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A B S T R A C T

Erosion is a key driver of topsoil removal in agriculture, resulting in nutrient losses and leaving truncated soil 
profiles on shoulder slopes, where subsoil material can be incorporated into topsoil by the plough, changing soil 
properties and, thus, altering biogeochemical cycling and associated nitrogen (N) losses. To date, the effects of 
topsoil erosion on N cycling have rarely been investigated. We conducted a short-term mesocosm experiment, 
integrating 15N tracing techniques to quantify N transformation processes, focusing on N availability and N losses 
in three artificially eroded agricultural topsoils. Nitrogen transformation pathways were simulated using the 
numerical model Ntrace, considering N uptake by maize (Zea mays L.) at early development stages. The 15N label 
also allows the quantification of nitrous oxide (N2O) and dinitrogen (N2) losses by applying the 15N gas flux 
method (15NGF).

Erosion induced topsoil dilution significantly reduced gross N turnover and consequently N2O and N2 emis
sions in both treatments with and without plants. The oxidation of ammonium (NH4

+) to nitrate (NO3
− ) was by far 

the dominating N pathway across all investigated topsoils, followed by Norg mineralization > NH4
+ immobili

zation. However, more than 90 % of total N2O losses derived from the NO3
− pool, with coupled nitrification- 

denitrification assumed to be the dominant process at water contents of ~40 % water-filled pore space 
(WFPS). Although maize more than doubled N2O + N2 emissions in some treatments, the overall effect of topsoil 
dilution on gaseous N losses was considerably greater, independent of maize presence. Our study contributes to a 
more comprehensive understanding of N cycling in erosion-affected agricultural soils, which is essential for 
enhancing N fertilizer use efficiencies and reducing N pollution.

1. Introduction

Erosion is a major process of soil redistribution that simultaneously 
leads to nutrient losses from agricultural fields and causes eutrophica
tion in natural habitats, where the displaced nutrients accumulate 
(Berhe and Torn, 2017). The impact of soil erosion on soil properties is 
well described, whereby most studies in the last years focused on the 
effects of erosion on soil organic carbon (SOC) transformations and 
stocks (Van Oost et al., 2005, 2007; Berhe et al., 2012; Doetterl et al., 
2016; Hoffmann et al., 2018) or the effect of erosion on greenhouse gas 
emissions (Reicosky et al., 2005; Wang et al., 2017; Gao et al., 2020; 

Vaidya et al., 2024). Fewer authors examined how erosion affects the 
terrestrial N cycle (Berhe et al., 2018; Quinton et al., 2010; Weintraub 
et al., 2015), although carbon (C) and nitrogen (N) cycles are strongly 
coupled (Holz and Augustin, 2021).

About half of the arable soils in Europe are prone to erosion (Borrelli 
et al., 2022). Initially recognized as a contributor to other erosion pro
cesses (Allmaras et al., 1967; Govers et al., 1994), tillage is now 
considered the second largest cause of soil erosion following the erosion 
by water in European agriculture (Borrelli et al., 2022; Ghotbi et al., 
2023). During soil tillage, the transportation of soil material downslope 
leads to truncated topsoils at hill shoulders and can promote regular 
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incorporation of subsoil low in organic matter into the topsoil by the 
plough (Heckrath et al., 2005; Berhe et al., 2018). This process is 
referred to as topsoil dilution (Vaidya et al., 2024; Zentgraf et al., 2024), 
because the decline in soil organic matter (SOM), caused by the incor
poration of subsoil in the topsoil is accompanied by a decrease in C and 
N contents and, hence, affects biogeochemical cycles (Berhe et al., 2018; 
Holz and Augustin, 2021).

Nitrogen is an essential macronutrient that is still a limiting factor for 
plant production in agriculture, even though it contributes to the 
pollution of natural ecosystems (Galloway et al., 2008). More than 90 % 
of the N in soil is part of SOM and becomes available to plants mainly by 
microbial-induced mineralization to soluble organic N forms and 
ammonium (NH4

+) (Robertson and Groffman, 2015; Govindasamy et al., 
2023). Recently, a diverse range of bacteria, archaea and fungi have 
been identified as capable of oxidizing these N compounds into different 
oxygen-containing N molecules, such as nitrous oxide (N2O), nitric 
oxide (NO), nitrite (NO2

− ) and nitrate (NO3
− ), thereby increasing its 

oxidation state. These transformation processes occur through various 
energy-yielding autotrophic and heterotrophic pathways, many of 
which are still not completely understood, particularly with regard to 
the microbial groups and enzymes involved (Kuypers et al., 2018; 
Myrold, 2021). Key processes include aerobic NH4

+ oxidation to NO2
− , 

followed by its oxidation to NO3
− . Reactions that are typically carried out 

by distinct groups of bacteria and archaea, and, further known to be an 
important source of NO and N2O under aerobic conditions 
(Butterbach-Bahl et al., 2013; Medinets et al., 2015). More recently, it 
was observed that these transformation processes can also occur within 
a single microorganism, belonging to the group of complete ammonia 
oxidizers (comammox) (Daims et al., 2016; Li et al., 2019; Myrold, 
2021).

Under oxygen (O2)-limited conditions, O2-containing inorganic N 
compounds can be used as electron acceptors via a series of reductive 
enzymatic steps and intermediates. In these steps NO, N2O and dini
trogen (N2) can be produced as by- or end products, which can be 
released from soil. Most of the microorganisms involved in these 
dissimilatory processes are facultative anaerobe and require C as an 
energy source (Firestone and Davidson, 1989; Khalil et al., 2004; 
Kuypers et al., 2018). Heterotrophic denitrification is considered the 
main source of N2O and N2 in fertilized soils under anaerobic conditions. 
This process can even occur in soils that appear well aerated, when O2 is 
locally depleted by processes such as respiration or NH4

+ oxidation, 
creating anaerobic zones particularly around organic particles or plant 
roots (Wrage et al., 2001; Azam et al., 2002; Butterbach-Bahl et al., 
2013; Yang et al., 2021; Schlüter et al., 2024). Anaerobic microsites also 
sustain denitrification e.g. through the supply of C compounds from root 
exudates. Beside O2 depletion, heterotrophic denitrification is deter
mined by (1) the availability of oxygen-containing inorganic N com
pounds (NO2

− and NO3
− ), which are used as alternative electron 

acceptors, (2) the availability and quality of C substrates, which are used 
as electron donors, and (3) the microbial community that conducts 
denitrification reactions (Schlüter et al., 2018; Myrold, 2021). Other 
processes that reduce NO2

− and NO3
− also contribute to the formation of 

N2O and N2 under similar environmental conditions. These include the 
dissimilatory nitrate reduction to ammonium (DNRA) (Tiedje, 1988; 
Rütting et al., 2011a; Schmidt et al., 2011; Chen et al., 2015; Putz et al., 
2018), co-denitrification (Laughlin and Stevens, 2002; Spott et al., 2011; 
Spott and Stange, 2011; Medinets et al., 2015), anaerobic ammonium 
oxidation (anammox) (Spott and Stange, 2007; Long et al., 2013; Harris 
et al., 2015) and nitrifier denitrification (Kool et al., 2010; Zhu et al., 
2013; Wrage-Mönnig et al., 2018). Chemodenitrification also contrib
utes to the formation of NO and N2O, when intermediates of NH4

+

oxidation, such as NO2
− accumulate in soils (Bremner, 1997; Heil et al., 

2015). Apart from organic matter and high soil water content, this 
non-enzymatic process requires NH4

+, amines or reduced metals 
(Medinets et al., 2015).

Microbial growth and activity in soil are limited by substrate 

availability (Booth et al., 2005; Soong et al., 2020). Consequently, 
erosion-induced topsoil dilution is likely to limit microbially driven N 
transformation processes, due to the limited availability of both C and N 
stored predominantly in SOM rich topsoil. This is in accordance with 
several studies, recording lower carbon dioxide (CO2) and N2O emis
sions in eroded soils compared to non-eroded soils (Gao et al., 2020; 
Vaidya et al., 2024). Due to limited soil N contents and low minerali
zation rates of SOM in eroded topsoils, the efficiency with which plants 
take up mineral N applied with synthetic fertilizer is expected to in
crease, as the uptake of soil-derived N is more restricted than in 
non-eroded topsoils (Pradhan et al., 1997; Malhi et al., 2004). However, 
plants affect N transformation processes by releasing root exudates into 
the rhizosphere (Herman et al., 2006; Holz et al., 2023). Therefore, it is 
likely that the presence of plants can partly counterbalance the low 
availability of substrate in eroded topsoils and therefore enhance N 
cycling. Furthermore, the incorporation of subsoil into topsoil can alter 
soil texture, therefore affecting the storage capacity for organic and 
inorganic N. For example, incorporation of clay-rich material can 
enhance its storage capacity for organic compounds and mineral N 
forms, such as NH4

+, further protecting N from microbial and plant up
take (Castellano et al., 2012; Berhe et al., 2018; Zentgraf et al., 2024). 
Soil texture is also known to alter the diffusion properties of soils, thus 
determining O2 penetration and N2O diffusion from soils, and conse
quently its residence time, which directly affects the likelihood of 
further N2O consumption (Butterbach-Bahl et al., 2013). There is evi
dence that microbial abundance and community composition can 
change throughout the soil profile, regulated by soil properties such as C 
and N availability, soil pH or water availability (Jones et al., 2018; 
Preusser et al., 2019), with microbial activity typically reduced in sub
soil compared to topsoil (Doran, 1987; Li et al., 2014).

Although tillage erosion alters soil properties within agricultural 
fields, affecting N turnover and associated N losses, the impact of 
erosion-induced topsoil dilution on different N transformation processes 
is rarely investigated. Disentangling and quantifying the main processes, 
that determine the availability and loss of N compounds in agricultural 
soils, is still challenging due to the complexity of interactions and the 
metabolic versatility of microbes involved. Existing studies often only 
focus on individual aspects of the N cycle (Malhi et al., 2004; Han et al., 
2017; Vaidya et al., 2023; Zentgraf et al., 2024), missing its intercon
nectedness and complexity. The present study aims to provide a more 
comprehensive overview of main N transformation processes in eroded 
soils, combining different stable isotope techniques in a mesocosm study 
design. Gross N transformation rates in artificially eroded topsoils are 
quantified using the numerical model Ntrace (Müller et al., 2004, 2007; 
Rütting and Müller, 2007) by 15N-labelling either the NH4

+ or the NO3
−

pool. The effects of plants and their N uptake on these N pools are also 
considered. Additionally, the 15N label allows the quantification and 
partitioning of N2O and N2 generated from different processes, removing 
N either from the NH4

+ or the NO3
− pool, by application of the 15N gas flux 

(15NGF) method.
We hypothesize that (1) microbial-induced N transformation pro

cesses, such as gross N mineralization or gross NH4
+ oxidation, decrease 

with increasing topsoil dilution along with the availability of substrates 
(C and N compounds). (2) Despite lower microbial activity and, there
fore, lower biotic immobilization, gross N immobilization rates in 
eroded topsoils are comparable to those in non-eroded topsoils. This is 
because incorporation of clay with the subsoil material into the topsoil 
increases the abiotic N retention capacity of eroded topsoils. (3) Losses 
of N2O, derived from the oxidation of NH4

+, dominate gaseous N path
ways under predominantly aerobic soil conditions. However, these los
ses steadily decrease with increasing erosion level due to lower NH4

+

availability after topsoil dilution. In comparison, losses of N2O and N2 
derived from the labelled NO3

− pool (denitrification, nitrifier denitrifi
cation, coupled nitrification denitrification, co-denitrification) play a 
minor role in the production of gaseous N and are mainly limited by C 
availability and the occurrence of anaerobic microsites formed through 
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O2-consuming processes. These requirements are more likely to be met 
in non-eroded topsoils than in eroded topsoils. (4) Plants affect N 
transformation processes by providing energy in the form of root exu
dates. Therefore, the presence of plants will partly counterbalance the 
low availability of substrate in eroded topsoils, reducing the effect of 
erosion on gross N transformation rates. However, soil-borne N remains 
significantly lower in eroded than in non-eroded topsoils, resulting in a 
higher plant N uptake from applied fertilizer.

2. Material and methods

We conducted a short-term mesocosm incubation experiment to 
assess the effect of erosion induced topsoil dilution and plant presence 
on N transformations and N fluxes under controlled conditions. We 
investigated three different erosion levels, which means different levels 
of subsoil admixture to the topsoil.

2.1. Soil properties and preparation

We collected topsoil (0–30 cm) and subsoil material (100–120 cm) 
from a Nudiargic Luvisol (IUSS Working Group, 2015) of the 
CarboZALF-D site (53◦22′47″ N, 13◦47′06″ E, MAT: 9.2 ◦C; MAP: 508 
mm, 2005–2022) (Vaidya et al., 2024). This area, located within the 
ground moraine landscape of Brandenburg (Germany), is characterized 
by a hilly topography and intensive agriculture. The soil has been 
conventionally cultivated in the last years and primarily received min
eral fertilizers, with spring barley grown before soil material was 
collected for the experiment.

Compared to the topsoil, the subsoil material was depleted in soil 
organic C (Corg) and total N (Nt) (Table 1), also shown in a reddish- 
brown color. The clay content of the subsoil is higher compared to the 
topsoil due to the transport of clay particles during soil development.

After soil sampling, soil was sieved field-fresh at 4 mm for homog
enization. To enable microbes to adapt on changing environmental 
conditions, soil was adjusted to 30 % WFPS, 10 days prior to the 
experimental start. The soil was pre-incubated in the dark at a mean 
temperature of 18 ◦C. Water contents were checked every second day by 
weighing, and adjusted, if necessary, until the start of the experiment.

2.2. Experimental set up and 15N-labelling of the soil

We simulated erosion induced topsoil dilution by mixing the topsoil 
material with varying amounts of subsoil material to create three arti
ficial erosion levels, based on the approach of Zentgraf et al. (2024). The 
non-erosion level (E0) contained 100 % topsoil material and served as a 
control. The weakly (E1) and strongly (E2) erosion levels contained 80 
% and 60 % topsoil, and the remaining amounts of subsoil.

We used a dual 15N labelling approach, also referred to as mirror 
image approach (Watkins and Barraclough, 1996), for quantifying gross 
N transformation rates in the different treatments (Davidson et al., 1991; 
Müller et al., 2007; Rütting et al., 2011b). We labelled either the NH4

+

pool or the NO3
− pool of equal amounts of soil from each treatment using 

the stable isotope 15N. The labelling was achieved by applying ammo
nium nitrate (NH4NO3) at a rate of 60 mg N kg− 1 soil (98 atom %), 
containing either 15N-enriched NH4

+ or NO3
− . The liquid fertilizer was 

evenly distributed by systematically mixing it several times with the 
different soil materials (topsoil and subsoil).

In order to enrich the soil material to a 15N abundance of 50 atom %, 
the amount of required 15N for each treatment was based on the initial 

NH4
+-N and NO3

− -N contents of the soil material. For this, we took sub
samples from the pre-incubated topsoil and subsoil four days before the 
experiment started. We then calculated the quantities of labelled and 
non-labelled fertilizer required to achieve the intended N enrichment in 
the mixture. This calculation was performed using the isotope dilution 
equation as outlined in IAEA (1983).

The incubation experiment was conducted in acrylic glass columns of 
18 cm height and 14.3 cm diameter with four replicates. Each column 
was filled with 1.64 kg moist soil, representing the three different 
erosion levels (E0, E1, E2). Soil water content was increased to 40 % 
WFPS and soil was packed to a bulk density of 1.2 g cm− 3. Three maize 
seedlings each (Zea mays L., KWS OTTO), germinated for three days in 
the dark on moist paper at 27 ◦C, were planted in every second column 
(treatments E0p, E1p, E2p). Soil columns were then installed in a mes
ocosm facility, where they were connected to a gas mixing unit, enabling 
the continuous influx of N depleted air (20 % O2, 0.5 % N2, 350 ppm CO2 
and 250 ppb N2O in He) at a flow rate of 10 ml min− 1, as described in 
detail in Kemmann et al. (2021). Conducting the experiment in this 
artificial atmosphere made the measurements of N2 losses more precise. 
We illuminated the columns 12 h per day for optimal plant growth 
conditions and kept air temperature constant at 18 ◦C.

2.3. Gas sampling and analysis

At the start of the experiment, a total of 64 columns per treatment 
were installed in the mesocosm facility, representing four treatments 
(three erosion levels × plant presence/absence) with 16 replicates per 
treatment. CO2 and N2O losses were automatically measured in each 
column using a gas chromatograph (GC), equipped with an electron 
capture detector (ECD) and a thermal conductivity detector (TCD) (GC- 
2014, Shimadzu, Germany). Measurement intervals decreased with in
cubation time from every 7 h at the beginning of the experiment to every 
2 h after seven days, as destructive soil sampling was conducted at 
distinct time points throughout the incubation period (see also “Sample 
preparation”). This reduced the number of replicates available for gas 
measurements over time. In total, four replicates remained after the 
penultimate sampling at 120 h of incubation. An empty column was 
installed for measurements of background concentration in the artificial 
atmosphere. Additionally, five calibration standards were measured 
regularly to assess the precision of the CO2 and N2O measurements.

Daily gas samples were collected from each treatment in 12 mL 
Exetainers for analysis of the N2O and N2 isotopic composition using a 
MAT 253 isotope ratio mass spectrometer (IRMS), equipped with a 
modified GasBench II preparation system and a PAL autosampler 
(Thermo Fisher Scientific, Germany). This system enables the direct 
measurement of the stable isotope ratios 29R (29N2/28N2) and 30R 
(30N2/29N2) of N2, N2+N2O and N2O, as previously described in detail by 
Lewicka-Szczebak et al. (2013). As the measurement method became 
inaccurate at low N2O concentrations, some samples were additionally 
measured using a Delta V plus IRMS (Thermo Fisher Scientific, Ger
many), which was coupled to an automatic preparation system with 
Precon plus Trace GC Isolink (Thermo Scientific, Bremen, Germany), 
where N2O was pre-concentrated, separated, and purified and m/z 44, 
45, and 46 of the intact N2O+ ions were determined (Lewicka-Szczebak 
et al., 2014). 29R and 30R were derived from m/z 44, 45, and 46 
(Bergsma et al., 2001). Typical repeatability for 29R and 30R was 6 ×
10− 6 and 2 × 10− 6. Data was normalized against background values of a 
breathing air laboratory standard.

Table 1 
Soil characteristics separately for the topsoil and subsoil of the Nudiargic Luvisol used for the experiment (n = 3 for soil pH; n = 1 for all other soil properties).

depth [cm] sand [%] silt [%] clay [%] Corg [%] Nt [%] C:N ratio pHCaCl2

Topsoil 0–30 61.27 25.45 13.28 0.87 0.09 9.77 6.42
Subsoil 100–120 52.62 29.67 17.71 0.18 0.03 6.20 6.70
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2.4. Soil and plant sampling and analysis

2.4.1. Sample preparation
We took soil and plant samples after 1 h, 24 h, 48 h, 72 h and 168 h of 

incubation for observing changes in the different mineral N pools over 
time. The higher sampling frequency at the beginning of the experiment 
was chosen in order to record rapid changes in gross N mineralization 
rates immediately after fertilization (Kirkham and Bartholomew, 1954). 
Incubation stopped after 168 h, to avoid underestimation of N trans
formation due to remineralization of the labelled N that again enters the 
NH4

+ pool (Murphy et al., 2003). Plants, harvested after 72 h and 148 h, 
were already large enough to allow separate analysis of aboveground 
(shoots) and belowground biomass (roots).

Soil and plant material was dried at 60 ◦C for 48 h for the analysis of 
Corg and Nt contents. For the analysis of the NH4

+-N and NO3
− -N contents 

in the fresh soil samples, as well as its 15N abundances, we extracted 300 
g moist soil with 600 ml of a 2 M potassium chloride (KCl) solution (1:2 
ratio) by shaking the suspension for 1 h, following the extraction pro
cedure in ISO (2005). Simultaneously, 50 g soil was weighed for esti
mation of gravimetric water contents by drying at 105 ◦C until constant 
weight. Soil extraction was performed immediately after soil sampling, 
to avoid further microbial activity, and four aliquots of the extracts were 
frozen at − 18 ◦C until analysis took place.

2.4.2. Sample analysis
Contents of NH4

+-N and NO3
− -N in the extracts were estimated 

photometrically using a Continuous-Flow-Analyzer (CFA San++ Skalar, 
Netherlands). The 15N abundances were measured using a SPIN-MIRMS 
device. The SPIN unit is an automated sample preparator, which enables 
the conversion of NO3

− and NH4
+ in the liquid sample to N2O and N2, 

respectively. The unit is connected to a membrane inlet isotope ratio 
mass spectrometry (Delta plus, Thermo Fisher Scientific, Germany) via a 
ConFlo III interface that allows the determination of the 15N abundance 
in the sample (Dyckmans et al., 2021). The analytical precision was 
determined by repeated measurements of standards and was consis
tently <0.02 atom %, <0.01 atom % and <1.5 atom % 15N for the 5 atom 
%, 10 atom % and 50 atom % standard, respectively.

For the estimation of Corg and Nt contents, as well as its 15N abun
dances, in the ground soil and plant material we used an elemental 
Analyzer Flash 2000, coupled to a Delta V isotope ratio mass spec
trometer (Thermo Fisher Scientific, Germany). Calibration standards 
were regularly measured to obtain precise analysis results. The precision 
was <0.2 % for Corg, <0.02 % for Nt and <0.08 atom % for 15N.

2.5. Calculations and statistics

2.5.1. Calculating fluxes of N2O, N2 and CO2
We started measuring gases in the mesocosm facility, as soon as, we 

set up the sealed columns for the experiment. However, we excluded 
data recorded 3 h after the installation, as we wanted to ensure that each 
column was filled properly with the N2-depleted air. Each column was 
flushed with the artificial air from the gas mixing unit to accelerate the 
complete gas exchange. In general, it is recommended to exclude data 
from the initial 24-h period, due to an increase in mineralization 
resulting from mixing, aeration, and subsequent stimulation of micro
bial activity (Rohe et al., 2021). However, we retained and analyzed this 
data, as we wanted to examine the effects of tillage induced topsoil 
dilution under soil moisture and temperature conditions typically found 
at the beginning of the growing season. Observations with N2 concen
trations exceeding 5 % and flow rates exceeding 12 ml min− 1 were 
excluded from further analysis, as this was an indication for column 
leakages.

Gas fluxes were derived from the measured concentrations of CO2 
and N2O using the ideal gas law, considering an incubation temperature 
of 18 ◦C and an air pressure of 1 bar, as outlined in Kemmann et al. 
(2023). In the first step, the mass concentration C (mg CO2–C L− 1 or mg 

N2O–N L− 1) was calculated by: 

C=n ⋅
M ⋅ 273.15 K

22.4136 L
mol ⋅ (273.15 K + T)

(1) 

where M is the molar mass of CO2 or N2O in g mol− 1, and T the incu
bation temperature during the experiment in ◦C. In a second step, CO2 
and N2O fluxes were calculated by multiplying the mass concentration 
with the flow rate, and then dividing by the surface area of the soil 
within the column: 

f =
C ⋅ 10-3 ⋅ Q

A
(2) 

where Q is the flow rate in mL h− 1 and A is the soil surface area in m2. 
For the estimation of cumulative fluxes, we used the trapezoidal rule to 
interpolate between the measurements and summed up the results.

We followed the approach of Spott et al. (2006) to determine the 
fractions of N2 (fp_N2), N2+N2O (fp_N2+N2O) and N2O (fp_N2O) origi
nating from the 15N-labelled pools. For a comprehensive understanding 
of the calculation methodology, we refer to other studies that provide 
detailed descriptions (Spott et al., 2006; Buchen et al., 2016; Well et al., 
2019; Kemmann et al., 2021; Pfülb et al., 2024). In the following the 
index fp refers to N2O and N2 losses from the labelled pool (fp_N2O and 
fp_N2), as previously defined in other studies (Kemmann et al., 2021; 
Buchen-Tschiskale et al., 2023; Pfülb et al., 2024). For N2O this includes 
losses from both the NO3

− and the NH4
+ pool, as both were labelled in 

separate treatments in this experiment. In order to distinguish N2O 
losses from the NO3

− pool from those from the NH4
+ pool, we have 

introduced a new calculation procedure (see below) and extended the 
index to fp_N2ONO3 and fp_N2ONH4, respectively. The index fp_N2 has not 
been extended, as it always refers only to the N2 losses from the labelled 
NO3

− pool. The calculations are explained in the following sections, 
separately for both 15N-labelled treatments: NH4

15NO3 and 15NH4NO3. 
Calculations in this study were based on combining fractions from IRMS 
analysis (fp) with total N2O fluxes measured by the GC. This approach is 
preferable, when pool-derived N2O and N2 losses are close to the IRMS 
detection limit, which is generally higher than that for total N2O losses 
measured by GC (Pfülb et al., 2024).

2.5.1.1. Calculating source-related N2O and N2 losses in NH4
15NO3 

treatments. In the NH4
15NO3 treatments, the measured 15N abundances of 

the soil NO3
− and NH4

+ pools showed no remineralization of 15N-labelled 
NO3

− into the non-labelled NH4
+ pool over time (Fig. S10). Therefore, we 

assumed that N2O losses from the labelled pool, obtained by IRMS 
analysis, derived only from the NO3

− pool in these treatments 
(fp_N2ONO3). Calculation of fp_N2ONO3 was performed by combining the 
share of N2O derived from the NO3

− pool relative to total N2O losses 
(Fp_N2ONO3), measured by IRMS, with total N2O losses (N2Ot) measured 
by the GC, as previously described by Pfülb et al. (2024) as follows: 

fp N2ONO3 = Fp N2ONO3 ⋅ N2Ot (3) 

N2O losses from other sources (fn_N2O) were then calculated by 
subtracting fp_N2ONO3 from total N2O losses (N2Ot) expressed as: 

fn N2O = N2Ot - fp N2ONO3 (4) 

To estimate the fraction of N2O and N2 losses derived from the NO3
−

pool (fp_N2O + N2, NO3), we divided the calculated fp_N2ON03 (Eq. (3)), 
based on combined GC and IRMS data, by the ratio of fp_N2O to fp_N2O 
+ N2 (N2Oi). The latter were obtained directly from IRMS measurements 
of N2O + N2 isotopologues 29R (29N2/28N2) and 30R (30N2/29N2) (for 
more details on measurement and calculation procedure see e.g. Lew
icka-Szczebak et al., 2013; Kemmann et al., 2021). 

fp N2O+N2,NO3 =
fp N2ONO3

N2Oi
(5) 
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where N2Oi is the N2O/(N2O + N2) ratio of denitrification, which was 
calculated for each treatment and each sampling event (1 h, 24 h, 48 h, 
96 h and 168 h of incubation) and additionally for the cumulative fluxes 
for all treatments as follows: 

N2Oi=
fp N2OIRMS

fp N2O + N2,IRMS
(6) 

where fp_N2O + N2, IRMS and fp_N2OIRMS are the losses of N2O + N2 and 
N2O from the NO3

− pool, obtained from IRMS analysis (calculation 
procedure described in detail e.g. by Kemmann et al. (2021)). Values of 
fp_N2+N2O that were below detection were set to half of the limit of 
detection (LOD). LOD was calculated by 4 x standard deviation (SD) for 
29R and 30R. Losses of N2 that derived from the NO3

− pool, were calcu
lated as formulated by: 

fp N2 = fp N2O + N2,NO3 − fp N2ONO3 (7) 

2.5.1.2. Calculating source-related N2O and N2 losses in 15NH4NO3 
treatments. For the 15NH4NO3 treatments the IRMS analysis gives fp 
values (fp_N2O and fp_N2O + N2) describing the gaseous N losses from 
the NO3

− and NH4
+ pools as both pools might be 15N-labelled due to 

ongoing nitrification. The NH4
+ pool was actively labelled by the appli

cation of 15NH4NO3. However, the NO3
− pool was 15N-enriched over time 

by the production of new NO3
− through oxidation of the labelled NH4

+

(nitrification), which was indicated by an increase in 15N–NO3
- abun

dances (15a_NO3) and subsequent decrease in 15N–NH4
+ abundances 

(15a_NH4) over time (Fig. S10). Both N pools can be a source of N2O 
emissions, combined in fp_N2O and fp_N2O + N2, obtained from IRMS 
analysis in the 15NH4-labelled treatments. To separate the two sources of 
labelled N2O (fp_N2ONO3 and fp_N2ONH4), information on N2O losses 
from the 15NO3-labelled treatments and on the 15N enrichment of the 
soil mineral N pools were combined.

Losses of N2O, derived from the NO3
− pool were calculated by 

multiplying N2Ot by mean Fp_N2ONO3 values of the 15NO3-labelled 
treatment as follows: 

fp N2ONO3 = Fp N2ONO3,mean ⋅ N2Ot (8) 

where Fp_N2ONO3, mean is the mean of Fp_N2ONO3 from the 15NO3- 
labelled treatments, calculated separately for each sampling event and 
erosion level for the treatments with and without maize. To calculate the 
N2O losses derived from the NH4

+ pool (fp_N2ONH4), the share of N2O 
derived from the NH4

+ pool relative to total N2O losses (Fp_N2ONH4), was 
first calculated as follows:  

where 15a_N2O is the 15N abundance of N2O, and 15a_NO3 and 15a_NH4 
are the 15N abundances of the soil NO3

− and NH4
+ pool, respectively, 

measured by SPIN-MIRMS. Values of Fp_N2ONO3, mean were again esti
mated from Fp_N2ONO3 values of the 15NO3-labelled treatments.

Negative values of Fp_N2ONH4 occurred in cases where the 15a_NH4, 
15a_NO3 and 15a_N2O were <10 atom %, and the 15N-abundances in the 
soil exceeded the 15N-abundances of the measured N2O. This can be 
explained by small inaccuracies of the different applied measurement 
techniques (IRMS, SPIN-MIRMS). Negative values were only observed 
after 168 h incubation, when N2O losses as well as soil NH4

+-N contents 
were at a low level. We used mean values of the same treatment to es
timate Fp_N2ONH4 if negative values were calculated. For some obser
vations the sum of Fp_N2ONO3, mean and Fp_N2ONH4 exceeded 1, 

indicating that the relative shares of both N2O pools together were 
higher than 100 %. In those cases, Fp_N2ONH4 were estimated by: 

Fp N2ONH4 =1 - Fp N2ONO3,mean (10) 

Equation (10) is a simplification and was used under the assumption 
that no N2O originated from sources other than the NO3

− and NH4
+ pools.

Values of fp_N2ONH4 were then calculated by multiplying Fp_N2ONH4 
with N2Ot, as for fp_N2ONO3 in Equation (3): 

fp N2ONH4 =Fp N2ONH4 ⋅ N2Ot (11) 

The losses of N2O, which originate from sources other than the 
labelled NH4

+ and NO3
− pools, have been calculated as follows: 

fn N2O = N2Ot - fp N2ONO3 − fp N2ONH4 (12) 

The calculation of fp_N2 for the 15NH4-labelled treatments was per
formed as follows: 

fp N2 = fp N2O + N2,NO3+NH4 − fp N2ONO3+NH4 (13) 

where fp_N2O + N2, NO3+NH4 and fp_N2ONO3+NH4 are the fp values, 
calculated based on Equation (5) and Equation (6), except that N2O 
losses may originate from both the NO3

− and NH4
+ pools. As N2Oi is 

calculated on the basis of N2O and N2O + N2 from the NO3
− pool only, it 

cannot be calculated directly from IRMS-values obtained for the 
15NH4NO3 treatments. In these treatments losses of N2O and combined 
N2O + N2 included those originating from the NH4

+ pool. Estimating the 
denitrification ratio (N2Oi), which accounts only for N2O losses from the 
NO3

− pool, would have introduced uncertainties and therefore was not 
carried out for the 15NH4NO3 treatments.

2.5.2. Calculating gross N transformation rates using the Ntrace model
We used information on NH4

+-N and NO3
+-N contents, as well as their 

respective 15N enrichments to calculate mean gross N transformation 
rates for each treatment using the Ntrace model (Müller et al., 2004, 
2007; Rütting and Müller, 2007; Rütting et al., 2011b). The model in
tegrates 15N dilution and 15N tracing concepts to quantify multiple N 
fluxes in the soil, including mineralization of organic N compounds to 
NH4

+, immobilization of NH4
+ and NO3

− by microbial and plant uptake, 
oxidation of organic N compounds or NH4

+ to NO3
− , and the dissimilatory 

reduction of NO3
− to NH4

+. In total, the basic model consisted of four N 
pools and eight N transformation processes at the beginning of the 
model run. The Ntrace model further distinguishes between the slowly 
changing recalcitrant organic N pool (Nrec) and the active labile organic 
N pool (Nlab), in line with previously studies (Müller et al., 2011; 

Inselsbacher et al., 2013).
Initial conditions, comprising NH4

+-N and NO3
− -N contents from the 

two 15N-labelled treatments and their corresponding 15N abundances 
across the five sampling events, were required to start the model run. 
The estimation of contents immediately after tracer application (t = 0 h) 
was done by linear back-extrapolation following Müller et al. (2004). 
The N transformation processes were described by zero or first order 
kinetics. To calculate average gross rates of N transformations following 
a first order kinetic, we interpolated model results across time and 
divided by the incubation time (Rütting and Müller, 2007).

The Ntrace model was addressed via MATLAB version 
9.10.0.1710957 (R2021a) (The MathWorks Inc, 2021). In order to find 
the global minimum in the model space, we used an optimization al
gorithm based on a Markov Chain Monte Carlo sampling design. This 

Fp N2ONH4 =
(15a N2O – 0.003663) –

( (
15a NO3 - 0.003663

)
* Fp N2ONO3,mean

)

15a NH4
(9) 
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Bayesian technique is fast even at a high number of parameters and 
enables the determination of probability density functions (PDF) during 
the model run (Müller et al., 2007; Rütting and Müller, 2007). Thus, 
additional information regarding the accuracy of the parameters was 
provided by evaluating error covariances and the deviations from 
normal distribution. The optimal model was selected by minimizing the 
quadratic deviation of the modeled and the true value (misfit function), 
and the selection of parameters was done based on the Akaike Infor
mation Criterion (AIC) as described in detail by Rütting and Müller 
(2007).

2.5.3. Calculating 15N recovery
In order to examine the effect of soil erosion level and plant presence 

on fertilizer N uptake, different isotope-based indices were calculated 
following IAEA (1983). For assessing the effect of different erosion levels 
on plant N uptake, the N derived from the fertilizer (Ndff) was calculated 
for the different erosion levels over the entire incubation as follows: 

Ndff =
15N atom % excess in plant

15N atom % excess in fertilizer N
⋅ 100 (14) 

The 15N excess was calculated by subtracting the 15N natural abun
dance of 0.3663 atom % from the measured 15N abundance in the 
respective pool. As either NO3

− or NH4
+ was 15N-labelled in the fertilizer, 

the Ndff refers to the respective pool and represents the N derived either 
from the NO3

− or the NH4
+ pool of the NH4NO3 fertilizer in this experi

ment. The Ndff is a relative proportion (%) that is independent from the 
absolute N content of the plant and, therefore, enables the comparison of 
the fertilizer-derived N-uptake for the different erosion levels.

Furthermore, we calculated 15N recoveries of the fertilizer into the 
different N pools as follows (Barraclough, 1995; Buchen-Tschiskale 
et al., 2023): 

15Nrecovery =
15Nrecovered
15Napplied

⋅ 100 (15) 

where 15Nrecovered in % was calculated by summing the amount of 15N in 
the different pools (NH4

+-N, NO3
− -N, Norg, Nt in shoot and root of the 

maize) and the 15N losses via N2O and N2. The 15Napplied was estimated 
by multiplication of the 15N enrichment of either NO3

− or NH4
+ of the 

fertilizer with the applied N.

2.5.4. Data analysis and statistics
The full data set was characterized by a 2-factorial design with 8 

replicates, of which each 4 replicates were labelled either with 
15NH4NO3 or NH4

15NO3 fertilizer. All calculations were performed using 
R version 4.3.1 (R Core Team, 2023). All graphics were created using the 

R package ggplot (Wickham, 2016). For the analysis of mean differences 
of general soil properties, cumulated gaseous losses (N2O, N2, CO2) and 
the Ndff, we conducted a two-way analysis of variance (ANOVA) with 
the factors: erosion level and plant presence. The differences were 
examined based on Tukey-HSD tests with a significance level of p < 0.05 
using the R package emmeans (Lenth, 2023) for balanced data sets. Re
siduals were inspected using the Kolmogorov-Smirnov test and the 
Levene test of the car package (Fox and Weisberg, 2019) for assessing 
normal distribution and variance homogeneity, respectively. If required, 
cumulative gas fluxes were log10 transformed to meet ANOVA as
sumptions. For evaluating treatment effects on gross N transformation 
rates, we calculated 85 % confidence intervals and compared them 
across treatments, as recommended by Rütting and Müller (2007). 
Overlapping confidence bands were considered to show non-significant 
differences between different groups. This procedure was recommended 
by Payton et al. (2000) for numerical model results based on a high 
number of iterations.

3. Results

3.1. Soil properties

Organic C contents decreased steadily with increasing erosion level 
with values of 8.46 ± 0.19 g C kg− 1 for E0, 7.09 ± 0.52 g C kg− 1 for E1 
and 5.65 ± 0.24 g C kg− 1 for E2 at the beginning of the incubation 
(Table S1). Same trend was observed for Nt, showing mean values of 
0.95 ± 0.02 g N kg− 1, 0.82 ± 0.04 g N kg− 1 and 0.65 ± 0.03 g N kg− 1 

for E0, E1 and E2, respectively. Contents of Corg and Nt differed signif
icantly between the treatments and remained almost constant 
throughout the experiment. Water contents were adjusted to approxi
mately 42 % WFPS, and decreased slightly during incubation to about 
41 % WFPS (Table S1).

3.2. 15N recovery

Total 15N recovery was 89.41 ± 20.01 % (E0, E0p), 82.71 ± 8.80 % 
(E1, E1p) and 86.77 ± 5.96 % (E2, E2p) after 1h of incubation, when 
samples were taken for the first time after application of the 15N-labelled 
fertilizer (data not shown). No differences between the different tracers 
(15NH4NO3, NH4

15NO3) or the different soil erosion levels (E0, E1, E2, 
E0p, E1p, E2p) were observed over time (Table S2). Total 15N-recovery 
remained almost constant throughout the 7-days incubation. However, 
the distribution of 15N across different N pools changed over time, as 
plants continuously took up 15N from the fertilizer, and gaseous N losses 
occurred throughout the experiment (Table S2). A tendency of 
increasing recovery rates with erosion level was observed for both 

Table 2 
Recovery of 15N added either in the form of 15NH4NO3 (15NH4

+) or NH4
15NO3 (15NO3

− ) across different N pools (maize aboveground and belowground biomass N, N2O +
N2 emissions (N2O + N2) and total soil N (soil Nt)) after 7 days of incubation. Values represent treatment means ± standard deviation (n = 4). Different letters indicate 
significant differences between the studied erosion levels (E0 = non eroded, E1 = weakly eroded, E2 = strongly eroded) (lowercase letters) and treatments with (E0p, 
E1p, E2p) and without maize (E0, E1, E2) (capital letters) according to ANOVA followed by Tukey’s HSD test (p < 0.05).

Treatment Tracer 15N recovery of the labelled NH4NO3 [%] Total15N recovery [%]

Aboveground biomass N Belowground biomass N N2O + N2 Soil Nt

E0 15NO3
− n.d. n.d. 2.92 ± 0.74 a A 86.31 ± 3.59 a A 89.23 ± 3.67 a A

E1 15NO3
− n.d. n.d. 0.88 ± 0.58 b A 97.25 ± 10.03 a A 98.13 ± 9.48 a A

E2 15NO3
− n.d. n.d. 0.24 ± 0.10 c A 89.96 ± 7.71 a A 90.2 ± 7.73 a A

E0p 15NO3
− 1.89 ± 0.49 a 0.65 ± 0.18 a 6.02 ± 2.07 a B 72.72 ± 6.72 a B 81.27 ± 5.22 a A

E1p 15NO3
− 2.22 ± 0.34 a 1.34 ± 0.48 a 1.32 ± 0.42 b B 84.00 ± 5.90 a B 88.88 ± 5.46 a A

E2p 15NO3
− 4.10 ± 1.65 b 1.82 ± 0.89 b 0.55 ± 0.22 c B 95.24 ± 6.37 a B 101.70 ± 8.68 a A

E0 15NH4
+ n.d. n.d. 1.80 ± 0.78 a A 89.63 ± 4.14 a A 91.43 ± 4.14 a A

E1 15NH4
+ n.d. n.d. 0.56 ± 0.21 b A 82.80 ± 8.23 a A 83.36 ± 8.44 a A

E2 15NH4
+ n.d. n.d. 0.11 ± 0.08 c A 93.68 ± 9.17 a A 93.79 ± 9.16 a A

E0p 15NH4
+ 2.16 ± 0.63 a 0.86 ± 0.24 a 3.24 ± 0.31 a B 88.45 ± 8.35 a B 94.70 ± 8.08 a A

E1p 15NH4
+ 1.56 ± 0.27 a 0.70 ± 0.14 a 1.64 ± 0.81 b B 72.68 ± 4.30 a B 76.58 ± 4.43 a A

E2p 15NH4
+ 3.98 ± 1.58 b 1.87 ± 0.89 b 0.93 ± 0.40 c B 73.89 ± 3.54 a B 80.68 ± 3.07 a A

n.d. = not determined.
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above- and belowground biomass (Table 2). However, significant dif
ferences from the non-eroded control were only found for the strongly 
eroded treatment (E2p). Recovery of 15N in N2O + N2 varied among the 
three soil treatments and was significantly influenced by both the de
gree of erosion and the presence of maize plants.

Maize plants continuously took up N from the applied fertilizer after 
48 h of incubation, with around 10 % of this N coming from the labelled 
NH4

+ pool by the end of the experiment (Fig. 1, Fig. S1). Values of 
NdffNH4 ranged from 8.17 % to 10.37 %, showing no significant dif
ferences between the different soil treatments (E0p, E1p, E2p). In 
contrast, the NdffNO3 increased with increasing erosion level (E0p <
E1p < E2p), with no significant differences between the non-eroded 
(E0p) and slightly eroded (E1p) soils (Fig. 1).

3.3. Mineral N, gross N transformation rates and plant N uptake

The highest amount of NO3
− -N and NH4

+-N was found in the non- 
eroded soils and generally decreased with increasing erosion level 
following the order E0 > E1 > E2, irrespective of whether maize was 
planted or not (Table S3). The NO3

− -N contents averaged 4.15 ± 0.17 
μmol N g− 1 in non-eroded topsoils (E0, E0p), 3.66 ± 0.10 μmol N g− 1 in 
weakly eroded topsoils (E1, E1p) and 3.22 ± 0.11 μmol N g− 1 in 
strongly eroded topsoils (E2, E2p) in samples taken 1h after mixing it 
with the labelled fertilizer. Differences in NH4

+-N contents were more 
pronounced than differences in NO3

− -N contents (Table S3). The same 
trend in the NO3

− -N and NH4
+-N contents was observed at the end of the 

incubation, where NO3
− -N contents generally increased, while NH4

+-N 
contents decreased exponentially, approaching the detection limit.

Because we aimed to label the manipulated topsoils of different 
erosion levels to a 15N abundance of 50 atom %, differences in initial 15N 

Figure 1. Shares of N derived from fertilizer (Ndff) in the maize biomass 
(below- and aboveground material). Fertilizer was applied as either 15NH4NO3 
(left) or NH4

15NO3 (right) to topsoils of different erosion levels (E0p = non 
eroded, E1p = weakly eroded, E2p = strongly eroded). Different letters denote 
significant differences between treatments according to ANOVA followed by 
Tukey’s HSD test (p < 0.05, n = 4).
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abundances between treatments were marginal. The labelled pools 
showed an increasing dilution of 15N abundances over the incubation 
time, regardless of whether NH4

15NO3 or 15NH4NO3 was applied to the 
soil (Fig. S10). The 15NH4-labelled treatment showed an exponential 
increase in 15N abundances within the NO3

− pool, indicating that 15NH4
+

was oxidized to 15NO3
− . In comparison, no 15N entered the non-labelled 

NH4
+ pool in the 15NO3

− treatments, as the 15N abundances remained at 
natural abundance levels. This has been confirmed for treatments with 
and without maize.

The final Ntrace models fitted well with the measured NO3
− -N and 

NH4
+-N concentrations and the corresponding 15N abundances across all 

the investigated treatments (Figure S4 to Figure S9). The fitted models 
included three N transformation processes for the non-eroded treatment 
and two for the two eroded treatments, irrespective whether maize was 
planted or not (Table 3). For the comparison of gross N transformation 
rates, we combined the recalcitrant (MNrec) and the labile organic N 
(MNlab) into a single organic N pool, as MNrec was only significant in the 
E1p treatment. In general, gross NH4

+ oxidation to NO3
− (ONH4) clearly 

dominated N transformation in all treatments, showing decreasing rates 
with increasing erosion level in the order E0 > E0p > E1 > E1p > E2p >
E2. Differences between the erosion levels were significant, as shown by 
non-overlapping 85 % confidence intervals (Table 3). In total, gross NH4

+

oxidation was reduced by maxima of 45.7 % in E2 and 36.2 % in E2p 
compared to the non-eroded controls E0 and E0p, respectively. Gross 
mineralization rates to NH4

+ (MNorg) also decreased with increasing 
erosion level, generally following the order E0 > E0p > E2p > E2 > E1 
> E1p. In comparison to ONH4 and MNorg, immobilization of NH4

+ (INH4) 
was only observed in the non-eroded treatments irrespective of maize 

presence, whereas in eroded topsoils INH4 was too low to be detected by 
the Ntrace model. Differences between E0 and E0p were significant and 
showed highest rates in the treatments with maize (Table 3). All other N 
fluxes that can be quantified by Ntrace were excluded from the final 
model, as they did not show a detectable effect on N cycling in this 
experiment. This was also true for the NO3

− -N and NH4
+-N uptake by 

plants, likely because N uptake by the young maize plants was still very 
low after the short 7-days incubation (Figure S2, Figure S3).

3.4. N2O, N2 and CO2 losses from soils of different erosion levels

3.4.1. CO2 and total N2O
Fluxes of CO2 and total N2Ot increased rapidly after the addition of 

fertilizer, reaching a maximum approximately 14 h after installation of 
the soil columns in the mesocosm facility (Fig. 2). Highest CO2 losses 
right at the beginning of the experiment were found in columns that 
were filled only with topsoil material and planted with maize reaching 
mean values of 8.48 ± 0.92 mg C kg− 1 d− 1. The peak in CO2 fluxes 
decreased with increasing erosion level and in the treatments without 
maize, generally following the order E0p > E1p > E2p > E0 > E1 > E2 
(Fig. 2). After 36 h, the CO2 fluxes converged and remained almost 
constant for the rest of the incubation time in the non-planted columns. 
In the columns with maize, CO2 fluxes showed a typical day-night 
pattern, after fluxes of the different soils have also been converged. In 
weakly and strongly eroded treatments, CO2 fluxes exceeded initial 
maxima, reaching values of 10.73 ± 0.37 mg C kg− 1 d− 1 for E1p and 
11.42 ± 1.30 mg C kg− 1 d− 1 for E2p, 75 h and 144 h after installation of 
the columns, respectively. We found maxima of N2O fluxes at 

Figure 2. Mean N2O and CO2 fluxes over the 7-days incubation period of soils of different erosion levels (E0 = non eroded, E1 = weakly eroded, E2 = strongly 
eroded), planted with or without maize. Fluxes were measured continuously by GC. The number of observations decreased from n = 16 at the beginning to n = 4 at 
the end of the incubation, due to destructive soil sampling. Error bands represent ± standard deviation.
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comparable times to the CO2 fluxes, with more pronounced differences 
observed between the different erosion levels than for CO2 (Fig. 2). The 
N2O fluxes remained almost constant throughout the incubation period. 
Lower emissions were observed in treatments E1, E1p, E2, and E2p, 
while notably higher fluxes were recorded in E0 and E0p.

Mean cumulative CO2 losses over the short 7-day incubation period 
decreased slightly with increasing erosion level for the non-planted 
treatments, following the order E0 > E1 > E2 (Table 4). In the pres
ence of maize, CO2 losses increased significantly but followed a similar 
erosion-related trend to that observed in non-planted treatments. Total 
cumulative N2O losses showed the same pattern observed for CO2, with 
the highest emissions found in the non-eroded topsoils planted with 
maize (Table 4). The differences between erosion level E1 and E2 were 

less pronounced than the differences to the non-eroded control (E0). 
Overall, incorporating subsoil into topsoil reduced N2O losses by over 
80 % in both planted and non-planted treatments.

3.4.2. Source-related N2O and N2 losses
Analysis of isotopes enables us to distinguish N2O losses stemming 

from the labelled NH4
+ or NO3

− pool through NH4
+ oxidation or nitrifier 

denitrification, and denitrification, co-denitrification or coupled 
nitrification-denitrification, respectively. Additionally, N2 losses, 
derived from the NO3

− pool via denitrifying processes (s.a.) were 
calculated. In general, gaseous N losses from different sources decreased 
with increasing erosion level, in parallel with N2Ot (Table 4). Fluxes of 
fp_N2ONO3, fp_N2ONH4, fn_N2O and fp_N2 over the entire 7-days 

Table 4 
Mean cumulative fluxes of CO2 and total N2O (N2Ot), measured by GC, as well as N2O and N2 losses derived from the15N-labelled NO3

− pool (fp_N2ONO3, fp_N2), N2O 
losses derived from non-labelled sources (fn_N2O), and N2O losses derived from the labelled15NH4 pool (fp_N2ONH4) for the NH4

15NO3 (15NO3) and the15NH4NO3 
(15NH4) treatment. Values represent treatment means ± standard deviation per treatment with n = 4. Different letters indicate significant differences between the 
studied erosion levels (E0 = non eroded, E1 = weakly eroded, E2 = strongly eroded) (capital letters) and treatments with (E0p, E1p, E2p) and without maize (E0, E1, 
E2) (lowercase letters) according to ANOVA followed by Tukey’s HSD test (p < 0.05).

Treatment tracer total CO2 [mg 
C kg− 1 d− 1]

total N2O (N2Ot) 
[μg N kg− 1 d− 1]

N2O from NO3 

(fp_N2ONO3) [μg N kg− 1 

d− 1]

N2O from NH4 

(fp_N2ONH4) [μg N 
kg− 1 d− 1]

N2O from other sources 
(fn_N2O) [μg N kg− 1 d− 1]

N2 (fp_N2) + [μg 
N kg− 1 d− 1]

N2Oi [-]

E0 15NO3
− 3.25 ± 0.96 a 

A
50.59 ± 23.22 a A 45.45 ± 21.54 a A n.d. 5.14 ± 1.9 a A 23.81 ± 9.02 a A 0.64 ±

0.07 a A
E1 15NO3

− 2.58 ± 0.22 
ab A

10.65 ± 7.18 b A 7.7 ± 6.22 b A n.d. 2.95 ± 0.97 b A 15.09 ± 8.71 a A 0.33 ±
0.22 b A

E2 15NO3
− 2.22 ± 0.16 b 

A
2.54 ± 1.46 b A 0.95 ± 0.84 b A n.d. 1.59 ± 0.62 b A 2.41 ± 1.55 b A 0.26 ±

0.08 b A
E0p 15NO3

− 8.81 ± 0.71 a 
B

79.49 ± 4.8 a B 73.27 ± 5.17 a B n.d. 6.22 ± 0.62 a A 51.04 ± 8.35 a B 0.59 ±
0.04 a A

E1p 15NO3
− 4.66 ± 2.85 

ab B
17.18 ± 12.52 b B 14.15 ± 10.58 b B n.d. 3.03 ± 2.04 b A 52.62 ± 25.05 a 

B
0.19 ±
0.14 b A

E2p 15NO3
− 6.74 ± 1.12 b 

B
9.8 ± 1.44 b B 6.49 ± 1.35 b B n.d. 3.32 ± 0.18 b A 21.12 ± 10.77 b 

B
0.25 ±
0.06 b A

E0 15NH4
+ 3.44 ± 0.45 A 62.11 ± 16.98 a A 56.05 ± 15.47 a A 5.63 ± 1.42 a A 0.43 ± 0.18 a A 8.78 ± 3.29 a n.d.

E1 15NH4
+ 2.7 ± 0.22 A 7.11 ± 2.38 b A 4.62 ± 1.52 b A 1.26 ± 0.3 b A 1.24 ± 0.59 a A 13.95 ± 11.56 a n.d.

E2 15NH4
+ 2.24 ± 0.15 A 6.01 ± 4.34 b A 1.95 ± 1.38 b A 1.67 ± 1.56 b A 2.39 ± 1.41 a A 2.76 ± 0.7 a n.d.

E0p 15NH4
+ 7.6 ± 0.59 B 96.67 ± 44.42 a A 88.90 ± 40.75 a A 5.17 ± 0.67 a A 2.59 ± 4.27 a A 44.76 ± 21.13 b n.d.

E1p 15NH4
+ 7.07 ± 1.24 B 14.96 ± 5.95 b A 11.97 ± 4.79 b A 2.38 ± 1.01 b A 0.61 ± 0.28 a A 15.83 ± 7.3 a n.d.

E2p 15NH4
+ 6.8 ± 1.1 B 11.17 ± 4.89 b A 7.17 ± 3.1 b A 1.75 ± 0.89 b A 2.25 ± 1 a A 3.62 ± 1.27 a n.d.

+ Letters of the 15NH4
+ treatment indicate significant differences for both treatments together to describe the significant interaction between the factors: erosion level 

and plant presence. n.d. = not determined.

Figure 3. Mean N2Oi ratio of denitrification over the 7-days incubation period from topsoils of different erosion levels (E0 = non eroded, E1 = weakly eroded, E2 =
strongly eroded), planted with or without maize and after application of NH4

15NO3. Values represent treatment means ± standard deviation (n = 4).].
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incubation can be found in the Supplementary (Figure S11 to 
Figure S14). The highest mean gaseous N fluxes were observed for E0p 
(Table 4). Total N2O losses derived from the NO3

− pool accounted for 
more than 90 % of total N2O losses in these treatments. However, the 
proportion of N2O from the NO3

− pool decreased significantly with 
increasing erosion level, reaching minima of 32.42 % in the 15NH4- 
labelled treatments and 37.38 % in the 15NO3-labelled treatments, when 
topsoil was strongly eroded (E2) and maize plants were absent (Table 4). 
Values for fn_N2O of the 15NO3-labelled treatment showed the same 
trend with erosion level and were close to the fp_N2ONH4 values of the 
15NH4-labelled treatments.

The N2O losses derived from different soil N pools (fp_N2ONO3, 
fp_N2ONH4, fn_N2ONH4) significantly decreased when topsoil was diluted 
by subsoil material, irrespective of the erosion level and the applied 
fertilizer (15NH4NO3, NH4

15NO3) (Table 4). In contrast the reduction in 
N2 losses (fp_N2) due to topsoil dilution was less pronounced in both 15N 
treatments. In the 15NO3-labelled treatments, differences in fp_N2 from 
the non-eroded control (E0, E0p) were only significant for the strongly 
eroded topsoil (E2, E2p), where fp_N2 was reduced by more than 50 %. 
In the 15NH4-labelled treatments, a significant decrease of N2 losses was 
only observed in planted treatments. Although N2 losses decline with 
erosion level also in the treatments without maize, differences were not 
significant.

The presence of maize plants generally increased gaseous N losses 
from different sources, regardless of the erosion level. However, these 
differences were only significant for N2Ot, fp_N2O, fp_N2 in the 15NO3- 
labelled treatments, but not in the 15NH4-labelled treatments. In general, 
no interaction between the two studied factors, erosion level and plant 
presence were found, except for fp_N2 in the NH4-labelled treatments.

Values for N2Oi were only calculated for 15NO3-labelled treatments 
with maxima corresponding to highest total N2O losses at the beginning 
of the experiment. Therefore, N2Oi decreased significantly with erosion 
level, with highest values observed for the non-eroded topsoils with 
values of 0.89 ± 0.01 for E0p and 0.64 ± 0.43 for E0 after 24 h of in
cubation (Fig. 3). N2Oi also decreased with time, reaching a minimum 
after 168 h of incubation. Overall, topsoil erosion had a significant effect 
on N2Oi irrespective of maize presence (Table 4).

Differences between the different tracers (15NH4NO3, NH4
15NO3) 

were only marginal and resulted from different calculation procedures 
of the same value (see section 2.5.1.).

4. Discussion

4.1. Impact of topsoil erosion levels on gross N transformation rates

Gross N transformation rates were generally within the range re
ported in other studies that modeled rates in the field (Holz et al., 2016; 
Laine et al., 2018) or in the laboratory (Rütting and Müller, 2007; 
Inselsbacher et al., 2013; Castellano-Hinojosa et al., 2020; He et al., 
2020; Lama et al., 2020) using Ntrace. Oxidation of NH4

+ to NO3
− was the 

dominant process across all topsoils, regardless of erosion level or plant 
presence. This was expected, considering that NH4

+ is the main limiting 
factor for gross NH4

+ oxidation rates in agricultural soils (Booth et al., 
2005; Robertson and Groffman, 2015; Norton and Ouyang, 2019) and 
that in our setup high amounts of NH4

+-N were added with the fertilizer. 
Differences in gross NH4

+ oxidation rates between the two eroded top
soils (E1, E2) and the non-eroded control (E0) were consistent with the 
differences in NH4

+ contents after the addition of fertilizer. This indicates 
that substrate availability, rather than microbial abundance, reduced 
gross NH4

+ oxidation rates as the level of erosion increased.
N transformation pathways requiring organic sources, were unde

tectable in any of the soil treatments (e.g. DNRA, Norg oxidation to NO3
− ). 

Gross N mineralization rates indicated that the absence of these path
ways was due to limitations in organic matter, as reflected by total 
organic C contents. The availability of organic C and N for microbes in 
eroded compared to non-eroded topsoil can further be reduced by the 

more recalcitrant nature of organic matter in subsoils (Schrumpf et al., 
2013; Jones et al., 2018), and the fact that it can be stabilized in subsoil 
by free mineral particles (Harden et al., 1999; Baldock and Skjemstad, 
2000; Doetterl et al., 2016). Differences in microbial structure and 
abundance between subsoil and topsoil can further affect N trans
formation processes in eroded topsoils, whereby changes would be more 
associated with changes in Corg content in our experiment than other soil 
properties, such as soil pH. Jones et al. (2018) found an exponential 
decrease in N mineralization rates with increasing soil depth, corre
sponding to lower microbial biomass in subsoil compared to the topsoil.

Although Nt contents and 15N abundances increased in plant biomass 
throughout the incubation (Figure S2, Figure S3), we were unable to 
simulate plant NH4

+ and NO3
− uptake using the Ntrace model. We assume 

that this is due to N contributions from caryopses of the young maize 
plants (Watt and Cresswell, 1987), which likely biased our simulations. 
In total, only 5 % of the applied 15N fertilizer was recovered in plant 
biomass. However, plants can stimulate microbial activity even at early 
growth stages, when C-rich photosynthates are released into the soil via 
root exudates, which increases microbial growth and, consequently, 
microbial N turnover (Herman et al., 2006; Kuzyakov and Xu, 2013; 
Finzi et al., 2015; He et al., 2020; Holz et al., 2023). Therefore, we 
assumed that the reduction in organic matter by topsoil dilution can be 
partly counterbalanced by plant presence. This was only partly 
confirmed by the significantly higher gross N mineralization rates in E2p 
treatments compared to the rates measured in E1, E2 and E1p.

4.2. Impact of topsoil erosion levels on CO2, N2O and N2 losses from 
different N pools

4.2.1. CO2 losses
Our results indicate that both erosion level and the presence of plants 

considerably affected CO2 losses. Elevated CO2 emissions at the start of 
incubation resulted from heterotrophic respiration, which was pro
moted by physical soil disturbance and associated aeration of the soil 
material (Roberts and Chan, 1990; Reicosky, 1997; Chatskikh and Ole
sen, 2007; Smith et al., 2007; Sainju et al., 2012). The CO2 losses in this 
experiment were slightly higher compared to Senbayram et al. (2009), 
who reported a maximum between 0.49 mg C kg− 1 d− 1 and 1.09 mg C 
kg− 1 d− 1 after ammonium sulphate application. This can be explained 
by higher soil water contents in their experiment, favoring anoxic con
ditions and, hence, impeding soil respiration. Soil water contents in the 
range of 40 %–70 % WFPS are known to represent optimal conditions for 
soil respiration (Linn and Doran, 1984; Gritsch et al., 2015). Further
more, the addition of N with the fertilizer may have increased microbial 
activity and growth in general, enhancing CO2 losses from heterotrophic 
respiration (Lu et al., 2011; Robertson and Groffman, 2015). Plants 
additionally influence CO2 losses via autotrophic respiration (Kuzyakov, 
2006), which was shown in significantly higher cumulative CO2 losses at 
the end of the 7-days incubation.

Overall, the observed decrease of CO2 emissions with increasing 
erosion levels is in accordance with other studies, reporting lower CO2 
losses in eroded soils (Reicosky et al., 2005; Gao et al., 2020; Vaidya 
et al., 2024). In contrast to gross N mineralization rates, cumulative CO2 
losses decline directly proportional to the reduction in Corg content, 
supporting our hypothesis that microbial activity is mainly restricted by 
C availability in eroded topsoils. Differences in CO2 emissions between 
different erosion levels were less pronounced throughout the incubation 
period than during the initial 0–48 h, even in unplanted treatments, 
indicating a slower microbial response to fertilization and soil mixing. 
This is in accordance with Jones et al. (2018), who found that the 
addition of organic C and N increased microbial C and N turnover in 
both topsoil and subsoil, but the response in subsoil was notably 
delayed. We assume that lower microbial activity at the beginning of the 
incubation, but primarily limited organic C availability, restricted C and 
N turnover in eroded topsoils compared to the non-eroded controls.
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4.2.2. N2O and N2 losses
For the first time, we could show that not only N2O fluxes, but also N2 

losses decrease in eroded compared to non-eroded topsoils in treatments 
with and without maize, supporting our hypothesis that N2O and N2 
losses decrease with topsoil dilution. Measured N2O and N2 losses were 
in the range of values published by Buchen-Tschiskale et al. (2020) who 
reported cumulative fluxes between 7.30 and 44.44 μg N kg− 1 d− 1 for 
N2O and between 9.65 and 58 0.57 μg N kg− 1 d− 1 for N2 in a short-term 
incubation experiment using arable soils with similar properties after 
application of calcium ammonium nitrate (CAN). However, N2O + N2 
losses were relatively low compared to other incubation studies, 
measuring denitrification losses following mineral fertilizer application 
(Mulvaney et al., 1997; Hütsch et al., 1999; Senbayram et al., 2020). 
This could be explained by differences in water content, which is known 
to significantly affect N2O and N2 production (Firestone and Davidson, 
1989). High water contents of >60 % WFPS are known to substantially 
increase N2O + N2 production via denitrification compared to soils with 
lower soil water contents (Ruser et al., 2006; Gu et al., 2011; Butter
bach-Bahl et al., 2013).

The Ntrace model results in this experiment showed the highest rates 
of N turnover via NH4

+ oxidation to NO3
− , indicating that N2O losses 

derived mainly from the soil NH4
+ pool and, hence, from NH4

+ and NO2
−

oxidation, nitrifier denitrification or coupled nitrification denitrifica
tion. Nitrifier denitrification includes the oxidation of NH4

+ to in
termediates such as NO2

− , followed by its reduction to N2O and N2 and 
has long been underestimated as N2O source in soils (Wrage et al., 2001; 
Wrage-Mönnig et al., 2018). Several authors have shown that nitrifier 
denitrification can produce substantial amounts of N2O, accounting for 
up to 90 % of total N2O emissions, as summarized by Wrage-Mönnig 
et al. (2018). This is particularly true for soils under low O2 conditions 
(Zhu et al., 2013) and reduced SOC levels (Mooshammer et al., 2014). 
Unlike heterotrophic bacterial denitrification, where NO3

− serves as the 
substrate for N2O production, nitrifier denitrification directly generates 
N2O after NH4

+ oxidation to NO2
− (Wrage et al., 2001). In this experi

ment, however, the isotopic signature of produced N2O indicated that 
most of it was derived from the soil NO3

− pool and, therefore, from 
denitrification. In the non-eroded topsoils less than 10 % of the N2O 
originated from the NH4

+ pool, although water contents generally favor 
aerobic soil conditions (40 % WFPS). This contradicts findings in Bate
man and Baggs (2005), who observed that more than 80 % of the 
measured N2O came from oxidation of NH4

+ at soil water contents be
tween 35 and 60 % WFPS. We assume that NH4

+ oxidation to NO3
− , 

promoted by NH4
+ application and an optimal water as well as O2 supply, 

created anaerobic zones in the soils of this experiment, enabling deni
trification to occur (Azam et al., 2002; O’Neill et al., 2020). This process 
is referred to as coupled nitrification denitrification and is known to 
occur if conditions are neither optimal for nitrification nor for denitri
fication (Wrage et al., 2001). This is supported by the results from the 
Ntrace model, which showed highest N turnover via NH4

+ oxidation to 
NO3

− . Furthermore, N2Oi ratios showed that more than 50 % of gaseous 
N losses from the NO3

− pool occurred in the form of N2O, indicating that 
denitrification was incomplete. Incomplete denitrification refers to the 
phenomena that NO3

− is reduced only to N2O, as the N2O reductase, 
which further reduces N2O to N2, is more strongly inhibited by the 
presence of O2 than the N2O producing reductases (Knowles, 1982; 
Baggs, 2011). This is especially true for soils containing high amounts of 
NO3

− as electron acceptors, as in our experiment (Robertson and Tiedje, 
1987; Bremner, 1997; Senbayram et al., 2019). Emissions of N2O can 
also occur through dissimilatory nitrate reduction to ammonium 
(DNRA), which requires conditions similar to heterotrophic denitrifi
cation (Tiedje et al., 1982; Rütting et al., 2011a; Putz et al., 2018). 
However, as the 15NO3-labelled treatments showed no 15N flux from the 
NO3

− pool to the non-labelled NH4
+ pool at any time during the incuba

tion, DNRA was assumed not to occur. This was further confirmed by the 
model results of Ntrace.

Increased N2O production was particularly evident in the non-eroded 

treatment, where emissions were highest and N2Oi showed maximum 
values of almost 0.90. Microorganisms capable of reducing NO3

− are 
ubiquitous throughout the soil profile (McCarty and Bremner, 1992). 
Hence, it is unlikely that the dilution of topsoil in this experiment 
reduced the denitrifier community. However, denitrification in soils 
with high NO3

− and low O2 contents is mainly limited by SOC availability 
(Burford and Bremner, 1975; Bremner, 1997). A lower SOC availability 
in the eroded topsoils might, therefore, be the main reason for the 
substantial lower N2O and N2 losses in eroded topsoils compared to the 
non-eroded control. On the one hand, SOC serves as an electron donor 
for heterotrophic denitrifying organisms; on the other hand, the amount 
of SOC determines soil respiration and, thus, the consumption and 
depletion of O2 (Buchen-Tschiskale et al., 2023; Robertson and Groff
man, 2024). As CO2 fluxes peaked with the N2O fluxes in this experi
ment, we assume that O2 depletion was the main limiting factor 
controlling denitrification in this experiment immediately after aeration 
and fertilization. Furthermore, gross rates of N mineralization to NH4

+ as 
well as NH4

+ immobilization were substantially lower in the eroded 
topsoils (E1, E2) compared to the control treatment (E0), indicating 
lower microbial activity and lower respiration.

In addition to N2O, NO can be produced through various biotic and 
abiotic processes, such as NH4

+ oxidation, heterotrophic nitrification, 
heterotrophic denitrification, chemodenitrification or nitrifier denitri
fication (Medinets et al., 2015 and references therein). While N2O is 
predominately associated with denitrification under high soil water 
moisture, the proportion of NO losses on total N2O + NO is considered to 
increase under conditions favoring NH4

+ oxidation (Ludwig et al., 2001; 
Zhu et al., 2013; Russow et al., 2008). Given that oxidation of NH4

+

dominating N cycling, NO emissions could represent a relevant N loss 
pathway in this experiment.

Treatments with maize increased the production of N2O and N2 
compared to non-planted treatments by factors of 2.1 and 2.6, respec
tively. This is in line with Yankelzon et al. (2024), who reported 4-fold 
higher N2O and 1.8-fold higher N2 losses in planted compared to 
non-planted treatments. Similarly, an experiment with barley conducted 
by Senbayram et al. (2020) showed a 3-fold increase in N2O and N2 
emissions, but no effect on the N2Oi ratios. Microbial activity is gener
ally known to be stimulated in the rhizosphere due to root exudation, 
releasing nutrients, sugars and amino acids to the soil (Ma et al., 2022). 
Hence, roots provide an additional organic C source for microbes, 
accelerating soil C and N turnover and the decomposition of SOM 
(Herman et al., 2006; Finzi et al., 2015; Holz et al., 2023). Apart from 
stimulating microbial activity after mixing and fertilization right at the 
beginning of the incubation, plant presence likely increased the release 
of N2O and N2 from soils over the entire incubation time in this exper
iment. Due to the small age of the plants and the short incubation time, 
plants were probably not strongly competing with microbes for N 
(Kuzyakov and Xu, 2013) and consequently NO3

− availability was 
probably not limiting microbes. A limitation of the denitrification source 
was only shown to occur in longer experiments. For example, Rummel 
et al. (2021) reported reduced N2O and N2 losses from denitrification 
with higher plant N and water uptake, attributed to lower NO3

− avail
ability for microbes. In contrast to our assumption, plant presence did 
not counterbalance the effect of erosion-induced topsoil dilution on 
gaseous formation of N2O + N2. As plants were at a young growth stage, 
their N uptake was still on a low level, as was its effect on N trans
formations such as denitrification.

4.3. Impact of topsoil erosion levels on plant N uptake

We hypothesized that fertilizer N uptake (Ndff) increases with 
increasing erosion level, due to lower inherent N contents in eroded 
topsoils. This was partly confirmed in this experiment, where significant 
differences between erosion levels were observed only in the strongly 
eroded soils of the 15NO3-labelled treatments. Pradhan et al. (1997)
investigated the effect of erosion depth on fertilizer N uptake in 
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artificially eroded soils. They found that reduced N mineralization in the 
subsoil led to greater plant uptake of fertilizer N. This aligns with our 
results that showed increased Ndff values with increasing erosion level 
and further supports our hypothesis that plants had less soil-borne N 
available and, therefore, took up N mainly from fertilizer. Malhi et al. 
(2004) also observed higher Ndff values in upper slope positions with 
truncated topsoil compared to lower slope positions, which is consistent 
with the results of this study. At the same time, they found less of the 
applied fertilizer-15N in the plant material in eroded soils, indicating 
lower N uptake in general from the eroded soils. To verify our hypoth
esis, future investigations should consider plant N uptake throughout 
the entire growing season. The experimental setup in this study did not 
allow for a longer incubation period, as it was designed to prevent reflux 
of applied 15N into the source N pool.

5. Conclusion

Topsoil erosion reduced Corg and Nt contents with increasing erosion 
level, leading to a simultaneous decline in gross N transformation rates. 
Oxidation of NH4

+ to NO3
− was by far the dominating N pathway across 

all investigated topsoils, promoted mainly by the addition of the NH4
+- 

based fertilizer. Differences in denitrification rates further indicate that 
soil organic C was the main limiting factor for heterotrophic N turnover 
pathways. This was also reflected in the low mineralization rates 
compared to other studies. However, besides denitrification, only three 
processes significantly affected N cycling (NH4

+ oxidation > Norg 
mineralization > NH4

+ immobilization), as demonstrated by the results 
of the Ntrace model. Simulation of plant N uptake was impossible at the 
young growth stages of the maize, but plants, however, affected gross N 
transformation rates positively.

Due to lower nitrification and denitrification rates, topsoil dilution 
also significantly reduced N losses via N2O and N2 from various sources, 
independent of maize presence. However, plants significantly affected 
gaseous N losses, probably by providing an additional C source through 
root exudation even at very young growth stages. Although, we found a 
trend of increasing Ndff with erosion level, experiments need to be 
transferred to the field to understand how N fluxes are affected 
throughout the entire season. Additionally, combining presented ap
proaches with methods to investigate microbial communities in this 
context would be crucial to further improve our process understanding. 
Furthermore, other soil types formed by erosion in hilly terrain should 
also be focused, e.g. at depositional positions known to be C-enriched. 
Moreover, this study provides unique quantitative data on N fluxes, 
including N2O and N2 emissions, in eroded soils, which can be used as a 
valuable basis for further model development.
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