing a marine clay and sandy soil, respec-
tively. Detailed descriptions of the soils and soil sampling 
are provided in Online Resource 1. The residues included 
in this study were comprised of materials with a C:N ratio 
ranging from 4.8 to 24.0 (Table 1) and were selected based 
on their performance in an earlier study (Brenzinger et al. 
2018) or their common usage as bio-based additives in 

agricultural soil. Both soils and the residues were air-dried 
at 30 °C for minimal impact on their harbouring microor-
ganisms. The soils were sieved (2 mm) prior to set up to 
ensure standardized initial incubation conditions. The sew-
age sludge (S) and digestate (D) were crushed and ground, 
prior to use. The compost (C) was crushed into larger pieces 
and sieved to 6 mm prior to use, while the cover crop residue 
mixture (Brassica carinata; Trifolium incarnatum; Secale 
cereal; 1:1:1) from November 2017 (CCnov) and February 
2018 (CCfeb) were cut to smaller pieces (~ 1 cm) before 
being applied to the soils.

Mesocosm setup for in situ GHG flux measurements 
and GWP100yr calculation

The soil (1.6 kg dry weight) and each organic amendment 
were mixed in eight pots 22 × 10 cm (diameter × height) 
and then watered with deionized water to 65% soil water 
holding capacity. The following residue treatments 
were applied D + C (1:3 ratio), S + C (1:3 ratio), CCnov, 
and CCfeb residue. The residue addition to the soil cor-
responded to a rate of 10-ton ha−1, which is typically 
used in agricultural practice (Diacono and Montemurro 
2010). Half of all treatments (+ P) were planted with five 
Triticum aestivum seeds; the other half received no seeds 
(n = 4). After germination of the seeds, all mesocosms 
were adjusted to four plants and were grown without fur-
ther treatment. Two controls were used in the experiment, 
un-amended soil without a plant and soil with plant and 
application of grains of mineral fertilizer (MF; compo-
sition: N-NO3 6.6%, N-NH4 8.4%, P2O5 9%; Osmocote 

Table 1   Organic amendment and soil description, total C, and N contents of amendment and soil

Measurements were performed in triplicate (mean ± SD)

Total C (g C 
kg dw sam-
ple−1)

Total N (g N 
kg dw sam-
ple−1)

C:N Description (source/location)

Soil
  Clay soil (calcareous 

clay)
16.44 ± 0.34 1.12 ± 0.07 14.73 Clay soil from an agricultural field cropped with onions prior to sam-

pling. (Lelystad, The Netherlands)
  Sandy soil (gleyed 

podzol)
22.20 ± 3.04 1.28 ± 0.21 17.30 Sandy soil from an agricultural field cropped with potatoes prior to 

sampling (Vredepeel, The Netherlands)
Organic amendments
   Sewage sludge (S) 202.74 ± 12.82 41.81 ± 1.80 4.85 Sampled from an anaerobic digester after sludge thickening

(Vallei Veluwe, The Netherlands)
   Digestate (D) 290.07 ± 14.14 24.59 ± 1.64 11.80 Residue product of biogas formation from manure. (ACRRES, The 

Netherlands)
   Compost (C) 118.40 ± 13.77 6.25 ± 0.65 18.93 Van Iersel fungal dominant humic compost. Basic ingredient is wood 

shreds. (Soiltech, The Netherlands)
   CCnov residue mixture 272.62 ± 19.32 31.97 ± 1.70 8.53 Consist of Brassica carinata, Trifolium incarnatum, Secale cereal 

collected from a field in November 2017. (Joordens, The Netherlands)
   CCfeb residue mixture 361.90 ± 22.20 30.40 ± 2.92 11.91 Consist of Brassica carinata, Trifolium incarnatum, Secale cereal col-

lected from a field in February 2018. (Joordens, The Netherlands)
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Exact Mini 3-4 M, AICL, The Netherlands) (application 
rate: 175 kg N ha−1). Subsequently, all mesocosms were 
incubated in a climate chamber at 15 °C (mean annual 
temperature in the Netherlands during the growing season) 
with 16-light per day for 64 days. Water loss, measured by 
weight, was compensated three times weekly. Periodically 
(1, 3, 8, 10, 15, 23, 36, 49, 63 days), in situ CH4, CO2, and 
N2O fluxes were measured under ambient air by placing 
the mesocosm in a gas-tight transparent Plexiglas cham-
ber (diameter × height: 24 × 40 cm). Samples were taken 
after 0, 30, 60, and 90 min, with an initial 30 min to allow 
gas flow to equilibrate the soil-headspace gas phase. Dur-
ing these time points, 30 mL of samples was taken out of 
the chambers and stored within a 6-mL exetainer by first 
flushing the exetainers with 18 mL of sample followed by 
introducing 12 mL sample in the closed vial, creating an 
overpressure of 1 bar. A detailed description of the GHG 
measurement and calculation procedure are provided in the 
extended Material and method section in Online Resource 
1. Since a transparent chamber was used, the GHG flux 
data only represent fluxes occurring during light hours. We 
calculated the cumulative GHGs of CH4, CO2, and N2O 
based on the CO2 equivalents (mg kg−1 soil) by combining 
the mean cumulative CH4, CO2, and N2O fluxes. In these 
calculations, the CO2 equivalent for CH4 and N2O is based 
on the GWP100yr value and considered to be 28 and 265, 
respectively, over a hundred-year time frame, while the for 
CO2 is considered to be 1 (IPCC 2018).

Sample storage, soil nutrient measurements, 
and plant growth determination

During incubation, several sub samples were collected. At 
the start of the experiment, 100 g soil from each mesocosm 
was taken and stored in aliquots for further analyses. One 
aliquot was dried at 40 °C in an oven for determining soil 
nutrient composition and pH, while another aliquot was 
stored in the − 20 °C freezer for DNA extraction. During 
the incubation, the soil was non-destructively sampled using 
a soil core (diameter x height: 3 × 10 cm) after 24 days and 
49 days. At the end of the incubation, all soil was collected. 
The sampled soils were kept in aliquots as was performed 
during initial sampling.

On the same days of soil sample collection, we also meas-
ured the height of each wheat plant and counted the leaves. 
At the end of the incubation, the wheat plant was harvested 
and dried at 40 °C, and the biomass was measured.

Nutrient concentrations in the soil samples (NOx
−, 

exchangeable NH4
+) were determined in 1 M KCl (1:5 dilu-

tion) extract using a SEAL QuAAtro SFA autoanalyzer 
(Beun-de Ronde B.V. Abcoude, the Netherlands). Soil pH 
was determined in 1 M KCl (1:5 dilution) extracts.

Measuring aggregate fractions

After the incubation, water-stable aggregate fractions were 
separated via manual wet sieving (Six et al. 1999) to differ-
ent fractions: large macroaggregates (2–10 mm), macroag-
gregates (250–2000 µm), microaggregates (53–250 µm), and 
the silt and clay fraction (< 53 µm). A detailed description 
of the wet sieving process and the aggregate measurement 
is provided in the extended Material and method section in 
Online Resource 1.

DNA extraction and quantification of the structural 
gene abundances using qPCR assays

DNA was extracted using the DNeasy PowerSoil Kit Pro 
(Qiagen, Venlo, The Netherlands) according to the manu-
facturer’s instruction from each treatment. We performed 
qPCR assays targeting the nitrifier amoA gene for ammo-
nium oxidizing Archaea (AOA)/Bacteria (AOB), nosZ 
clade I/II (nosZI and nosZII; N2O-reducers), nirK and nirS 
(NO2

−-reducing denitrifiers), fnirk (fungal denitrification), 
nifH (N-fixers), mcrA (methanogens), and pmoA (metha-
notrophs). Each assay was performed in duplicate for each 
DNA extract with primers, primer concentration, and PCR 
profiles as shown in Online Resource 2. A detailed descrip-
tion of the qPCR protocol is provided in the extended Mate-
rial and method section in Online Resource 1.

Microbial community composition of different 
guilds involved in GHG production/ consumption 
analysed by amplicon sequence analyses

DNA from the initial soil as well as from all 64 days treat-
ment samples were selected for an Illumina MiSeqPE250 
sequence analyses targeting universal fungal ITS region with 
primers ITS1f/ITS2, the V4 region of the 16S SSU rDNA of 
Archaea and Bacteria with the primer pair 515F/806R, the 
amoA of AOA with the primer pair arch-amoF/arch-amoR, 
the nosZI/II (denitrifiers) with primer pairs nosZ1F-mod/
nosZ2R-mod and nosZ-II-F/nosZ-II-R, respectively and the 
pmoA (methanotrophs) with the primer pair A189F/A682R, 
which also targets some AOB. A detailed overview of the 
primers can be found in Online Resource 3. The extracted 
DNA was sent to Genome Quebec Innovation Centre (Que-
bec, Canada) for further processing. A detailed overview 
of the processing of the sequencing data is provided in the 
extended Material and method section in Online Resource 
1. To calculate the α-diversity and visualise the gene 
sequences, we used the phyloseq package version 1.30.0 in 
R (McMurdie and Holmes 2013). Raw sequences can be 
found at the European Nucleotide Archive under the acces-
sion number PRJEB43590 (http://​www.​ebi.​ac.​uk/​ena/​data/​
view/​PRJEB​43590; available at 31.12.2021).
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Statistical analyses of collected data

All statistical analyses were done using R version 3.0.1 (R 
Core Team 2018). The mean total GHG fluxes, the GWP, 
NO3

−/NH4
+ concentrations, and abundance of the different 

structural marker genes were tested for normality by the 
Kolmogorov–Smirnov test and homogeneity of variance 
by Levene’s test. If necessary, normal distribution was 
achieved by log-transformation of the data. The mean dif-
ferences were assessed using one-way ANOVA followed 
by Tukey’s post hoc test. All levels of significance were 
defined at P < 0.05.

Differences/similarities in the composition of the differ-
ent microbial communities were analysed using non-met-
ric multidimensional scaling (NMDS). Non-metric mul-
tidimensional scaling (NMDS) analyses were performed 
with the Bray–Curtis similarity index, which iteratively 
plots the rank order of similarity of communities in a way 
that community point distances are exactly expressed in a 
two-dimensional plane. The reliability of the presentation 
was calculated by a stress value. Stress < 0.05 provides an 
excellent representation in reduced dimensions, < 0.1 very 
good, and < 0.2 good. ANOVA and NMDS were executed 
using the package vegan version 2.5–7 (Oksanen et al. 
2020).

We used structural equation modelling (SEM) to evaluate 
which factors influence the effect of the addition of organic 
amendments, on GHG emissions, microbial communities, 
and plant growth and how they potentially interact (Grace 
2006). A detailed description of the SEM analyses is pro-
vided in the extended Material and method section in Online 
Resource 1.

Correlations between microbial abundance data at 
24 days and 64 days and the respective measured GHG 
fluxes (N-cycling genes vs N2O and C-cycle genes vs CH4 
and CO2) were analysed in R with the ggpubr and the cor() 
function. To calculate correlations between the relative 
abundance of specific taxa from sequence data and our 
organic amendments, we fitted the normalized 16S rRNA 
gene sequence counts attributed at the family level to lin-
ear models of the amendment effects, treatment (wheat, no 
wheat), and soil type without interactions in R and calcu-
lated P values and corresponding q-values (false discovery 
rate) using an ANOVA, filtering only those families that had 
q-values < 0.05, resulting in a list of families with 5% false 
discovery rate. Subsequently, we investigated the functional 
microbial marker groups that are important for GHG bal-
ance, and additionally, we selected bacteria and fungi known 
to promote plant growth based on previous studies (Vessey 
2003; Lucy et al. 2004; Hossain et al. 2017; Majeed et al. 
2018). Additionally, we checked the ITS data on potential 
pathogenic fungi based on previous studies (Hannula et al. 
2017).

Results

Influence of organic amendment on consumption 
and production of GHG and inorganic N

All measured GHG fluxes were obtained during light hours 
and therefore reflecting not a complete day cycle assess-
ment of the GHG fluxes.

Total measuredCH4 fluxes in the clay soil varied 
between treatments (Fig. 1 A) with the D + C + P showed 
the highest CH4 uptake, while the MF + P and the un-
amended soils had the lowest uptake. The CH4 flux varied 
(Online Resource 4 A) at the beginning of the experi-
ment. After 24 days, all soils consumed CH4, but organic 
amendment nor the presence of plants affected CH4 fluxes. 
Cumulative mean CH4 uptake in the sandy soil (Fig. 1 B) 
was higher in all amended soils compared to the una-
mended control and MF + P, except for the D + C + P. 
CH4 uptake by the sandy soil was generally lower after 
the addition of organic amendments than CH4 uptake by 
the clay soil (Online Resource 4 B).

Total CO2 emissions were the highest in CCfeb-amended 
soil, followed by CCnov (Fig. 1 C/D). Other amendments 
resulted in similar fluxes, irrespective of the soil type 
(Online Resource 4 C/D). The presence of plants led to 
lower emissions of CO2. Also, the application of D + C and 
S + C led to an uptake of CO2 after a few weeks (Online 
Resource 4 C/D), which was likely caused by the presence 
of cyanobacteria developed on the soil surface.

The lowest total emitted N2O throughout the incu-
bation in clay soil occurred in the un-amended soil 
(~ 3  mmol  m−2) followed by the D + C treatments 
(~ 6–10 mmol  m−2), while the highest emissions were 
measured for the CC residues (~ 100–166 mmol  m−2). 
Overall, the total mean N2O emissions showed no differ-
ence between incubations with or without plants (Fig. 1 
E). N2O fluxes showed a peak at 3 days and decreased 
gradually to almost zero emission after 36 days (Online 
Resource 4 E), except for the S + C amendments, which 
peaked after 14 days of incubation. The highest fluxes 
were observed for both CC residues, while the un-amended 
soils displayed the lowest. In the sandy soil, the high-
est total mean emissions occurred for the CCnov residue 
(227 mmol m−2), followed by the CCfeb residue samples 
(145 mmol m−2), while the lowest emissions were meas-
ured in the un-amended soils (8 mmol m−2) and the D + C 
amendments (17–21 mmol m−2) (Fig. 1 F). N2O fluxes 
exhibited a different trend than in the clay soil (Online 
Resource 4 F). Here, for all samples, the highest levels 
occurred after 21 days while emissions were almost zero 
after 49 days, except in the CCnov residue samples, which 
still emitted N2O at the end of the incubation (Online 
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Resource 4 F). In contrast to the clay soil, the presence 
of plants led to a significant decrease in total mean N2O 
production in all samples in the sandy soil.

The combined cumulative GHG fluxes based on their CO2 
equivalent were strongly influenced by the cumulative total 
CO2 fluxes, irrespective of the soil type (Fig. 1 G/H). Nota-
bly, treatments with D + C with/without plants and MF + P 
gave similar results as the un-amended soil.

The starting concentration of NO3
− varied between the 

amendments and the two soils (Online Resource 5 A/B). 
The concentrations of NO3

− decreased in all samples until 
the end of incubation, with the exception of both CC residue 
samples without plants, which increased again after 24 days, 
reaching higher concentrations than the starting concen-
trations. In samples with organic amendments and wheat, 

NO3
− was completely consumed after 50 days while in the 

soil with mineral fertilizer addition, NO3
− was produced 

towards the end of the incubation. In the sandy soil, the 
starting NO3

− concentrations were lower than in the clay soil 
(Online Resource 5 B). The CCnov residue in the unplanted 
soil resulted in the highest concentration of NO3

−. After 
24 days, the NO3

− concentrations in unplanted mesocosms 
increased, except for the D + C + P treatment. In contrast, it 
dropped to almost 0 in all planted mesocosms but continued 
to increase in the other samples.

Like for the NO3
− concentrations, the initial concentra-

tion of exchangeable NH4
+ varied strongly between soil and 

organic amendment (Online Resource 5 C). Exchangeable 
NH4

+ concentrations in all samples in the clay soil decreased 
to below 2 mg kg soil−1 during the first 24 days of incubation 

Fig. 1   Total mean CH4 (A, B), CO2 (C, D), N2O (E, F), and cumu-
lative GHG (G, H) emitted or consumed during daylight over the 
period of 65 days in clay (A, C, E, G) and sandy soil (B, D, F, H) 
and after amendments with digestate + compost (D + C), sewage 
sludge + compost (S + C), CC residues mixtures from November 
and February (CCnov and CCfeb), and mineral fertilizer (MF) with 

and without plant growth (+ P) (mean ± SD; n = 4) derived from 
the cumulative average CH4, CO2, N2O fluxes (Online Resource 
5). In between the dashed lines are samples with and without plant 
growth. Asterisks (*) indicate significant differences in the total mean 
between the un-amended soil and the other samples within one soil 
(ANOVA: P < 0.05)
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and stayed around these values until the end of the incu-
bation. The only exception were the samples with MF + P, 
which varied between 4 and 10 mg kg soil−1 over the incu-
bation. The exchangeable NH4

+ concentrations in the sandy 
soil were on average higher than in the clay soil (Online 
Resource 5 D); it decreased in all mesocosms amended with 
D + C and S + C in the first 24 days, while it increased in 
all other treatments. After 51 days, NH4

+ concentrations 
decreased in all mesocosms to below 10 mg kg soil−1, except 
for the MF + P sample, which increased to around 53 mg kg 
soil−1. At the end of incubation, ammonium concentrations 
in mesocosms without plants started to increase again, while 
in the planted mesocosms, concentrations remained stable 
or decreased further.

pH measurement and aggregate fractions

The pH values were mainly affected by the soil type (Online 
Resource 6), in which the clay shows a circumneutral value 
during the whole incubation (7–8), while the pH values of 
the sandy were more acidic (5–6). The organic amendments 
did not have a major effect on the pH value in both soils.

The mean diameter weight (MDW) of the aggre-
gate fraction stability was highly influenced by the soil 

type (Online Resource 7), in which the clay soil always 
showed higher values compared to the sandy soil. This 
corresponded with a different proportion of the different 
aggregate size fractions in the samples (Online Resource 
8). While the clay soil contained a higher amount of 
smaller aggregates (< 53 µm and 53–250 µm), the sandy 
soil contained a higher portion of bigger aggregates 
(250–2000 µm). The presence of a plant led to an increase 
of larger fractions in the clay soil and a decrease in the 
sandy soil. The different treatments did not have a signifi-
cant effect on aggregate stability.

Influence of organic amendment on plant growth

The addition of CC residues led to an increase in plant 
growth for both soil types at the end of the incubation as 
compared to the incubations with MF + P (Fig. 2). The 
D + C and S + C showed similar growth of wheat compared 
to the MF + P treatment in the clay soil, while the D + C 
amendment in the sandy soil led to less well-performing 
plants compared to MF + P.

Fig. 2   Changes in wheat growth parameters: Wheat height in 
clay  (A)  and sandy loam soil (B) and number of leaves (clay:  C; 
sandy loam: D) between 21 and 65  days, and wheat dry weight 
(clay:  E; sandy loam: F), at the end of the experiment (65  days). 
Asterisks (*) indicate significant differences in wheat dry weight 

between the organic amendments and the MF amended soil 
(ANOVA: P value < 0.05). D + C, digestate + compost; S + C, sewage 
sludge + compost; CCnov, cover crop residues harvested in November 
2017; CCfeb, cover crop residues harvested in February 2017; MF, 
mineral fertilizer (mean ± SD; n = 4)
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Abundance of microorganisms involved in GHG 
production and consumption

To assess changes in the abundance of functional genes 
of different microbial guilds involved in the N- (nitrifi-
ers, denitrifiers, N-fixers) and C-cycle (methanotrophs, 
methanogens) with the importance for GHG reduction 
or production, we calculated the ratio between gene copy 

numbers of the analysed genes in the initial soil after 24 
and 64 days.

The abundance of these guilds was mainly influenced 
by soil type (Figs. 3 and 4 and Online Resource 9), but 
also organic amendment, plant growth, and time point of 
sampling affected the abundance of the different functional 
guilds, although not in a similar way. For example, D + C 
and S + C addition led to a strong increase in abundance of 

Fig. 3   Ratio of the copy numbers of the functional marker genes nirK 
(A, B), nirS (C, D), fnirk (E, F), nosZ clade I (G, H), and nosZ clade 
II (I, J), after 24 days/65 days and before incubation of clay (A, C, D, 
E, G, I) and sandy (B, D, F, H, J) soil and during amendments with 
digestate + compost (D + C), sewage sludge + compost (S + C), CC 
residues mixtures from November and February (CCnov and CCfeb) 

and mineral fertilizer (MF) with and without plant growth (+ P) 
(mean ± SD; n = 4) for 28 days. In between the dashed lines are sam-
ples with and without plant growth. Asterisks (*) indicate significant 
differences in the mean total between the un-amended soil and the 
other samples within one soil and for one functional marker gene at a 
given time (ANOVA: P < 0.05)
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methanotrophs and methanogens (Fig. 4 G–J), while only 
a minor increase was observed after application of other 
amendments. The growth of methanogens was 10x higher in 
the clay soil. Organic amendments also increased the abun-
dance of denitrifiers and bacterial nitrifiers in both soils 
compared to MF + P and unamended soil treatment, with the 
highest increase with CC residue addition (Fig. 3). In con-
trast, organic amendments led to a decrease in archaeal nitri-
fiers. However, overall, organic amendments stimulated the 
growth of microbial guilds involved in GHG fluxes, which 
were most pronounced in clay soil with the D + C amend-
ment and with CC residues in the sandy soil. In both soils, 

the addition of MF did either not affect microbial guilds 
involved in GHG fluxes or even led to a reduction, which 
is in sharp contrast with the effect observed for the organic 
amendments. A more detailed overview of all changes that 
occurred during the experiment with respect to microbial 
abundances can be found in the extended Result section in 
Online Resource 10.

Correlation analyses of the abundance of the different 
microbial groups vs. the measured GHG fluxes showed that 
at 24 and 65 days only AOB (R2 = 0.66 and 0.63, respec-
tively) and nosZII (R2 = 0.53 and 0.67, respectively) showed 
a moderate to strong positive correlation to the measured 

Fig. 4   Ratio of the copy numbers of the functional marker genes 
archaeal amoA (A, B), bacterial amoA (C, D), nifH (E, F), mcrA (G, 
H), and pmoA (I, J), after 24  days / 65  days and before incubation 
of clay (A, C, D, E, G, I) and sandy (B, D, F, H, J) soil and during 
amendments with digestate + compost (D + C), sewage sludge + com-
post (S + C), CC residues mixtures from November and February 

(CCnov and CCfeb) and mineral fertilizer (MF) with and without 
plant growth (+ P) (mean ± SD; n = 4) for 28  days. In between the 
dashed lines are samples with and without plant growth. Asterisks 
(*) indicate significant differences in the mean total between the un-
amended soil and the other samples within one soil and for one func-
tional marker gene at a given time (ANOVA: P < 0.05)
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N2O fluxes, while all other correlation analyses had a low 
R2 score (< 0.3).

Changes in microbial community composition

Correlation of individual taxa with effect of organic 
amendment application on overall community composition

Correlation of individual taxa with a linear effect model 
of organic amendments effects on community composi-
tion showed varying positive and negative correlations 
with functional microbial groups involved in GHG emis-
sions (Table 2). We detected a strong positive correlation 
(q value < 0.001) of methanogens (e.g. Methanoculleus, 
Methanosarcina), an anaerobic nitrate-dependent methano-
troph (Candidatus Methanoperedens), and aerobic Methylo-
caldum-like methanotroph with the application of compost. 
While the positive correlation (q value < 0.001) of metha-
nogens was stronger in combination with sewage sludge, 
methanotrophs were equally correlated (q value < 0.001) 
with the D + C and S + C treatment. We observed the highest 
number of correlations between amendment and microbes 
for the nosZI denitrifiers. Especially, the CCnov residue 
led to a strong positive correlation of a variety of clade I 
N2O-reducers (e.g. Achromobacter, Agrobacterium, Bra-
chymonas, Pseudomonas, and Rhizobiaceae). Also, other 
organic amendments showed positive correlations with 
nosZI microorganisms (e.g. Nitrospirillum, Ochrobactrum, 
Rhizobiales, and Rhizobium), while the MF + P and un-
amended soil treatment only showed a few positively cor-
related taxa. For nosZII, we only observed three correlations 
with our treatments. While S + C did not correlate with this 
group, all three N2O-reducers (Adhaeribacter, Flavobac-
terium, and Rhodothermaceae) correlated with the CCnov 
residue. AOA and AOB only showed negative correlations 
with the applied treatments.

Focusing on the correlation of organic amendment and 
plant growth–promoting bacteria (PGPB) and fungi (PGPF), 
we observed a strong increase in PGPB in the CC residue 
and the S + C amendment (Table 3). While we identified 18 
PGPB, only four PGPF were detected, and in three cases, 
these correlations were negative.

Changes in microbial community composition 
after organic amendment application

Generally, the 16S rRNA genes (bacterial and archaeal), 
ITS, archaeal amoA, pmoA, and bacterial amoA, nosZI, and 
nosZII gene diversity were specific to soil type, as revealed 
by the NMDS analyses (Fig. 5). While in the clay soil the 
bacterial/ archaeal 16S, the fungal ITS, the archaeal amoA, 
and the nosZI communities cluster together, all other com-
munities in the clay soil and in the sandy soil were more 

dispersed, with a separation based mainly on the organic 
amendment applied (Fig.  5). These findings were sup-
ported by the PERMANOVA analyses (Online Resource 
11), in which most variances were explained by soil type (P 
value < 0.001; R2 = 0.30 (ITS)–0.63 (nosZII). The addition 
of organic residues was significant (except for nosZII) but 
did not explain as much of the variance as the soil type (P 
value < 0.01; R2 = 0.06–0.24) while the presence of a plant 
mostly did not explain a significant part of the variance in 
community composition (P value > 0.05; R2 = 0.01–0.04). 
However, when the soils are separately analysed, the sepa-
ration based on the treatment becomes more prominent 
(Online Resource 12 and 13). PERMANOVA was calculated 
separately for the two soil types (Online Resource 11), and 
it demonstrated that the organic amendment is the main fac-
tor for separation between the different samples in the clay 
soil (R2 = 0.25–0.62) and the sandy soil (R2 = 0.19–0.53). A 
detailed overview of the changes in the relative abundance 
of different genera and a more detailed description can be 
found in Online Resource 10.

Discussion

Our study highlights that the application of organic resi-
dues and mixes thereof can stimulate the soil microbial com-
munity with both benefits for GHG fluxes as well as plant 
growth. Especially amendment with digestate + compost 
(D + C) leads to a reduction of GHG fluxes in two agricul-
tural soils (clay and sandy) with the potential to increase soil 
C, which is not the case when using mineral fertilizer (MF). 
While GHG emissions from cover crop (CC) residues were 
higher compared to MF, crop growth in both soil types was 
promoted. Furthermore, organic amendment caused a shift 
in the diversity and abundances of groups of soil microor-
ganisms and specifically increased the abundance of PGPB/
PGPF, whereas MF did not lead to changes in the microbial 
community.

Can GHG emissions from fallow 
and planted agricultural soils be reduced 
through the application of organic amendments 
without reducing crop performance?

Greenhouse gas emissions and total mean cumulative GHG 
emissions

The total mean cumulative GHG emission, measured dur-
ing light hours (in CO2 Eq.), was primarily composed of 
CO2, and to a lesser extent N2O, particularly in the sandy 
soil, while in our experiment CH4 had a minor effect on 
the total mean cumulative GHG emission since its uptake 
only increased at the end of our experiment in the compost 
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Table 2   Correlation analyses of microbial groups involved in GHG balance and the different organic amendments

Gene Correlated organisms D + C S + C CCnov CCfeb MF Unamended

Archaeal 16S Candidatus Methanoperedens  + *
Methanobacterium  + **  + ***
Methanobrevibacter  + ***
Methanoculleus  + **  + ***
Methanomassiliicoccus  + **  + *
Methanosarcina  + ***  + ***
Methanosphaera  + *

Archaeal amoA Nitrosopumilales-Eta -** -** -*** -** -* -**
Nitrososphaerales-Alpha -*
Nitrososphaerales-Beta -*
Nitrososphaerales-Delta -* -***
Nitrososphaerales-Zeta -* -*

pmoA/ Cluster 1amoA/pmoA (COMMAMOX) -* -** -*** -* -*
pmoA like/ Methylocaldum-like  + ***  + ***
bacterial amoA Mycobacterium  + ***

Nitrosospira (no COMMAMOX) -*** -*** -*** -* -**
nosZ clade I Achromobacter  + ***  + *

Agrobacterium  + ***  + *
Alcaligenes  + *
Alphaproteobacteria clade I  + ***  + **
Aromatoleum  + **  + *  + ***  + *  + **
Azospirillum  + **
Bauldia  + ***  + *
Bordetella  + *
Brachymonas  + ***
Bradyrhizobiaceae  + ***  + *
Bradyrhizobium  + *
Burkholderia  + **  + *  + ***  + *  + *
Cereibacter  + ***  + **  + ***  + *  + **
Devosia  + ***  + *
Ensifer  + ***  + *
Environmental samples clade I  + **  + *  + ***  + *  + *
Hydrogenophaga  + *
Hyphomicrobium  + ***
Luteimonas  + *
Nitrospirillum  + **  + *
Novimethylophilus  + **  + **
Ochrobactrum  + ***  + ***
Oligotropha  + ***
Pseudomonas  + **
Pusillimonas  + **
Rhizobiaceae  + ***
Rhizobiales  + ***  + **  + ***  + **
Rhizobium/Agrobacterium group  + ***  + *  + ***  + *
Rhizobium  + **  + *  + ***  + *
Rhodospirillaceae  + *
Shinella  + **
Thauera  + *
Uncultured nosZ clade I bacterium  + ***  + *  + **  + *  + **
Zoogloeaceae  + ***  + ***  + **
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samples. In a previous study (Brenzinger et al. 2018), com-
post reduced the GWP in unplanted agricultural soil. How-
ever, compost alone cannot be used as the sole fertilizer for 
agricultural purposes, because of the low N and P contents. 
Therefore, compost needs to be combined with other more 
nutrient-rich organic amendments, like digestate to com-
bine soil structure and C improving traits of compost with 
the minerals for plant growth from digestate. This D + C 

combination still had the lowest cumulative GHG emission 
in both tested soils, consistent with previous findings (Bren-
zinger et al. 2018); however, the cumulative GHG emission 
of the control treatment with MF was in the same order of 
magnitude as in the clay soil. While the D + C treatment had 
the lowest N2O emissions, their contribution was mainly 
resulting from CO2 produced at the beginning of the incu-
bation. On the other hand, the main contribution of MF to 

 + means positive correlation in comparison to initial soil;—means negative correlation in comparison to initial soil
* q value 0.01 < 0.05; ** 0.001 < 0.01; *** < 0.001
D + C digestate + compost; S + C sewage sludge + compost; CCnov CC residues from November; CCfeb CC residues from February; MF mineral 
fertilizer

Table 2   (continued)

Gene Correlated organisms D + C S + C CCnov CCfeb MF Unamended

nosZ clade II Adhaeribacter  + *  + ***  + ***
Flavobacterium  + *
Rhodothermaceae  + *  + **  + ***  + **  + **

Table 3   Correlation analyses 
of plant growth–promoting 
bacteria and fungi and the 
different treatments

 + means positive correlation in comparison to initial soil;—means negative correlation in comparison to 
initial soil
*  p value 0.01 < 0.05; ** 0.001 < 0.01; *** < 0.001
D + C digestate + compost; S + C sewage sludge + compost; CCnov CC residues from November; CCfeb CC 
residues from February; MF mineral fertilizer

Gene Correlated organisms D + C S + C CCnov CCfeb MF Control

Plant growth- Acinetobacter -*  + * -*
promoting Alcaligenes  + *
Bacteria Arthrobacter  + ***  + ***  + *
(PGPB) Azospirillum  + *  + **  + ***

Bacillus  + **
Bradyrhizobium -*
Caulobacter  + ***  + ***
Chryseobacterium -*** -* -**
Flavobacterium -* -* -*
Herbaspirillum  + ***  + ***  + **  + *  + **  + ***
Kocuria  + ***  + ***  + *
Mesorhizobium  + *  + **  + **
Microbacterium -*
Ochrobactrum  + **
Paenibacillus  + *
Pseudomonas -** -** -* -**
Rhodococcus  + ** -*
Stenotrophomonas  + * -*
Streptomyces  + *

Plant growth- Aspergillus  + ***
promoting Colletotrichum -*** -*** -*** -*** -*** -***
Fungi Mortierella  + *
(PGPF) Penicillium -* -*

Talaromyces -** -**
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the cumulative GHG consisted of N2O since MF does not 
introduce new C into the soil and it is not contributing to soil 
sustainability. The highest cumulative GHG emission was 
associated with CC residue addition. A reason was prob-
ably the more easily accessible C source for microorgan-
isms in plant residue samples, which lead to a more rapid 
consumption of the freshly provided C substrate with an 
almost 10 × higher CO2 respiration rate at the beginning of 
the experiment. This was also observed in other studies in 
which plant residue amendment immediately led to a high 

CO2 respiration rate (Ho et al. 2017; Brenzinger et al. 2018), 
which correlated with an increased enzyme activity of pro-
teases, β-glucosidase, exocellulase, and β-glucosaminidase 
(Geisseler et al. 2011). Considering our study and previ-
ous work, the C:N ratio does not reflect the soil responses 
(microbial CO2 production) to residue input. Although hav-
ing similar C:N ratios, different CO2 production rates were 
observed following the amendments.

One limitation of assessing the impact of different amend-
ments on the agricultural GHGs is that it does not include 

Fig. 5   Non-metric multidimensional scaling (NMDS) of Bray–Curtis 
distances from the bacterial 16S rRNA genes (A), ITS (B), archaeal 
amoA (C), nosZ clade I (D), nosZ clade II (E), and pmoA/ bacterial 
amoA (F) community composition in clay (open symbols) and sandy 

(closed symbols) soil derived from different applications of organic 
amendments, mineral fertilizers and un-amended soil (at 0 days and 
65 days), with (triangle) and without (circle) plant growth
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metrics like long-term soil sustainability and the general C 
footprint before adding the amendments to the soil. Several 
studies calculated a life-cycle assessment for similar amend-
ments and fertilizer that were used in this study based on 
their GWP (Table 4). Only CC residues showed a negative 
GWP before being applied in our study (Table 4), while 
the mineral fertilizer has the highest GWP before applica-
tion. Additionally, CC residues can increase the C pool by 
C sequestration in the soil and take up available N from the 
soil (Lal 2015; Abdalla et al. 2019). Thus, residues like CC 
limits N leaching after fertilization; the sequestered N can 
then be used by the crops. The disadvantage of MF in this 
regard compared to the used organic amendments is the lack 
of contribution to the build-up of soil C and its unsustain-
able production process. The organic residues used are either 
sequester C while growing (CC) or are a product of the waste 
treatment chain (compost, sewage sludge, digestate) and as 
such recycled. Therefore, other benefits of organic amend-
ments besides GHG reduction have to be considered when 
selecting soil additives.

N2O production showed the largest difference between 
the two soil types and the different amendments. The 
increased N2O production in the sandy soil compared to 
the clay soil is likely stimulated by the acidity of the sandy 
soil. Low pH was previously shown to be a major driver 
in N2O emissions and N2O:N2 ratios (Bakken et al. 2012; 
Brenzinger et al. 2015; Cheng et al. 2015; Aamer et al. 
2020). Furthermore, the acidic pH appears to have a drastic 
impact on the NO3

−:NH4
+ proportion, and with that on the 

nitrifier:denitrifier activity. In the clay soil, the production 
of N2O seems to be equally driven by nitrification and deni-
trification based on the simultaneous decrease of NO3

− and 
NH4

+ concentrations in these samples in the first 21 days. In 
contrast, NO3

− concentration gradually increased over time 
in the sandy soil, suggesting that in this soil, the majority 
of N2O production occurs during nitrification, which is also 
supported by strong positive correlation analyses of the AOB 

abundance to the N2O fluxes. A 15 N-labelling experiment 
would be necessary to determine the actual contribution of 
the different pathways to the N2O production. However, the 
amount of N provided by the different fertilizers seems to 
be a good indicator for eventual N2O production, since our 
SEM analyses (Online Resource 13) showed a direct effect 
of added N on N2O production.

As mentioned before, CH4 uptake had a minor effect on 
the combined GHG emissions and showed no significant 
difference between treatments, which was also shown in 
our SEM analyses (Online Resource 13), in which none of 
the treatments showed an influence on the total mean CH4 
concentrations during the whole incubation. Only the soil 
type seems to have a direct effect under some circumstances. 
Nevertheless, an increase in atmospheric CH4 uptake was 
documented towards the end of the incubation (Online 
Resource 5), especially in the amendments with compost 
in combination with other organic fertilizers (uptake rate 
of − 0.35 to 0.59 µmol m−2 min−1 in clay soil and − 0.15 
to 0.22  µmol  m−2  min−1 in the sandy soil), which was 
almost double than the control MF and unamended soil. 
This could indicate a long-term effect of compost on CH4 
uptake. The increase in CH4 consumption was accompanied 
by the increase in the abundance of the pmoA gene. Con-
firming a previous study of the same soil, the community 
was comprised of canonical aerobic methanotrophs (Methy-
localdum and Methylocystis), not only thought to mediate 
‘low-affinity’ CH4 oxidation but also capable of oxidizing 
CH4 at (circum-)atmospheric concentrations (< 40 ppmv) 
(Ho et al. 2019). However, the application of organic fer-
tilizers may stimulate CH4 production in anoxic microsites 
(Ho et al. 2015), sustaining the ‘low-affinity’ methanotrophs 
when oxygen is available. In the sandy soil, we observed an 
increase in smaller aggregates (Online Resource 8/9), espe-
cially in compost treatments with no plant present, which 
were also the samples that increased in CH4 uptake rates 
at the end of the incubation. Additionally, with regard to 

Table 4   Life-cycle assessment of each amendment before the application on the field

Amendment GWP before 
application

References

Sewage sludge
[kg CO2 eq. / kg of sludge]
 + Compost
[kg CO2 eq. / kg compost] (1:3 ratio)

 ~ 1.08 Bridle and Skrypski-Mantele (2000); Murray et al. (2008); Hong et al. (2009); Martínez-
Blanco et al. (2009); Peters and Rowley (2009)

Digestate
[kg CO2 eq. / kg digestate]
 + Compost
[kg CO2 eq. / kg compost] (1:3 ratio)

 ~ 0.76 Martínez-Blanco et al. (2009); Rehl and Müller (2011); Styles et al. (2018)

Cover crop residue
[kg CO2 eq. / kg cover crop growth]

 ~  − 1.59 Tribouillois et al. (2018)

Mineral fertilizer
[kg CO2 eq./ kg mineral fertilizer]

 ~ 2.92 Martínez-Blanco et al. (2009); Skowronska and Filipek (2014); Hasler et al. (2015); 
Brentrup et al. (2016)
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the changes in aggregate sizes, our observations were cor-
roborated by the detection of the methanogens in the same 
soil. Possibly, the methanotrophs were able to store sufficient 
reducing equivalents during high CH4 availability for atmos-
pheric CH4 oxidation. Moreover, some methanotrophs (e.g., 
Methylocapsa) can gain energy from hydrogen and carbon 
monoxide to generate reducing equivalents (Pratscher et al. 
2018; Tveit et al. 2019). Additionally, the availability of 
NH4

+ in our samples at the beginning of the incubation may 
transiently inhibit the CH4 oxidation capacity of the soil. 
Due to competition with nitrifiers, additional NH4

+ could 
lead to an inhibition of the CH4 monooxygenase (Malyan 
et al. 2016; Singh and Seneviratne 2017; Bodelier et al. 
2019) and/or to a reduced CH4 production by methanogens 
(Yin et al. 2020).

Effect of organic amendment on crop biomass and effect 
of crop growth on GHG fluxes

Assessing the effect of crop growth on GHG fluxes our 
measured values need to be taken with cautions, since we 
only measured the GHG fluxes during light hours in our 
mesocosm experiment. Thereby, we underestimate espe-
cially the production of CO2 by plants during night times, 
leading to incomplete total cumulative GHG fluxes. Stud-
ies showed that the CO2 production during darkness can 
be 2–10x lower than the photosynthetic CO2 assimilation 
capacity of wheat (Gifford et al. 1985; Corey et al. 1997; 
Impa et al. 2019). Since there is not an exact number regard-
ing the ratio between dark CO2 production and assimila-
tion during photosynthesis, we cannot readjust our CO2 flux 
measurements and will consider our underestimate CO2 
fluxes in the following. However, during the dark, also less 
C is secreted from the plant roots into the soil, which leads 
to a lower soil respiration rate during the night, which buff-
ers the effect of the plant-produced CO2 in our mesocosms.

Crop growth may alter GHG emissions by direct fixing 
CO2 uptake and/or indirectly via competition for N with 
microorganisms. However, in our mesocosm experiment, 
this effect was not as strong as expected, even though we see 
a reduction of the cumulative GHG in all samples with crop 
growth compared to the samples without. This effect was 
more prominent in the sandy soil than in the clay soil. We 
expected CO2 uptake in microcosms with plants to be higher 
than in the unplanted systems, especially since the fluxes 
were only measured during daytime. However, this was not 
the case and both treatments took up CO2 at a later stage 
in our mesocosms. This was probably due to the growth of 
Cyanobacteria on the soil surface of the unplanted systems. 
Like plants, Cyanobacteria are also capable of CO2 fixation 
via the Calvin cycle (McFarlane et al. 2019). Surprisingly, 
we only observed a significant reduction of N2O emission 
in the sandy soil and not in the clay soil, suggesting lower N 

mineralization and subsequent nitrification in the sandy soil, 
leaving more N available for plants in an early growth phase. 
We observed the initial plant growth after 7 days in both 
soils; at this point, most N in the clay soil was already con-
sumed by microorganisms and converted into N2O. Addi-
tionally, the clay content could have decreased the produc-
tion of ammonium from organic N in the clay mesocosms, 
which would also explain the increase of ammonium in the 
first days of the incubation in the sandy mesocosms (Online 
Resource 6).

Accounting for the crop performance, CC residue amend-
ment induced a plant growth–promoting effect compared to 
MF. This was somehow surprising since we added more or 
less the same amount of N by the CC residues than we added 
with MF and S + C. One reason could be the easily acces-
sible amount of N in the CC residues for the plant. However, 
this was also the case for the S + C treatment. Hence, the 
nature of the N products added to the soil can be the major 
factor, which is more favourable for plant growth in CC 
residue. Another reason could be the stimulation of PGPB 
(Table 3) by the CC residues. Even though we did not meas-
ure the wheat yield, it is known that all measured parameters 
are highly correlated with the crop yield. Therefore, in this 
regard, an increase in crop performance by the CC residues 
addition will follow by an increase in crop yield.

Crop development was comparable between the two agri-
cultural soils, except for the D + C treatment in the sandy 
where crop growth was impaired. The reason for the lower 
growth remains to be determined. Nevertheless, it could be 
deduced that the crop was N-limited, given that a complete 
uptake of NO3

− and NH4
+ was detected already after 21 days 

in this treatment, whereas in the other treatments, NO3
− was 

still available. Hence, D + C may not be a suitable soil addi-
tive for plant growth, despite having the lowest cumulative 
GHG. Accounting for plant growth, cumulative GHG, and 
including the life cycle analysis, in our study, the CC residue 
amendment seems to be the best fertilizer and soil sustain-
able strategy in both soils. Maybe a proper combination of 
CC residue with green manure needs to be established as 
an agricultural management practice; however, the N added 
with the manure needs to be carefully evaluated. This is 
especially needed when the CC growth during the winter is 
negatively affected by weather extremes.

How are microorganisms involved in GHG 
transformation and beneficial to plant growth 
affected by organic fertilizers

Changes in microbial community composition initiated 
by organic amendments

The microbial community composition was strongly depend-
ent on the soil type (Fig. 5), whereby edaphic characteristics 
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(pH, water holding capacity, metal composition) are the 
major drivers for differences in microbial communities and 
activities (Garbeva et al. 2004; Drenovsky et al. 2010; Ma 
et al. 2015; Kaupper et al. 2020b). However, within each 
soil type, the composition of the microbial community was 
affected by the different amendments, as revealed by the 
NMDS analysis. Residue application exerted a stronger 
impact on the bacterial community in the sandy than clay 
soil, in agreement with previous work (16S rRNA-gene 
based study) of the same soils (Ho et al. 2017). Extending 
on this study, we showed that this trend was also consistent 
across different microbial groups, including the archaea and 
fungal community, as well as other specific microbial guilds. 
The influence of the organic amendments on the community 
compositions is more pronounced than the changes after MF 
application or during incubation in the un-amended con-
trol soil. Additionally, our correlation analyses showed that 
organic amendments promoted microorganisms relevant for 
reducing GHG emissions, including the nosZ clade I (e.g. 
Rhizobiales, Rhizobium), nosZ clade II (Adhaeribacter), or 
methanotrophs (Methylocaldum-like). An increase in the 
relative abundance of N2O-reducers mainly correlated with 
CC residue while the stimulation of the methanotrophic 
community was mostly found in compost amended sam-
ples. The positive correlation of more N2O-reducers with 
the CC residue treatment could be explained by the higher 
production of N2O occurring in the CC residue samples. 
Thereby, N2O-reducers have a longer period to use N2O as 
an electron acceptor to gain energy for growth, while the 
CC residue samples also provide a C source as an electron 
donor (Hallin et al. 2018). We did not observe any negative 
correlation (decrease in relative abundance) of any genera 
that are important for reducing GHG emissions with any of 
the organic amendments nor in the MF control compared to 
the starting material. However, we observe negative correla-
tions for the bacterial and archaeal nitrifier community with 
the organic amendments, which is a beneficial effect, as the 
microorganisms involved in N2O production were adversely 
affected. Accordingly, Nitrospira species (Van Kessel et al. 
2015) also decreased in all samples except for the D + C 
sample. Since the so-called comammox Nitrospira species 
are not known to emit N2O, this is potentially a beneficial 
effect of the D + C amendment. Taken the total composition 
and the correlation analyses together, the microbial commu-
nity composition shifted, favouring microorganisms involved 
in the reduction of GHG emissions after the application of 
organic fertilizers as compared to mineral fertilizer.

Changes in microbial abundance initiated by organic 
amendments

Besides the relative composition of microbial communi-
ties, a potential indicator for ‘a climate smarter’ agricultural 

soil is the total abundance of GHG-reducing microorgan-
isms. Both nosZ-groups and the methanotrophs showed an 
increase in absolute abundance after organic residue amend-
ment compared to MF and un-amended soil. This trend was 
stronger in the sandy soil than in the clay soil. In addition, a 
spike in the abundance of diazotrophs was detected after the 
application of different organic amendments, which could be 
an additional positive feature for agricultural soils as they are 
important for plant growth. In the clay soil, taking all posi-
tive effects on GHG reductions and promoting plant growth 
together, the CCnov residues showed the highest impact on 
the microbial abundance (average of + 19 times increase 
against the initial soil), while in the sandy soil the effects 
were not as strong. Here, D + C and S + C + P treatment 
showed the best overall performance with an enhancement 
of 1.35 and 2.52, respectively. Like in the microbial com-
munity composition, the soil type has a stronger influence 
on the total microbial abundance. For example, the archaeal 
nitrifier community showed an increase in the clay soil over 
time, while they decreased in the sandy soil. In both soils, 
the organic amendments lowered the abundance of archaeal 
nitrifiers in comparison to the un-amended soil and the MF 
treatment. Other studies found similar effects, in which 
organic amendment reduced AOAs in comparison to AOBs, 
since AOAs are known to be more dominant in NH4

+ poor 
environments, with low NH4

+ concentration; in agricultural 
soils, a continuous addition of NH4

+ is provided (Huang 
et al. 2004; Gubry-Rangin et al. 2010; Scarlett et al. 2021). 
Additionally, the lower numbers of AOA in the sandy soil 
may be explained by the lower pH as was demonstrated in 
other studies (Schleper and Nicol 2010). However, in more 
recent publications, it was demonstrated that AOA seems to 
be unaffected by pH and that AOB is decreasing with lower 
pH (Yao et al. 2011; Scarlett et al. 2021). It seems more 
likely that the NH4

+ concentrations that remained at a higher 
level for a longer period in the sandy soil are responsible 
for the observed differences in AOA and AOB abundance. 
Our findings indicate the interplay of biotic and abiotic fac-
tors driving GHG turnover processes in agricultural soils. 
Therefore, in future studies aiming at reducing GHG emis-
sions from agricultural soils, it is of particular importance 
to monitor the changes in the soil microbiome.

Changes in composition of plant growth–promoting 
bacteria and fungi initiated by organic amendments

The CC residue and S + C amendments have a pronounced 
positive effect on the relative abundance of the PGPB com-
munity (e.g. increase of Arthrobacter, Azospirillum, Bacil-
lus, Herbaspirillum, and Mesorhizobium), while three other 
treatments showed a negative effect on the overall PGPB 
relative abundance (e.g. decrease of Acinetobacter, Chryseo-
bacterium, Flavobacterium, and Pseudomonas) (Table 3). 
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Azospirillum, Bacillus, and Rhizobia species are the best 
studied PGPB. These microorganisms have been associ-
ated to play a role in root development (Remans et al. 2008; 
Cassán et al. 2020), enhanced plant nutrient uptake (Ade-
semoye et al. 2008; Safronova et al. 2012; Egamberdieva 
et al. 2017; Kim et al. 2017), phosphate solubilisation and 
overall improvement of different crop species (Arif et al. 
2017; Khan et al. 2017; Cassán et al. 2020), bioremediation 
of heavy metals from contaminated soils (Gururani et al. 
2013), induced tolerance to drought (Gururani et al. 2013; 
García et al. 2017), and inhibition of bacterial and fungal 
pathogens (Liu et al. 2018), among other benefits for plant 
growth. Thus, the increased plant growth could be linked to 
higher PGPB abundance in the CC residue-amended soils 
(Fig. 2). This finding seems to be another beneficial effect 
of the amendment of organic fertilizers (except the D + C 
treatment) in comparison to MF. While we observe a strong 
effect of the organic amendments on the PGPB, the PGPF 
was not or only marginally affected by the different treat-
ments. Not only were the beneficial PGPF less affected, 
but organic fertilizer amendments also had little effect on 
the pathogenic fungi. The reason could be that our organic 
amendments harboured higher bacterial than fungal abun-
dances and the microbial community composition was more 
strongly influenced by the residue-borne microorganisms 
than stimulation of the indigenous soil community.

What are the potential sources of the beneficial 
microorganisms?

Our results suggest that both the indigenous soil microor-
ganisms and those derived from the organic fertilizers are 
relevant for reducing GHG emissions and promoting crop 
growth. MF application cannot provide new microorganisms 
in the mesocosms since the MF is chemically produced and 
not a habitat for microorganisms itself. However, we still 
observe changes in the microbial composition and abun-
dance in the MF samples, which can then only be caused by 
the addition of newly added substrates. These changes are 
more pronounced with the organic amendment application, 
and strikingly, many genera that emerged during the incuba-
tion were not detected in the initial soil. For example, the 
methanotrophs and methanogens which were not detected 
in the initial soil in the MF + P or un-amended soil samples 
increased in abundance over time particularly in the amend-
ments with compost. Additionally, we also observe these 
changes with the N2O-reducers which show a clear correla-
tion with especially the CC residue samples, which did not 
occur in the unamended soil and the MF treatment. These 
observations strongly suggest the persistence of the micro-
organisms introduced via the organic amendments, which 
can be regarded as a legacy of the amendments, contributing 

to a reduced GHG emission, increased plant growth, and 
overall soil health.

Amending bacterial strains to improve soil quality and 
promote plant growth is a relatively new field, which can 
provide extensive application possibilities (Dini-Andreote 
and Raaijmakers 2018). For instance, inoculation of Dyado-
bacter fermentans—a non-denitrifying bacterium possessing 
only clade II nosZ and to different soils resulted in a decrease 
in N2O emission of up to 189% in one-third of the inoculated 
soils (Domeignoz-Horta et al. 2016). However, two-thirds of 
the soils were not affected by the addition, even though the 
results suggested that the added D. fermentans was capable 
to survive in the soil and that the effects were hampered 
in soils with lower pH or C/N ratio. Additionally, a recent 
review highlights the need of establishing a beneficial home 
for plant growth–promoting bacteria by e.g. design crops 
with extended root phenotypes and genotypes or develop 
new strategies to engineer crops (Song et al. 2021). Poten-
tially organic fertilizers, especially plant-based ones, can 
help to establish these beneficial homes.

Conclusion

We screened different organic amendments as a single 
application or in combination to observe their influence on 
their GHG emissions as well as on plant yield in a meso-
cosm experiment with two agricultural soils. Additionally, 
we determined the changes occurring in microorganisms 
through the application of organic amendments. Confirm-
ing previous work, we showed the potential to reduce 
GHG emissions from agricultural soils by the application 
of organic amendments (Ho et al. 2015; Brenzinger et al. 
2018); however, also the addition of MF in our mesocosm 
led to a promising development of the cumulative GHG. 
Extending current understanding, we show that organic 
amendments can, on the one hand, promote plant growth 
in comparison to MF at least with the plant residue samples 
and that we can alter and enrich the microbial community by 
organic amendments which, on the other hand, can promote 
soil quality and GHG reduction. This alteration of the micro-
bial community could be the legacy effect towards climate-
smart agriculture by organic amendments in comparison to 
mineral fertilizers. However, there are still some open ques-
tions about the application of organic amendments that we 
cannot fully answer in our experiment. To what extent do 
the organic amendments influence the soil organic C in that 
regard our experiment is too short. Integrating all measured 
abiotic and biotic variables, the SEM analysis, and includ-
ing the life cycle analyses, we suggest using CC residues as 
an organic amendment. Even though it showed the highest 
cumulative GHG in our experiment, it had the best life cycle 
assessment, provided the best plant growth in both soils, and 
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showed a good stimulation of PGPB and microbes that could 
reduce GHG from soils in the future (Fig. 6), but this needs 
to be evaluated in a field study under natural conditions. 
Understanding the underlying mechanisms of how organic 
fertilizers can make agricultural soils ‘climate smarter’ 
could contribute to mitigating climate change.
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