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Significant greenhouse gas emissions during substrate cultivation reduces the
potential environmental benefits of biogas production. This study investigates the
productivity of different cropping systems and their environmental impact in terms
of nitrous oxide (N2O) emissions under the environmental conditions of the
coastal marsh regions (Northern Germany) with heavy clay soils, in a 2-year
field trial (April 2009-March 2011). Treatments included four cropping systems
(perennial ryegrass (Lolium perenne, PR) ley, continuous maize (Zea mays), a
rotation (CR1) of spring wheat (Triticum aestivum), Italian ryegrass (Lolium
multiflorum, IR) and maize, and a rotation (CR2) of maize, winter wheat and IR;
two sources of N (nitrogen) fertilizers (calcium ammonium nitrate, and biogas
residue (BR)), and three levels of N fertilizer applications (control, moderate, high).
Nitrous oxide emissions were determined for the unfertilized and highly fertilized
cropping systems comprising PR ley, CR1 and CR2. Cumulative annual N2O
emissions varied across the treatments, ranging from 0.82 to 3.4 kg N2O-N
ha−1 year−1. Under high N fertilizer applications, PR ley incurred higher N2O-N
losses compared to other tested cropping systems, and IR cover crop caused
relatively high N2O-N emissions in a short vegetation period. The study observed
wide range of yield-scaled emissions (0.00–5.60 kg N2O-N (Mg DM)−1) for
different crops, emphasizing the variability in N2O emissions linked to cropping
systems. The N2O-N emission factors for the three cropping systems were found
to be low to moderate for all treatments, ranging from 0.03% to 0.53% compared
to IPCC default Tier 1 N2O-N EFs. The lower emissions in the study were
associated with prolonged high soil moisture conditions (water filled pore
space >70%.), indicated by its negative correlation with N2O-N fluxes. Low dry
matter and N yield of PR and of the wheat-IR sequence after BR application
compared to other crops indicated a low N use efficiency. The estimation of
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N2O-N emissions based on N surplus was not promising specifically for the coastal
study site where high groundwater level and organic matter in the soils were the
predominant drivers for N2O-N emissions.
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biogas residue, perennial ryegrass, maize, wheat, coastal marshes, yield-scaled N2O
emission, climate change

1 Introduction

In the recent decades, there has been an increasing interest
towards greener energy alternatives in Europe to decrease the
reliance on conventional fuels such as natural gas. One such
approach is promoting the production and use of biogas as a
renewable energy source, which is generated from anaerobic
digestion of various organic wastes or energy crops (Herrmann
et al., 2013; Prays et al., 2018). According to the “REPowerEU” plan,
European Union (EU) aims to produce 35 billion cubic metres of
biogas each year by 2030 to increase the resilience of EU’s energy
system (European and Directorate-General for, 2022). In the
German context, production of bioenergy from anaerobic
digestion of slurry and/or biomass has been intensively promoted
via its Renewable-Energy-Act which led to a significant increase in
the number of biogas plants in Germany from 850 to 9,331 between
2000 and 2017 as a means to achieve the goals set out to reduce
greenhouse gas (GHG) emissions by at least 80%–95% by
2050 compared to the 1990 levels (Rahaman et al., 2021). This
has resulted in a rapid expansion of silage maize (Zea mays)
production which is a preferred substrate for co-fermentation
due to its high energy content and yield performance. However,
continuous maize production systems are often overfertilized, and
are associated with land use change, soil degradation and high
nitrogen (N) losses (Herrmann et al., 2017; Kim et al., 2021).
One of the strong GHGs emitted during crop substrate
production is nitrous oxide (N2O), which has longer atmospheric
lifespan (114 years) and 265 times stronger global warming potential
than carbon dioxide (CO2) over a 100-year horizon (Mathivanan
et al., 2021). Simultaneously, more than half of the anthropogenic
N2O emissions arise directly from fertilizer N applications in
agriculture (Tian et al., 2020). This makes it crucial to ensure
that the reduction in GHG emissions from replacing fossil fuel
by biogas production is not diminished by the emissions resulting
from crop substrate production.

Biogas residues (BR) offer a cost competitive, and
environmentally sound alternative to mineral fertilizer as is
known to have good fertilization value. These residues are
derived from anaerobically digested organic wastes and contain a
range of macro and micronutrients in readily available forms for
plants. They have been found to improve soil quality, plant
productivity, and resilience to biotic and abiotic stress agents
(Guo et al., 2021; Mdlambuzi et al., 2021). However, studies have
also shown that due to their high carbon (C) and ammonium
(NH4

+) content, BR can lead to even higher CO2 and N2O
emissions as well as nitrate (NO3

−) leaching from the soils
compared to mineral fertilisers (Senbayram et al., 2009;
Eickenscheidt et al., 2014). While for most regions, the crop
methane (CH4) yield potential and N2O emissions from

agricultural activities are relatively well studied, the database is
still scarce for the coastal marsh regions which are characterized
by relatively low mean temperatures and high precipitation.
Additionally, these specific soil characteristics (i.e., high soil
organic content and precipitation) can lead to increase in anoxic
microsites and promotion of denitrification processes (Pelster et al.,
2012; Friedl et al., 2016; Li et al., 2022), especially if high amounts of
BR are applied. Substantially higher N2O emissions for a clay
compared to a sandy soil were reported by van Groenigen et al.
(2004), whereas Jungkunst et al. (2006) found regularly waterlogged
soils to cause lower emissions than well aerated soils.

Nitrous oxide is emitted from soils by several microbial
processes, with nitrification and denitrification being major
pathways (del Prado et al., 2006). Nitrification is an aerobic
process, in which the most important influence factors are the
soil NH4

+ content and oxygen (O2) availability. Denitrification is
driven primarily by i) the availability of an electron donor or energy
source for the denitrifying bacteria, i.e., mainly the availability of C,
ii) the presence of anoxic conditions, and iii) the soil mineral N both
NH4

+ and NO3
−) content (Butterbach-Bahl et al., 2013; Li et al.,

2013). The present understanding assumes a stimulation of N2O
emissions with increasing N inputs, however, the effects of fertilizer
type on the extent of these emissions are variable (Mathivanan et al.,
2021).

Furthermore, high groundwater level and clay-rich soils in the
coastal marsh areas may lead to reduced suitability for cultivating
maize as a substrate for biogas production in comparison to
alternatives such as grasses and whole-crop cereals (Quakernack
et al., 2012; Claus et al., 2014). The adverse environmental effects
associated with these systems can be countered by the diversification
of substrate cropping systems, which reduces the reliance on a single
crop and hence minimizes the need for high N inputs (Biernat et al.,
2020; Rusch et al., 2020). This has led to a call for alternatives to
biogas substrate, and diversification of cropping systems. Integration
of grassland leys or cover crops in the conventional cropping
systems has been shown to reduce nutrient imbalances, promote
nutrient-use efficiency and productivity of the systems even at
marginal sites (Herrmann and Rath, 2012; Drury et al., 2014).

Consequently, the present study aimed to exclusively
investigate the complex interplay between soil and
environmental conditions, and different N sources on
productivity and N2O emissions from different substrate
cropping systems to inform the development of more targeted
strategies for mitigating these emissions from agriculture. The
specific objectives of the study were, i) to assess the effect of
different cropping systems, i.e., perennial ryegrass (Lolium
perenne, PR) ley, crop rotation of maize—winter wheat
(Triticum aestivum, WW)—Italian ryegrass (Lolium
multiflorum, IR) and crop rotation of spring wheat (SW)-
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IR—maize, on N2O emissions from a typical marsh site, ii) to
analyse the impact of fertilizer type (BR vs. mineral fertilizer) on
the productivity of these systems and N2O-N emissions, and iii) to
evaluate the indicators of N2O-N losses from the system. It was
hypothesized that 1) the high groundwater level and soil organic
matter with high precipitation prevailing in the coastal marsh
region would lead to high N2O emissions compared to standard
emission factors, 2) BR application causes higher N2O emissions
than mineral N fertilizer, 3) a higher dry matter (DM)
productivity will be achieved by crops growing year-round,
such as PR or a rotation combining the high photosynthetic
capacity of maize with the higher productivity of C3 crops in
spring and autumn (Rusch et al., 2020), and 4) substrate
production from PR ley has a smaller “ecological footprint” in
terms of product-related N2O emission than the crop rotation.

2 Materials and methods

2.1 Experimental site andweather conditions

A 2-year field experiment (April 2009–March 2011) was
conducted near Waygaarddeich at the Western North Sea coast
of Schleswig-Holstein, northern Germany. The soil type at the
experimental site is a gleyic fluvisol (calcaric). The soil is
characterized as a heavy, silt-clayey soil with about 400 g clay (kg
soil)−1, 550 g silt (kg soil)−1 and 50 g sand (kg soil)−1, and a pH value
of 7.2. Due to pedogenesis, the soil is rich in organic matter with
organic C content of 65.2 g (kg soil)−1 in the upper layer (0–30 cm)
and of 46.1 (kg soil)−1 in the subsoil. The site had tile drains at 0.9 m
depth, with 12 m spacing between the lines of the drains.
Groundwater table is shallow at about 1 m depth, though with
considerable seasonal fluctuations (0.31–1.87 m below soil surface
during the investigation period) as the ground water level is
regulated by a system of ditches, pumping stations and sluice
gates. The climate is humid temperate with a long-term mean
annual temperature of 8.6°C and an annual precipitation of
832 mm (weather station Leck, 1975–2021). The weather data
from the site was collected throughout the experiment, and
average air temperature and precipitation for the experimental
years are shown in Table 1.

2.2 Experimental layout and cropping
systems

The study was a part of the interdisciplinary “Biogas-Expert”
project of Kiel University. The measurements were embedded in a
field experiment which was established in 2007 as a randomized
complete block design with four blocks and a plot size of 12 m ×
12 m.Winter wheat and IR, fertilized with pig slurry, were grown on
the field site before the project started. The treatment factors
included crop type, N fertilizer type and N fertilizer application
rate. Cropping systems included a PR ley, continuous maize, a crop
rotation consisting of SW, IR and maize (CR1), and a rotation of
maize, WW and IR catch crop (CR2) (Figure 1). According to the
principles of crop rotation experiments, each crop of the rotation
was grown in each year. Due to unfavorable weather conditions in
the autumn of 2008, sowing of WW was prevented and SW was
grown instead in 2009.

Maize (cv. Amatus, early) was planted in the second half of April
at a seed rate of 9–10 kernels m−2 and a row distance of 0.75 m. SW
(cv. Thasos) was sown beginning of April 2009 with 360 grains m−2,
WW (cv. Magnus) was sown end of September 2009 and 2010 with
360 seeds m−2. After wheat harvest, IR (60% cv. Gisel tetraploid,
mid-early; 40% cv. Lema, diploid, mid-early; 40 kg ha−1) was
established. PR (cv. Trend, tetraploid, mid-early; 30 kg ha−1) was
sown in September 2007.

2.3 Crop yield and analysis

Crop yield was determined by utilizing a Haldrup plot-harvester
(Logstor, Denmark) from a subplot which was excluded from any
measurement activities during the vegetation period. The subplot
sizes varied between 17.7 m2 for grass and 13.5 m2 for wheat and
maize. Perennial ryegrass ley was cut four times a year, with the first
cutting before ear emergence. Italian ryegrass was cut once in
autumn and was then treated with herbicide (glyphosate) before
winter. Wheat was harvested as whole crop between late-milk and
early dough stages, and the main criterion for maize harvest was to
have minimum of 30% DM content. Representative subsamples
were dried at 58°C to determine the DM and N content. Crop N
concentration was estimated by Near Infrared Reflection

TABLE 1 Monthly precipitation (mm) and mean air temperature (°C) for the experimental period and the long-term average (weather station Leck, 1975–2021;
provided by Deutscher Wetterdienst).

Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.

Temperature (°C)

2009 0.8 1.6 4.7 10.3 12.0 13.7 17.3 17.3 14.3 8.2 8.1 0.8

2010 −3.1 −1.4 3.7 7.7 9.1 14.3 19.1 15.9 12.8 9.1 3.5 −4.4

2011 0.6 0.8 3.5 10.3 12.0 15.3 15.8 16.0 14.3 9.9 6.2 4.6

Long-term average 1.4 1.3 3.5 7.0 11.4 14.5 16.6 16.4 13.3 9.6 5.5 2.7

Precipitation (mm)

2009 36 26 60 10 89 60 107 82 94 96 161 77

2010 33 37 31 31 69 47 71 164 144 93 86 33

2011 42 24 21 9 54 74 160 170 123 86 14 99

Long-term average 69 44 52 38 52 70 76 87 89 97 80 78
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Spectroscopy (Model 5000 FOSS-NIRSystems, Rellingen,
Germany), with N concentration of the calibration and validation
subsets being determined by a CN analyzer (Vario Max CN,
Elementar Analysensysteme, Hanau, Germany).

2.4 N fertilizer applications

In the present study, we assessed three N application rates,
control (without N fertilizer), moderate, high, and N fertilizer (N
type) was applied either in the form of calcium-ammonium-nitrate
(CAN) or BR. The level of fertilization rates ranged from unfertilized
to overfertilized in order to estimate efficiencies and N losses under
wide ranges of fertilization rates. Biogas residue was obtained from a
farm biogas plant (370 kWel.) which co-fermented silages (70%) of
whole crop wheat and grass together with pig slurry (30%) and was
applied using a dribble bar system. The residue was characterized by
an average DM content of 6.5%, total N content of 5.5 kg m−3 with
an NH4-N share of 68% with the pH value of 7.8.

The timing and method of fertilization for the crops are detailed
in Table 2. Wheat received two dressings: at the beginning of growth
in spring, and shortly before shoot elongation. Italian ryegrass was
fertilized in one dressing applied 2–3 weeks after sowing, and for PR,
N fertilization was split into four dressings. In maize, N fertilizer was
split into two dressings: a banded starter (5 cm below and 5 cm to
the side of the seed) was applied as CAN (50 kg N ha−1) in all
treatments including the control, and a second dressing was given in
mid-May to the moderate and high treatments for both N types.
Application of phosphorus, potassium, magnesium and pesticides,
as well as other crop management activities were performed
according to standardised good agricultural practices. The plots

were not ploughed, but primary soil tillage was carried out using a
field cultivator.

2.5 Nitrous oxide flux measurements

Nitrous oxide measurements were restricted within three
cropping systems: PR ley, CR1 and CR2 (Figure 2). The N
treatments considered for these cropping systems included
control (no N fertilizer), BR (high N treatment), and CAN (high
N treatment). This reflects the common practice of N oversupply in
intensively managed grasslands and maize production (Poyda et al.,
2021). The high fertilizer treatments were included with the aim to
capture the full range of emissions that may occur in real-world
scenarios. Soil surface N2O fluxes were monitored at weekly
intervals from April 2009 until March 2011 (measurements were
taken daily for the first 10 days after fertilizer application) using the
closed chamber method (Hutchinson and Mosier, 1981). Briefly, a
basal PVC ring (60 cm diameter, 10 cm height) was inserted into the
soil (5 cm depth) in each plot and rings were removed only for tillage
and harvesting operations. For maize grown with 70 cm row
distance, Cai et al. (2012) reported higher N2O emissions from
interrow + row soil than interrow soil, especially after fertilizer
application. In order to capture the peak emissions caused by the
banded starter, we placed rings in maize across rows and moved
them to the interrow without maize plants in the chamber area after
application of the second N dressing, which also avoided the need to
raise the height of the chamber with the growing crop. At the time of
sampling, a PVC chamber (60 cm diameter, 25 cm height) was fitted
to the basal rings. The chambers had been painted to reflect the
incoming radiation. The connection between chamber and basal

FIGURE 1
Schematic overview of the cropping systems where N2O measurements were conducted for the period of April 2009 to March 2011.

TABLE 2 Nitrogen fertilization (kg N ha−1 yr−1) of the tested crops and allocation to different dressings.

N treatment Crop

Grass Maize Wheat Italian ryegrass

Control 0 50a/0 0 0

Moderate 120/120/70/50 50a/100 spring wheat: 90/90 80

winter wheat: 110/110

High 165/145/100/70 50a/150 spring wheat:120/120 80

winter wheat: 150/150

aBanded starter applied as calcium ammonium nitrate in the mineral N and the biogas residue treatments.
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ring was made airtight by using a taut butyl rubber band. In later
growth stages of wheat, chambers with a height of 110 cmwere used.
Gas samples were collected from the chamber headspace through a
rubber septum at regular intervals of 0, 25, and 50 min after chamber
deployment using a 60 mL polypropylene syringe. Immediately after
collection, the samples were transferred to evacuated 12 mL
Exetainer vials (Labco, High Wycombe, UK). Sampling time was
appointed between 10 a.m. and 1 p.m. as it has been shown that this
time frame effectively represents the average daily N2O emissions
(Alves et al., 2012). During the period of December 2009 to March
2010, high snow cover on the plots prevented the N2O
measurements, thus explaining the gap in the graphical
representations (Figures 2–4).

The N2O concentration was analysed by ECD (electron capture
detector) gas chromatography (model 3400 CX, Varian Inc., Palo
Alto, CA, United States). The operating conditions for the gas
chromatograph were: injector temperature 95°C, column
temperature 85°C, detector temperature 320°C. A model 222 XL
autosampler (Gilson Inc., Middleton, WI, United States) was used to
introduce the samples, and the Varian Star Chromatography
Workstation (version 6.2) software was used for data processing.
Nitrous oxide fluxes were determined from the rate of change in
concentration within the closed chamber using linear regression,
with the coefficient of determination serving as criterion for
linearity. For R2 values below a threshold of 0.6, which applied to
25% of the flux measurements, the N2O flux was set to zero.

FIGURE 2
Daily N2O-N fluxes (kg N2O-N ha−1 d−1) and water filled pore space (WFPS, %) monitored in the perennial ryegrass ley from April 2009 to March 2011,
as affected by N fertilizer type [Biogas residue and CAN: Calcium ammonium nitrate (mineral-N)] in the highly fertilized and the control (unfertilized)
treatment. Arrows indicate fertilization events.

FIGURE 3
Daily N2O-N fluxes (kg N2O-N ha−1 d−1) and water filled pore space (WFPS, %) monitored in the spring wheat—Italian ryegrass—maize—winter wheat
rotation from April 2009 to March 2011, as affected by N fertilizer type [Biogas residue and CAN: Calcium ammonium nitrate (mineral-N)] in the highly
fertilized and the control (unfertilized) treatment. Grey arrows indicate fertilization events, black arrows show soil tillage activities.
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Cumulative N2O emissions were calculated for each chamber by
linearly interpolating emissions between sampling dates. The
N2O-N emission factor (EF) for different cropping systems was
calculated using the IPCC (2021) recommended method
considering the total amount of N input using the below equation.

EF � N2Otreatment − N2Ocontrol

Total Ninput
X 100

For the crop rotations (CR1 and CR2) comprising maize, total N
input in the system was deducted with N applied as banded starter
(CAN: 50 kg N ha−1 yr−1) for maize which was applied in all
treatments including control.

2.6 Ancillary variables

Plots under control and the highly fertilized treatments of the
crop rotations and of PR ley located in the third block were equipped
with temperature sensors (Kooltrak Inc., United States) installed at
3 cm and 10 cm depth, to record soil temperature at hourly intervals.
The soil N status was characterized by the soil mineral N (Nmin)
content in the 0–10 cm-depth layer. Soil samples were collected at
10-day intervals, with more frequent sampling every 2 days during
the initial 10 days following fertilization. The samples were stored
at −20°C until analysis. Nitrate and NH4

+ concentration in the soil
were determined by extracting the sample with 0.01 M CaCl2 and a
subsequent photometric measurement using a dual channel
continuous flow analyser (Skalar Analytical Instruments, Breda,
the Netherlands) equipped with a reducing column for NO3

− to
nitrite conversion. Representative soil subsamples were used for
determination of gravimetric water content by oven drying samples
at 105°C until constant weight. Volumetric water content (VWC)
was derived from gravimetric water content by assuming a soil bulk
density of 1.2 g cm−3. Water-filled pore space (WFPS) was calculated
using the following equation

WFPS � VWC

1 − BD
PD( )

* 100

where, WFPS = water filled pore space (%), VWC = volumetric soil
water content (%), BD = Soil bulk density (1.2 g cm−3) and PD =
particle density (2.65 g cm−3).

2.7 Statistical analysis

Statistical analysis of cumulated N2O emissions and yield-
related emission, (i.e., the N2O-N emission per unit of biomass
produced) was conducted at the crop and at the cropping system
level as each crop of the rotation was grown in each year. We
assessed the impact of crop species, N treatment (control, CAN-
high, BR-high), and year on cumulated N2O-N emissions as well as
yield-scaled N2O emissions. Data was subjected to an analysis of
variance (ANOVA) using Proc Mixed of the SAS Release
9.2 statistical package (Stroup et al., 2018). Crop type, N
treatment, year and corresponding interactions were considered
fixed factors and block was assumed as a random factor. Crop
type was nested in the year, since SWwas grown in 2009 andWW in
2009/2010. Years were regarded as repeated measurement as it
covered also the residual N effects.

The impact of influence factors on yield-scaled emissions were
analysed by using two-factor ANOVA. This analysis considered the
cropping system and N treatment, along with their interactions, as
fixed factors, while the block was included as a random factor.
Multiple comparisons were conducted by the Tukey-Kramer
method or by t-test and subsequent Bonferroni-Holm
adjustment. The DM and N yield of the crop species and of the
cropping systems was analysed similarly, using N fertilizer type
(CAN, BR) and N dosage (control, moderate, high) as influence
factors. Furthermore, a Spearman’s rank correlation analysis was
conducted to examine the relationship between N2O fluxes and

FIGURE 4
Daily N2O-N fluxes (kg N2O-N ha−1 d−1) and water filled pore space (WFPS, %) monitored in the maize—winter wheat—Italian ryegrass rotation from
April 2009 to March 2011, as affected by N fertilizer type [Biogas residue and CAN: Calcium ammonium nitrate (mineral-N)] in the highly fertilized and the
control (unfertilized) treatment. Grey arrows indicate fertilization events, black arrows show soil tillage activities.
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various environmental variables, including soil NO3
−-N and NH4

+-
N concentrations, soil temperature, rainfall amount, potential
evapotranspiration, and solar radiation.

3 Results and discussion

3.1 Temporal variations in N2O fluxes across
different cropping systems

Daily N2O fluxes ranged from 0 to 0.49 kg N2O-N ha−1 day−1 for
different N treatments depending on the cropping systems and
experimental years. In general, these patterns mainly followed
fertilization and tillage events (Figures 2–4), and generally
receded and remained low till the next fertilizer application,
which is in line with previous research (Kim et al., 2021).
Contrary to our hypothesis, N2O emissions from PR ley
(Figure 2) was higher compared to two tested crop rotation
systems CR1 (Figure 3) and CR2 (Figure 4) during the
experimental period. The highest average daily N2O fluxes in the
PR ley reached a maximum of 0.49 kg N2O-N ha−1 day−1 in the first
experimental year (April 2009-March 2010) and 0.24 kg N2O-N
ha−1 day−1 in the second experimental year (April 2010-March
2011), exceeding maximum fluxes reported in the companion
study on a humus sandy soil (Senbayram et al., 2009). In the
first experimental year, the highest average daily flux in the PR
ley was observed under CAN treatment after the first N dressing,
while in the case of BR treatment, higher emissions were observed
after the second dressing. The third application had only a small
impact on total emissions, probably due to lower application rate
(70 kg N/ha) as well as lowWFPS (42%–57%), which are regarded as
main determinants of N2O emissions (von Haden et al., 2019). The
largest average fluxes in the second experimental year was observed
in BR treatment after the second N dressing. With the exception of
the first emission event in 2009, the daily fluxes in 2010 were
generally higher than those in 2009.

In CR1, the highest flux, with 0.11 kg N2O-N ha-1 day-−1, was
recorded under the BR treatment (Figure 3). In 2009, BR
application was found to cause higher daily fluxes compared
to CAN treatment. The emissions detected during the IR phase
were mainly triggered by N application, as indicated by low fluxes
in the control plots. The increase in soil moisture combined with
the soil cultivation event could have promoted favourable
conditions for both nitrification and denitrification to occur
by enhancing substrate availability (Ariani et al., 2021). We
did not observe an increase in N2O fluxes after the herbicidal
spraying of the IR (with glyphosate). Generally, decomposition of
stubble and roots provide favourable conditions for nitrification
and denitrification processes (Thorup-Kristensen et al., 2003;
Magid et al., 2004). However, high C:N ratio of the grass (13.6) or
high soil moisture (73%–96%) may have slowed down the
decomposition processes. Studies have shown that C:N ratio of
crop residues can greatly influence N2O emissions associated
with the incorporation of catch-crop residues in the soil. In the
study by Li et al. (2016), incorporation of PR with high C:N ratio
(28.2) led to net N immobilization resulting in lower N2O
emissions compared to the leguminous crop catch residues (C:
N ratio: 9.9). In the second experimental year, fertilizer

applications did not result in immediate N2O-N pulses, but
were delayed until June, despite high soil moisture conditions
(WFPS: 72%–97%) and soil N availability (Figure 3). Based on
our measurements, we cannot ascertain which variables caused
these delayed emissions in June. The absence of N2O fluxes
immediately after fertilisation application could be attributed
to soil loosening through primary tillage, which promotes
oxidation and improves gas diffusivity. This can lead to lower
activity and synthesis of reductase enzymes essential for
denitrification (Rochette, 2008). Additionally, increased soil
temperatures in June would have facilitated the suitable
conditions for N-mineralisation, accelerating the nitrification
and denitrification processes in the soil (Flessa et al., 1995).

The emissions were found to be consistently low in the year
2009 ranging from 0 to 0.07 kg N2O-N ha−1 day−1 in CR2 system
(Figure 4). The first increase in fluxes was observed just before the
second fertilizer dressing in mid-May. Throughout the summer and
autumn of 2009, detectable, but low N2O emissions were observed.
This could be attributed to the low WFPS which was below 60%
during almost all of spring/early summer (May to July). Emissions in
2010 were slightly higher, with the largest daily flux (0.10 kg N2O-N
ha−1 day−1) occurring after the sowing of IR in the control treatment,
which could be a result of high variation in WFPS (58%–82%)
during the period from July till September. Rewetting after a period
of low soil moisture as seen for summer 2010, can result in release of
large amounts of organic N which serves as a substrate for
nitrification and denitrification, thereby enhancing soil N2O
emissions (Sang et al., 2022). Relatively higher emissions were
observed during the IR phase of both rotations, which is
consistent with results reported by Senbayram et al. (2009).
Inclusion of catch crops is known to promote stable pools of soil
C and N and improve nutrient use efficiency. However, they have
limited effect on reducing nutrient losses in the short-term. The
study by Bressler and Blesh (2022) showed that the organic matter
accumulated over time would have a dominant effect on soil
microbial processes compared to the immediate effects of short
term inclusion of cover crops.

In the current study, emissions during the winter period
(November till March) accounted for 29% of N2O emissions
during the total experimental period. These findings contrast
with results from other studies conducted across different
locations in Germany characterized by a more continental
climate, where winter emissions accounted for more than 50% of
the annual N2O budget were observed (Jungkunst et al., 2006).
However, N2O emissions in winter amounted to around 15%–26%
for a fertilised pasture in northern Germany (Lampe et al., 2006).
Apart from the generally milder climate at our study site
characterized by fewer days with ground frost, very high WFPS
(>80%) documented for the late autumn/winter period may have
contributed to the observed effects. Nitrous oxide emissions are
assumed to increase up to 70%–75% WFPS (del Prado et al., 2006).
Beyond this optimal range, anaerobic conditions prevail in the soil,
promoting the dominance of denitrification as the primary process.
This can eventually lead to the complete reduction of N2O to N2,
which was not measured in the present study. A study by Friedl et al.
(2016) showed that at WFPS levels of 80% and 100%, N2 was found
to be the main product of denitrification and exceeded N2O
emissions by a factor of approximately 8 and 17 respectively.
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3.2 Influence of temperature and soil
properties on N2O fluxes

The annual average temperature in the experimental years 2009
(9.1°C) and 2011 (9.1°C) was higher than the long-term average
(8.2°C), while the year 2010 (7.2°C) was substantially colder
(Table 1). Compared to the average long-term precipitation, the
two experimental years were characterized by substantially lower
rainfall in winter and spring, however the annual precipitation
differed only slightly (2009: 897 mm, 2010: 839 mm, 2011:
879 mm). During the experimental period, the average soil
temperatures in the cropping systems showed clear seasonal
patterns with high soil temperatures during the period from June
to October, and lowest temperatures were recorded from December
till April. The N2O fluxes were found to be positively correlated to
soil (R 3 cm depth = 0.11***, and R10cm depth = 0.13***) and air
temperature (R = 0.05**) (Table 3). The positive association between
soil temperature and N2O-N fluxes, at both 3 and 10 cm depth, is
consistent with previous studies illustrating an increase of N2O-N
emission in response to increased temperature, e.g., Rahaman et al.
(2021) and Hernandez-Ramirez et al. (2009). Rising temperatures
can promote soil respiration, leading to soil anaerobic conditions
which is a precursor and major driver for denitrification
(Butterbach-Bahl et al., 2013).

As seen for N2O emissions, the application of both BR and CAN
substantially increased both NO3

−-N and NH4
+-N concentrations in

the uppermost soil layer (10 cm) compared to the unamended soils
(Figure 5). Subsequently, these concentrations were more closely
correlated to N2O-N fluxes compared to the variation in soil
moisture and temperature which was true under all the tested
cropping systems. The significant impact of N form (NO3

−-N,
NH4

+-N, organic-N) and N application rate as well as supply
with organic C compounds (easily degradable, recalcitrant) on
the extent of N2O-N emissions after fertilizer application has

been well documented (Dittert et al., 2005; Smith et al., 2012). In
a study conducted by Lazcano et al. (2016), across three different
dairy farms, it was observed that the primary soil variables
influencing N2O fluxes in maize-based cropping systems were
soil inorganic N content, WFPS, and soil temperature. However,
the impact of these variables varied remarkably across the tested
farms. Water filled pore space and soil temperature were the main
factors influencing N2O daily flux rates for one farm whereas N2O
fluxes in another farm were driven mainly by NO3

− and NH4
+

concentrations in the soil as seen for our study.
In our study,WFPS showed a strong variation ranging from 29%

to 100% (Figures 2–4), with lowest values detected in the PR in 2009,
where a complete water saturation or even oversaturation was
observed during the winter period for all cropping systems.
Throughout the experiment, WFPS was found to be consistently
higher than 70% from November to March, and a concomitant
decline in N2O-N emissions was observed in all the cropping
systems. The combination of high clay content (400 g clay (kg
soil)−1) and high annual rainfall (839–897 mm) would have
resulted very low O2 status soils (WFPS >70%). Similar results
were observed in a study examining arable cropping systems in the
United Kingdom, where it was observed that in regions experiencing
annual rainfall exceeding 750 mm, increase in clay content led to a
reduction in N2O emissions. Under saturated or oversaturated
conditions, supply of O2 becomes restricted, leading to limited
O2 diffusion. Overall, the combination of labile C, neutral to high
soil pH, limited O2 diffusion, and high soil moisture and
temperature promotes complete denitrification to N2 (Senbayram
et al., 2012; Butterbach-Bahl et al., 2013; Bracken et al., 2021). This
may in part explain the lower N2O emissions found at the study site
compared to the values reported in the previous studies conducted
in the same region (Dittert et al., 2009; Brocks et al., 2014).
Consequently, we identified a positive correlation between WFPS
below 70% and N2O-N fluxes and a negative relation for WFPS
above 70%. The relative product ratio of N2O:N2 produced, depends
on complex interactions among the factors such as plant growth,
management practices, and soil properties (texture, labile C content,
pH, temperature, and moisture, etc.), soil micro-organisms, and
climatic factors (Dittert et al., 2005; Schmeer et al., 2014). However,
the mechanisms and at rates at which these factors affect the N2O:N2

product ratios remains poorly understood, as relatively few studies
concomitantly measure N2O and N2 emissions to assess their effect
(Saggar et al., 2013).

Our hypothesis that soil and environmental conditions of
coastal marsh regions will result in high N2O-N losses did not
hold true and observed lower emission levels at the study site
compared emissions reported in the same region (Brocks et al.,
2014). The measurement gap during the winter 2009/2010 caused by
high snow cover could have led to underestimation of N2O-N losses
in our study. Climates experiencing freeze-thaw cycles can emit
significant amount of their annual N2O-N emissions during winter,
and denitrification can continue even under low temperatures
granted presence of adequate amount of unfrozen water and
availability of C sources (Byers et al., 2021). However, the low
winter emissions observed during the second experimental year
indicates that the underestimation was not substantial, but these
emissions are nevertheless significant. The assumption that the
denitrification potential of soils is strongly connected to soil type,

TABLE 3 Relationship among environmental variables and nitrous oxide fluxes
(kg N2O-N ha-1 d−1) for all tested cropping systems in both experimental years,
quantified as Spearman’s rank correlation coefficient (R) and slope when
assuming linear relationships. Nitrous oxide flux data have been subject to log-
normal transformation because of deviation from normal distribution. n
denotes the number of measurements included in the calculation.

Variable n R Slope

Soil NO3-N (mg N (kg soil)−1) 1026 0.29*** 0.0059***

Soil NH4-N (mg N (kg soil)−1) 1026 0.23*** 0.0129***

WFPS <70 (%)a 642 0.24*** 0.0316***

WFPS >70 (%) 384 −0.11* −0.0212*

Cumulative precipitation 3 days (mm)b 2980 0.09*** 0.0090***

Cumulative precipitation 5 days (mm)b 2980 0.13*** 0.0097***

Daily average soil temp at 3 cm depth (°C) 2314 0.11*** 0.0234***

Daily average soil temp at 10 cm depth (°C) 2201 0.13*** 0.0355***

Daily average air temperature (°C) 2980 0.05** 0.0064

Potential evapotranspiration (mm day−1) 2980 0.02 −0.0051

aWFPS: water filled pore space.
bCumulative rainfall 3 or 5 days before the N2O flux measurement.

*Significant at p < 0.05, ** significant at p < 0.01, *** significant at p < 0.0001.
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i.e., clay > loam > sand (van Groenigen et al., 2004; Lesschen et al.,
2011), therefore has to be critically reviewed. Simultaneously, under
the specific conditions of the marsh region, the soil aeration appears
to be a more decisive factor which is driven by soil water conditions
rather than mean climatic conditions, presumably resulting in
complete denitrification to N2 instead of N2O during periods of
high soil moisture content (Jungkunst et al., 2006; Phillips et al.,
2015).

3.3 Effect of cropping systems, crop type
and N treatment on cumulative N2O-N
emissions and emission factors

Contrary to our hypothesis, no significant effect of cropping
systems was observed on cumulative N2O-N emissions (Figure 6),
and emissions from PR ley was higher than crop rotation systems in
our study. The interaction between the year and crop type had a
significant effect on the cumulative N2O-N emissions (p< 0.05)
(Table 4). In the first experimental year (April 2009–March 2010),
no differences were found among crops, while in the second year
(April 2010–March 2011), PR emitted higher N2O-N compared to
WW. Emissions were generally higher in the second year, but
significant variation among the years was detected only for PR
and maize crop. This may be attributed to interactions between
crops and weather conditions as well as the residual N effect, which
can be assumed to be higher in the second year, as well as to
differences in the length of the crop-specific growing periods.
Lesschen et al. (2011) compared the N2O-N emissions from
different agricultural soils, and found that grasslands tend to
have a higher denitrification potential than arable lands due to
the absence of tillage and higher soil organic matter arising from

root exudates and readily available labile C sources from manure
application. A recent modelling study concluded that environmental
conditions deemed to be the key factor driving nitrification and
denitrification processes in arable crops, while in grasslands the N
amount seemed to be a decisive factor (Lijun et al., 2022). Perennial
ryegrass is one of the most widely sown grass species in Europe due
to its persistence under frequent harvesting, production of high-
quality forage and year-round biomass production. Incorporating
legumes, such as grass clover swards, in these systems can minimize
the need for external N inputs and associated N losses as well as
improve their N use efficiency of the systems (Lüscher et al., 2014;
Chen et al., 2016).

Both CAN and BR application led to significantly cumulative
higher N2O emissions than the unfertilized control at both crop (p <
0.001) as well as cropping system level (p < 0.05). In contradiction to
our initial assumption that BR application would lead to higher
emissions than CAN application, N2O emissions from both the
treatments were mostly similar (Tables 4). The presence of high
NH4

+ content and labile C in the BR residue as well as alkaline
pH can lead to elevated nitrification and denitrification processes in
the soil resulting in high N losses (Quakernack et al., 2012; Prays
et al., 2018). However, we found that the major driving forces for the
emission patterns in the present study were the soil and weather
conditions. Our results are consistent with previous studies, where
the N treatment (organic vs. mineral) had no significant effect on
N2O emissions from fine textured and high C soils whereas coarse
textured soils emit higher N2O with organic amendment compared
to mineral N (Pelster et al., 2012). Nitrous oxide emissions from soil
with high native soil organic C are mainly limited by N availability
whereas effect of labile C from organic fertilizers on soil microbial
processes would be much greater in the soils contain low SOC
(Hansen and Eriksen, 2016).

FIGURE 5
Soil nitrate-N and ammonia-N content (kg N ha−1) in the 0–10 cm soil layer monitored from April 2009 to March 2011 in the tested cropping
systems, as affected by N fertilizer type [Biogas residue and CAN: Calcium ammonium nitrate (mineral-N)] in the highly fertilized and the control
(unfertilized) treatment. Grey arrows indicate fertilization events, black arrows show soil tillage activities.
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Contrary, to our hypothesis, the overall EFs, i.e., the N2O-N
emission related to N input in our study (Table 5), were found to be
lower than IPCC default Tier 1 N2O-N EFs reported for synthetic
(1.6%) and organic fertilizer (0.6%) in the wet temperate climate
(Hergoualc’h et al., 2019). However, the IPCC default EF is a global
average value with a large uncertainty. Depending on the system, it

can vary highly across regions due to the differences in
environmental conditions, soil properties, and management
factors. The low EFs in our study are within the range of
previously reported EFs for Germany (Henseler and Dechow,
2014; Mathivanan et al., 2021). For example, N2O-N EFs for
grasslands in Northern Germany under CAN and slurry

FIGURE 6
Annual cumulative N2O-N emission (kg N2O-N ha−1 yr−1) as affected by cropping system and fertilizer treatment. The biogas residue and CAN
(mineral-N) treatments are restricted to the high-N application rate. Different letters indicate significant differences in N2O-N emission between N
treatments.

TABLE 4 Cumulative N2O-N emissions (kg N2O-N ha-1 yr−1) monitored from April 2009 to March 2011 as affected by year, fertilizer treatment, and crop. The biogas
residue andmineral-N (CAN) treatments are restricted to the high-N application rate. Measurement periods covered by the different crops in the first experimental
year: perennial ryegrass (1 April 2009–31 March 2010), maize (20 April −23 September 2009), spring wheat (8 April-11 August 2009), Italian ryegrass (18 August
2009–16 April 2010); in the second experimental year: perennial ryegrass (1 April 2010–31 March 2011), maize (16 April-11 October 2010), winter wheat
(25 September 2009–19 July 2010), Italian ryegrass (27 July 2010–31 March 2011).

Crop Cumulative N2O-N emissions (kg N2O-N ha−1 yr−1)

Control Biogas residue Mineral N Fertilizer (CAN) Year × cropb

First exp. year Perennial ryegrass 0.27 2.54 2.17 1.66Aa

MaizeCRa 0.81 0.89 0.97 0.89Aa

Spring wheat −0.02 0.74 0.67 0.46Aa

Italian ryegrass 0.81 1.59 2.47 1.62Aa

Second exp. year Perennial ryegrass 1.16 3.88 4.56 3.20Ba

MaizeCR 1.89 2.71 3.27 2.62Bab

Winter wheat 1 1.73 1.98 1.57Ab

Italian ryegrass 2.49 1.96 2.68 2.38Aab

Mean of N treatmentc 1.05b 2.00a 2.35a

aMaize grown in crop rotation.
bCapital letter: different letters indicate significant differences between years for a given crop; lower case letter: different letters indicate significant differences between crops within year.
cLower case letter: different letters indicate significant differences between N treatments.
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treatments ranged 0.1%–0.97% and 0.07%–0.56% respectively
(Nyameasem et al., 2021), and highly intensively managed
grasslands, including the impact of soil compaction due to heavy
wheel traffic, exhibited EFs ranging from −1.44%–2.98% (Schmeer
et al., 2014). Furthermore, a study conducted by Biernat et al. (2020)
in the same region found the EFs ranging from 0.2% to 1.8% in the
conventional crop rotation systems. The low EFs in the present
study could also result from higher N2O emissions from the control
plots as the current study site was highly fertilized in the years
preceding the experiments. Studies have shown that historical
fertilizer applications can lead to the accumulation of residual N
(Drury et al., 2014; LaHue et al., 2016). This further affects the
microbial dynamics in soil, N mineralization, abundance, and
activity of nitrifier and denitrifier microbial communities in the
long term and consequently, influence the magnitude of N2O
emissions (Nyameasem et al., 2021).

3.4 Dry matter and N yield

The DM yield of the cropping systems accumulated over the 2-year
period was affected by an interaction of year x cropping system x N
fertilizer type x N amount (p < 0.05). The effect of cropping system was
most pronounced in PR ley under control treatment, as it resulted in
significantly lower yields compared to the other cropping systems
(Table 6). The significant effect of N fertilizer type on DM yield was
observed only for PR ley and CR2, where BR application resulted in
significantly lower yield than CAN. Comparable DM yields were
observed from continuous maize and CR1 cropping system under
bothN treatments. This could be attributed to the large variation inDM
and N yield of the tested crops was found in this study, ranging from
1.6 to 20.0 Mg DM ha−1 and 20.1–447.5 kg N ha−1, respectively
(Table 7). Dry matter and N yields of the crops were significantly
influenced by the crop type, fertilizer type and different N-application
rates as well as the experimental year. Italian ryegrass catch crop
accumulated less above-ground biomass than expected, with the
yield ranging from 0.27 to 2.5 Mg DM ha−1 and 7.4–80.6 kg N ha−1

during the experimental period, and was combined with wheat yield for
further analysis. Following IR, lowest DM and N yield values were
recorded for the unfertilized PR in both the years. The highest DM yield
in 2010 was achieved by the WW-IR sequence, whereas PR or maize
showed highest yield performance under moderate and high N
application rates in 2009. With respect to N uptake, PR clearly had
higher yields compared to maize and wheat when fertilized with CAN,
whereas the differences among the crops were lower under BR
amendments.

Additionally, the cropping systems with crops growing year-
round, i.e., PR ley and crop-rotation systems, did not achieve
significantly higher biomass accumulation than continuous
maize which was not in line with our initial assumption. This
could be ascribed to several reasons, substitution of WW by SW
in 2009 due to unfavourable weather conditions, being the most
evident. However, while interpreting these results the higher
yield risk of maize cultivation under changing climatic
patterns in the coastal regions should be considered. In the
pre-trial, owing to a dry spell in spring/early summer of
2008 there was a complete maize crop failure due to delayed
or prevented emergence. Similarly, crop rotation seems to have a
higher yield risk because WW establishment after late maize
harvest was not successful in 2008/2009 and in the following year
due to unfavourable weather conditions.

In general, BR application produced lower crop yields
compared to CAN application. A stronger influence of N type
was seen on the DM and N yields of the wheat—IR sequence and
PR in both experimental years, where CAN application resulted
in significantly higher yields of up to 25% and 41% respectively
compared to BR amendments. The lower yield performance of
wheat and grass than maize under BR treatment can be attributed
to their differences in N uptake dynamics. It is well documented
that maize N uptake coincides with the period of favourable
environmental conditions triggering N mineralization from soil
organic matter or BR, which can be efficiently converted into
biomass (de Oliveira Santos et al., 2023). On the contrary, wheat
requires high amounts of plant-available N in spring/early
summer when soil N release is slower, which may explain its
lower N use efficiency of BR (Sieling et al., 2013). Furthermore,
low N-use efficiency under BR amendments can be ascribed to
several reasons. Firstly, high N-losses via NH3 emissions (9%–

21% of NH4-N applied) reduced the amount of plant-available N
substrate for biomass production under BR treatment
(Quakernack et al., 2012). Also, BR application by dribble bar
system may have hampered infiltration especially in summer,
whereas maize received part of the N as a banded starter which
ensured its immediate access to the nutrients. Finally, the
enhanced N demand for regrowth of PR causes a generally
lower N-use efficiency after defoliation (Herrmann et al.,
2013). Recent studies have shown that substitution of mineral
fertilizer with up to 50% BR can produce yields comparable to
biomass production from sole mineral N application or in some
cases even higher yields due to longer and shorter period of N
availability for crop growth (Yang et al., 2020; Rahaman et al.,
2021).

TABLE 5 Nitrous oxide emission factor (% of applied N emitted as N2O-N) as affected by different cropping systems and N fertilizer type. The biogas residue and
mineral-N (CAN) treatments are restricted to the high-N application rate.

Cropping system Emission factor (%)

Mineral N Fertilizer (CAN) Biogas residue

Perennial ryegrass 0.53 0.50

Maize-Winter wheat-Italian ryegrass 0.14 0.03

Spring wheat-Italian ryegrass-Maize 0.40 0.25
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3.5 Approaches for estimating N2O-N
emissions

Inmajority of the studies, agricultural N2O emissions inventories are
based on the relationship between direct N2O emissions and the applied
N-inputs. However, in order to identify effective management strategies
to mitigate N2O emissions without comprising crop productivity,
indicators linking crop productivity and their corresponding N2O

emissions needs to be employed (Kim et al., 2023). In the present
study, we employed two different indicators for estimatingN2O-N losses
from the systems, yield-scaled N2O-N emissions (YSNE) and N2O-N
emissions related to N surplus, which are regarded as valuable tools to
develop appropriate N management strategy to mitigate N2O emission
and optimizing the C footprint of cropping systems.

Yield-scaled N2O emissions links productivity and
environmental stability of system by accounting for both N2O

TABLE 6 Dry matter yield (t DM ha-1) of the tested cropping systems accumulated over the 2-year period, as influenced by year, type of N fertilizer (CAN, biogas
residue) and N amount (control, moderate, high). First (capital) letter: different letters indicate significant differences at p = 0.05 between cropping systems within
N fertilizer type and N level; second (lower case) letter: different letters indicate significant differences between N levels, within cropping system and N fertilizer
type; third (capital) letter: different letters indicate significant differences between N fertilizer types, within cropping system and N level. Control: unfertilized,
mod: moderate N fertilization, high: high N fertilization.

Cropping system Mineral N Fertilizer (CAN) Biogas residue

Control Moderate High Control Moderate High

Perennial ryegrass 4.61CcA 28.21BbA 32.53AaA 4.22 CbA 18.59 BaB 20.08 CaB

Maize-Winter wheat-Italian ryegrass 19.11AbA 33.56AaA 34.28AaA 17.59ABbA 30.30AaA 30.32AaB

Spring wheat-Italian ryegrass-Maize 14.74BbA 27.25BaA 28.37BaA 14.90BbA 21.94BaB 24.03BaB

MaizeCT 20.78AbA 30.66ABaA 32.30AaA 20.39AbA 29.68AaA 30.25AaA

TABLE 7 Dry matter yield (Mg ha-1) and nitrogen yield (kg N ha-1) as influenced by year, crop, type of N fertilizer (CAN, biogas residue) and N-amount (control,
moderate, high). Values in parenthesis give the DM and N yield of the Italian ryegrass. First (capital) letter: different letters indicate significant differences at p =
0.05 between crops within N fertilizer type and N level; second (lower case) letter: different letters indicate significant differences between N levels, within crop
and N fertilizer type; third (capital) letter: different letters indicate significant differences between N fertilizer types, within crop and N level. Control: unfertilized,
Moderate: moderate N fertilization, High: high N fertilization, MaizeCT: continuous maize, MaizeCR: maize grown in crop rotation, S-Wheat + Ital.: spring wheat
followed by Italian ryegrass catch crop, W-Wheat + Ital.: winter wheat followed by Italian ryegrass catch crop.

Crop Mineral N Fertilizer (CAN) Biogas residue

Control Moderate High Control Moderate High

Dry matter yield (t ha−1) 2009 Perennial ryegrass 2.91CcA 14.53ABbA 17.35AaA 2.67CbA 8.58BaB 10.43BaB

MaizeCR 12.58AbA 13.85ABbA 14.27BaA 11.25AbA 13.84AaA 13.35AaA

MaizeCT 11.80AbA 15.94AaA 16.29AaA 11.18AbA 15.29AaA 14.23AaA

SWheat + Ital. ryegrass 6.85BbA (0.40) 12.38BaA (1.54) 12.96BaA (1.83) 7.44BbA (0.27) 9.23BbB (1.00) 10.06BaB (1.07)

2010 Perennial ryegrass 1.70BbA 13.68BaA 15.18BaA 1.55BbA 10.01CaB 9.65CaB

MaizeCR 7.89AbA 14.88BaA 15.41BaA 7.46AbA 12.72BaA 13.97BaA

MaizeCT 8.98AbA 14.72BaA 16.01BaA 9.22AbA 14.39BaA 16.02AbaA

WWheat + Ital. ryegrass 6.53AbA (0.49) 19.71AaA (2.38) 20.01AaA (2.50) 6.35AbA (0.45) 16.46AaB (1.72) 16.97AaB (1.69)

Nitrogen yield (kg N ha−1) 2009 Perennial ryegrass 36.0CcA 308.9AbA 447.5AaA 32.3BbA 125.8BaB 154.0AaB

MaizeCR 128.9AbA 177.2CaA 188.4CaA 109.7AbA 169.5AaA 167.4AaA

MaizeCT 116.6AbA 202.0BcaA 219.9BCaA 106.3AbA 179.1AaA 172.4AaB

SWheat + Ital. ryegrass 75.5BbA (14.4) 222.0BaA (57.3) 246.6BaA (64.9) 76.5AbA (7.4) 122.7BaB (35.9) 142.4AaB (26.3)

2010 Perennial ryegrass 22.1BcA 335.1AbA 426.1AaA 20.1CbA 139.8BaB 162.1BaB

MaizeCR 81.3AbA 196.2CaA 200.0CaA 74.0AbA 152.3ABaB 163.0BaA

MaizeCT 86.1AbA 194.9CaA 211.2CaA 86.6AbA 171.9ABaA 198.9ABaA

WWheat + Ital.ryegrass 57.4AbcA (11.4) 321.7BbA (75.0) 363.5BaA (80.6) 53.6BCbA (10.4) 185.5AaB (47.8) 223.8AaB (46.8)
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emissions and DM yield and thereby allowing examination of the
ecological efficiency of co-substrate production (van Groenigen
et al., 2004; Kim et al., 2023). A significant interaction effect of
crop x N treatment x year was observed on yield-scaled N2O
emissions (Table 8). The influence of crop type and year was
observed only under the control N treatment, where IR had
significantly higher yield-scaled emissions compared to other
crops in both the years. In both years and across all N treatments,
wheat and maize demonstrated the lowest N2O-N emissions per
unit of dry matter (DM) yield. In contrast to previous studies, the
present study found that high N application rates did not result in
a significant increase in yield-scaled N2O emissions, with the
exception of IR. A significant N treatment effect on YSNE of IR
was observed in the second experimental year, with lower yield-
scaled emissions than the control. Our values are in line with
values reported by Senbayram et al. (2009) who analysed YSNE of
different crops in a companion study. At a humus sandy site,
maize (0.14 kg N2O-N (Mg DM)−1, averaged over N treatments)
performed somewhat better than grass (0.12–0.21 kg N2O-N (Mg
DM)−1), and thus was able to compensate for its higher area-
related emissions by its higher yield. At a sandy loam site, a
higher denitrification potential resulted in yield-scaled emission
between 0.11 and 0.77 kg N2O-N (Mg DM)−1 (average over N
treatments) for maize. Italian ryegrass, particularly when heavily
fertilized, exhibited higher yield-scaled emissions reaching up to
2.3 kg N2O-N ((Mg DM)−1, indicating a lower ecological
efficiency. A data synthesis conducted by Kim et al. (2023) on
YSNE for maize, wheat, and rice, found that there was a high
disparity in YSNE response to N input rate, as increased N inputs
resulted in higher yields as well as higher N2O emissions. Further
studies need to be conducted to determine the key factors and
influence of crop type on YSNE.

The yield-scaled approach has been refined by van Groenigen
et al. (2010), suggesting that N2O-N emissions related to
indicators of the N status by an exponential function of N
surplus, could provide a useful tool for evaluating and
optimizing cropping systems. However, the data from our

study did not demonstrate a consistent exponential increase in
YSNE as N surplus exceeded zero (Figure 7). For the control
treatments, the van Groenigen equation underestimated the
N-yield scaled N2O-N loss of PR and the CR1, while it was
overestimated for CR2 rotation. A strong overestimation became
apparent for N treatments, especially under BR application as
NH3 volatilization losses were not considered for N surplus
calculation which amounted for 47 and 30 kg NH3-N in
2009 and 2010 respectively (Quakernack et al., 2012).
Similarly, Venterea et al. (2011) validated the N-surplus
approach for maize cropping systems in Minnesota and found
a substantial overestimation of N2O-N loss and provided a
modified function fitted to their data. This underscores the

TABLE 8 Yield-scaled N2O-N emissions (kg N2O-N (Mg DM)−1) as affected by year (first exp. year: April 2009-March 2010; second exp. year: April 2010-March 2011),
crop and N treatment. The biogas residue and mineral-N (CAN) treatments are restricted to the high-N application rate. First (capital) letter: different letters
indicate significant differences at p = 0.05 between crops within N treatment and experimental year; second (lower case) letter: different letters indicate significant
differences between N treatments, within crop and year; third (capital) letter: different letters indicate significant differences between years, with crop and N
treatment. For the N2O measurement periods of the different crops underlying the calculations please see Table 4.

Crop N treatment

Control Mineral N Fertilizer (CAN) Biogas residue

First exp. year Perennial ryegrass 0.100BaA 0.125AaA 0.249AaA

MaizeCR 0.072BaA 0.069AaA 0.066AaA

Spring wheat 0.002BaA 0.062AaA 0.084AaA

Italian ryegrass 3.267AbA 1.323AaA 1.562AaA

Second exp. year Perennial ryegrass 0.684BaA 0.302AaA 0.405AaA

MaizeCR 0.273BaA 0.205AaA 0.198AaA

Winter wheat 0.170BaA 0.115AaA 0.114AaA

Italian ryegrass 5.601AaA 1.072AaB 1.146AaB

FIGURE 7
Relationship between N yield-scaled N2O-N emission and N
surplus (N fertilization minus N yield) as affected by cropping system
and N treatment [control, biogas residue (BR), calcium ammonium
nitrate (CAN, mineral-N)]. The BR and CAN treatments are
restricted to the high-N application rate.
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importance of conducting site-specific assessments and
implementing customized N management strategies to
effectively mitigate N2O emissions in agricultural systems.

4 Conclusion

Coastal ecosystems play a significant role in the global N2O
budget; however, accurate estimates of N2O emissions from these
regions remain elusive. Contrary to our hypothesis that
environmental conditions like high soil organic matter, high
groundwater level as well as high precipitation in the marsh
region would result in higher N2O emissions especially under BR
amendments, we found low to moderate overall N2O emissions
during the experimental period. At higher soil moisture
conditions (oversaturated soil), the emissions were found to
decline, which indicates a possibility of complete reduction to
N2. The results illustrate that N2O emissions were influenced
mainly by climatic and weather conditions rather than the type of
N fertilizer applied. Similarly, our hypothesis stating that
substrate production from a PR ley would have a lower
ecological footprint in terms of product-related N2O emission
compared to crop rotation, was not confirmed especially under
high N inputs, mainly due to higher DM yields of maize andWW.
However, results from a pre- and post-trial year indicate low yield
stability of maize and of WW sown after maize in late autumn,
illustrating the need of long-term studies under these specific
environmental conditions. The environmental performance of
biogas cropping systems can be considerably improved by
exploiting the optimization potential in improving N-use
efficiency of BR residue and thereby, reducing the yield-scaled
emissions, by employing management strategies such as through
injection and/or acidification of BRs. Further research on
improvement of process-oriented models considering temporal
and spatial variability of environmental conditions and soil
characteristics is imperative as simple indicators of N2O
emissions, such as the approach based on N surplus for
assessing or analysing the impact of land use systems, do not
account for differences in soil properties, groundwater level, and
management practices.
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