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Nitrate (NO3
−) leaching and gaseous N losses weaken N 

use efficiency (NUE), with the implication that crop yields 
are reduced. In addition, the gaseous N losses of applied 
fertilisers, such as ammonia (NH3), nitric oxide (NO) 
and nitrous oxide (N2O), contribute to the acidification of 
unmanaged waters and soils, air pollution and global warm-
ing (Galloway et al. 2004).

Nitrous oxide is a stratospheric ozone-depleting sub-
stance and a potent greenhouse gas (Ravishankara et al. 
2009). The origin of a significant source (∼ 52%) of anthro-
pogenic N2O in the atmosphere is direct emission from agri-
cultural soils fertilised with mineral and organic fertilisers, 
livestock manure and aquaculture (Flessa et al. 2014; Tian 
et al. 2020; Malyan et al. 2021a, b).

The microbial soil processes of nitrification and deni-
trification are the main sources of the N2O produced. The 
magnitude of the N2O flux depends on the abundance of 
decomposable soil organic matter (Burford and Brem-
ner 1975; Gilmour 1984; de Catanzaro and Beauchamp 
1985; Bijay-singh et al. 1988; McCarty and Bremner 1993; 

Introduction

The world’s continuously growing population is increasing 
the demand for greater agricultural production efficiency, 
which means that more N fertiliser is being applied (Eris-
man et al. 2011). In addition, current global diet trends are 
resulting in greater consumption of animal products, which 
in turn is leading to a rise in the number of livestock (Bernal 
et al. 2015; Buckwell and Nadeu 2016). There is therefore 
an urgent need to optimise manure fertilisation as regards 
nutrient efficiency and its environmental impact (Köninger 
et al. 2021). However, organic fertilisation could lead to 
considerable N losses and carries a potential environmental 
risk (Galloway et al. 2004).
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Abstract
The absence of N2 flux measurements in liquid manure-amended soils has resulted in a poor understanding of the effect 
of manure application on gaseous N losses. The aim of this study was to quantify N2, N2O, CO2, N2O reduction to N2, 
depth distribution of moisture, water-extractable organic C, NO3

−, NH4
+, pH, and diffusivity in a laboratory incubation 

experiment with an arable silt-loam soil. To quantify N processes and gaseous fluxes, 15N tracing was applied. An artifi-
cial livestock slurry-mixture was added to the soil in various treatments (control, surface or injected application; slurry-
application rate: 42.9 kg N ha− 1; soil water content of either 40% or 60% water-filled pore space (WFPS)). The soil was 
incubated for 10 days. The depth distribution of the control parameters was measured twice during the experiment on days 
5 and 10. The average increase in N2 and N2O fluxes from denitrification was about 900% in slurry-amended soils. The 
highest N2 and N2O fluxes from denitrification were measured in the slurry injection, 60% WFPS treatment (7.83 ± 3.50 
and 11.22 ± 7.60 mg N m− 2 d− 1, respectively). The hypothesis that injected slurry at a higher water content enhances 
denitrification was confirmed. This study provides important insights into the formation, spatial and temporal variation of 
the manure-soil hotspot and its impact on the denitrification process. The results will form part of a dataset to develop, 
improve and test manure application submodules of biogeochemical models and will help to understand in detail the effect 
of hotspots on N-cycling in manure-treated soils.
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Groffman et al. 2009) and the availability of N substrates 
such as NO3

− (Heinen 2006; Groffman et al. 2009) or 
ammonium (NH4

+) (Malhi and McGill 1982; Gilmour 1984; 
Sahrawat 2008). Other control factors of the N2O flux from 
nitrification and denitrification are temperature (Rodrigo et 
al. 1997; Sahrawat 2008), pH (Peterjohn 1991; Šimek and 
Hopkins 1999; Šimek and Cooper 2002; Sahrawat 2008), 
soil gas diffusivity (Balaine et al. 2013) and oxygen (O2) 
concentration in the soil pore space (Sahrawat 2008; Müller 
and Clough 2014). In well-aerated, dry soils, it is mostly 
aerobic processes that are dominant, and these conditions 
favour nitrification and inhibit denitrification (Robertson 
and Groffman 2015). In contrast, anaerobic processes are 
mostly formed in soil domains with low gas diffusivity con-
ditions, supporting denitrification and inhibiting nitrifica-
tion (Stepniewski 1980; Petersen et al. 2013; Robertson and 
Groffman 2015). Nitrous oxide is an intermediate product 
of denitrification and it can be reduced to dinitrogen (N2) as 
the final step of denitrification. Therefore, under denitrify-
ing conditions, N2O flux and N2O/(N2 + N2O) product ratio 
(N2Oi) are regulated by N2O reduction to N2.

To minimise the negative effects (e.g. NH3 losses, N2O 
flux) and increase the NUE of organic fertiliser applica-
tion, the application rate of nutrients per unit area, appli-
cation time and also application technique are regulated 
(Federal Ministry of Justice and Consumer Protection 
2017; Köninger et al. 2021). Thus, manure application in 
agricultural soils increases N2O and N2 fluxes, resulting in 
lower N use efficiency (NUE) and higher fertiliser-related 
N2O fluxes compared with mineral N fertilisation (Ravis-
hankara et al. 2009). Manure application affects nitrifica-
tion and denitrification processes through the infiltration of 
manure water into the soil. This infiltration simultaneously 
transports mineral and labile organic N and labile organic 
carbon (C), resulting in increased O2 consumption during 
the respiratory decomposition of the latter (Petersen et al. 
1996; Sahrawat 2008; Markfoged et al. 2011; Zhu et al. 
2014; Grosz et al. 2022; Buchen-Tschiskale et al. 2023). 
This leads to the local simultaneous occurrence of anoxia 
and high NO3

− concentration from nitrification of slurry-
derived NH4

+ in the boundary zone between the soil and 
the manure clump. In addition, manure generally has higher 
water retention than the surrounding soil, resulting in the 
manure clump having a higher water content (Petersen et al. 
2003). These factors may increase the rate of denitrification 
(Petersen et al. 2016). The reduction of the N2O produced 
could be inhibited by low pH due to acidification from prior 
nitrification of manure-derived NH4

+ and a high NO3
− con-

centration locally, which can result in highly variable N2Oi.
There are several sources and forms of applied liquid 

organic fertiliser in Germany, such as pig and cattle manure 
or biogas digestates from varying feedstocks (Hey et al. 

2015). These are essential N sources for agriculture, where 
about half of the available N is in mineral form, mostly 
NH4

+ (Sommer et al. 2004; Baral et al. 2016), and the other 
half is organic.

Different slurry incorporation techniques significantly 
impact gaseous N losses (Baral et al. 2016; Petersen et al. 
2016). The effects of liquid manure incorporation tech-
niques on N2O fluxes have already been researched (Baral 
et al. 2016; Petersen et al. 2016). However, the application 
of liquid organic manure to agricultural soils leads to the 
formation of a hotspot in the manure-soil boundary layer, 
which has a significant impact on the complete denitrifica-
tion process (N2 + N2O fluxes) (John et al. 1989; Zhang et 
al. 2019), its intensity and product ratio. The description of 
these effects and the processes and factors influencing them 
in the literature is very limited. While NH3 fluxes following 
slurry application with varying application techniques have 
been extensively studied in the past (Huijsmans et al. 2003; 
Webb et al. 2010; Petersen and Sommer 2011; Pacholski 
2016; Park et al. 2018), there are few data on slurry effects 
on N2 and N2O fluxes from denitrification (Nielsen et al. 
1996; Grosz et al. 2022; Buchen-Tschiskale et al. 2023). 
Until now, there have been just a few experimental results 
that show and predict the impact of soil and slurry mois-
ture, pH, soil texture, organic C and mineral N (Grosz et 
al. 2022). Application method, spatial distribution and the 
diverse physical and chemical composition of slurry offer 
a highly complex research topic. Biogeochemical models 
are useful tools to predict soil processes, e.g. N2O fluxes. 
However, the calibration and validation of modelled deni-
trification rates are inadequate because gaseous products 
from denitrification, including N2, have not been measured 
(Nielsen et al. 1996; Groffman et al. 2009; Butterbach-Bahl 
et al. 2013; Köster et al. 2015; Fiedler et al. 2017; Grosz 
et al. 2022; Buchen-Tschiskale et al. 2023). To date, there 
have been just a few attempts to incorporate process dynam-
ics of manure-amended soil (Probert 2004; Sommer et al. 
2004; Li et al. 2012; IUSS Working Group WRB. 2015). 
Therefore, several important variables and processes are 
missing from current models: the spatial distribution of 
applied manure with its implication on spatial nitrification-
denitrification dynamics and related controls, and the influ-
ence of manure quality. To date, process-based models have 
assumed homogenous soil layers and thus also homogenous 
distribution of the applied slurry. The manure’s N, C and 
water content are added to the bulk values of N and C pools 
and soil water content (Li et al. 2012). This inaccurate and 
simplified process description of manure-amended soil can 
lead to inadequate model results. Therefore, the develop-
ment of models to describe manure-related labile N, C and 
water-induced hotspots, including spatial manure dynamics, 
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is crucial, but their evaluation is not feasible without suit-
able measurements.

This study aimed to create an appropriate dataset for 
testing and developing new modeling approaches to 
describe the boundary layer processes between liquid 
artificial livestock slurry (hereinafter slurry) and soil. The 
importance of this work is given by the lack of knowledge 
about the slurry-soil interaction. The effect of hotspot 
formation on the denitrification process is not well under-
stood, which is related to the spatial formation of the 
boundary layer by the hotspot, the change in concentra-
tion of water and substrates from the slurry (Petersen et 
al. 1996). The activation of the denitrification process by 
hotspots in slurry-treated soils and the change in product 
ratio can be interpreted from the results of the experi-
ments. It provides information on the spatial distribution 
of the water and the substrates, which can be inferred 
from the hotspot formed by the slurry. The surface slurry 
treatment is analogous to a surface broadcast slurry appli-
cation for a standard agricultural practice. To compare 
the amount of slurry applied per unit area between the 
surface and injected applications, the amount of slurry 
used in the injected treatment was equal to the amount of 
slurry applied in the surface application. It is important 
to note that the method of the injected slurry application 
is different from field application methods with respect to 
geometry of the slurry layer and the soil-slurry boundary 
in geometry. In both cases, the slurry was applied as a 
flat layer while in field-scale slurry injection the slurry 
fills a V-shaped open slit. There is certainly an effect of 
the different geometry on the processes involved, but 
the experimental data are used for model development. 
Since biogeochemical models are mostly 1-dimensional, 
the design of the experiment required a corresponding 
slurry-soil geometry Thus the 1D layer geometry allow 
to evaluate spatial hotspot effect with 1D models. In this 
study, research was thus conducted on how slurry and its 
application methods affect N2, N2O and CO2 fluxes from 
agricultural soils and how this is associated with the spa-
tial distribution of control variables. Previously, we had 
conducted a similar study with sandy arable soil (Grosz 
et al. 2022). To achieve generalizability of the phenom-
ena observed, we here repeat that study design with silt 
loam arable soil.

Since our goal was to simulate the process dynamics in 
the initial phase after slurry application, when the effect 
of the presence of plants on the processes under study is 
negligible, the experiment was conducted without plants. 
Moreover, in order to obtain the necessary data sets to 
train the models step by step, it is important to exclude 
certain confounding factors (here: plant effects) to facili-
tate the model evaluation.

Therefore, the objectives of this study were to deter-
mine the hotspot effect of slurry on the product ratio, to 
identify the pathways of N2O productions and to quantify 
N2O reduction and the depth distribution of NO3

−, NH4
+, 

moisture, pH, water-extractable organic C (WEOC) and 
the N2, N2O, and CO2 fluxes. It was hypothesised that the 
slurry-produced boundary effect (i) increases the water 
content, WEOC and pH locally around the slurry clump, 
(ii) increases the NO3

− concentration in the layer and 
nearby layers of the slurry clump, (iii) increases N2O and 
N2 fluxes due to increased denitrification activity, (iv) 
results in a lower N2Oi, and finally that (v) the injected 
slurry applications, compared with the surface treat-
ments, result in higher denitrification rates and decreased 
N2Oi.

Materials and methods

Soil selection, sampling and preparation

The soil was collected in the middle of October 2019 
from an arable silt loam soil (referred to below as silt 
loam soil) located in the “Goldener Acker” research field 
of the University of Hohenheim, Germany (48°42,5′N, 
9°12,5′E, 400 m asl). The site has a mean annual tem-
perature of 10.8 °C and average yearly precipitation of 
662 mm. The soil samples were taken after tillage fol-
lowing the harvest of winter rape. The field’s typical crop 
rotation is winter rape, winter wheat and winter barley. 
The soil is a Haplic Luvisol (IUSS Working Group WRB. 
2015). The first 5 cm of soil contained incorporated win-
ter wheat straw residues that were not yet incorporated 
by tillage. This layer was removed prior to sampling to 
obtain soil with low amount of crop residues to facili-
tate subsequent sieving. We thus collected soil from the 
5 to 20 cm layer that was regularly mixed by tillage and 
which was thus largely homogenous in biogeochemical 
properties. Random soil sampling took place from a 2 m2 
area. After field collection with spades and shovels, the 
soil was transported to the laboratory, air-dried, sieved 
to 10 mm, homogenised and stored in plastic boxes at 
4 °C until use. The soil samples for the laboratory analy-
ses were sieved to 2 mm. The main soil properties were: 
clay, 27%; silt, 71%; sand, 2%; bulk density (BD), 1.4 g 
cm− 3; pH(CaCl2), 6.7 ± 0.1; Ntotal, 0.15 ± 0.02%; Corg, 
1.34 ± 0.19%; C/N ratio, 9.14; CEC, 0.13 mol kg− 1 (ten 
Huf et al. 2023). To exclude the phase of intensive respi-
ration and mineralisation typically following rewetting, 
the soils were pre-incubated at 35% of maximum water-
holding capacity (∼ 30% WFPS) for two weeks at room 
temperature.
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5 cm soil depth, respectively. This method differs from the 
geometry of slot injection during field application since 
the experiment’s results were to be used for the calibration 
and development of biogeochemical models. The place-
ment and geometry of the added slurry were designed to 
apply 1D models (i.e. DNDC, DailyDayCent, Coupmodel 
and DeNi). It is important to note that the researched soil-
manure boundary layer, as the hotspot contact area between 
the manure and the soil, is more relevant and essential than 
the geometry of the injected slot.

Two soil moisture levels were established, with the tar-
get water content represented as water-filled pore space 
(WFPS), which is defined as the volumetric water content 
of the pore volume, excluding any water added to the slurry. 
As a result, the effective water content of slurry treatments 
was higher than the defined WFPS level.

Six replicates were prepared for each of the six treat-
ments: control at 40% WFPS (C40), control at 60% WFPS 
(C60), surface slurry treatment at 40% WFPS (S40), surface 
slurry treatment at 60% WFPS (S60), injected slurry treat-
ment at 40% WFPS (I40) and injected slurry treatment at 
60% WFPS (I60).

During the ten-day experiment, the moisture and tem-
perature (15 °C) were kept at constant levels. To facilitate 
homogeneous compaction and maintain soil structure stabil-
ity, soil was kept dry during packing, i.e. soils were placed 
in the cylinder and compacted at 40% WFPS (equivalent 
to 15.7 g g− 1). For the wet treatments, to achieve the target 
moisture content of 60% WFPS (equivalent to 23.5 g g− 1), 
additional water was added after column packing but before 
surface slurry application. The stratified slurry application 
was carried out as described by Grosz et al. (2022). Slurry 
was applied to the surface and to the center of the soil cores. 
In the latter case, half of the soil volume was compacted to 
a depth of 5 cm and slurry was applied to the surface of this 
lower part of the core, and the other half of the soil volume 
was then placed on top of the slurry layer and compacted to 
simulate slurry injection. To prevent blockage of soil-air gas 
exchange a small area along the soil edge (approximately 
1 mm) was left free of slurry. The top layer and injected 
slurry layer received an identical amount of slurry equiva-
lent to 20.8 t ha− 1 (Table S1). The water content of the soil 
was adjusted to 15.7 g g− 1 soil to achieve 40% WFPS and 
23.5 g g− 1 soil for 60% WFPS. This was equivalent to 14.2 
and 21.2 g per soil layer of 1 cm thickness. The addition of 
the slurry mixture increased the water content of the slurry-
amended soil layers through the addition of 13.9 g of water 
with the slurry, where this amount of water would double 
the water content of a 1 cm layer of 40% WFPS soil. The 
soil cylinders were incubated for ten days with continuous 
flushing of the headspace using an artificial gas mixture 
(2% N2, 20% O2, 320 ppb N2O and 300 ppm CO2 in He; 

Laboratory incubation

Experimental design and incubation set-up

The inorganic N content of the pre-incubated soil was 
22.3 mg NO3

−-N kg− 1 dry soil and 1.4 mg NH4
+-N kg− 1 dry 

soil. After pre-incubation, a 15N-labelled KNO3 (98 atom% 
15N) solution was added to the soil at 46.8 mg N kg− 1 dry 
soil (60.8 kg N ha− 1) and thoroughly homogenised by mix-
ing. The N content and amount of water were selected to 
reach the target values of 65 atom% 15N enrichment of the 
NO3

− pool and the water content of the drier treatment.
A mesocosm incubation system was used, as described 

previously (Grosz et al. 2022). Briefly, pre-incubated and 
fertilised soil was placed in aluminium columns with an 
inner diameter of 9.4 cm and a height of 10 cm at a bulk 
density of 1.3 g cm− 3. These columns were then positioned 
within gas-tight Plexiglas® cylinders with an inner diam-
eter of 14.4 cm and a height of 18 cm to measure the gas 
flux. Bulk density was determined by filling the 694 cm3 
aluminium column with 902.2 g of dry soil equivalent, and 
compacting it in a single layer using a lever press machine. 
For injected treatments, the soil was packed in two layers.

After filling the cylinders with soil, 13.9 g kg− 1 artifi-
cial slurry mixture (Table S1), equivalent to 20.8 Mg ha− 1 
containing 42.9 kg N ha− 1 (28.6 mg N kg− 1, comprising 
19.3 mg NH4

+-N kg− 1) and 20 Mg H2O ha− 1 (equivalent 
to 13.3 g H2O kg− 1), was added to each soil core. Since 
varying the amount of slurry was beyond the scope of the 
experiment, the amount of slurry used in the study was set 
at the lower limit of the amount of slurry applied in the sur-
face broadcast treatment in agricultural practice. To provide 
artificial slurry with a defined composition, 2.43 kg solid 
dairy cow faeces (Table S1) were mixed with a solution 
of 1.37 kg organic material (urea: 17.117 g dm−3, hippu-
ric acid: 4.095 g dm− 3, allantoin: 4.744 g dm− 3, uric acid: 
0.330 g dm− 3, creatinine: 1.131 g dm− 3, all together: 4.76 g 
N dm− 3), inorganic salts (KHCO3: 14.0 g dm−3, KCl: 10.5 g 
dm−3, CaCl2*H2O: 0.4 g dm− 3, MgCl2*5H2O: 1.2 g dm− 3, 
Na2SO4: 3.7 g dm− 3) and 2.406 L water (Sørensen 1998; 
Kool et al. 2006). The proportions of a mixture of solid 
dairy cow faeces, artificial urine, and water were 49%, 27%, 
and 24%, respectively, following the proportions reported in 
Sørensen (1998). The fresh faeces were collected from dairy 
cows whose diet consisted of a total mixed ration contain-
ing grass silage and concentrates. The faeces were frozen 
at -18 °C after sampling. The solid dairy cow faeces and 
salt solution mixtures were matured for 30 days at room 
temperature to imitate the common slurry storage practice, 
and then stored at -18 °C until the experiment (Table S1). 
To mimic the surface and injected application of manure, 
the slurry was added as one layer at the top surface or at 
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29R (29N2/28N2) and 30R (30N2/28N2) N2 isotope ratios were 
determined for N2, N2 + N2O and N2O in the gas samples.

Soil analysis

Destructive soil sampling was performed after five and 10 
days. After five days of incubation, three replicates were 
removed, and the soil columns were sliced into different 
layers (Table 1). The thickness of the cut layers depended 
on the slurry treatment. After ten days, this was repeated for 
each treatment with the remaining three samples. Soil sam-
ples were analysed for NO3

−, NH4
+, pH (CaCl2), 15N-NO3

− 
(frozen samples (2 mol dm− 3 KCl solution extracts of the 
soils) (Dyckmans et al. 2021), WEOC (Kalbitz et al. 2003) 
and water content (fresh soil samples).

Samples weighing approximately 15 g were collected 
from each soil layer in aluminium containers to determine 
the water content, and dried for 48 h at 105 °C. The gravi-
metric water content was derived as the difference between 
the initial weight of the wet soil before drying and the dry 
weight of the soil samples. To analyse the mineral N (NO3

− 
and NH4

+) content, 50 g soil samples were extracted from 
each soil layer with 200 mL of 2 mol dm− 3 KCl solution. 
After one hour of shaking, the solution was filtered (MN 
614 14 filters, Macherey & Nagel GmbH & Co. KG, Düren, 
Germany). The solution was stored at -18 °C until con-
centration analyses were performed, and then measured 
by the colorimetric measurement method (SA 5000 con-
tinuous flow analyser, Skalar Analytical B.V., Breda, The 
Netherlands).

To calculate the relative soil-gas diffusivity, the approach 
of Moldrup et al. (2013) was used. For the calculation, the 
following equation was applied:

Dp
/
Do

= PεX
(
ε
/
φ

)Ta
 (1)

Dp: gas diffusion coefficient in soil (cm3 air cm− 1 soil s− 1).
Do: gas diffusion coefficient in free air (cm2 air s− 1).
ε: soil–air content (cm3 soil-air cm− 3 soil).
Φ: total porosity (cm3 soil pore space cm− 3 soil).
P (model parameter): 1.
X (model parameter): 1 + CmΦ.
Ta (model parameter): 1.
Cm (media complexity factor): in the case of repacked 

soil, the value of Cm was 1.

Statistics

Statistical calculations were conducted using Python 3 (ver-
sion: 3.9) (Rossum and Drake 2010) and R (version: 4.1.1) 
(R Core Team 2020) programming languages. The normality 

headspace volume: 2146.1 cm3) at a flow rate of 10 mL 
min− 1. The flow rates of each vessel were measured sev-
eral times per day with a digital flow meter, and the actual 
flow was used to calculate gaseous N fluxes. CO2 and N2O 
were added to mimic assumed atmospheric levels, while the 
low N2 concentration was used to enhance the sensitivity 
of isotope ratio mass spectrometry (IRMS) measurements 
(Lewicka-Szczebak et al. 2017).

Gas and stable isotope analysis

An automated incubation system was used for the incubation 
of the soil cylinders. Gas samples were analysed by a gas 
chromatograph (GC 2014; Shimadzu, Duisburg, Germany), 
with an electron capture detector (ECD), a flame ionisation 
detector (FID) and a thermal conductivity detector (TCD). 
After soil packing, the filled cylinders were almost imme-
diately placed in the incubation system. The GC measured 
data points of CO2 and total N2O (N2OT: produced N2O from 
all possible soil processes) in the first 16 h were omitted 
from the analyses. Using the GC, N2O (total N2O, N2OT), 
CH4, N2, and CO2 concentrations were continuously mea-
sured in the outflow throughout the incubation (Hantschel 
et al. 1994; Säurich et al. 2019). Gas samples were also col-
lected manually on days 1, 5 and 9 in 12 mL Exetainers with 
rubber septa (Labco Ltd., Lampeter, UK) for IRMS (MAT 
253, Thermo Scientific, Bremen, Germany) analysis to 
determine the fluxes of N2 (fp_N2) and N2O (fp_N2O) origi-
nating from the 15N-labelled NO3

− (Spott et al. 2006; Kem-
mann et al. 2021) (see the Supplementary Material for the 
calculation). Gas sampling was undertaken by connecting 
two 12 mL Exetainers from the outlet flow of the columns 
(Well et al. 2006). The Exetainer volume was exchanged 
approximately 1200 times before the samples were discon-
nected. The flux of N2O from other sources was calculated 
by the difference between N2OT and fp_N2O (N2Oos = N2OT 
- fp_N2O). Before measurement, the samples were handled 
using a modified GasBench II (Thermo Scientific, Bremen, 
Germany) for an analytical online preparation. A hot copper 
wire (650 °C) reduced the N2O in the gas samples to N2 in 
an oven. This copper wire is in the gas line between the Gas-
Bench II and IRMS (Lewicka-Szczebak et al. 2013). The 

Table 1 Soil layer of destructive sampling
Control Surface Injected

Number of layers 1 4 7
1 0–10 cm 0–1 cm 0-2.5 cm
2 1–2 cm 2.5–3.5 cm
3 2–3 cm 3.5–4.5 cm
4 3–10 cm 4.5–5.5 cm
5 5.5–6.5 cm
6 6.5–7.5 cm
7 7.5–10 cm
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in NO3
− concentration was observed in layers 6 and 7 on 

day 5 at I60. Between days 5 and 10, NO3
− increased in 

all layers except layer 7. The highest increases were mea-
sured in layer 4 (between 22 and 25 mg N kg− 1) and layer 
5 (between 13 and 22 mg N kg− 1) (Fig. S1).

The average NO3
− concentrations of the entire soil col-

umn of the control treatments were similar. The slurry-
amended columns of the different treatments were of the 
same magnitude (Table 2). There were significant differ-
ences between controls and the slurry treatments, but no 
significant differences existed among the treatments in 
these groups (Table 2). The NO3

− concentration of the 
I60 treatment was about 13% lower than the average of 
the other treatments.

Spatial and temporal changes in NH4
+ concentration

The initial NH4
+ background of the soil was 1.4 mg N 

kg− 1. A decrease in NH4
+ concentration was observed for 

C40 and C60. This decrease was characteristic for almost 
all untreated soils. The changes were almost negligible in 
absolute value due to the low initial concentration (Table 
S2).

The dynamics of NH4
+ content change during the 

experiment was similar for the S40 and S60 treatments. 
Compared to the initial value, the slurry amended layer 
1 showed a significant increase of NH4

+ concentration 
on day 5. Concentrations were about 70–80 times higher. 
Between days 5 and 10, the trend changed. The NH4

+ 
concentration of layer 1 decreased by 82 mg N kg− 1 and 
96 mg N kg− 1 for S40 and S60, respectively (Table S2, 
Fig. S2).

For I40 and I60, the slurry amended layer (layer 4) 
and the adjacent layers (layers 3 and 5) had an increased 
NH4

+ concentration at day 5 compared to the initial 
value. Between days 5 and 10, there was a decrease or 
no change in the concentrations of the layers. For I40 and 
I60, the NH4

+ content of layer 4 increased on day 5 by 
59 mg N kg− 1 and 50 mg N kg− 1, respectively. Increases 
in layers 3 and 5 were at least 6 times smaller. At day 10, 

of the data was tested with a Quantile–Quantile plot (Q-Q 
plot). To handle variance heterogeneity, cumulative N2OT, 
fp_N2, and fp_N2O were log10 transformed. Cumulative 
emissions and mean core soil mineral N were tested with 
one-way analysis of variance (ANOVA) on days 5 and 10. 
A multiple comparison of means (Tukey HSD p < 0.05) was 
performed on the CO2, N2OT, fp_N2, fp_N2O, NO3

−, NH4
+, 

WEOC and pH data.

Results

Mineral N

Spatial and temporal changes in NO3
- concentration

The NO3
−-N content in the 0 to 10 cm layer of the C40 treat-

ment without slurry remained close to the initial content of 
69.15 mg N kg− 1 throughout the experiment. However, the 
C60 treatment showed an increase of 9.5% during the first 
five days and a slight decrease of up to 4.3% between day 5 
and day 10 (Fig. S1, Table 2).

In the first slurry-amended layer of the S40 treatment, 
NO3

− increased by 48.4 mg N kg− 1 from the initial level 
to day 10 (Fig. S1). Between days 5 and 10, the second and 
third layers showed an increase of 28.41 and 19.66 mg N 
kg− 1, respectively. Other layers showed just minor changes 
during the experiment. For S60, the first five days showed 
decreasing NO3

− concentrations. The day 5 NO3
− concen-

trations in layers 1, 2, and 3 decreased by 6.4, 20.6, and 
19.4 mg N kg− 1, respectively. The day 5 value of layer 4 
was 26.1 mg N kg− 1 above the initial value. The second five 
days showed increasing NO3

− levels in the first three layers 
by 78, 41.6, and 22.8 mg N kg− 1, respectively.

Similar trends were observed in the first five layers for 
the I40 and I60 treatments. On day 5, the NO3

− concen-
tration of all layers was higher than the initial values. The 
first two layers showed only minor changes. However, 
layers 3 and 5 increased by 20–30 mg N kg− 1 and layer 4 
by 42 mg N kg− 1 with both treatments. A slight increase 

Table 2 Measured average values of NO3
−, NH4

+, WEOC and pH of the whole of each soil column after ten days’ laboratory incubation of the 
silt loam soil with (surface and injected) and without slurry application at two WFPS (40% and 60%) levels. Averages and standard deviations of 
three, 10 days long incubated replicate cores without (C40 and C60) slurry and with surface-applied slurry (S40 and S60) and injected slurry (I40 
and I60) are shown. Superscript letters indicate significant differences between treatments (p < 0.05; Tukey HSD, n = 3)

NO3
− NH4

+ WEOC pH (CaCl2)
[mg N kg− 1] [mg N kg− 1] [mg C kg− 1]

C40 116.86 ± 0.23a 0.64 ± 0.08a 3.60 ± 0.92ab 8.07 ± 0.013ab

C60 121.82 ± 10.13a 0.69 ± 0.16a 2.47 ± 0.14a 8.09 ± 0.026a

S40 173.03 ± 49.76b 14.09 ± 24.54b 3.67 ± 1.014ab 8.07 ± 0.078ab

S60 168.34 ± 46.40b 0.69 ± 0.33a 2.91 ± 0.95ab 8.01 ± 0.12b

I40 161.38 ± 39.95b 1.05 ± 0.99a 3.77 ± 0.95b 8.13 ± 0.12a

I60 168.39 ± 34.50b 1.33 ± 3.34a 3.42 ± 1.14ab 8.14 ± 0.12a
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control (Fig. S6). The pH changes in the adjacent layers 
were negligible.

CH4 and CO2 fluxes

CH4 fluxes were below the detection limit throughout the 
experiment. All the treatments exhibited constantly decreas-
ing CO2 fluxes during the experiments, which differed in 
the magnitude of initial and final fluxes by a maximum of 
150 mg C m− 2 h− 1. The CO2 flux dynamics of the control 
treatments’ moisture levels were comparable (Fig. 1). The 
initial and final values of the C60 treatments were around 
30% higher than those of C40. The S40 and S60 treatments 
had a similar emission pattern and magnitude, but S40 
showed a faster decreasing trend. The initial value of S40 
was 7% higher than that of S60, but the final value of S40 
was about 20% lower than that of S60. The S60 treatment 
had smaller but more peaks between days 4 and 7 compared 
with the S40 treatment, where fewer but higher CO2 emis-
sions were detected. The emission pattern and magnitude of 
I40 showed similarities with C60. The maximum value of 
the I40 treatment was 22% smaller than the maximum value 
of I60. I60 showed a faster decrease trend than I40. The 
mean daily CO2 flux of the slurry-treated soil at 40% WFPS 
showed a significant difference to that of C40 (Table 3), and 
this was also true for the 60% WFPS slurry treatments com-
pared with the C60 treatments. Of the slurry-treated soils, 
no significant difference were identified between the slurry-
treated treatments with the same water content (Table 3).

N2O, N2 fluxes and product ratio of denitrification

All treatments showed an overall decreasing trend during 
incubation. The fluxes of all treatments were lower at day 10 
than at the beginning. The total N2O flux (N2OT) was lowest 
in C40 treatment (0.11 ± 0.04 mg N m− 2 day− 1), and high-
est in the I60 treatment (13.32 ± 10.54 mg N m− 2 day− 1). 
N2OT was significantly and with the same magnitude (3.7 
times) higher in C60 and S60 treatments than in C40 and 
S40 treatments (Table 3). Since the N2OT flux of the I40 
treatment was relatively low, the flux of I60 was almost 
32 times higher. The patterns were similar, but the differ-
ences were smaller for fp_N2O, fp_N2 and fp_N2 + fp_N2O, 
where the I60 treatment was about 16 times higher than I40. 
For N2Oos, the average difference between the dry and wet 
treatments was almost 39 times higher.

The product ratio of denitrification 
(N2Oi = fp_N2O/(fp_N2 + fp_N2O)) was low in C40 and 3.5 
times higher in C60 (Table 3). The surface 60% WFPS treat-
ment was 44.5% lower than the dry treatment. The trend 
was similar but less for the injected treatments. The product 
ratio of denitrification with the wet treatment was 22.6% 

the concentration decreased almost to the initial values 
also at I40 and I60 (Table S2).

The average NH4
+ concentrations of the S40 treatment 

were 22 times higher than those of the C40 treatment 
(Table 2). The surface application method had a sig-
nificant effect on NH4

+ concentration. The mean NH4
+ 

values of S60, I40 and I60 treatments did not show signif-
icant differences (caption of Table 2, superscript letters).

Weoc, water content, gas diffusivity and pH

Between days 5 and 10, the WEOC content in the 0 to 
10 cm layer of the C40 and C60 treatments decreased by 
10% and 33%, respectively.

In the S40 treatment, all layers showed a decrease in 
WEOC between day 5 and day 10. The first layer showed 
a decrease of 52% and the other layers decreased by 
approximately 22–36% (Fig. S3). In S60, the decrease 
in WEOC between day 5 and day 10 was almost 64% in 
the first layer and 40%, 34%, and 43% in layers 2, 3, and 
4 (Fig. S3).

In I40 and I60, the WEOC of the slurry-treated layer 4 
and the overlying adjacent layer 3 showed a high increase 
during the first five days and a substantial decrease by 
day 10 (Fig. S3). The WEOC of the slurry-treated layer 4 
in I40 and I60 decreased by almost 50% and 24%, respec-
tively, between day 5 and day 10. In I40 and I60, all the 
other layers showed a similar decrease of between 20% 
and 35%, with the exception of layer 3 in I60, where the 
decrease of the WEOC was only 5%.

The average WEOC of the C60 treatment showed a 
significant difference compared to the I40 treatment 
(Table 2). The C40, S40, I40 and I60 treatments showed 
similarities with each other and with the C60 and I40 
treatments.

At 40% WFPS, the slurry layers’ water content was 
slightly higher than the adjacent layers (Fig. S4_n). The 
adjacent layers show that the slurry’s water moved to the 
upper (I40) or lower (S40 and I40) layers. The gravimet-
ric water content (GWC) was lowest in C40 (Fig. S3), 
and was almost the same between day 5 and day 10. In 
C60, the GWC also did not change during the experi-
ment. On average, the slurry-treated layers in S40 had a 
7% higher GWC, and S60 had a 13% higher GWC than 
the underlying soil. On average, the fourth slurry-treated 
layer of I40 had a 14% higher GWC and I60 had a 16% 
higher GWC than layers 3 and 5. Gas diffusivity (Dp/Do) 
was inversely correlated with GWC (Fig. S5). The pH 
of the control soils was 6.2 (Table 2). Except for S60, 
the average pH of the slurry-treated soils was not signifi-
cantly different from the controls (Table 2). The pH of 
the slurry-treated layers was 2–9% higher than that of the 
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Table 3 Average daily fluxes of CO2, total N2O (N2OT), N2 (fp_N2) and N2O (fp_N2O) originating from the 15N-labelled NO3
− pool and N2O 

from other sources (N2Oos). Daily average fp_N2 + fp_N2O and fp_N2 + N2OT (in mg N m− 2 day− 1; CO2: g C m− 2 day− 1) and product ratio of 
denitrification (N2Oi = fp_N2O/(fp_N2 + fp_N2O)) are also given over a 10-day laboratory incubation of a silt loam soil with two WFPS (40% and 
60%) levels. Daily averages of a 10-day experiment are shown, along with the standard deviation of three replicate cores without (C40 and C60) 
slurry and with surface-applied (S40 and S60) and injected (I40 and I60) slurry. Superscript letters indicate significant differences within sites and 
between treatments (p < 0.05; Tukey HSD, n = 3). Gaps in the flux curve represent phases when automated measurements were biased by manual 
gas sampling

C40 C60 S40 S60 I40 I60
fp_N2 0.04 ± 0.07 0.39 ± 0.48a 0.14 ± 0.11 2.88 ± 1.13ab 0.46 ± 0.52ab 7.83 ± 3.50b

fp_N2O 0.05 ± 0.09 0.48 ± 0.29a 0.32 ± 0.06 1.26 ± 0.50ab 0.74 ± 0.48ab 11.22 ± 7.60b

N2OT 0.11 ± 0.04a 0.41 ± 0.21b 0.38 ± 0.14b 1.41 ± 0.64c 0.42 ± 0.20b 13.32 ± 10.54d

N2Oos 0.18 ± 0.09a 0.20 ± 0.10a 0.26 ± 0.10a 0.54 ± 0.54a 0.25 ± 0.11a 9.71 ± 13.09b

fp_N2 + fp_N2O 0.13 ± 0.15 0.87 ± 0.64a 0.46 ± 0.06 4.14 ± 1.58ab 1.20 ± 0.99a 19.05 ± 10.91b

fp_N2 + N2OT 0.27 ± 0.11a 1.07 ± 0.55ab 0.72 ± 0.15a 4.56 ± 1.34ab 1.45 ± 1.03ab 24.89 ± 11.43b

N2Oi 0.14 0.49 ± 0.33a 0.72 0.40 ± 0.16a 0.62 ± 0.12a 0.48 ± 0.13a

CO2 7.50 ± 2.57a 12.27 ± 6.51b 13.10 ± 4.71b 13.39 ± 10.28c 16.36 ± 7.02b 15.90 ± 5.66c

Fig. 1 CO2 fluxes during laboratory incubation of a silt loam arable 
soil from Hohenheim, Germany. The water content (40% (a–c) and 
60% (d–f) WFPS) was kept constant during the experiment. Three 
slurry treatments were applied: control (no slurry) (a,d), surface 

(slurry on the surface) (b,e) and injected (slurry in the middle layer of 
the soil core) (c,f). The yellow lines represent the standard deviation of 
the three parallel measurements. The first visualised measurement was 
taken within 16 h of the soil columns being packed
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days 1 and 3, there was a peak on day 3, after which there 
was a continuous decrease until the end of the experiment. 
The I60 treatment had the highest N2OT flux compared to all 
other treatments. There was a rapid decrease from the begin-
ning to day 2, and a smaller but still remarkable decrease 
between days 3 and 5. Despite the continuous decreasing 
trend, there were two small peaks on days 3 and 4.

In C40, the temporal pattern of fp_N2O showed a small 
emission. In S40 and I40, the fp_N2O had a declining trend. 
The fp_N2O values of the C60, S60 and I60 treatments 
showed a similar pattern to those of the treatments with a 
water content of 40%. After the higher values on the first 
day, there was a decrease in the values during the rest of the 
experiment. In S40, I40, and S60, fp_N2O was the dominant 
emitted N source on the first day. On other days and in other 
treatments, N2Oos or fp_N2 was similar to or more dominant 
than fp_N2O. Except for the case mentioned above, N2Oos 

lower than with the dry treatment. The maximum differ-
ence between the C60, S60, and I60 treatments was 18.4%, 
but it was higher in the dry treatments. There, the differ-
ence between the dry slurry treatments was about 14%, but 
including C40, the maximum difference exceeded 80%.

The N2OT time course on a sub-daily resolution of the 
dry control was low throughout the experiment (Fig. 2a). 
The S40 and especially I40 treatments showed a higher flux 
and a decreasing trend. In S40, there was a slight increase 
between days 3 and 5, and this broad peak started to decrease 
after day 5 until the end of the experiment. In I40, there 
was a strong decrease between days 1 and 3. There were 
some small peaks between days 3 and 7. However, the slow 
decreasing trend prevailed throughout the experiment. The 
C60, with a small, broad peak between days 3 and 5, had a 
similar, but slightly higher N2OT flux than C40. The N2OT 
flux pattern of S60 was similar to that of S40, but the flux 
was significantly higher. After the greater decrease between 

Fig. 2 Measured total N2O flux (N2OT; blue line, continuous GC mea-
surement), fp_N2 (purple dots; 15N-sampling), fp_N2O (black dots; 
15N-sampling) and N2Oos (green dots; N2OT-fp_N2O) during a labora-
tory incubation of silt loam, arable soil from Hohenheim, Germany. 
The water content (40% (a, b, c) and 60% (d, e, f) WFPS) was kept 
constant during the experiment. Three slurry treatments were applied: 

control (no slurry) (a, c), surface-applied slurry (slurry on the surface) 
(b, d) and injected slurry (slurry in the middle layer of the soil) (c, f). 
The yellow lines represent the standard deviation of the three paral-
lel measurements. The first visualised measurement was taken within 
16 h of the soil columns being packed
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a corresponding difference in calculated Dp/Do values. The 
calculated Dp/Do can be a sensitive and realistic indicator of 
denitrification processes (Balaine et al. 2013, 2016), while 
the diffusion is influenced not only by the water content of 
the soil, but also by the soil structure. Figure S5 shows that 
the diffusion of the slurry-amended layers was lower than 
that of the adjacent layers. This could lead to local anoxic 
conditions, thus enhancing denitrification, which was con-
firmed since N2O and N2 production of the soil core was 
elevated.

The labile C content was increased by the slurry-related 
WEOC in the amended soil layers, thus accelerating micro-
bial activity, including denitrification (Baral et al. 2016). 
The labile C turnover is essential as a precondition for deni-
trification since increased respiration activity decreases the 
available O2 in the soil, thereby creating anoxic conditions 
so that microbial denitrifiers use NO3

− rather than O2 as 
an electron acceptor (Heinen 2006; Groffman et al. 2009; 
Robertson and Groffman 2015). The reason for the elevated 
CO2 fluxes in the surface and injected treatments, compared 
with the controls, may be the increased respiration of the 
labile organic C. The downward trend in WEOC content, 
especially in the slurry-treated layers, between days 5 and 
10 coincided with the decreasing trend in CO2 emissions 
(Fig. S3). However, the reason for the drop in WEOC con-
centration between days 5 and 10 could be due to both res-
piration and stabilisation of WEOC. The combined effect 
of these phenomena with the relatively high water retention 
of the applied slurry may be the reason for the low level of 
solute transport between the treated layer and adjacent or 
distant layers. Except for the third layer of the I60 treat-
ments, the high WEOC content of the slurry-treated layers 
did not increase the WEOC concentration of the adjacent 
layers (Dörsch et al. 2012; Balaine et al. 2013).

The slightly higher pH of the slurry-treated layers at day 
5 can be traced back to the slurry’s high NH3, CO3

2− and 
NH4

+ contents (Fig. S6). NH3 with water can form NH4
+ 

in soil, and as an alkaline reaction it temporarily increases 
the pH. The CO3

2− molecule ion can react with the soil’s 
H+ ions, decreasing acidity. However, the pH will slightly 
decrease again when NH4

+ undergoes nitrification. One of 
the primary sources of the produced N2Oos could be nitrifi-
cation. Moreover, the relevance of nitrification was evident 
from the formation of NO3

− and the reduction in NH4
+. It 

can thus be assumed that the acidifying effect of nitrification 
on the soil pH was not negligible.

The results mostly confirmed hypothesis (i). The water 
and WEOC content of the amended slurry caused increased 
contents of these in the adjacent soil layers after slurry appli-
cation. However, it is important to note that the pH changed 
only in the slurry-amended soil layer, and the effect in the 
surrounding layers was negligible. Overall, these results 

and fp_N2O were of similar magnitude. In S40, N2Oos 
showed a slight increase on day 5.

In C40, fp_N2 emission was low, and the trend did not 
change during the experiment. In S40, fp_N2 decreased 
between days 1 and 5. In I40, fp_N2 had a minimum on day 
5. The fp_N2 value on day 1 and 10 is almost the same. In 
C60, the temporal pattern of fp_N2 was maximum on day 5. 
fp_N2 was the dominant N source with a decreasing trend 
in S60 on day 1 and day 5 (Fig. 2e). The flux had a similar 
pattern to fp_N2O, but tended to be higher. In I60, fp_N2 
showed a decreasing trend throughout the experiment and 
was below N2OT.

The product ratios showed a decreasing trend in all treat-
ments except S60. The time course of N2Oi (Fig. S6) showed 
that this ratio was higher in C40 and I40, but decreased dur-
ing the experiment. On the first day, the N2Oi values for S40 
and I40 were almost identical. The N2Oi values of I60 and 
C60 decreased during the experiment, while S60 showed 
the opposite trend.

The fraction originating from the 15N-NO3
− pool under-

going denitrification of N2O values (Fp_N2O) (Fig. S8) 
showed no trends in controls or I60, but a decreasing trend 
between day 1 and day 10 in S40, S60 and I40.

The denitrification source-specific N2O fluxes (apN2O) 
(Fig. S9) from the 15N-NO3

− enriched active pool (ap) 
had constant values during the experiment except for the 
I60 treatment, where the values decreased by almost 35% 
between day 1 and day 10.

Discussion

Manure effect on the depth distribution of water 
content, gas diffusivity, WEOC and pH

The water content in the slurry-treated and adjacent layers 
increased moderately in the dry and wet treatments. The 
moderate changes in water content in the nearby layers 
may be due to the silt loam soil’s relatively small hydrau-
lic conductivity and the high water-retention capacity of 
the slurry applied (Petersen et al. 2003; Shackelford 2003). 
It is important to note that this was not always the case. 
The hydraulic conductivity of soils can vary as a function 
of water content, as seen in the results for the 60% WFPS 
treatments. The higher water content of deeper layers in the 
60% WFPS treatments can be traced back to the combined 
effect of higher water content resulting in increased hydrau-
lic conductivity, the extra applied water to reach the 60% 
WFPS, and the water content of the applied slurry (Fig. S4).

Although the diffusion is not only dependent on the water 
content, there was a clear difference between the water con-
tent of the slurry-treated and adjacent layers, resulting in 

1 3



Biology and Fertility of Soils

of the nearby soil layers were higher (Fig. S5). Therefore, 
the slurry-treated layer did not entirely block O2 diffu-
sion to deeper layers, and the nitrification process was not 
completely blocked. The higher NH4

+ concentration (see 
Sect. Spatial and temporal changes in NH4

+ concentration) 
in the slurry-treated and adjacent layers and the available O2 
created ideal conditions for nitrification (Norton and Ouy-
ang 2019). The ideal water content for nitrification is around 
40–50% WFPS (Parton et al. 2001).

Denitrification, and probably to some extent immobili-
zation, not only increased the NO3

− concentration but also 
decreased it. NO3

− immobilization is inhibited in the pres-
ence of NH4

+, but not completely. The immobilization and 
re-mineralization of a part of the added NO3

− – with a high 
amount of labile organic matter – could be important in the 
soil-slurry boundary layers (Schimel 1988; Davidson et al. 
1991), where the concentration of WEOC is higher, but the 
NH4

+ concentration is not high enough to suppress NO3
− 

immobilization. At high NH4
+ concentrations, NO3

− immo-
bilization is reduced to about 20% (Rice and Tiedje 1989), 
but at lower NH4

+ concentrations and in the presence of 
WEOC, this inhibition may be reduced.

The depletion in NO3
− content in the first three layers of 

the S60 treatment until day 5 could be due to the combined 
effect of leaching, and denitrification. The extra added water 
to reach 60% WFPS was below field capacity (0.32 g g− 1), 
but together with the slurry, the water content exceeded 
the field capacity and resulted in a vertical solute transport 
to the lower layers (Skaggs and Leij 2018), whereby the 
NO3

− concentration did not change between days 5 and 10. 
Furthermore, the higher water content favoured the denitri-
fication process, resulting in nine times higher denitrifica-
tion-related N2 + N2O gas fluxes compared with S40.

Hypothesis (ii) was confirmed since the NO3
− concentra-

tion increased, including in nearby layers, until the end of 
the experiment.

Manure effect on CO2 fluxes

The CO2 flux of the slurry-treated soils was consistently 
higher than that of the controls. The enhanced respiration is 
due to the slurry-related labile organic C (Phan et al. 2012). 
But the temporal patterns of the CO2 fluxes were probably 
also affected by mobilization of substrates and adaptation of 
the microbial community due to wetting, mixing and fertili-
sation during the setup of incubations. Between days 1 and 
3, the CO2 flux decreased in the controls and in all the slurry 
treatments. The reason for this decrease could be accounted 
for by the added extra water (Brinton 2020), extra NO3

− 
and labile C from the slurry and from the pre-treatment 
of the soil (Bergstermann et al. 2011). These solutes infil-
trated the soil and elevated respiration in the first few hours. 

provided insight into the spatial changes in water, WEOC 
and pH in a silt-loam soil due to the effects of slurry. The 
results will help us to understand how the conditions affect-
ing the denitrification process change. It will also allow us to 
integrate this new knowledge into biogeochemical models.

Manure effect on the depth distribution of mineral 
N

Although the changes in NH4
+ and NO3

− concentrations 
between the different treatments and dates showed simi-
larities, there were clear differences in their magnitudes 
resulting from the interaction of slurry placement and soil 
moisture and its impact on the various N transformations 
(e.g., nitrification, denitrification, mineralisation, immo-
bilisation, dissimilatory nitrate reduction to ammonium 
(DNRA) etc.), N gas fluxes or N leaching (Robertson and 
Groffman 2015).

The elevated NH4
+ concentration in the slurry-amended 

layers and also in the adjacent soil layers can be explained 
by the NH4

+-N input of slurry, but also to the mineralisa-
tion of organic slurry N. The increased concentration in the 
nearby soil layers can be traced back to the diffusive and 
convective solute migration from the slurry’s liquid phase. 
The considerable decrease in NH4

+ content between days 5 
and 10 correlated with the high fraction of N2O flux from 
other sources, which, as discussed in the pH section, can be 
nitrification. It is important to note that the 19.3 mg NH4

+ N 
kg− 1 artificial slurry mixture added to the soil corresponds 
to about 210 mg NH4

+ N kg− 1 per 1 cm soil layer as an 
initial value, which decreased to about half by day 5. This 
decrease, in addition to the reasons mentioned above, espe-
cially in the case of surface application, could be due to the 
NH3 emissivity of the slurry, which could have resulted in a 
significant decrease in NH4

+ concentration (Huijsmans et al. 
2003; ten Huf et al. 2023). But this could not be evaluated 
because measurement of NH3 was not our goal and was not 
feasible with the current experimental design. Moreover, 
some of the decrease could also be due to immobilization. 
The changes in NO3

− between days 5 and 10 inversely cor-
related with the changes in NH4

+ (Figs. S1 and S2). This 
shows that some of the decline in NH4

+ concentration was 
due to nitrification. But in view of missing NH3 flux data 
and because we also did not measure N mineralisation and 
immobilisation, we can’t quantify the share of nitrification 
in this decline of NH4

+. The increase in NO3
− can thus prob-

ably be attributed to nitrification, which is also supported by 
the N2Oos fluxes, which had a relevant share to the total N2O 
fluxes in the dry slurry treatments.

Although the calculated Dp/Do of the slurry-treated layers 
were within the range where O2 could be limited (Petersen 
et al. 2013; Balaine et al. 2013), the diffusion coefficients 
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Groffman and Tiedje 1988). The N fluxes of 60% WFPS 
slurry treatments were several times higher than the 40% 
WFPS treatments. These results are in agreement with the 
known impact of soil moisture on denitrification (Burford 
and Bremner 1975; de Catanzaro and Beauchamp 1985; 
Bijay-singh et al. 1988; McCarty and Bremner 1993; Rob-
ertson and Groffman 2015). C60 yielded almost seven times 
more fp_N2 + fp_N2O than C40.

Denitrification is strongly affected by changes in the 
available O2 concentration resulting from diffusivity and 
respiration. It is assumed that the restriction in diffusiv-
ity needed for O2 conditions suitable for denitrification is 
given as a threshold value of Dp/Do of 0.02 (Stepniewski 
1980; Petersen et al. 2013). Only the slurry-treated lay-
ers of S60, and the slurry-treated and nearby layers of 
I60, the Dp/Do values were lower than 0.02 (Fig. S5) since 
water content of those layers was highest due to water and 
slurry amendment which is an explanation for the highest 
fp_N2 + fp_N2O fluxes of these treatments. But the fact that 
C60 showed increased fp_N2 + fp_N2O despite Dp/Do val-
ues above 0.02 shows that this threshold value can’t be seen 
as general threshold for denitrification. I60 exhibited higher 
fp_N2 + fp_N2O than S60 despite similar Dp/Do values of 
the manure layer, apparently because in S60, slurry was on 
the soil surface and thus in direct contact with atmospheric 
O2 (Stepniewski 1980; Petersen et al. 2013).

In addition to moisture, the labile C, the properties and 
application method of the slurry also had a notable effect. 
The soluble substrates of the slurry infiltrated into the sur-
rounding soil, increasing the respiration and N transforma-
tion processes. The 25% higher CO2 flux of I40 compared 
with S40 showed increased respiration, probably because 
the slurry-soil interface was doubled due to the slurry injec-
tion, resulting in increased labile C migration to the nearby 
layers. This can lead to increased O2 depletion and anoxic 
hotspot formation (Petersen et al. 2003). This induced 
increased denitrification, as fp_N2 + fp_N2O was 2.6 times 
higher.

The magnitude of the N2O reduction to N2 depends on 
soil pH, moisture content, diffusivity, residence time and 
accumulation of N2O, and the Corg:NO3

− ratio. It is known 
that low pH, increasing Corg availability and decreasing dif-
fusivity would favour N2O reduction and thus lowering of 
N2Oi, while increasing NO3

− availability would cause the 
opposite (Letey et al. 1980a, b; Groffman et al. 1988; Arah 
et al. 1991; Lessard et al. 1996; Paul 2015; Rummel et al. 
2021; Grosz et al. 2022). Note that other factors may also 
influence N2O reduction, such as soil Cu availability (Shen 
et al. 2020). Although we have not investigated the potential 
limitation of Cu, it plays an important role in the enzyme 
that catalyzes the reduction of N2O. The slurry-amended 
soils increased the denitrification rate, but it did not lower 

Additionally, in the slurry-treated soil, the high CO3
2− con-

centration of the slurry could also contribute to the initial 
higher CO2 flux when the soil buffers the higher pH of the 
slurry (Chantigny et al. 2001).

With respect to soil moisture treatments, different timing 
and duration of first CO2 peaks was evident, where in the 
40% WFPS treatments it came one day earlier than in the 
60% treatments. The well-aerated soils had high respiration 
rates. However, the relatively short emission events showed 
that the substrate could be limited since the Dp/Do values, 
even in the slurry-amended layers, were not low enough for 
complete O2 limitation.

The respiration of the 60% WFPS slurry experiment was 
slightly higher, and the emission peaks broader, due to the 
better distribution of substrates by water infiltration at the 
higher water content. As a result, the diffusion coefficients 
and the available O2 concentration were smaller, but the 
slurry layer’s soil gas diffusion was limited. The possibil-
ity of O2 limitation is supported by the decrease in N2Oos 
flux for both S60 and I60, possibly because nitrification 
was inhibited. Local O2 depletion may have been further 
enhanced by O2 consumption from respiration and nitrifica-
tion. Better substrate distribution probably avoids the for-
mation of anoxic hotspots in the layers above and below the 
slurry. However, it helps to build up an anaerobe volume 
and increase the denitrification in the slurry-amended and 
adjacent layers (Groffman and Tiedje 1991). The described 
phenomena can greatly assist in the development and tuning 
of the proposed slurry-soil hotspot model.

Manure effect on N2 and N2O processes and fluxes

Duncan et al. (2017) compared the N2OT flux of surface and 
slurry-injected soil, and the results showed that the injected 
slurry emitted 84–152% more N2OT than the surface appli-
cation. Grosz et al. (2022), in a very similar experimental 
setup with layered slurry application, also measured a 138% 
higher N2OT flux in the injected treatment compared to the 
surface treatment in a laboratory incubation of sandy soil. In 
this experiment with silt loam soil, the 60% WFPS injected 
treatment measured 845% higher N2OT emission than the 
surface application. The strong injection effect of this study 
could be attributed to the combined effect of increased res-
piration, the low diffusion coefficient of the silt loam soil 
and especially the slurry-treated layers, and the increased 
NO3

− and WEOC concentrations of the adjacent layers.
The N gas fluxes with different slurry applications and 

water contents (i.e. N2OT, fp_N2, fp_N2O, fp_N2 + fp_N2O, 
N2Oos) showed significant differences and similarities as 
well. In general, in the 60% WFPS experiments, denitrifica-
tion was the dominant source of N2O production due to the 
high soil moisture (Fig. S8) (Grundmann and Rolston 1987; 
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nitrification, denitrification and respiration. This affected N 
cycling, including N2 and N2O by various pathways. The 
slurry-induced hotspot is typically formed on the slurry-
saturated soil’s 1–4 mm boundary layer. In this higher, 
slurry-related water content area, there is increased micro-
bial activity, O2 demand, and C and N turnover (Petersen 
and Andersen 1996; Frostegård et al. 1997; Groffman et al. 
2009).

The slurry application elevated the labile C, NH4
+-N, 

water content, and slightly the pH in the slurry-treated and 
nearby layers (hypothesis (i)).

The nitrification of slurry-related NH4
+ increased the 

NO3
− concentrations. In a seven-day incubation study by 

Petersen et al. (1996), the limiting factor of denitrifica-
tion was labile C. In some layers, the NO3

− concentration 
decreased slightly in the first five days, but with WEOC 
(Fig. S2) it did not limit denitrification. However, it should 
be noted that the high WEOC concentration did not mean 
the limitation of labile C locally in a hotspot.

The balance of O2 diffusion and consumption could be a 
limitation of denitrification. When the O2 demand exceeded 
the transport through diffusion, the hotspots became anoxic 
and denitrification was the dominant process.

The increased NO3
− and decreased NH4

+ concentra-
tions (Fig. S1 and S2) between days 5 and 10 (hypothesis 
(ii) showed an elevated nitrification rate, and this result also 
corresponded with sufficient O2 support through diffusion. 
These results showed similarities with the work of Petersen 
et al. (1996). The fp_N2O and N2Oos data strongly correlate 
with the conclusions of previous studies, confirming simi-
lar dynamics of nitrification coupled with denitrification in 
hotspots of slurry-treated soils (Nielsen et al. 1996).

The slurry-related water, labile C and NH4
+ supply 

increased the O2 consumption in the hotspots and provided 
locally anoxic conditions. It was ideal for denitrification, 
and especially in the S60 and I60 treatments, the fp_N2O 
and fp_N2 flux was higher than in the control (hypothesis 
(iii)).

However, the N2O reduction to N2 and the product ratio 
of denitrification (N2Oi) depend on the interactions of sev-
eral factors. In addition to already well-known factors such 
as enhanced water, labile C or NO3

− content, the pH, physi-
cal factors, temporal dynamic changes of N2O reductase or 
residual O2 also affect the reduction of N2O (Butterbach-
Bahl et al. 2013; Müller and Clough 2014). The extra avail-
able NO3

− with available labile C and lower diffusivity 
was ideal for higher denitrification fluxes, but as shown 
by Qin et al. (2017) and Senbayram et al. (2022), despite 
high denitrification rates, high NO3

− content inhibits N2O 
reduction, since NO3

− is the preferred electron acceptor of 
microbes over N2O. Thus, when the available NO3

− concen-
tration exceeds the reduction capacity of denitrifiers, N2O is 

N2Oi in all cases (Table 3). Contrary to expectations, S60 
trended 20% lower N2Oi than I60, thus the slurry injection 
did not lead to lower N2Oi. The denitrification rate of the I60 
treatment was 360% higher than that of S60. Although the 
absolute N2O reduction rate was higher in I60, the higher 
N2Oi resulted from the fact that the fp_N2O increased more 
than fp_N2. With respect to hypothesis (v), i.e. the applica-
tion of injected slurry results in higher denitrification rates 
and lower N2Oi compared to surface treatment, only the 
enhancement of denitrification rates was verified. In Grosz 
et al. (2022), a sandy soil was used with a similar experi-
mental setting. In that experiment, I60 also had a higher 
denitrification rate than S60, and the N2Oi value of I60 was 
also higher than that of S60, but with an even greater dif-
ference. The reason for the greater difference could be the 
higher diffusion rate of the layers above and the reduced 
residence time of the accumulated N2O, compared with the 
present experiment. We had expected that slurry effects on 
moisture and labile Corg would lead to lowering of N2Oi, but 
apparently, these effects were masked or overidden by other 
slurry effects which could be the higher gross N2O produc-
tion in I60 and /or the inhibition of N2O reduction by high 
NO3

− levels (Senbayram et al. 2018) which were highest in 
the slurry treated layers. Lowering of N2Oi during the incu-
bation of most treatments could be due to delayed formation 
of N2O reductase and/or local depletion of NO3

− in anoxic 
microsites (Fig. S7).

Besides denitrification, other soil processes also contrib-
ute to N2O emissions (Köster et al. 2011) where the fraction 
of N2O from other sources was quantified based on our 15N 
data, but the processes that lead to these fluxes could not be 
disinguished. For example, it could be from autotrophic or 
heterotrophic nitrification or nitrifier denitrification (Müller 
and Clough 2014; Wrage-Mönnig et al. 2018). Autotrophic 
nitrification could be a significant source of N2Oos since 
slurry-originated NH4

+ transformed to NO3
−. Autotrophic 

nitrification produces 0.5 × 10− 3 to 1 × 10− 3 mg N2O-N per 
mg nitrified NH4

+-N (Hink et al. 2017). The initially added 
42.9 kg NH4

+-N ha− 1 could lead to an N2O flux up to 0.2 
to 0.4 mg N m− 1 day− 1. These calculated values, except in 
I60, were in the same range as the N2Oos fluxes of all treat-
ments (Table 3). In S60 and I60, N2Oos exceeded the calcu-
lated values, showing that other processes, such as nitrifier 
denitrification, denitrification coupled to nitrification or 
heterotrophic nitrification, could also be significant (Wrage-
Mönnig et al. 2018).

The manure-induced hotspot effect in the soil

The results of this experiment demonstrated how the surface 
or injected slurry application-generated hotspot influenced 
moisture, labile C, mineral N dynamics, diffusion, pH, 
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we aimed to simulate the process dynamics of a repacked 
silt loam soil in the initial phase after slurry application, 
and thus, the short incubation period was well suited to the 
experimental setup without plants, which, at this initial time 
period, are of little relevance. To include the plant effect 
and the slurry effect, an extended period experiment would 
need to be designed (Buchen-Tschiskale et al. 2023). Sur-
face application of slurry can release large amounts of NH3, 
which can contribute to significant N losses. NH3 release 
was not measured in the experiment, but this was not the 
objective of the experiment. Since the data from the experi-
ment will be used for model development, the design of the 
experiment should aim at gradually increasing the complex-
ity, as this is the only way to explain the processes that cause 
the observed phenomena. Extended experiments with more 
frequent sampling using additional measurement techniques 
such as pore structure, spatial respiration, O2 dynamics, 
NH3 fluxes, gross N transformation and solute transport, 
would improve the knowledge and understanding of how 
the various control factors affect the formation and dynamic 
of soil-slurry hotspots (Müller et al. 2014; Schlüter et al. 
2018; Rohe et al. 2021).

Conclusions

Few studies describe slurry-induced hotspot effects on nitri-
fication and denitrification processes. This study provides 
important insights into the formation, spatial and temporal 
variation of the slurry-soil hotspot and its impact on the 
nitrification and denitrification processes. The main goal of 
this research was to study the effect of surface and injected 
slurry application techniques and a combination of two water 
contents of a silt loam arable soil on N2, N2O and CO2 fluxes 
and their control factors. In order to achieve generalizability 
of the observed phenomena, a silt loam soil was used here, 
after having performed almost the same experiment with a 
sandy arable soil in a previous study. The data produced by 
this experiment are appropriate for developing, improving 
and calibrating slurry-soil hotspot in biogeochemical mod-
els and testing the effect of slurry amendment. The results 
confirmed expectations that slurry application increases the 
content of water, labile C and mineral N and the demand of 
O2 demand through respiration in slurry-treated and adjacent 
soil layers. The highest N2 and N2O fluxes were measured in 
the wet treatment with injected slurry application. An eleva-
tion in the reduction rate of N2O to N2 was determined in 
wet and slurry-treated soils. The continuous measurement 
of CO2 flux, detailed spatial distribution of labile C, min-
eral N, water content and pH help explain the N2 and N2O 
fluxes, their pattern and their origin processes. Neverthe-
less, more detailed experiments including the measurement 

emitted from the soil without reduction and N2Oi remains 
high.

The knowledge about the formation of slurry-induced 
hotspots and the description of the nitrification and deni-
trification processes that take place in these hotspots is 
very poor. Very little information is available on the spatial 
distribution of water and substrates from the slurry and on 
the extent of N2 fluxes in these hotspots as a final product 
of denitrification. The estimation of denitrification fluxes, 
including N2 fluxes, which are essential for accurate model-
ling (Grosz et al. 2023), is a challenge in model develop-
ment and validation, especially in cases where very little 
data are available, e.g., the description of slurry-induced 
hotspots. Previously, this had been studied at the soil 
manure interface using special diffusion chambers (Nielsen 
et al. 1996; Nielsen and Revsbech 1998). But to the best 
of our knowledge, to date there has only been one study 
with slurry amendment to soil cores of defined bulk density 
and moisture mimicking surface application or injection of 
slurry to agricultural soil and including N2 and N2O gas flux 
measurements using the 15N gas flux technique (Grosz et 
al. 2022). Similar to Grosz et al. (2022), our current data 
describe the first ten days of a slurry-induced hotspot effect, 
including spatial and temporal data on labile C, water, 14 
and 15 N mineral N dynamics, product ratio, pH, gas fluxes 
such as CO2, N2OT, N2Oos, fp_N2O, nitrification, denitrifi-
cation and respiration. The database of these two experi-
ments provides a new opportunity for model developers. It 
can be used to test, improve and calibrate existing models 
or to develop new approaches and model concepts, such as 
considering the heterogeneous structure of soil and slurry 
instead of assuming homogenous distribution of substrates. 
Although the nature of the experiment and the data collected 
would allow modeling the experiment with existing models, 
this would not be particularly beneficial due to the inap-
propriate or missing approaches of the models and the lack 
of description of soil heterogeneity. It is more important 
to use the data to integrate these shortcomings into a new 
soil-manure sub-module, which will result in more realistic 
modeling. Based on the experimental design, the measured 
data can be directly used to develop sub-modules describing 
the slurry-soil hotspot effect and heterogeneity. These new 
sub-modules can be integrated into biogeochemical models.

It should be noted that the experiment had some limi-
tations. The results from an experiment with one soil type 
do not indicate the behavior of all soil types under similar 
experimental conditions. The rare 15N gas sampling resulted 
in poor temporal resolution of fp_N2O and fp_N2 fluxes, 
the experimental set-up was not appropriate for the detailed 
microscale research of the hotspot effect of the slurry-soil 
boundary layer or O2 dynamic, and it could not investigate 
all the processes producing N2O. Nevertheless, in this study, 
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