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Abstract

The effect of slurry application techniques and slurry N stabilizing strategies on nitrous

oxide emission from grasslands is poorly understood and, therefore, can result in large

uncertainties in national/regional inventories. Field experiments were, thus, conducted

to estimate the effect of different fertilization techniques on nitrous oxide (N2O) emis-

sions. Fertilizer was applied (135–270 kg N ha�1 year�1) as calcium ammonium nitrate

(CAN), untreated or treated cattle slurry. The slurry was either treated with sulfuric acid

(target pH = 6.0), applied using trailing shoes or treated with 3,4-dimethyl pyrazole

phosphate and applied via slot injection. N2O fluxes were sampled using the closed

chamber technique. Cumulative N2O emissions ranged 0.1–2.9 kg N ha�1 year�1 across

the treatment, sites and years. The N application techniques showed inconsistent effects

on soil mineral N content, cumulative N2O emission and N yield. The fertilizer replace-

ment value of slurry was low due to low N use efficiencies at the sites. However, a close

positive relationship (r = 0.5; p = .013) between slurry value and biomass yield was

observed, highlighting the benefit of high slurry value on crop productivity. N2O-N emis-

sion factors were low for all treatments, including CAN, but were 2–6 times higher in

2019 than in 2020 due to lower precipitation in 2020. Variations in N2O emission were

largely explained by soil and climatic factors. Even with the low N2O emissions, this

study highlights the benefit (significant mitigation of N2O emissions) of replacing the

increasingly expensive chemical fertilizer N with input from slurry under favourable con-

ditions for denitrification.
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1 | INTRODUCTION

The current generation is faced with feeding an increasing global popu-

lation, projected to exceed 9.7 billion by 2050 (United Nations, 2019).

This obligation requires sustainable use of fertilizer to increase the agri-

cultural food base with less contamination of the environment (Billen

et al., 2015). Currently, the plant takes up only between 30.2% and

53.2% of fertilizer N applied to agricultural soils (Anas et al., 2020). The

remaining is vulnerable to losses to the atmosphere as nitrous oxide

(N2O), ammonia (NH3), dinitrogen (N2), nitrogen oxides (NOx) and lea-

ched or run off into ground or surface water as nitrate (NO3
�), ammo-

nium (NH4
+) and dissolved organic N (Anas et al., 2020). Globally,

about 62% of atmospheric N2O emissions originate from soils, equiva-

lent to about 13 Mt N2O–N annually (Fowler et al., 2013), with agricul-

tural soils responsible for more than 50% of the European Union's N2O

budget (Kolasa-Więcek, 2018). Nitrous oxide is a potent greenhouse

gas, 310 times stronger than CO2 on a 100-year scale (IPCC, 2022),

and detrimental to the ozone layer, the most critical threat to strato-

spheric damage (Ravishankara et al., 2009). Nitrous oxide can arise as a

by-product of processes regulated by soil conditions, such as nitrifica-

tion and/or denitrification pathways (Saggar et al., 2013). Increases in

N2O are usually associated with excessive N inputs, particularly in agri-

cultural soils, suggesting inefficient nutrient management rather than

ecosystem inefficiency. Consequently, increased N2O emission from

elevated N fertilizer use increases climate change, exacerbates strato-

spheric ozone layer depletion and increases the social cost of N2O

emission (Kanter et al., 2021).

Unarguably, efficient N management in agriculture is required to

increase production to preserve biodiversity and environmental

resources. Therefore, the call to increase N use efficiency and reduce

fertilizer losses cannot be overemphasized. Organic fertilizers have

the potency to meet the nutritional needs of crop plants, and their

usage is encouraged, particularly as a significant increase in manure N

production over the last decades has occurred (Chojnacka

et al., 2020). However, organic fertilizers have to undergo mineraliza-

tion, leading to nutrient losses to the environment, mainly in times

with low N demand of the plants, with effects on the overall Mineral

Fertilizer Replacement Value (Jensen, 2013). Nitrous oxide is one of

the most challenging greenhouse gasses to reduce (Seitzinger &

Phillips, 2017). However, some strategies to minimize N2O emission

include timing N input to avoid moments of high emissions (Maris

et al., 2021), timing fertilizer application and plant growth (Lassaletta

et al., 2014) and reducing soil compaction (Hernandez-Ramirez

et al., 2021). The fertilizer placement technique may also influence

nutrient losses. For example, slurry injection on grasslands has been

shown to deliver slurry close to the root zone of plants for optimum

uptake and, hence, reduce NH3 losses compared with broadcasting or

trailing hose application techniques (Rodhe, 2004). However, slurry

injection can cause “pollution swapping”, increasing N2O emission

compared with surface application methods as more conducive condi-

tions are created in the soil for denitrification (i.e., readily available

organic carbon in combination with soil zones with low O2 concentra-

tions; Herr et al., 2019).

The use of N stabilizing compounds to extend the residence time

of applied N in the soil is a promising option to increase N use effi-

ciency and reduce N losses to the environment (Harty et al., 2016).

Accordingly, nitrification inhibitors (NIs) and urease inhibitors have

been suggested to counteract N2O emissions from grasslands

(Subbarao et al., 2007; Krol et al., 2020). Nitrification inhibitors inhibit

or delay the conversion of NH4
+ to NO3

� (Ruser & Schulz, 2015),

desynchronize C and NO3
� availability and thus can reduce N2O

emissions from denitrification after slurry injection (Herr et al., 2020).

Although meta-analysis revealed similar global N2O reduction poten-

tials between approximately 35% and 56% (i.e. Akyama et al., 2010;

Fan et al., 2022; Soares et al., 2023), their effectiveness varied widely

depending on the environmental conditions. Soil texture, soil pH,

organic carbon content, soil moisture, soil and air temperatures and

seasonal precipitation significantly affected N2O reduction by NIs

(Fan et al., 2022; Soares et al., 2023). Recently, Soares et al. (2023)

summarized results from NI studies in grazing systems. From the

61 studies, only three covered measurements after slurry application

with 3,4-dimethylepyrazole phosphate (DMPP), the most commonly

used NI in Germany. All three studies were conducted in Spain under

different climatic conditions compared to those at German grassland

sites. Further, the N2O measurements of these three studies lasted

between 3 weeks and approximately 3 months. Fan et al. (2022)

pointed out that long-term measurements (exceeding the cropping

season), taking possible residual effects of inhibitors into account, are

particularly important. Such effects, as a reduced CO2 release during

late autumn or even in winter, or unexpected long effective duration

of the inhibitor, have been reported for the use of DMPP at German

study sites in horticulture (Pfab et al., 2012) and in winter wheat pro-

duction (Weiske et al., 2001). Accordingly, data on the N2O emission

from slurry application with NI under the different German climatic

and diverse environmental conditions measured over a more

extended period are urgently required.

Slurry acidification is an efficient technique to reduce NH3 volatil-

ization (Keskinen et al., 2022); however, its effect on N2O emission is

not consensual as enhancing effects (G�omez-Muñoz et al., 2016), no

effects (Malique et al., 2021), and mitigating effects (Owusu-Twum

et al., 2017; Park et al., 2018) have been observed. Furthermore, the

results of slurry acidification on soil microbial structure and function,

Mineral Fertilizer Replacement Value (MFRV) and herbage yields, par-

ticularly in permanent grasslands, are unclear due to limited research

(Fangueiro et al., 2015). However, higher organic matter mineraliza-

tion and solubility have been observed with acidified slurry, resulting

in increased nutrient supply to microbes and crops, increasing crop

growth and N uptake and reducing N2O emissions (G�omez-Muñoz

et al., 2016; Nyameasem et al., 2021).

Nitrous oxide emission contributes significantly to the green-

house gas inventory of many European countries (European Environ-

ment Agency, 2021). Various policies at the global and regional levels

have placed an obligation on member countries to set greenhouse gas

mitigation targets and report progress in annual inventories. A recent

study using published data across Germany (Mathivanan et al., 2021)

broadly showed that 0.38% to 0.92% of applied N is lost directly as
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N2O. The study also showed that N2O emission factor was lower for

the north of Germany than for the south, probably due to the fre-

quent occurrence of frost/thaw cycles in south Germany (Jungkunst

et al., 2006). However, adequate N2O measurement data, covering

many environmental and management practices and providing compa-

rable and consistent data for the different slurry applications and

treatment techniques on grasslands, is needed to improve account-

ability. Nitrogen uptake, a primary pathway of N recovery from grass-

land ecosystems, is dependent on the productivity of the swards.

Although the last decade has seen some studies reporting relatively

low N2O emission factors for organic inputs from European grasslands

and grass-clover swards (e.g., Fuchs et al., 2020; Nyameasem

et al., 2021; Reinsch et al., 2020), the effect of perennial ryegrass, one

of the most dominant and productive forage grass species in temper-

ate regions of the world, including Western Europe (Wilkins &

Humphreys, 2003), on N2O emission is not well understood. As many

countries, including Germany, are beginning to adapt emission factors

for more accurate reporting, this study contributes additional empiri-

cal data to previous studies elsewhere (Bourdin et al., 2014; Cahalan

et al., 2015; Melaku et al., 2020; Minet et al., 2016) for modelling and

decision making. Accordingly, our study reports N2O emissions and

MFRV from different slurry application techniques on permanent

grasslands under different commercial field conditions, differing in soil

and weather conditions. We hypothesized that

i. slurry acidification does not increase N2O emission but increases

nutrient supply for biomass growth and increases N recovery,

ii. adding nitrification inhibitor to injected slurry reduces N2O emis-

sion and increases the MFRV of slurry applied to grasslands,

iii. slurry injection relative to applying slurry with Trailing Shoe on

grassland increases direct N2O emission but increases MFRV

through the abatement of NH3 volatilization and minimal losses

due to surface run-off, thus increasing the availability for plant

N-fertilizer uptake.

2 | MATERIALS AND METHODS

2.1 | Study site characteristics

The experiments were conducted on meadows at four grassland sites

over 2 years in Germany between spring 2019 and spring 2021 in

three regions: Baden-Wuerttemberg (Hohenheim; HH) in the south,

Lower Saxony (Osnabrück; OB) in the west and Schleswig-Holstein

(Holtsee; HS) and Bredenbek; BR) in the north (Table 1). The trial sites

were changed to nearby fields with similar soil properties in the sec-

ond year. The regions were chosen since they followed a gradient

covering a broad range of climatic conditions for regions with high

grassland portions in Germany. The long-term annual precipitation

and mean air temperature were 847 mm and 8.8�C in Schleswig-Hol-

stein, 883 mm and 9.5�C in Lower Saxony and 736 mm and 9.7�C in

Baden-Wuerttemberg, respectively (Table 1). Soil types at the

study sites were Luvisols in Schleswig-Holstein, Calcaric Regosols in

Baden-Wuerttemberg, Plaggic Anthrosol in 2019 and Gleysol in 2020

in Lower Saxony, with soil texture ranging between clayey silt and

loamy sand (Table 1). Soil classes were derived from the World Refer-

ence Base for Soil Resources (WRB, 2015). The meadows were domi-

nated by perennial ryegrass (Lolium perenne L.) at Schleswig-Holstein

and Lower Saxony, and Italian ryegrass (Lolium multiflorum L.) in

Baden-Wuerttemberg, with a high species richness (Table S1 in

Data S1), probably due to the low cutting frequency (two to three cuts

per year) practised in this region.

2.2 | Experimental design and fertilizer application

The field experiments were designed as a fully randomized complete

block design with four replicates at every study site. The plot size was

81 m2 (9 � 9 m) with a 6 m (at Schleswig-Holstein) or 12 m

(at Baden-Wuerttemberg & Lower Saxony) distance between the

plots. At every site, the following six treatments were established:

1. A control, i.e. without N fertilizer (N0),

2. Fertilization with calcium ammonium nitrate (CAN), applied by

broadcast,

3. Fertilization with untreated cattle slurry using trailing shoes (TS),

4. Fertilization with acidified cattle slurry (target pH = 6, adjusted

with sulfuric acid) using trailing shoes (TS + A),

5. Fertilization with untreated cattle slurry using open slot injection

(SI), and

6. Fertilization with cattle slurry treated with DMPP and applied by

open slot injection (SI + NI).

Depending on the cutting frequency and the corresponding N

demand, N fertilizer was applied in splits of 2 to 3, supplying a total of

135–270 kg N ha�1 year�1 with the highest, intermediate and lowest

rates in Lower Saxony, Schleswig-Holstein and Baden-Wuerttemberg,

respectively (Table S2 in Data S1). In accordance with the German

Fertilizer Ordinance (Dü, 2017), the maximum cattle slurry application

rate was limited to 170 kg N ha�1 year�1. As reported by Peters et al.

(2021), N uptake of a German grassland site was highest between the

beginning of the vegetation period and the first cut, and it decreases

with further cuttings over time. Thus, in accordance with Peters et al.

(2021) and in agreement with the recommendations of the regional

agricultural extension services, we decided to split the

170 kg N ha�1 year�1 of applicable slurry N into two doses with

100 and 70 kg N ha�1 for the first and second dose, respectively. Dif-

ferences between the targeted 170 kg total N ha�1 and the applied

amounts of total N with slurry during the first two N applications

were the result of a deviation from total slurry N determined in the

slurry storages on the farms providing the experimental slurry approx-

imately one month before spreading and the total N determined in

the tanks of the experimentally used tanks during slurry application.

The first dose of cattle slurry was applied in early spring (at the begin-

ning of the vegetation period), and the second dose was applied

within 2 weeks after the first silage cut. The cattle slurry used in both
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years was sourced from the same local farm close to the study sites to

minimize the effect of different feeding strategies on slurry character-

istics (Table S3 in Data S1).

In cases where the N demand exceeded the

170 kg N ha�1 year�1 limit for total N application via organic fertil-

izers, mineral N fertilizer was applied. According to common agricul-

tural practice, an additional 30 kg N ha�1, after the second cut, was

applied as CAN, the most used mineral N-fertilizer in Germany. No

mineral N was applied in HH, the site with only two cuttings. In Lower

Saxony, technical problems emerged with the slurry spreader before

the first N application in 2020. Therefore, departing from the common

N-fertilization strategy followed at all study sites, 100 kg CAN-N ha�1

was applied as the first dose, followed by slurry as the second and

third doses in 2020 (Table S2 in Data S1). To keep the comparability

with the slurry amounts at the remaining study sites, slurry doses in

Lower Saxony in 2020 were split into 100 kg N ha�1 after the first

and 70 kg N ha�1 after the second cutting. Additional sulfur (24–

30 kg ha�1) was applied as kieserite to all plots, including the acidified

plots to ensure that low sulfur fertility was not a limiting factor for

any treatment. In both years, DMPP was used as a nitrification inhibi-

tor (2019: 6 L ha�1 Entec-FL® and 2020: 2 L ha�1 Vizura®).

A customized slurry spreader (Samson Agro A/S, Viborg, Denmark),

designed for experimental purposes, was used for applying the slurry.

The spreader, with a working width of 3 m, was equipped with 1 m3

tank, 12 trailing shoes and 12 double discs for slot injection (injection

depth of approximately 5 cm). A piece of technical equipment was

installed on the tank to enable a fast change of application technique

hydraulically. Before application, slurry sub-samples were taken directly

from the tank and were frozen at �18�C for analysis by AgroLab LUFA

GmbH (see Table S3 in Data S1). The slurry strips of trailing shoes had

a mean width of 0.09 m (corresponding to 36% of the total area cov-

ered by slurry), while the mean width of slurry from injection slots was

0.05 m (corresponding to 20% of the total area covered by slurry).

2.3 | N2O flux measurements

Nitrous oxide flux measurements were conducted using circular

closed chambers, according to Hutchinson and Mosier (1981). The

chambers were constructed from polyvinyl chloride with the same

dimensions (for more details, see Flessa et al., 1995). The inner diame-

ter was 0.4 m, but heights ranged from 0.17 to 0.43 cm across sites

due to different insertion depths of the base rings and the use of

extensions; thus, the chamber volumes ranged from 21 to 54 L. After

slurry application, base rings were placed in each experimental plot to

achieve a proportional distribution of the soil covered with slurry rela-

tive to the total soil area (i.e., 36% of the soil covered with slurry in

the trailing shoe treatments and 20% in the injection treatments). Gas

sampling after a fertilizer application followed a typical frequency of

five times per week for 2 weeks, followed by twice per week for

another 2 weeks and then once a week until the next fertilizer appli-

cation (Harty et al., 2016). However, additional flux measurements

complemented weekly sampling after events which frequently

induced increased N2O flux rates (e.g., high precipitation or soil

freezing–thawing cycles). As described by Flessa et al. (2002), this

sampling strategy leads to a deviation of the cumulative N2O emission

of about 10% compared to continuous measurements.

Gas sampling was conducted between 09:00 and 11:00 am. This

sampling time was chosen because it was shown that mid-morning sam-

pling effectively represents the daily N2O emission average (Machado

et al., 2019). During each sampling, four gas samples were periodically

(0, 20, 40, and 60 min after chamber closure) taken with a syringe from

the chambers' atmosphere and transferred into evacuated gas vials.

Simultaneously to gas sampling, air temperature in the chambers was

recorded. Gas samples were analysed for N2O concentrations in the lab-

oratories of the participating research groups by various gas chromato-

graphs (GCs) equipped with Ni63 electron capture detectors and

automated samplers. In an earlier study, laboratory inter-comparability

was verified by conducting blind inter-comparison measurements

between the labs (Ruser et al., 2017). All GCs used in our study were also

tested by Ruser et al. (2017) and achieved a coefficient of variance below

2% on 10 repeated measurements of an ambient N2O standard gas.

Molar gas concentrations were transformed into mass concentra-

tions according to the ideal gas law, taking chamber temperature and

standard pressure into account. Flux rates were calculated with the

robust linear regression model (Huber, 1981), but linear regression

was applied if only three of the four gas samples were available for

flux determination. Cumulative annual N2O emissions were calculated

between February 1 and January 31 separately for each year and site

by stepwise interpolation, assuming constant flux rates beginning with

the date of each gas sampling until the subsequent gas sampling. The

yield-related N2O emission was estimated by dividing the annual

N2O-N emission by the dry mass yield of the grass (annual sum of all

clippings). The N2O emission factor (N2O-N EF) was estimated using

equation Eq. (1) as described by Velthof and Mosquera (2011).

N2O�NEF¼ N2O–Nfertilized –N2O–Nunfertilizedð Þ� totalNFert
�1�100

ð1Þ

with N2O-N EF being N2O-N emission factor (%); N2O–Nfertilized is

the mean cumulative direct N2O–N kg N2O–N ha�1 year�1 emission

of the particular experimental year from the fertilized treatments;

N2O–Nunfertilized being annual N2O-N emitted from the unfertilized

control (N0) (kg N2O–N ha�1 year�1), and total Nfert is the total

fertilizer-N applied via CAN or cattle slurry (kg N ha�1 year�1).

2.4 | Climatic and soil variables

Climate stations were installed in the middle of each plot at each study

site at the beginning of the experiment to measure daily precipitation

(mm) and air temperature (�C) at 2 m height, as well as soil temperature

(�C) at 5, 10 and 15 cm depths. Weather data from the closest weather

station of the German Weather Service was used for gap filling.

Before the start of the trials, soil samples were taken from the

topsoils (0–30 cm depth) at each experimental site to determine the
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physical and chemical properties of the soils. The soil samples were

mortared, pre-dried at an appropriate temperature and stored in a

desiccator until further analysis. Soil texture was determined accord-

ing to DIN EN ISO/IEC (17025:2018) and soil pH using 0.01 M CaCl2

as an extractant. Cation exchange capacity (CEC) determination also

followed the standardized method of the VDLUFA (2017), while soil

organic C and total N content were analysed by dry combustion

(Yeomans & Bremner, 1991).

Soil samples were regularly taken from the topsoil (0 to 0.3 m

depth) every fortnight at the same time as the gas sampling and on

selected supplementary gas sampling dates to determine mineral N

and soil moisture. Three samples were taken per plot separately for

the slurry-covered and uncovered soil during the growing season.

These soil samples were then pooled over the four replicated plots

resulting in one composite sample of slurry-covered soil and one

sample of uncovered soil per treatment and sampling date. In addi-

tion, we took three samples from each treatment outside the grow-

ing season and pooled them into one composite sample per each

treatment. The soil samples were homogenized and stored at

�20�C. Frozen samples were thawed overnight at 4�C prior to anal-

ysis. N samples were extracted with 2 M KCl solution using an

extraction ratio of 1:4. Nitrate and ammonium concentrations in

the filtrates were determined using flow injection analysis. The cor-

responding area-weighted data represented the mineral N concen-

trations of the separately sampled areas (slurry-covered and

uncovered soil).

Soil moisture was determined for the soil layer 0–0.3 m gravimet-

rically by drying a soil aliquot at 105�C overnight. Also, to determine

soil bulk density, four soil cores were collected per plot using stainless

steel cylinders (100 cm3) in the early autumn of each experimental

year. The soil cores were crushed in the lab and dried at 105�C until a

constant weight was attained. Water-filled porosity indicates soil aer-

ation in soils with different bulk densities (Granli & Bøckman, 1994).

Therefore, water-filled pore space (WFPS) [%] was calculated as

shown in Eq. (2), where VWC is the volumetric water content of the

soil, calculated as the product of the gravimetric water content and

soil bulk density (BD); and PD is particle density of 2.65 g cm�3.

WFPS¼100x
VWC

1� BD
PD

� � ð2Þ

2.5 | Biomass sampling and analysis

To determine the aboveground biomass of the meadows, plant samples

were cut manually (in Schleswig-Holstein and Lower Saxony, two

subsamples per plot with a size of 0.25 m2 each) or using a forage har-

vester in Baden-Wuerttemberg. To ensure comparability of results across

all sites, the yields were checked at the Baden-Wuerttemberg site to

ensure that scaling up of subsamples from the forage harvester produced

similar results to scaled-up yields at Schleswig-Holstein and Lower Sax-

ony. The number of harvests during the experimental period varied

across the study sites. In Schleswig-Holstein, five silage cuts were carried

out in both years and at both sites; in Lower Saxony, four cuts were per-

formed, whereas in Baden-Wuerttemberg, three cuts were executed in

2019 and only two in 2020, with the latter being a result of low precipi-

tation. Harvest dates at each site were based on local growing conditions

and were between the heading and flowering of the dominant grass spe-

cies. The plant samples (in Schleswig-Holstein and Lower Saxony) or an

aliquot of the cut (in Baden-Wuerttemberg) were dried at 58�C until

constant weight. Dry samples were milled <1 mm, and the N content

was analysed using near-infrared-reflectance spectroscopy with a NIR-

Systems 5000 monochromator (Foss, Silver Spring, USA).

2.6 | Calculations and statistical analyses

2.6.1 | Apparent N use efficiency (aNUE) and N
fertilizer replacement value (MFRV)

N yields obtained from total N input were considered to calculate

apparent N use efficiency (aNUE) (Sistani et al., 2010) as follows:

where the total plant N uptake is the total amount of N in the har-

vested biomass of all clippings (kg N ha�1); total N applied is total N

input, including all N dressings (kg N ha�1).

The N fertilizer replacement value (MFRV) of applied cattle slurry

was estimated using the following equation:

MFRV¼ aNUEof slurry treatment
aNUEofCANtreatment

ð4Þ

2.6.2 | Statistical analysis

All statistical analyses and visualizations were done using R software

(R Core Team, 2021; Version 4.2.1). The data were analysed using a

mixed model using the package “nlme”. The statistical model included

treatment, year of experimentation and experimental site as fixed fac-

tors and the experimental block as a random factor. Statistical signifi-

cance of the tested treatments was declared when p < .05. We tested

the effects of the N application techniques on the response ratio (RR) of

aNUE¼Nuptake from fertilized treatment�Nuptake from unfertilized treatment
TotalNapplied

ð3Þ
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cumulative N2O emissions by linearizing N2O RRs through transforming

via natural logarithms (‘Euler's number as a base, e = 2.718) to obtain

Ln N2O RR (Eq. 5). This RR approach enabled us to account for manage-

ment and environmental divergence across the study sites, by normaliz-

ing the ratios to 1 (Hernandez-Ramirez et al., 2021). The Ln zero

baselines were compared with zero baselines (control) using t-tests (Ho:

μRR = 0) and 95% confidence intervals to determine whether the N

treatments differed significantly from the control,

LnN2ORR¼ Ln
N2Otreatment
N2Ocontrol

� �
ð5Þ

Associations between the measured N2O emission, soil and aver-

age weather factors were assessed with data from all treatments,

years and sites using Pearson's correlation and regression tests. Con-

sequently, we assessed the importance of these factors (soil and

weather variables, N application rates and L. perenne proportion in the

swards) on N2O emissions and fitted a statistical model to the data to

predict N2O emissions. A stepwise forward selection procedure using

the “olsrr” package (version 0.5.3) of R was implemented to improve

the model. The best model was determined after removing collineated

variables, ensuring variance inflation factors did not exceed two.

Accordingly, the best model is parameterized by N application rate,

clay content in soils, soil pH, total rainfall and mean air temperature

(Tables S7 and S8 in Data S1). The model efficiency was evaluated

using the Nash–Sutcliffe model efficiency coefficient test and the root

mean square error.

3 | RESULTS

3.1 | Climatic conditions

Rainfall was generally highest, intermediate and lowest in Schleswig-

Holstein, Lower Saxony and Baden-Wuerttemberg, respectively and

more frequent in 2019 than in 2020, with the latter being drier

across the four sites (Figure 1). Thus, precipitation from April to

December was lower by 33%, 36% and 19% at Baden-Wuerttem-

berg, Schleswig-Holstein and Lower Saxony in 2020 relative to

F IGURE 1 Average daily air temperature (black lines), total daily precipitation (blue bars) and water-filled pore space (broken red lines) trend
during the experimental years at Holtsee (HS), Bredenbek (BR), Osnabrück (OB) and Hohenheim (HH). Green and red arrows indicate slurry and
calcium ammonium nitrate fertilizer applications, respectively.
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2019. However, there were alternate wet and dry periods after

March, with more severe drier conditions in June and July each year.

There was generally no or little rainfall on the days of fertilizer appli-

cation, but WFPS was high at the beginning of the experiment in

each year (above 50%). The WFPS declined after that and reached

the lowest levels during the summer months (June to August), with

levels below 25% at Lower Saxony in both experimental years

(Figure 1). As a result, WFPS was generally higher at the first fertil-

izer application (above 50%, except at Lower Saxony) and lower at

the subsequent fertilizer applications. Comparatively, WFPS were

generally low in Lower Saxony, even during the humid year of 2019

(Figure 1).

The air temperatures were relatively low (Figure 1) between

November and March (�5 and 10�C) and high between June

and August (15 to 28�C). The average air temperature monitored

during the measurements (April–December) was slightly higher

(3% to 9%) than the long-term averages of the same months

and daily average temperatures at the first fertilizer application

were mainly lower (<12�C) than for the subsequent applica-

tions (>15�C).

3.2 | Soil N dynamics and daily N2O emissions

Ammonium and nitrate levels in soils were relatively low at HH and

OB, even after fertilizer application (Figures 2 and 3), than at HS or

BR. The highest peaks observed at BR and HS (>80 mg N kg�1) were

mainly from treatments with injected slurry. NO3
� levels were gener-

ally low (<30 mg N kg�1), but a higher peak (>50 mg N kg�1) was

observed in the CAN treatment at BR in 2019. Although low, NO3
�

concentrations were slightly higher in the CAN treatment than in the

other treatments at HH and OB (Figure 3). The highest NO3
� peak

was observed in the CAN treatment in BR after fertilizer application in

2020. Treatment effects on soil N concentration depended on site

and year differences but with no apparent pattern. With a few excep-

tions, NO3
�, NH4

+ and the corresponding N concentrations (sum of

NH4
+-N and NO3

�-N) were comparable for N0 and the fertilized

treatments (p > .05) (Table S3 in Data S1). N concentrations in soils

were comparable between TS and TS + A as well as between SI and

SI + NI at all sites (Table S3 in Data S1).

As expected, N2O peaks were preceded by NH4
+ and NO3

�

peaks, occurring earlier for NH4
+ than NO3

� peaks (Figures 2 and 3).

F IGURE 2 Soil ammonium concentrations in soils across the experimental sites and years as affected by treatments at Holtsee (HS),
Bredenbek (BR), Osnabrück (OB) and Hohenheim (HH). Arrows point to N fertilization dates; green and red arrows indicate slurry and calcium
ammonium nitrate fertilizer applications, respectively.
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Although there were NO3
� peaks from the 2020 N applications, the

corresponding N2O peaks were generally lower in 2020 than in 2019

(Figure 4), with the highest peak in 2020 across all sites being lower

than 2.2 mg N m�2 d�1. The peaks were consistently low at OB in

both experimental years. Average (±s.e) N2O emissions were 0.20

± 0.01, 0.29 ± 0.04, 0.33 ± 0.03 and 0.36 ± 0.04 mg N m�2 d�1 for

OB, HS, BR and HH, respectively. In most cases, nitrous oxide peaks

occurred a few days after fertilizer N application, but in 2019 a peak

was also observed at HH, more than 4 weeks after fertilization.

Whereas the highest daily N2O peaks at HH (0.83 mg N m�2) and OB

(0.36 mg N m�2) were observed for the CAN treatment, the highest

peaks at BR (13.4 mg N m�2) and HS (11.1 mg N m�2) were observed

for the SI + NI treatment.

3.3 | Cumulative N2O and emission factors

Cumulative N2O emissions across sites and years ranged from 0.17 to

1.44, 0.17 to 2.83 and 0.12 to 2.89 kg N ha�1 year�1 for N0, CAN and

slurry treatments, respectively. The mean cumulative N2O emissions

(from all sites) were about three times higher in 2019 (1.42 ± 0.14) than

in 2020 (0.49 ± 0.04 kg N ha�1). The results from all sites and years

showed that fertilizer application significantly (p < .05) elevated cumu-

lative N2O emission by 33 to 117%, depending on treatment type, site

and experimental year (Table 2). In 2020, where N2O fluxes were gen-

erally low, the N0 treatment showed comparable (p > .05) cumulative

N2O emissions to the slurry and mineral fertilizer treatments in many

instances, except at HS (Table 2). Except in one instance, CAN-related

emissions were primarily similar (p > .05) to slurry emissions. Cumula-

tive N2O emissions from acidified slurry were consistently comparable

to the non-acidified slurry at each site and year (p > .05), except at HH

in 2019, where TS + A treatment had a 49% lower (p < .05) cumulative

N2O emission compared with TS (Table 2).

Within the fertilized treatments, yield-scaled emission was high-

est for CAN but comparable to SI + NI treatment at BR, HS and HH;

comparable to SI at HS and HH; comparable to TS + A at HS and

comparable to TS at HH (p < .05). In 2019, the yield-scaled emissions

were 53% lower for TS + A relative to TS at HH, while SI + NI treat-

ment was 20% relative to SI at OB. Yield-scaled N2O emissions were

generally comparable for SI + NI and SI treatments across sites,

except at OB in 2019, where a 21% lower (p < .05) yield-scaled N2O

emissions were observed for SI + NI relative to SI. Overall, using data

F IGURE 3 Nitrate concentrations in soils across the experimental sites and yeas as affected by treatments at Holtsee (HS), Bredenbek (BR),
Osnabrück (OB) and Hohenheim (HH). Arrows point to N fertilization dates; green and red arrows indicate slurry and calcium ammonium nitrate
fertilizer applications, respectively.
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across sites showed no significant differences between SI + NI and

SI, TS + A and TS or SI and TS treatments (p > .05) in terms of N2O

response ratio (Ln N2O–RR; Figure S1 in Data S1) in both experi-

mental years. Although the Ln N2O-RR for all treatment means were

positive and significantly different from zero (t-test, p < .05) under

higher emissions in 2019, the slurry application/treatment tech-

niques showed a lower tendency to emit N2O compared with the

CAN treatment (Figure S1 in Data S1). In 2020, however, the Ln

N2O-RR of the fertilizer treatments was not different from the

control.

Nitrous oxide EF (N2O-N EF) ranged from �0.04% to 0.97%

(Table 2) and was twice as high for CAN compared with slurry treat-

ments (0.35% vs. 0.16%) and about six times higher in 2019 than in

2020 (0.35% vs. 0.06%). Significant site differences were only evident

in 2019 for CAN treatment where EF was five times higher at Hohen-

heim than at Osnabrück. Like the cumulative N2O emission trends,

there was no significant differences (p > .05) between the slurry treat-

ments within each site; however, using pooled data across sites and

years showed that NI-treated slurry had slightly lower N2O EF (0.17%

vs. 0.19%) than the untreated (p < .05).

3.4 | Dry matter yield and MFRV

Dry matter yield, N content and N yield ranged from 3.1 to

10.8 Mg ha�1, 1.6% to 3.3% and 59.6 to 315.0 kg N ha�1, respectively

(Table 3). Generally, N application increased DM yield, N yield and N

concentration in harvested biomass, but treatment effects were vari-

able, depending on the site or experimental year. For instance, N appli-

cation generally increased (p < .05) biomass N concentration, except in

HH (Table 3). Dry matter and N yields were highest, intermediate and

lowest for CAN, slurry and N0 treatment, respectively; however, dry

matter yields were comparable between TS and TS + A, SI + NI and SI

or TS and SI (p > .05). The year effect on dry matter yield was evident

but not consistent across sites and treatments (Table 3). On the other

hand, the yield parameters were significantly (p < .05) affected by site

and treatment, with significant interactions (Table S5 in Data S1).

The observed NUEs ranged from 46% to 85% for CAN and 10–54%

for the slurry treatments while MFRV ranged from 14% to 103%,

depending on the site, year of the experiment and treatments. Treatment

averages only differed between TS and SI + NI (22% higher for SI + NI,

p < .05). Whereas MFRV for SI + NI and SI treatments were comparable

F IGURE 4 Daily N2O-N fluxes at each experimental site and year as affected by treatment effects at Holtsee (HS), Bredenbek (BR),

Osnabrück (OB) and Hohenheim (HH). Arrows show fertilization events. Arrows point to N fertilization dates; green and red arrows indicate
slurry and calcium ammonium nitrate fertilizer applications, respectively.
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(p < .05) at all sites, a lower MFRV (p < .05) was observed for TS + A

compared with TS but only at BR in 2019 (Figure 5). Also, the year effect

was only evident in one instance, where the average MFRV for SI + NI

was higher (p < .05) in 2019 compared to 2020 at BR.

3.5 | Relationships between variables

Positive correlations were observed between N2O variables on the

one hand and environmental variables on the other hand (Table 4),

with correlations between N2O-N EF and the environmental factors

depending on the N application treatment (Tables S5 and S6 in

Data S1). Further analysis shows that the variations across sites in

cumulative N2O emission were strongly dependent on the soil's clay

content, soil pH, total N applied, mean daily temperature and annual

precipitation (Table S7 in Data S1); and these variables could predict

the cumulative N2O-N emission (logN2O-N) with appreciably high

efficiency (adjusted R2 = 90%, Table S8 in Data S1). Accordingly, a

comparison between the modelled and observed values showed a

high correlation (Figure 6). Again, higher MFRV correlated with higher

annual precipitation and soil NO3
�-N content. Whereas the relation-

ships between MFRV and soil factors or perennial ryegrass proportion

in the swards were weak (Table 4), MFRV correlated positively with N

uptake in aboveground biomass (r = 0.5, p < .05) and biomass N con-

centration (r = 0.8, p < .001).

4 | DISCUSSION

4.1 | Site and year effects on N2O emission and
emission factors

This study applied N fertilizer from CAN or cattle slurry, treated

with either acid or NI, at an average rate of 201 kg N ha�1 to

TABLE 2 Cumulative N2O emission, yield-scaled N2O emission and N2O emission factors as affected by site, year and treatment differences.

Location Year N0 CAN TS TS + A SI SI + NI

Cumulative N2O emission (kg N ha�1 yr�1)

HS 2019 0.50 ± 0.03#Ca 2.44 ± 0.32#Ac 0.90 ± 0.07#b 1.28 ± 0.13#b 1.36 ± 0.38abc 1.25 ± 0.25ABbc

2020 0.26 ± 0.03$a 0.56 ± 0.12$ABab 0.47 ± 0.06$ab 0.49 ± 0.12$ABab 0.42 ± 0.04ABb 0.49 ± 0.15ABab

BR 2019 0.90 ± 0.10ABab 2.02 ± 0.09#Ab 1.24 ± 0.16#a 1.22 ± 0.15a 1.39 ± 0.14#a 1.58 ± 0.10#Aab

2020 0.42 ± 0.11 0.71 ± 0.12$A 0.58 ± 0.08$ 0.67 ± 0.13A 0.75 ± 0.08$A 0.54 ± 0.05$A

OB 2019 0.69 ± 0.03BCa 0.99 ± 0.08Bb 0.77 ± 0.10#ab 0.75 ± 0.15ab 1.09 ± 0.13#b 0.86 ± 0.01#Bb

2020 0.43 ± 0.11 0.48 ± 0.18AB 0.36 ± 0.04$ 0.57 ± 0.20AB 0.50 ± 0.11$AB 0.31 ± 0.07$AB

HH 2019 1.44 ± 0.19#Aa 2.83 ± 0.35#Ab 2.89 ± 0.63#ab 1.47 ± 0.34#ab 2.11 ± 0.58#ab 2.13 ± 0.42#ABab

2020 0.17 ± 0.03$ 0.17 ± 0.07$B 0.26 ± 0.07$ 0.14 ± 0.06$B 0.12 ± 0.09$B 0.18 ± 0.06$B

Yield scaled N2O emission (g N kg N�1 produced)

HS 2019 6.00 ± 0.18ABa 11.29 ± 1.44#Aab 6.03 ± 0.66ABab 7.58 ± 0.26Bbc 8.25 ± 2.10abc 6.66 ± 1.13abc

2020 4.53 ± 0.57A 2.76 ± 0.47$ 4.51 ± 0.79A 4.03 ± 0.68 4.01 ± 0.84A 4.68 ± 1.73

BR 2019 5.44 ± 0.60ABab 7.34 ± 0.33#Ab 4.98 ± 0.69Aab 5.20 ± 0.52#Aab 4.90 ± 0.37a 5.72 ± 0.33#ab

2020 3.11 ± 0.85AB 2.32 ± 0.43$ 2.89 ± 0.48AB 2.80 ± 0.31$ 3.46 ± 0.29AB 2.440.24$

OB 2019 3.92 ± 0.27Bab 3.13 ± 0.23Ba 3.59 ± 0.39Aab 4.36 ± 1.50ABabc 5.04 ± 0.17c 3.99 ± 0.38b

2020 5.38 ± 1.44AB 2.61 ± 1.07 2.60 ± 0.43AB 3.91 ± 1.48 3.43 ± 1.02AB 2.33 ± 0.71

HH 2019 8.07 ± 1.11#Aab 15.70 ± 2.52#Ac 15.99 ± 2.58#Bbc 7.61 ± 1.33#ABa 13.83 ± 4.14abc 12.11 ± 2.83#abc

2020 1.04 ± 0.28$B 0.91 ± 0.41$ 1.30 ± 0.36$B 0.64 ± 0.24$ 0.83 ± 0.60B 0.86 ± 0.29$

N2O-N emission factor (% of N applied)

HS 2019 0.97 ± 0.17#Ab 0.18 ± 0.03a 0.36 ± 0.07a 0.40 ± 0.19ab 0.35 ± 0.12ab

2020 0.15 ± 0.05$ 0.10 ± 0.04 0.11 ± 0.06 0.08 ± 0.02 0.11 ± 0.07

BR 2019 0.56 ± 0.09ABb 0.16 ± 0.04a 0.15 ± 0.04a 0.23 ± 0.03a 0.31 ± 0.06ab

2020 0.14 ± 0.07 0.07 ± 0.07 0.12 ± 0.10 0.15 ± 0.06 0.05 ± 0.07

OB 2019 0.15 ± 0.03B 0.04 ± 0.05 0.04 ± 0.08 0.21 ± 0.09 0.09 ± 0.02

2020 0.02 ± 0.08 �0.02 ± 0.04 0.05 ± 0.06 0.03 ± 0.04 �0.04 ± 0.03

HH 2019 0.82 ± 0.14#Ab 0.97 ± 0.52ab 0.02 ± 0.12a 0.45 ± 0.28ab 0.47 ± 0.30ab

2020 0.00 ± 0.04$ 0.06 ± 0.05 �0.02 ± 0.04 �0.03 ± 0.07 0.00 ± 0.03

Note: Means (±standard error) with different letters/symbols are different at p < .05; $, # being year effect within the same treatment and site, A, B, C

being site effect within a treatment and year, and a, b, c being treatment differences within the same year and site.
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grasslands. Cumulative N2O-N emissions depended on the year,

the study site and the technique of N application. The cumulative

N2O-N emissions of the investigated sites (for both years and all

treatments) are in the lower range of published values for temper-

ate grassland (0.04 and 21.2 kg N2O-N ha�1 year�1) and compara-

ble to other German grasslands (Jungkunst et al., 2006; Dechow &

Freibauer, 2011; Rees et al., 2013; Mathivanan et al., 2021). The

range of cumulative N2O emissions observed for the N0 treatment

in this study (0.12–1.44 kg ha�1) is within the ranges reported for

grasslands in the UK (0.25–0.78 kg ha�1; Thorman et al., 2020) and

in Canada (0.17–0.30 kg ha�1; Hunt et al., 2019). The overall aver-

age annual N2O EF for CAN (0.35% ± 0.07%) and cattle slurry

(0.16% ± 0.03%) was lower than the Tier 1 IPCC default of 1.6%

(1.3%–1.9%) for synthetic N fertilizers and within the lower range

of 0.1%–1.1% for the slurry in a wet temperate climate

(IPCC, 2019). The low N2O-N EFs observed in this study are not

uncommon, as previous studies on temperate grasslands have

reported low N2O EFs (<0.5%) for organic N inputs (Reinsch

et al., 2020; Voglmeier et al., 2019). For example, Irish grasslands

receiving 160–640 kg N ha�1 year�1 cattle slurry emitted only

�0.20% to 0.43% of the applied N (O'Neill et al., 2020).

According to Holtan-Hartwig et al. (2002), some soils generally

have the intrinsic potential for low N2O emission rather, irrespective

of environmental conditions, probably due to the soil microbial com-

munity structure (Cavigelli & Robertson, 2001). This trend might also

be due to the high productivity of such grasslands. At high production

levels, the N uptake from grassland is very high, leaving only small

amounts of N for denitrification by soil microbes. Furthermore, the

low or sometimes negative N2O EFs could be attributed to higher

N2O emissions from the control treatment (O'Neill et al., 2020), as a

higher mineralization rate of soil organic matter can lead to increased

inorganic N-concentration in soil solution, potentially leading to higher

gaseous losses N2O emissions (Liu et al., 2018). Nevertheless, it is

worth mentioning that static chamber methods lack temporal resolu-

tion and might fail to capture large but brief N2O peaks, leading to the

underestimation of cumulative N2O emission and N2O-N EFs (O'Neill

et al., 2020).

4.2 | Driving factors of N2O emission

Our data showed a positive correlation between yearly N2O emis-

sions, EFs and yield-scaled emissions on the one hand and annual

precipitation and with WFPS on the other hand (Table 4). A strong

influence of precipitation and WFPS on N2O emission have been

reported in arable fields (Bell et al., 2015) and grasslands (Cardenas

et al., 2016; Li et al., 2017). The relative importance of nitrification

and denitrification largely depends on WFPS, with low WFPS (low

soil water content and coarse soil texture) favouring aeration and,

therefore, nitrification, and high WFPS (high soil water content and

fine soil texture) promoting denitrification (Davidson, 1991). Thus,

the low WFPS and low N2O emissions observed at Osnabruck in

2019 might be due to the poor water-holding capacity of sandy

soils. Under wetter and warmer soil conditions, anaerobic conditions

are created due to enhanced microbial and root oxygen consump-

tion and reduced gas diffusion (Schlüter et al., 2018; van der

Weerden et al., 2014). In the presence of adequate N substrate, this

situation might lead to increased denitrification and a consequent

increase in N2O fluxes. Both precipitation and clay content of soil

(which influence the water-holding capacity) influence WFPS

directly. Although not always the case, fine-textured soils generally

facilitate the development of anaerobic conditions and long-lasting

local anoxia than coarser-textured soils as clay particles hold water

tightly in aggregates, favouring N2O production and emission

through denitrification (Gu et al., 2013).

However, N2O emissions could be lower under high soil moisture

conditions if complete denitrification is promoted, especially when

labile-C is abundant (e.g. from added manures). On the other hand,

low rainfall conditions decrease plant N uptake, reduce N2O emission

and increase soil N pool. As observed in this study, there were rela-

tively higher NO3
� peaks in 2020 (Figure S4 in Data S1), suggesting

limited denitrification and hence the low N2O emission in 2020

(Figure 2). It is worth mentioning that N2O rewetting peaks occur

under low moisture conditions, who's intensity is highly dependent on

the intensity of the previous drying episode (Barrat et al., 2021). How-

ever, these N2O hot moments due to rewetting could be more rele-

vant under semi-arid conditions and, therefore, not applicable to our

study.

Although precipitation in both years was lower than the long-

term averages, the shortfalls were higher in 2020 (38% to 47%) than

in 2019 (13% to 24%). Accordingly, the low rainfall observed for both

experimental years might partly explain the generally low N2O-N EFs

and cumulative N2O emissions in 2020 relative to 2019. Nevertheless,

F IGURE 5 Mineral fertilizer replacement value (MFRV) of applied
cattle slurry total nitrogen at Holtsee (HS), Bredenbek (BR), and
Osnabrück (OB) affected by application/treatment technique and site
differences. Data from HH is not included in this analyses because
too many extreme values. Means (±s.e. as error bars) with different
letters are different at p < .05, year j, k, treatment a, b, c and site A, B,
C; MFRV was calculated as the ratio of slurry N use efficiency to
mineral fertilizer (Calcium ammonium nitrate) N use efficiency.
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the unusually low precipitation in 2018, where there was half as much

precipitation compared with the last few years' annual averages, led

to drought and low yields across the country (Webber et al., 2020).

This lowers the plants' capacity to use the total applied fertilizer

N. However, the average N2O EF observed across sites in 2019

(0.62%) is within the range of 0.42% to 0.84% calculated for Germany

using Tier 2 methodology (Mathivanan et al., 2021) and similar to the

IPCC (2019) default. Several factors might interact to influence N2O

emission from soils (Bourdin et al., 2014; Fan et al., 2018) and the

effects of management, climatic and soil factors on N2O emissions

were observed in the current study (Table 4).

The relatively high mean N2O-N EF observed for Baden-

Wuerttemberg (0.27% ± 0.08%) relative to Schleswig-Holstein

(0.24% ± 0.03%) and Lower Saxony (0.06%± 0.02%) agree with earlier

reports (Mathivanan et al., 2021) that emission factors in southern

Germany are generally higher than in the north. This was attributed to

the effects of different climatic conditions and soil properties on N2O

formation (Jungkunst et al., 2006; Dechow & Freibauer, 2011). The

sites in Baden-Wuerttemberg received less precipitation and

fertilizer N, but the soils were characterized by relatively high

organic C, N and clay content (Table 1). As corroborated by the posi-

tive correlations between N2O EF, on the one hand, and soil organic

C and total N, on the other hand, and between NO3
� content and soil

organic C (Table 4), the soils might have encouraged decomposition of

organic matter to provide labile organic C and inorganic N substrates

for nitrification and denitrification (Gu et al., 2009). Other studies also

observed these relationships, where high organic C content resulted

in higher N2O fluxes (Harrison-Kirk et al., 2013). Also, the relatively

high clay content in the soils might have favoured denitrification.

4.3 | Effects of N application/slurry treatment on
N2O emissions

Fertilizer N application generally increased N2O emission in this study

(Figure S1 in Data S1) due to the increased availability of N substrate

TABLE 4 Pearson correlation coefficients showing relationships between nitrous oxide emission, nitrogen uptake and nitrogen fertilizer
replacement value and environmental variables using data across sites, years and treatments.

Variables N2O-N Yield scaled N2O-N N2O-N EF N uptake NFRVb

Degrees of freedom 46 46 38 46 22

Total N applied 0.08 �0.07 �0.27 �0.11 0.29

Clay content 0.54* 0.53* 0.43* 0.20 0.08

Soil bulk density 0.14 0.12 0.23 �0.07 0.11

Soil cation exchange capacity 0.25 0.30 0.18 0.01 �0.40

Soil pH 0.19 0.32 0.28 �0.25 0.21

Soil Corg content 0.44* 0.47* 0.46* 0.11 0.13

Soil N content 0.37 0.37* 0.33* 0.16 0.08

Soil NH4-N content 0.18 0.08 0.14 0.26 0.23

Soil NO3-N content 0.45* 0.38* 0.52* 0.18 0.60*

Annual precipitation 0.64* 0.55* 0.55* 0.22 0.54*

Water filled pore space 0.41* 0.29 0.40 0.35* 0.32

Mean soil temperaturea 0.08 0.13 0.22 �0.07 �0.02

Perennial ryegrass proportion in swards �0.02 �0.06 0.07 0.03 0.07

Abbreviations: NFRV, Nitrogen fertilizer replacement value; N2O-N EF, Nitrous oxide emission factor.

*Coefficient significant at p < .01.aMean soil temperature was measured at 15 cm soil depth.
bNFRV did not include data from HH because the values were extreme.

F IGURE 6 Measured versus annual nitrous oxide emissions
(kg N2O-N ha�1) at grasslands sites. Each symbol represents the
average cumulative N2O emissions of each treatment (N0, CAN, TS,
TS + A, SI, SI + NI) either in 2019 or 2020. NSE, Nash–Sutcliffe model
efficiency coefficient; RMSE, Root mean square error; * p < .001.
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required for N2O production (LaHue et al., 2016). However, the N

application effect on N2O emission varied across sites and years. Simi-

larly, Thies et al. (2019) observed no fertilizer N effect on N2O emis-

sion in spring, although the N2O emission level was high. This

situation might be due to increased organic C and N pools in soils

from long-term N fertilization (Drury et al., 1998). The nitrification of

applied NH4
+ and the subsequent denitrification depends on the min-

eralization dynamics of soil N, moisture and temperature (Cookson

et al., 2000). The grassland sites in this study have been fertilized at

moderate to high rates during the last years and therefore had rela-

tively high residual N levels, as shown by the comparable mineralized

N levels and N2O emissions in the N0 treatment relative to the slurry

treatments in the many instances (Table S4 in Data S1).

We hypothesized that slurry acidification as a measure to mitigate

NH3 emissions does not increase N2O emissions as more N becomes

available for the crop to utilize (Nyameasem et al., 2021). Accordingly,

we did not observe any significant effect of slurry acidification on

N2O emission or EF. Similar to our study, Malique et al. (2021)

reported an insignificant slurry acidification effect on N2O emission.

However, the effects of manure acidification on N2O emissions have

been assessed differently in the literature. For example, while Fan-

guero et al. (2010) observed increased N2O emissions from sandy

soils when laboratory incubations were performed using acidified pig

slurries, Park et al. (2018) reported reduced (79.9%) N2O emission.

Acid type, target pH and N application rate have been reported to

influence N2O emission from acidified slurry (Petersen et al., 2012).

Low pH resulting from slurry acidification might encourage the prolif-

eration of pH-tolerant non-nitrifying species, including fungi, may pro-

mote N immobilization (de Vries, 2009) to reduce N2O emission.

However, this was not evident in our study, as the N values in the

acidified treatment were more or less similar to those without acid.

On the other hand, soil acidity level influences the N2O:N2 product

ratio of denitrification, with lower soil pH conditions (e.g., pH = 6.1

vs. 8.0; Liu et al., 2010) producing more N2O and increasing the ratio

of N2O to N2 (Saggar et al., 2013). It is worth mentioning that both

experimental years were relatively dry for a considerable denitrifica-

tion N2O production to occur, which might partly explain the insignifi-

cant slurry acidification effect on N2O emission. The current study's

slurry pH (target of 6) was probably not potent enough to modify the

soil microbial dynamics. In any case, the consistent results from our

study suggest that slurry acidification, a valuable technique to mitigate

NH3 loss (Nyameasem et al., 2022), has no adverse impact on direct

N2O emission at the N rates and conditions observed in this study but

might reduce indirect N2O emission from slurry.

Our study showed a relatively similar N2O response ratio for

injected slurry (open slot, injection depth of 5 cm) and surface applica-

tion with a trailing shoe (Figure S1 in Data S1). However, slight

increases in cumulative N2O emissions, N2O EF and mineral N values

were observed in many instances (Table 2). In contrast, a recent study

(Maris et al., 2021) observed an increased (32%) N2O emission from

injected slurry (5/10-cm injection depth) compared with the broadcast

application. Also, on grassland and maize land, shallow injection (open

slot, injection depth of 5 cm) of slurry increased the mean N2O-N EF

relative to a surface application (Velthof & Mosquera, 2011). The

increased N2O emissions from the injected slurry are attributable to

the anaerobic environment created by the slurry concentrated in the

injection furrow and the possible occlusion of soil pores due to the

smearing effect of the injector tines (Maris et al., 2021). This condition

might also lower N uptake by plants with injection than with the trail-

ing shoe application technique resulting in increased N2O emissions

(Fangueiro et al., 2015; Herr et al., 2019; Maris et al., 2021). In their

review, Chadwick et al. (2011) observed that fertilizer application

methods that retain more N in the soil may not necessarily lead to

reduced N2O emission as environmental and soil factors can be more

important in controlling N2O emission. Deep placement of slurry (15–

20 cm depth) is not a common practice on grasslands, probably

because of the risk of placing nutrients beyond the reach of plant

roots. Accordingly, studies comparing depth effects on slurry emis-

sions from grasslands are scarce, but the diffusion path length could

impact N2O emission with longer diffusion paths leading to a greater

chance of N2O being reduced to N2 (Velthof & Moquera, 2011).

Our results show that slurry injection (relative to the trailing shoe

technique) as an NH3 emission mitigation strategy might increase

N2O emissions. Although the pooled data (across sites and years)

showed that adding NI reduced cumulative N2O emission, the reduc-

tions were insignificant at most sites. Also, the expected higher NH4
+

and lower NO3
� in the NI-treated soils relative to the untreated slurry

was not observed. The N2O flux rates were positively correlated with

the NO3-N contents, precipitation and water-filled porosity, which

hints at denitrification as the primary source for N2O release at our

study sites. The dry conditions in the periods of slurry and DMPP

applications, especially in the second experimental year, might have

been a major reason for establishing aerobic conditions, thus suppres-

sing enzyme activity in the denitrification pathway. The resulting

unusually low N2O emissions, even in the treatment with slurry injec-

tion, thus minimized the NI's potential to reduce N2O production fur-

ther. Although on a much higher emission level, Herr et al. (2020) also

reported lower N2O emission reduction from injected NI-treated

slurry in their drier experimental year.

The mechanisms and factors determining the efficacy of NIs in

reducing N2O emissions are not well understood (Ruser &

Schulz, 2015). In a microcosm experiment, DMPP addition to N fertil-

izer significantly reduced N2O emissions from sandy soil but did not

affect N2O emissions from loamy soils (Friedl et al., 2020). Our soils

were primarily loamy, with relatively high organic C contents, and such

soils might have more pronounced sorption of DMPP (Marsden

et al., 2016), reducing the efficacy of DMPP in inhibiting autotrophic

nitrification. Lowest efficacies of all NIs included in their meta-analysis

for soil groups with a fine texture and high carbon contents were also

reported by Fan et al. (2022) and by Soares et al. (2023). Moreover,

temperature and soil moisture effects on NI efficacy have also been

observed (Kelliher et al., 2008), with extreme soil conditions (cool and

wet or hot and dry conditions) favouring DMPP efficacy (Menéndez

et al., 2012). In this study, slurry was primarily applied in early to late

spring. However, it is unclear whether temperature-moisture relations

were influential on DMPP activity. To increase DMPP's efficacy on
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N2O emission in soils with high organic matter content and an inten-

sive soil N turnover, Friedl et al. (2020) suggested repeating applica-

tions, increasing the application rate and/or applying before

fertilization to limit the effect of N fertilizer priming on N2O emissions;

however, this might not be feasible with slurry injection. Invariably,

this study shows that NI addition to injected slurry has the potency to

reduce N2O emission relative to CAN fertilizer.

4.4 | Forage N concentration and yield

In most grassland systems, the amount of plant-available N in the soil

is insufficient for optimal grass yield. Thus, N fertilization is required

for optimal forage yield and protein content. It is well-known that

grass growth and biomass yield are associated with plant-available N

(Kai-yun et al., 2015). Pooled data across the sites and years showed

that N application generally increased biomass N concentrations, dry

matter and N yields. Higher N yields were observed in 2019 com-

pared with 2020, probably due to the weather in 2018, as explained

earlier, where there was half as much precipitation as the last few

years' annual averages, leading to drought and low yields across

Germany. As a result, plants might not have taken up the applied

fertilizer N, thus increasing plant-available N in spring 2019.

However, the results also show that fertilizer application did not

affect biomass accumulation, particularly at Hohenheim, as shown by

the insignificant effect of the applied N on DM and N yields at this

site (Table 3). N uptake in the control plots was 29–108 kg/ha/year

higher at Hohenheim than at the other sites. Depending on soil, cli-

matic and land management factors, successive fertilizer application

increases soil N content. Under high temperature and moisture condi-

tions, elevated microbial activity and soil biogeochemical process rates

may increase inorganic N concentration in soil solution with a positive

residual effect for subsequent pasture production (Giraud

et al., 2021). Furthermore, soils with relatively high total oxidized N

and lower C/N ratio are associated with higher N uptake and DM

yield response from SOM mineralization (McDonalds et al., 2014).

Thus, depending on the slurry C/N ratio or the amount of organic

matter in the soil, applied N may not be entirely recovered in the

plant, as plants may take up mineralized N after release from existing

organic compounds (Chen et al., 2019; Zistl-Schlingmann et al., 2020).

The soils at Hohenheim had a relatively low C/N ratio and high N

content and experienced relatively high temperatures (Table 1), which

might have favoured organic matter decomposition. We did not deter-

mine the residual N supply potential of the soils, but nitrogen mineral-

ization from organic matter is an essential resource for agricultural

productivity. For example, without fertilization, nitrogen uptake by

grasses ranged from 40 to 212 kg N/ha/year in temperate grasslands

(Hopkins et al., 1990; Humphreys et al., 2007). Under high fertiliza-

tion, Murphy et al. (2013) reported about 49% N uptake by grass from

mineralized organic matter. Similar to our study, Zistl-Schlingmann

et al. (2020) reported low N recovery of cattle slurry applied to grass-

land in southern Germany and suggested N immobilization. Also, Fu

et al. (2017) reported plant N uptake often exceeding slurry

application rates in montane soils of southern Germany, suggesting a

further supply of N from SOM decomposition.

Generally, DM and N yields were higher for CAN than for the

slurry treatment in many instances, probably due to the lower fertil-

izer N uptake efficiency of slurry N compared to mineral fertilizer N,

as the organically bound N fraction, which makes up about 45% of

total N, limits N availability (Nannen et al., 2011). On the other hand,

the slurry application techniques showed similar effects on DM yield,

N yields and biomass N concentration, suggesting that the strategies

were equally efficient at delivering N to the plants. As all sites of our

study were fertilized with organic fertilizers for many years, high min-

eralization rates might mask the possible effects of the slurry treat-

ments on N usage. In the case of NIs, the lack of effect regarding yield

or N yield is usually observed at field conditions and could be because

optimum or excessive N rates are usually applied, thus masking the

effect of the inhibitor. Contrary to reports that slurry injection

reduces yield due to sward damage (Nyord et al., 2010), yields in the

current study were similar for the TS and SI application techniques,

and there was no evidence that plants took up extra NH4
+ due to

slurry acidification or NI addition to produce higher biomass (Table 3).

Apparently, a positive slurry acidification effect on plant performance

is partly related to sulfur supply due to its role in plant protein forma-

tion (Hawkesford et al., 2012). However, the sulfur-based acidification

effect might not be plausible in this study as soils already have ade-

quate sulfur levels, partly explaining the non-significant effect of

slurry acidification on plant performance observed in our study.

4.5 | Mineral fertilizer replacement values for
cattle slurry

NUEs were lowest at Hohenheim (3%–5% for CAN, �14% to 23% for

slurry treatment), and the calculated MFRVs were extremely low (data

not shown), most probably due to high N mineralization from soil N

pools from long-term high amounts of organic fertilizer application as

explained previously. Thus, data from HH was eliminated from the

final analyses and results were based only on data from BR, HS, and

OB (Figure 5). The MFRVs for cattle slurry in this study are generally

low and fall within the lower range of 20% to 90% reported in the lit-

erature (Delin et al., 2012; Jensen, 2013; Webb et al., 2013). The low

MFRV and N2O emissions might be due to “missing N losses” via

other pathways, as losses via volatilization, NO3 leaching, and N

immobilization could be high (Nyameasem et al., 2022; Selbie et al.,

2015). Also, MFRV is based on the NUE of slurry treatments and,

therefore, on the N rates considered for NUE calculations. As the

NUEs in this study were based on the total N content of slurry (not

on available N), the MFRVs were likely underestimated. Nevertheless,

the MFRVs observed for TS and SI in this study agree with the 36%–

54% and 53%–77%, respectively, reported for grasslands in the

Netherlands (Shröeder et al., 2007), as well as reports by other

authors for European grasslands (Lalor, 2011; Pedersen et al., 2020;

Sørensen et al., 2019). On the other hand, there was no consistent

effect of acidification or NI addition to slurry on MFRV in our study,
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although in one of the six instances, slurry acidification or NI addition

surprisingly depressed MFRV.

Although our third hypothesis could not be confirmed, a relatively

high MFRV was observed at Schleswig-Holstein compared with Lower

Saxony (57% vs. 40%). This difference could partly be attributed to

differences in botanical composition at these sites (Table S1 in

Data S1), especially as the high perennial ryegrass density at

Schleswig-Holstein (94% vs. 50%) might have enhanced DM yield

(Creighton et al., 2012) and MFRV. As shown by this study (Table 4),

a positive correlation between MFRV and N uptake in aboveground

biomass (r = 0.5, p = .01) and biomass N concentration (r = 0.8%,

p < .01) was observed. This positive effect suggests that increasing

the value of slurry could increase N recovery to promote clean pro-

duction in forage production. Moreover, MFRV is highly dependent

on the mineralization of slurry to release N for plant uptake growing

degree days and soil moisture moderates this process (Pedersen

et al., 2021). As shown in this study, a positive correlation was evident

between MFRV and WFPS (r = 0.8, p < .01) and between MFRV and

soil NO3
�-N (r = 0.6, p < .01), suggesting higher precipitation facili-

tated higher organic N mineralization to increase plant-available N

supply, which might partly explain the apparent year effect on MFRV,

especially at BR, where values were higher in 2020 (46%–57%) than

in 2019 (14%–36%). Thus, we assume that the relative difference in

slurry MFRV between Schleswig-Holstein and Lower Saxony could be

partly attributed to the difference in soil moisture, a function of pre-

cipitation and soil type.

5 | CONCLUSION

Nitrous oxide emission is only a small economic loss pathway for N but

impacts the environment considerably. To achieve the aims of the Farm

to Fork Strategy by the European Union, efficient N management on

grassland is required to reduce fertilizer N input while keeping green-

house gas emissions low and maintaining yields. The current study eval-

uated the site-specific effects of N fertilizer application techniques on

N2O emissions from permanent grasslands. Fertilizer N application gen-

erally increased N2O emission, but average site N2O emissions were in

the lower range of values reported for temperate grasslands. The aver-

age annual EF for CAN and cattle slurry (pooled across sites and years)

was lower than the Tier 1 IPCC default for wet temperate climates.

The low N2O emissions from permanent grassland, even at high N

application rates, are attributable to the dry weather conditions in these

years. Further long-term research would be needed to rule out the

weather impact. Again, our study shows that slurry acidification, shown

in the literature as an efficient tool for NH3 mitigation, could have no

adverse effect on direct N2O emissions. Also, this study showed that

the slurry application strategies delivered N to the plants at equal effi-

ciency, validated by a similar effect on MFRV. Overall, our results

emphasize the benefit of replacing chemical fertilizer N input (i.e. CAN

treatment in this case) with N from slurry in terms of lower N2O emis-

sions and utilization of an on-farm N source rather than relying on

increasingly expensive chemical fertilizer N.
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