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ABSTRACT

Slurry application is often associated with considerable nitrogen (N) losses: ammonia (NH3), nitrous oxide (N>O) and a
mostly unknown contribution of dinitrogen (N,) emission, as well as N leaching. Thus, an outdoor lysimeter experi-
ment with growing winter wheat in undisturbed soil cores was set up to follow the transformation of cattle slurry
15NH; and soil '>NO3 using a double labeling approach. Slurry treatments included the following application tech-
niques: a trailing hose with/without acidification, and open slot injection with/without nitrification inhibitor. The fer-
tilizer application rate was 67 kg N ha™ !, In addition to NH5 emissions, N,O and N, emissions were measured, as well
as N contents and '°N enrichment of soil N pools and plant compartments. The major gaseous loss pathway was NH;
with up to 8 kg N ha™~! following trailing hose application, while slot injection significantly reduced NHs-N losses. Re-
gardless of the application technique, N>O emissions were low (up to 0.1 kg NO-N ha™1), while N, emissions reached
up to 3kg N ha™'. No effect on N leaching from topsoil was found. *°N plant uptake was greater in slot injection than
trailing hose treatments. An effect of the nitrification inhibitor was visible in the nitrate contents, but not in gaseous N
losses or N leaching from topsoil. Impacts of the application techniques on individual soil N pools were small. The >N
recovery offered a chance to map the short-term effects and was highest in the soil N, pool (32 % to 48 % of '°N ap-
plied) with a greater contribution of microbial N than mineral N at beginning of stem elongation. Indications for
high N immobilization was derived from the applied N balance approach. In the present case, slot injection scored
as the best application technology based on the highest NH; reduction, while N, and N,O emissions were not en-
hanced.
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1. Introduction

Animal manure is a valuable resource of nutrients in agricultural sys-
tems. However, the application of manure, in particular slurry, is often as-
sociated with large N losses to air and water (Schroder, 2005). One of the
largest slurry N loss pathways to air is ammonia (NH3) volatilization. NH;
emissions are a threat to human health and contribute to soil acidification
and the eutrophication of ecosystems (Sutton et al., 2008). Furthermore,
deposition of NH3-N results in increased nitrous oxide (N,O) emissions.
N-O is a greenhouse gas with a global warming potential (GWP1¢¢) 265
times that of carbon dioxide (CO,) (AR5, IPCC (2014)). Moreover, N,O
can be directly released following slurry application mainly via nitrification
and denitrification. If denitrification is complete, slurry N is lost in the form
of the non-reactive molecular nitrogen gas (N,). This is harmless from an
environmental perspective, but still of high agronomic interest in terms of
N use efficiency (NUE). Nitrate (NO3 ) leaching is another pathway by
which large amounts of slurry N can be lost (Webb et al., 2010). Moreover,
N leaching is known as an important source of indirect N,O emissions (Well
and Butterbach-Bahl, 2010). All pathways of slurry N slurry N loss should
be addressed when evaluating different application techniques in order to
avoid environmental pollution and pollution swapping, and to maximize
the value of slurry as a N fertilizer.

The application technique of slurry can have a great impact on the mag-
nitude of direct NH3 and N,O emissions (Fangueiro et al., 2018; Fangueiro
et al., 2017; Herr et al., 2019; Wulf et al., 2002). Band application, like
trailing hose application (TH) or injection techniques, are recommended
to reduce NH3 emission (Fangueiro et al., 2017; Herr et al., 2019; Seidel
etal., 2017; Webb et al., 2010). However, NH; emission following band ap-
plication of slurry can vary considerably depending on slurry composition,
the width of the slurry band, soil properties controlling infiltration, and
weather conditions, in particular solar radiation, wind speed, and air tem-
perature (Sommer et al., 2003). Slurry acidification can be used to mini-
mize NH; volatilization from band applied slurry (Fangueiro et al.,
2015a). However, it is not clear whether acidification results in increased
N,O emission (Fangueiro et al., 2018; Fangueiro et al., 2010; Malique
et al., 2021; Park et al., 2018; Velthof and Oenema, 1993). Acidification
can delay nitrification and denitrification (Fangueiro et al., 2015a). It
might also affect the N,O to N ratio of denitrification. Slurry injection
(SI) has been shown to reduce NH3 emissions very efficiently, since the con-
tact area between slurry and the atmosphere is reduced significantly. The
applicability of SI depends on soil texture. The best results are obtained
on sandy soils where both slitting and closing the slot is much easier than
on heavier textured and stony soils (Fangueiro et al., 2017; Seidel et al.,
2017). However, slurry injection can stimulate denitrification by the crea-
tion of anaerobic hot spots in soils (Velthof and Mosquera, 2011; Webb
et al., 2010). Adding nitrification inhibitors (NI) before injection might
help to reduce both N,O production by nitrification and denitrification,
and total N losses via denitrification (Herr et al., 2020; Lin et al., 2017;
Ruser and Schulz, 2015). Furthermore, NI can increase the NUE of crops
(Abalos et al., 2014), when N leaching is reduced (Ruser and Schulz,
2015). However, it must always be considered that the reduction of NH3
emissions increases the N availability in the soil and thus impacts the con-
ditions for production and release of N,O and N, (Petersen and Sommer,
2011).

Numerous studies have reported significant effects of the slurry applica-
tion technique on single N fates, such as plant N uptake, NH; volatilization,
N leaching and N,O emission (Dell et al., 2011). However, most studies do
not consider N, emissions as a significant N loss pathway. This is likely due
to the fact that N is difficult to quantify (Groffman et al., 2006), particu-
larly because of its high atmospheric background concentration. The direct
quantification of N, fluxes at the field scale is only possible by using the '*N
gas flux method (Sgouridis et al., 2016; Sgouridis and Ullah, 2015) or the
acetylene (C,H,) inhibition technique (Yoshinari and Knowles, 1976),
where the latter is no longer recommended because C,H, catalyzes oxida-
tion of NO in the presence of oxygen (Nadeem et al., 2013). We applied
the improved '°N gas flux method published by Well et al. (2019) in a

Science of the Total Environment 871 (2023) 162061

double labeling approach with *°N labeling of the soil NO3 -N pool and
the easily available nitrogen pool (urea-N) of slurry for the first time. Differ-
ent slurry application techniques (trailing hose, trailing hose plus acid, slot
injection, and slot injection plus nitrification inhibitor) were simulated for
winter wheat growing in small lysimeters in the field. Slurry application is
known to affect soil N dynamics by adding slurry N and C pools of different
microbial availability and mobility in soil, but also by changing the trans-
formation processes of soil N. Thus, we determined the effects of different
slurry application techniques on transformations of easily available mineral
N pools, the ammonium (NH. -N) added with slurry, and the initial soil
NO3 -N pool. We followed the transformation of slurry-derived >NH;
and soil '>NO;" in the soil-plant-atmosphere system in order to get more de-
tailed information on the sources of different N fluxes, N pools, and their
5N enrichment. The main objectives were:

1) to determine the impact of different cattle slurry application techniques
on gaseous N losses (NH3, N»O, Ns), N leaching from topsoil, plant N up-
take, and N transformation in soil, such as total soil nitrogen and soil mi-
crobial nitrogen;

2) to determine the effects of different slurry application techniques on the
transfer of '°N labeled mineral N in slurry (15NH4+ ) and soil (ISNO§ ) to
these N pools

It was hypothesized that:

1) NHj; emission is higher from trailing hose (TH) application compared to
slot injection (SI), while acidification of slurry (TH + A) will compensate
this effect.

2) N,O and N, emission will be higher from slot injection (SI) compared to
trailing hose (TH) application, while the addition of a nitrification inhib-
itor (SI+ NI) will lead to a reduction of N,O and N, emissions.

3) Total losses of labeled nitrogen via emissions and leaching from topsoil
will be lowest for the slot-injected stabilized slurry (SI+NI). These
lower N losses result in the highest N plant uptake.

2. Material and methods
2.1. Soil properties

Undisturbed soil columns were taken in mid-October 2019 after tillage
following the harvest of winter rape (crop rotation: winter rape, winter
wheat, winter barley) at the research field “Goldener Acker” of the Univer-
sity of Hohenheim, Germany. The soil was a silty loam (loess) and classified
as Haplic Luvisol (IUSS Working Group, 2015). Basic topsoil (0-25 cm)
properties were 27 % clay, 71 % silt, 2 % sand, bulk density 1.4 g cm” 3,
6.7 = 0.1 pH (CaCly), 1.34 * 0.19 % organic carbon (Coyg), and 0.15 =+
0.02 % total nitrogen (N,). Undisturbed soil columns were taken using
acrylic glass columns of 14.6 cm inner diameter and 30 cm length. The col-
umns were driven into the soil to a depth of 25 c¢m, thus leaving the upper
end 5 cm above the soil surface. Soil columns were transported to the
Thiinen Institute of Climate-Smart Agriculture in Braunschweig
(Germany) and stored in the greenhouse until the start of the experimental
set-up in November 2019.

2.2. Experimental set-up and treatments

The nearby weather station of the German Meteorological Service re-
corded daily precipitation (mm) and barometric air pressure (hPa) during
the experimental period of 60 days. Air temperature (°C) and wind speed
(at 2 m height) were recorded daily by a weather station at the experimen-
tal site.

In November 2019, soil columns were set up as small lysimeters in a ran-
domized outdoor experiment (four replicates in a block design). The
seeding of winter wheat (Triticum aestivum L., variety: Apostel, seed density:
350 grainsm ™~ 26 plants per soil column) took place at the beginning of No-
vember 2019. After germination, each soil column was placed on a suction
plate comprising a 0.45 pm polyamide filter membrane (ecoTech, Bonn,
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Germany) and connected to a 1 L glass bottle for collecting leachate via a
polyamide tube (4 mm OD, 2 mm ID). The bottles were stored in a soil pit
next to the lysimeters. All tubes were the same length to ensure identical
drainage conditions. Four soil columns were equipped with a combined soil
moisture and temperature sensor (5TM, METER group, Munich, Germany)
connected to a data logger (EM60, METER group, Germany). Soil columns
were buried on the experimental site, leaving the upper end 5 cm above the
soil surface. They remained in this set-up for an equilibration period until
the beginning of fertilization in spring. To minimize edge effects, winter
wheat was also sown in the area around the soil columns.

In February 2020, treatments were established simulating four different
cattle slurry (CS) application techniques and two different control treat-
ments with and without *>N labeling of the soil NO3 -N pool. Soil columns
without fertilizer and °N application (NA, natural abundance) were used
as a control for *°N natural abundance. This was useful for the precise cal-
culation of gaseous *>N fluxes from '°N treatments. A second control with-
out organic fertilizer (NO) but spiked with 15N labeled KNO5 was used to
determine N, and N,O fluxes from soil NO3 -N in the absence of slurry appli-
cation. CS application techniques were as follows: trailing hose (TH:CS),
trailing hose plus acidified CS (TH:CS + A), slot injection (SI:CS), and slot in-
jection plus nitrification inhibitor (S::CS+NI). 0.9 L m 2 of 98 % sulfuric
acid (H,SO4) was used for acidification of the slurry to a target pH level of
6. A pH value of 6.5 was measured by pH-indicator paper immediately before
CS application. However, due to the rapid buffering of the CS, the amount of
H,SO,4 was probably too low, as a pH of 7.7 was measured in the subsequent
analysis (Table 1). In the S:CS + NI treatment, the nitrification inhibitor 3,4-
dimethylpyrazole phosphate (DMPP) (trade name: VIZURA, BASF) was ap-
plied to the slurry shortly before application to the soil columns. The applica-
tion rate was equivalent to the recommended 2 L. ha™! and did not increase
the N application rate of this treatment (Table 1).

We targeted a similar '°N enrichment of the initial slurry urea-N pool
and the soil NO5 -N pool to achieve similar >N enrichment in the soil
NO3 -N pool and the NH4 -N pool originating from slurry N after fertiliza-
tion. This was done to minimize changes in '°N enrichment of NO3 by ni-
trification processes in order to avoid bias when calculating denitrification
rates by heterogeneity in '°N enrichment of NO5™ (Zaman et al., 2021). 1°N
labeling of NO3 -N of all soil columns (except NA columns) was conducted
on February 21, 2020, as previously described by Buchen et al. (2016). The
soil columns contained 2 kg NO3 -N ha~! and were fertilized with '°N la-
beled KNO3 (98 at% *°N, 66.5 mg NO3 -N L™ ') at a rate of 4 kg N ha™*
to achieve the target enrichment of 65 at% '°N. The tracer was dissolved
in distilled water and then applied by injections via 12 equidistant steel cap-
illaries. Defined volumes were injected at 5 cm, 10 cm, 15 cm, and 20 cm
depth using a peristaltic pump (Ismatec BVP, Wertheim, Germany) to
achieve homogenous labeling at 0 cm to 25 c¢m soil depth (Buchen et al.,
2016). In total, 96 mL of fertilizing solution was injected into each soil col-
umn, which resulted in a 2 % increase in gravimetric water content relative
to previous soil water content.

For '°N labeling of the cattle slurry (in the following referred to as *°N-
CS), fresh faeces were collected separately from dairy cows, fed a typical
diet consisting of grass silage and concentrates. These faeces were frozen
at —18 °C after sampling. Artificial *°N urine was prepared that contained

Table 1
Characteristics of applied cattle slurries in different treatments.
TH:CS & SI:CS  TH:CS+A  SL:CS+NI

N application rate kgha™! 66 68 67
Total nitrogen (N kg m % 41 4.2 4.2
15N enrichment of N, at% 36
Ammonium nitrogen (NH{ -N) kgm™> 2.8 2.9 2.9
15N enrichment of NH; -N at% 53
Dry matter % 7.1 7.2 7.1
pH 7.9 7.7/65" 7.9
Loss on ignition (SOM) % 57.9 58.5 58.3
Sulfur (S) kgm~3 0.4 0.8 0.3

@ Measured by pH-indicator paper immediately before CS application.
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10.5gN L7127 gNL™ ! urea (CH4N,0), 5.3 gNL™ 115N labeled urea (98
at%), 0.3 g N L™! hippuric acid (CoHgNO3), 1.7 ¢ N L™ allantoin
(C4HgN405), 0.1 g N L™ uric acid (CsH4N4O3), and 0.4 g N L™ ! creatinine
(C4H;N;30) following the recipe of Kool et al. (2006). In addition, 14 g L.~ 1
KHCOs, 10.5 g L™ ' KCl, 0.4 gL ™! CaCl,, 1.2 g L™ ! MgCl*6H,0, and 3.7 g
L~! Na,SO, were added to better mimic real urine resulting in a urine pH
closer to that of real urine (Kool et al., 2006). Faeces (49 %), artificially
15N-labeled urine (27 %), and water (24 %) (Serensen, 1998) were mixed
in a container and stored for 23 days at 15 °C to achieve a complete conver-
sion of '°N labeled urea (65 at% '°N) into the NH7 -N pool and to age the
slurry in order to reduce the proportion of labile C,, before the start of
the fertilization experiment. Gaseous losses and nitrification were avoided
due to storage in a gas-tight container. Regular shaking precluded the sep-
aration of phases. Since '°N labeling of CS was restricted to the urea frac-
tion, mainly the easily available mineral NH; -N pool was labeled. This is
known to represent the main source contributing to N uptake but also to
N losses following slurry application (de Franca et al., 2021). It must be
noted that the large organic N fraction of the slurry was not '°N labeled
using the applied method of mixing °N artificial urine and natural abun-
dance faeces. Thus, we measured the total effects of our partly artificial
slurry, but our '°N data reflect the transformation of slurry NH4-N* and
the initial labeled soil NO3 N. The '°N enrichment of the total N (N,) of
the slurry was measured by elemental analysis and isotope ratio mass spec-
trometry, as described in detail in Section 2.5, since it was not possible to
measure only the >N enrichment in NH; -N. °N enrichment in slurry
NH. -N (53 at% '°N) was calculated from '°N enrichment in slurry N,
and the ratio of N:NH/ -N in the slurry (Table 1).

Simultaneously upon application, a *>N-CS subsample (150 mL) of each
treatment was refrigerated at —18 °C until analyzed at AgroLab LUFA
GmbH, Hanover, Germany (Table 1). Dry matter and loss of ignition were
determined gravimetrically according to DIN EN 15934:2012-11 and DIN
EN 15395:2012-11; pH was measured directly according to DIN EN
12176(S5):1998-06; N, was analyzed by the DUMAS method according
to DIN EN 16168:212-11; NH; -N was analyzed by distillation according
to DIN 38406-5-2:1983:10; and S content was measured by aqua regia di-
gestion according to DIN EN ISO 11885:2009-09.

Application of '®N-CS to the slurry treatments (TH:CS, TH:CS + A, SI:CS,
SL:CS + NI) was conducted one week later on February 27, 2020. The appli-
cation rate equaled 66 kg to 68 kg N, ha™ ! including 46 kg to 47 kg labeled
NH; -N (16.2 m® ha™!) (Table 1). To simulate the trailing hose technique,
the slurry was cast from a bottle to apply a slurry band of 4 cm width, giving
a ratio of slurry coverage to total surface area of 0.3. This is a typical ratio
for band application (under field conditions, slurry band widths of 9 cm
and 12 cm between bands are common). To simulate the open slot injection
technique, a slot of 12 cm in length, 2 cm in width (equal to the width of the
slurry band) and 5 cm in depth was made with a wedge, representing a
common volume to surface ratio of 0.3.

The experiment was limited to 60 days to represent the N dynamics be-
tween the first and second fertilizer application. In order to protect the soil
columns from substantial washout of *°N label, soil columns were covered
during heavy rainfall events for the first 14 days.

2.3. NH3 sampling, analysis, and calculation

2.3.1. Sampling

NH; volatilization was measured after application of '°>N-CS using a
modified flow-through chamber system following the Dynamic Tube
Method (DTM) (Pacholski, 2016). For NH; measurements, the headspace
of the soil column was closed by an opaque PVC chamber (height: 25 cm,
outer diameter: 14.6 cm, volume: 4.2 L) and was flushed with NHj; free com-
pressed air at a flow rate of 4.5 L. min~" to ensure an exchange rate of one
headspace volume per minute to comply with the requirements for the appli-
cation of a calibration formula for calculating absolute fluxes. The air leaving
the system was connected via PTFE tubing to an automatic pump (X-act 5000,
Draeger Safety AG & Co KG) and indicator tubes (types: 0.25a and 2a,
Draeger Safety AG & Co KG) to obtain subsamples and subsequent
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determination of NH3 concentrations. Excess air was discharged via a non-
return valve. Air flow through the headspace was directed through an air
stone bubble diffuser to avoid swirls on the soil surface. Measurements
were conducted up to four times per day and for seven days after *>N-CS ap-
plication until measured values were below detection.

2.3.2. Calculations

NHj; fluxes were calculated from the measured NH; concentrations, the
flow rate, and the soil surface area of 167.42 cm?, which was completely
covered by the PVC chamber. The resulting uncalibrated fluxes were scaled
to quantitative losses using a calibration equation including wind speed as
described in Pacholski (2016). Scaled cumulative NH3-N losses in kg N
ha~! were calculated by averaging the fluxes between two subsequent
measurement dates, multiplying this average flux with the duration of
each interval, and adding up all the losses from all the measurement inter-
vals of a measurement campaign.

2.4. N0 and N, sampling, isotopic analysis, and calculation

2.4.1. Sampling

Gas flux measurements were carried out on a daily basis for two weeks
from February 21 to April 20, 2020; then three times per week for four
weeks; and twice per week for the last two weeks, starting one day after
15N labeling of the soil NO3 -N pool. On each sampling day, gas samples
were collected between 8 am and 3 pm. Due to differences in air tempera-
ture during the sampling, the sampling of treatments was carried out ran-
domly. Gas fluxes were determined using the closed chamber method
(Hutchinson and Mosier, 1981) in opaque PVC chambers, which were the
same size as for the NH; measurements. Before headspace sampling, the
chambers were flushed for 20 min with an artificial gas mixture with re-
duced N, content but atmospheric concentrations of Oxygen (O5), CO,
and N,O (2 % No, 21 % O, 330 ppb N,0, and 430 ppm CO, in Helium),
prepared using a gas mixer (HovaGAS Digital G8, IAS GmbH, Oberursel,
Germany) with a flow of 2.25 L. min ! (equivalent to 10 times the exchange
of the headspace volume). The chamber atmosphere was exchanged with
this mixture to reduce N, concentration and thus increase the measurement
sensitivity for N, fluxes (Well et al., 2019). Headspace sampling was per-
formed at sampling intervals of 0, 20, 40 und 60 min in crimped 20 mL
vials for gas chromatographic analysis. In addition, two 12 mL septum-
capped Exetainers® (Labco Limited, Ceredigion, UK) were collected after
60 min headspace closure for isotopic analysis.

2.4.2. Analysis

Measurements of N,O, CO,, and CH,4 concentrations in the 20 mL vials
were carried out using a gas chromatograph (GC 2014; Shimadzu, Duis-
burg, Germany) equipped with a ®*Ni electron-capture detector (ECD) for
N,0 and CO,, detection, a flame ionization detector (FID) for CH, detection,
and an autosampler (Greenhouse Workstation AS-210; SRI Instruments
Europe GmbH, Bad Honnef, Germany). CH4 was determined to evaluate
the sampling procedure (see the following paragraph calculations). Analyt-
ical precision was determined by repeated measurements of standard gases
(300 ppb N>0, 350 ppm COs, 1.4 ppm CH,4) and was consistently <3 %.

One of the gas samples collected in 12 mL Exetainers was analyzed for
isotopocule values of N, and N,O using a modified GasBench II preparation
system coupled to a MAT 253 isotope ratio mass spectrometer (IRMS)
(Thermo Scientific, Bremen, Germany) according to Lewicka-Szczebak
et al. (2013). Briefly, N,O conversion to N, prior to analysis allowed the si-
multaneous measurement of stable isotope ratios 29R(?>°N,/?®N,) and *°R
(®°N,/?°N,) of N,, of N5 + N,0, and of N,O. Typical repeatability for con-
centration analysis was 0.1 % N, (10 of four replicates), while repeatability
for 2°R was consistently <4 X 10~7. The fraction originating from the '°N-
labeled pools with respect to total N in the gas sample (Fpn2+n20) Was cal-
culated according to Mulvaney (1984). The fraction originating from the
!5N-labeled pools, i.e. the applied *®N-labeled NH; of slurry and '°N-
labeled KNO; of identical enrichment with respect to the total gas mixture
(fenz+N20) Was calculated as Fpya+ n2o multiplied by cys, where cys is the
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N, concentration of the gas mixture. Due to the occurrence of fpn2+n20
values below the detection limit, there were several gaps in the datasets.
To enable the calculation of cumulative fluxes, these gaps were filled
using a value of half the detection limit.

The second gas sample collected in 12 mL Exetainers was analyzed for
isotopocule values of N,O using a Delta V IRMS (Thermo Scientific, Bre-
men, Germany), coupled to an automatic preparation system with Precon
plus Trace GC Isolink (Thermo Scientific, Bremen, Germany), where N,O
was pre-concentrated, separated, and purified and m/z 44, 45, and 46 of
the intact N;O* ions were determined (Lewicka-Szczebak et al., 2014).
2°R and *°R were derived from m/z 44, 45, and 46 (Bergsma et al., 2001;
Deppe et al., 2017). Typical repeatability for 2°R and *°R were 6 x 10~ °
and 2 x 10~ °. Data were normalized against background values of a
breathing air laboratory standard. Fpyso and fpy2o were calculated from
the non-equilibrium distribution of N,O isotopocules according to
Bergsma et al. (2001) and Spott et al. (2006).

Residual N,O from gross N,O production from the labeled '°N pools
(rn20) was calculated using the following equation:

Jenoo
oo =7——— (€3]
Sen2n20

2.4.3. Calculations

The flux rates of total N;O (N2Oguxtotal) Were calculated from ordinary
linear regression of the four consecutive samples over time using the R
package gasfluxes (Fuf3, 2020) and the following equation:

dc Vv
N2 Oftuxtorat = gt” o 2

where fluxyso is the flux rate in pg NoO-N m~2h™Y, cyao is the N,O mass
concentration in pg N m ™~ corrected by the chamber temperature accord-
ing to the ideal gas law, t is the closing time of the chamber in h, V is the
volume of the chamber in m®, and A is the covered soil area in m?.

The reliability of the samples was evaluated for the following exclusion
criteria: measurable CH, concentrations, which can be taken as an indicator
of insufficient He flushing and/or absence of overpressure in the vial by the
time of the analysis. It can be ruled out that CH4 concentration originates
from slurry treatments, since it occurs randomly and cannot be assigned
to individual treatments. Based on this CH,4 check, 11 % of the samples
were excluded from the dataset. An increase in CO, concentration was
used as an additional quality parameter for reliable gas sampling.

Samples for isotopic analysis were collected after 60 min of headspace
closure and N, and N,O fluxes from the '°N labeled pools (NoOgyy, and
Noguxr) were calculated from fpnoo and fpna + n20o from ordinary linear re-
gression, assuming that the increase in the emitted N, + N,O was also lin-
ear as shown for N,O (Buchen et al., 2016). In the following, N5Og,,r, and
Naux, from the >N labeled pools (sum of applied '°N-labeled NH, of
slurry and '®N-labeled KNO3 ) are referred to as applied '°N. Since both
mineral N pools (NO3 and NH; ) were *°N labeled and a small inhomoge-
neity in the *>N label distribution of both pools cannot be completely ruled
out, N,O from the applied >N might be underestimated by up to 25 %
(Arah, 1992; Van den Heuvel et al., 1988).

2.5. N-leachate sampling, isotopic analysis, and calculation

Leachate in >25 cm soil depth was collected from the lysimeters on a
weeKkly basis (except for the last two weeks, due to less rainfall) on seven oc-
casions. A suction pressure of — 10 Pa was applied at the bottom of the soil
columns using a membrane vacuum pump (N 026.3, KNF Neuberger, Frei-
burg, Germany). The leachate volume was recorded by weighing, then
mixed, subsampled, and refrigerated at —18 °C until analysis.

NO3 -N and NHy -N concentrations were analyzed by a photometric
continuous flow analyzer (SA 5000, Skalar Analytical B.V., Netherlands).
The '°N abundance in NO3 and NH; was determined according to
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Eschenbach et al. (2017) and Eschenbach et al. (2018), whereby NO; was
reduced to NO by vanadium chloride (V(II)Cls) and NH; was oxidized to
N, by sodium hypobromite (BrNaO). The NO and N, obtained were then
analyzed using a membrane inlet IRMS (Delta plus, Thermo Finnigan, Bre-
men, Germany) coupled to a ConFlo III interface (Dyckmans et al., 2021).
The analytical precision was determined by repeated measurements of stan-
dards (1, 5, 50, and 75 at% '°N) and was consistently around <0.6 at% >N
(Eschenbach et al., 2017).

Mineral N leaching from topsoil (translocation to >25 cm soil depth)
was calculated from the sum of NO3 -N plus NH; -N by multiplying leach-
ate volume with concentrations.

2.6. Soil sampling, isotopic analysis, and calculation

Shortly before the beginning of the experiment in order to determine
background levels, two soil columns from the NA treatment were taken
out, divided into three depths (0-10 cm, 10-20 cm, and 20-25 cm),
weighed, homogenized, and sieved at 10 mm mesh size for further analysis.
The same procedure was used for all soil columns at the end of the experi-
ment. For each depth increment, gravimetric water content, soil mineral ni-
trogen (N, = sum of NO3 -N plus NH; -N), and their '°N enrichment,
Corg> Ny, and its 15N enrichment, soil microbial biomass nitrogen (Np;c),
and their '°N enrichment, pH, and water-extractable organic matter
(WEOM) were determined. Soil water content was determined gravimetri-
cally after drying the soil at 105 °C for 24 h. Water-filled pore space (WFPS)
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was calculated from the gravimetric water content and soil bulk density,
which was determined by the height and dry weight of the soil column.
Npmin Was extracted by shaking 50 g soil in 200 mL 2 M KCl solution (ratio
1:4) at room temperature for 1 h. The NO3 -N and NH,/ -N concentrations
in the extracts and their '°N enrichment were determined as described in
Section 2.5. Oven-dried (40 °C for 48 h) soil subsamples were milled and
analyzed for Cog, Ny, and 15N enrichment of N, using an Elemental Analyzer
(EA) Flash 2000 (Thermo Fisher Scientific, Bremen, Germany), coupled
with a Delta V IRMS via a ConFlo IV interface (Thermo Fisher Scientific,
Bremen, Germany). Linear regression between peak area and sample
weight of different amounts of a laboratory standard were used to calculate
the Cqrg and N; (%). Precision, defined as the standard deviation (+10) of
the laboratory control standard along the run was better than +0.5 % for
Corg» £0.3 % for N, and at 0.01 at%'°N for '°N enrichment of N,. For
Nic, fresh soil was sieved to 2 mm and refrigerated at — 18 °C until an-
alyzed. Ny,; was determined by chloroform fumigation extraction (CFE)
with 0.05 M K,SO, (modified according to Brookes et al. (1985),
Joergensen and Mueller (1996)) because larger quantities of salt ham-
per the determination of stable isotopes. An aliquot of the extract was
used for N; determination on a Total Nitrogen Analyzer (Mitsubishi
TN-100, Al Envirotech, Diisseldorf, Germany) equipped with an Auto
Liquid Sampler and Auto Sample Injector (ASI-100, Dionex Softron
GmbH, Germering, Germany). 10 mL of each sample were freeze dried
and its °N enrichment of non-fumigated (N,¢) and fumigated (N¢) sam-
ples was determined by elemental analysis coupled to an IRMS as

(D,) @injesadwa} Jg\f

'
(6)]

Apr 15

Apr 01 Apr 15

15cm == 25cm

Apr 01

Apr 15

Date

*20ecm — 5cm

Fig. 1. Time course of (a) daily precipitation with soil column cover and air temperature, and (b) soil temperature in 5 cm, 15 cm, and 25 cm soil depth, and (c) mean WFPS
values + one standard deviation (grey shading) in 5 cm and 20 cm during the experiment. The K!°NO3 application is marked by the dashed red line and '°N-CS application is
marked by the solid red line. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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described above. The Np;. pool (mg kg ™! soil dry weight) was calcu-
lated as En/kgny With Ey = (total N extracted from N¢) — (total N ex-
tracted from the corresponding N¢) with kgy = 0.54 (Brookes et al.,
1985; Joergensen and Mueller, 1996). The *°N enrichment of the Ny
was calculated according to Wachendorf and Joergensen (2011). Soil
pH was determined by shaking 5 g air-dried soil in 20 mL 0.1 M CacCl,
(ratio 1:4) solution for 1 h using a pH meter (FE20, Mettler Toledo,
Urdorf, Switzerland). WEOM samples were extracted from fresh soil
with deionized H,O (ratio 1:4) and filtered through 0.45 pm
polyethersulfonate membrane filters (Pall Life Science, Port
Washington, NY, USA) following the procedure of Chantigny et al.
(2008). WEOM extracts were measured using a Total Organic Carbon
Analyzer (DIMATOC 2000, DIMATEC, Essen, Germany).

2.7. Plant sampling, isotopic analysis, and calculation

At the end of the experiment (EC30), aboveground biomass was cut
from each soil column (5 cm above soil). To separate aboveground biomass
(roots) from the soil, the soil was sieved at a mesh size of 10 mm. Above-
ground biomass and roots were weighed, homogenized, dried at 58 °C for
48 h, and milled. Samples were analyzed using elemental analyzes and
IRMS, as described in detail in Section 2.5. The apparent N recovery
(ANR%) of the different slurry application treatments was calculated as
the plant N uptake from the CS treatments minus plant N uptake from the
NO treatment in relation to the total slurry N input.

2.8. N recovery
15N recovery of the single pools/losses from total *°N fertilizer applied

(i.e. sum of applied K'>NOj3 tracer and '°N in CS) (%) was calculated as
the following (Barraclough, 1995):

15
N,

SN recovery = ISL‘”MZ*IOO, 3)
N, applied

where "®Nicovereq iS calculated from the amount of N in the aboveground
biomass, belowground biomass, and in the following N pools (N leaching

Science of the Total Environment 871 (2023) 162061

from topsoil, NoO + N loss, Ni, Niin, Nmic) multiplied by the 15N excess en-
richment (at% '°N measured minus the natural abundance at% '°N) of the
respective N fraction. 0.3663 % was used as the natural abundance of *°N.
Results were first scaled to the lysimeters by multiplying the calculated °N
excess (mg kg ™! soil dry weight) by the respective soil dry weight (kg) of
the soil layer sampled and then extrapolated for comparison purposes to
kgNha '

Total *®N recovery excluding NH;-N losses was calculated as the sum of
"N, ecoverea il N2O + Ny loss, N leaching from topsoil, N, pool, above-
ground biomass N and belowground biomass N in relation to °N fertilizer
applied (%). In addition, total *>N recovery was also calculated including
the NH;5-N losses. We did not determine N enrichment in NH3-N losses.
Thus, °N recovery for NH3-N losses was calculated assuming that these
losses originate from the '®N-labeled NH, -N pool of the slurry.

2.9. N balance approach

To derive indications for N immobilization or mineralization following
slurry application, an N balance was calculated as follows:

N balance = Ninpur — Nougue — changes in the s0il Ny, pool (4)

where Nippye = total amount of N fertilizer applied (75kgNha™' = 4kgN
ha~? from KNOj fertilizer application plus 71 kg N ha~* from CS applica-
tion) and Noygpue = plant N uptake by aboveground and belowground bio-
mass plus N loss (NH3-N loss, N,O + N, loss, N leaching from topsoil).
Changes in the soil N,,;, pool were calculated as the difference between
Npmin contents at the beginning and end of the experiment. Changes in the
soil N, pool do not have to be considered in the total N balance, since the
uncertainties in the measurement are superimposed on the small change
in the soil N; pool due to the short duration of the experiment. Thus, a pos-
itive value of the N balance indicates that fertilizer N accumulated in the
soil as immobilized organic N. If the value is negative, this would indicate
that more N was removed than fertilized, i.e. mineralization of organic
soil N.

10.0
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Fig. 2. Cumulative NH3-N losses during the first days after slurry application. *>’N-CS application is marked by the solid red line. Different letters indicate significant
differences between the treatments. Error bars indicate standard deviation of the mean (n = 4). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)



C. Buchen-Tschiskale et al.

Table 2

Mean total N,O fluxes (NyOguxiotal), N2O fluxes from applied >N (N2Ogyyr), N
fluxes from applied 15N (Noguwr), and the residual N,O from gross N,O production
from the labeled '°N pools (rn20). Different letters indicate significant differences
between the treatments. Values shown are mean of treatment replicates + one stan-
dard deviation (n = 4, except NA where n = 2).

Treatment N0 fluxiotal NoOfa” Nofius, 2o
kg Nha™* kg Nha™? kgNha™!

NA 0.082 + 0.082% nd nd nd

NO —0.008 + 0.029° 0.004 + 0.003° 1.63 + 1.15" 0.003 = 0.004"
TH:CS 0.095 + 0.061? 0.068 + 0.054" 1.58 += 0.46" 0.053 + 0.029"
TH:CS+A  0.004 + 0.040% 0.035 + 0.019° 1.26 + 0.86° 0.041 = 0.037%"
SI:CS 0.053 + 0.090% 0.093 + 0.072° 2.16 + 0.62° 0.026 * 0.014%
SLCS+NI  0.008 = 0.020% 0.023 + 0.014* 1.82 + 0.24° 0.012 = 0.008°"

nd = not determined.

# Individual values of NoOfjuxtotas Were always = NyOgyr, The larger mean value
of NyOgyy, in some treatments is due to the fact that there were more sampling
events for NuOgyyioral and that there were fewer isotope sampling events during
the later phase when fluxes were low.

2.10. Data treatment and statistical analysis

Calculations were performed using Excel 2019 and R version 4.0.2. (R
Development Core Team, 2020). Each soil column (n = 4, exceptn = 2
for treatment NA) was used as a statistical replicate in this study. Treatment
differences were tested by analysis of variance (ANOVA). Variance homo-
geneity and approximate normality of residuals were checked by diagnostic
plots. NO35 -N and NH -N contents at the end of the experiment were
square root transformed for statistical analysis, which is a common prereg-
uisite due to their right-skewed distribution. pH data at the end of the ex-
periment were back-transformed for statistical analysis. If ANOVA
indicated differences, a Tukey-HSD test was performed for pair-wise com-
parisons using the R package emmeans. The level of significance was set
to p < 0.05 for all tests.

3. Results
3.1. Climatic conditions during the experiment
During the experimental period (February to April 2020), weather con-

ditions were characterized by a daily average air temperature of 7.6 °C. Due
to column cover during the heavy rain events in the first two weeks, total
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precipitation was reduced by about 79 % during this period. Therefore,
the soil columns received a total of only about 22 mm of precipitation in
the 60 days (Fig. 1a). Daily mean soil temperatures in 5 cm soil depth
ranged from 3 °C to 17 °C during the experimental period (Fig. 1b). Soil
moisture decreased over time after March 15. This is also reflected in the
WFPS values, which showed high soil moisture values (> 70 % in 20 cm
soil depth) until the middle of March, followed by a decrease of WFPS
values. Wind speed during the NH; sampling campaign showed a day-
night time scheme and ranged from a daily median between 0.21 m s~ *
and 1.11 m s~ ! (data not shown).

3.2. NH3-N losses

The NH; emission of the application treatments TH:CS and SI:CS dif-
fered significantly. The total NH; emission was highest for the two treat-
ments with band application on the soil surface (6.4 + 2.4 kg N ha™ ' in
TH:CSand 8.3 = 1.6 kg Nha™ 1in TH: CS+ A). We found no significant re-
duction of emission by slurry acidification (Fig. 2). Significantly lower cu-
mulative emission of NH3 occurred from the two treatments with slurry
injection (SI:CS and SI:CS + NI). There was no significant difference be-
tween SI:CS with and without a nitrification inhibitor. The total emission
was about 30 % lower for injected than for TH applied slurry. The losses
in TH:CS and TH:CS + A accounted for 18 % and 14 % of the NH, -N ap-
plied, respectively, while in SI:CS and SI:CS + N, they only accounted for
6 % and 3 % of the NHJ -N applied, respectively. As expected, zero NH; vol-
atilization was measured in the NO treatment.

3.3. N,O and N, losses

Table 2 shows the mean values of the total N,O emission (N;Oguxcotal), the
N0 emission from applied >N (N;Ogy), the N, emission from applied *°N
(Nafiux), and the residual N>O from gross N»O production from the labeled
5N pools (rnz0) for the 60-day sampling period. No significant differences
were found for NoOguyoral NOT between the CS treatments nor between CS
treatments and controls (NO and NA). N5Ogyx1, and Nogy,g, were not signifi-
cantly different either (Table 2). Only rysovalues differed between the treat-
ments. In general, the total N,O fluxes were very low during the entire
sampling period. The maximum N,O fluxes only reached up to 47 pg N,O-N
m~2h ™! in the TH:CS treatment in mid-March about 13 days after slurry ap-
plication, when daily temperatures increased and WFPS values were still high
(Fig. S1). During this period of 16 days in March, the highest gaseous release
was also found for N,O from applied *°N (Figs. S2 and $3). This accounted for

NO
TH:CS
TH:CS+A
SI:CS
SI:CS+NI

Apr 15

Fig. 3. Time course of the total N leaching loss from topsoil per treatment. K*>NO3 application is marked by the dashed red line and *>N-CS application is marked by the solid
red line. Error bars indicate standard deviation of the mean (n = 4). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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Table 3

Total soil nitrogen (N, soil nitrate (NO3 -N), soil ammonium (NH; -N), and soil mi-
crobial biomass nitrogen (Ny,;) in 0-25 cm soil depth at the end of the experiment.
Different letters indicate significant differences between the treatments. Values
shown are mean of treatment replicates = one standard deviation (n = 4, except
NA where n = 2).

Treatment N NO3 -N NH; -N Nmic
Mgha™! kgha™! kgha ! kgha !

NA 5.35 + 0.05° 5.07 + 1.71>  1.53 + 0.45°®  203.77 + 7.02*
NO 498 +0.16° 4.23 + 0.26°  1.22 + 0.82°  181.09 * 19.28%
TH:CS 5.28 = 0.23* 597 + 1.95™ 223 + 0.28"  163.50 + 18.85%
TH:CS+A  5.53 + 0.61°  9.09 + 1.07°*  3.10 + 1.34°> 177.72 + 17.48%
SI:CS 5.02 + 0.50° 11.06 + 2.76*  3.66 + 2.53°®  154.67 + 10.05"
SECS+NI 515 + 0.09 6.29 + 1.76™  4.50 + 0.52°  148.96 + 2.82"

about 12 % to 90 % of the total N,O emission. For the entire sampling period,
the N, fluxes were significantly higher than the N»O fluxes, which is also
reflected in the particularly low ryso values. The mean ryyo values in the
TH:CS treatments was significantly different from the NO treatment, while
the total CS treatments did not differ from each other. The mean ry,o values
ranged over time between 0.004 and 0.082 for the CS soil columns.

3.4. N leaching loss from topsoil

The time course of N leaching from topsoil is shown in Fig. 3. The
greatest N leaching losses were found with 1.8 kg to 2.4 kg N ha~! at the
beginning of the experiment after the injection of 4 kg N ha~! K'®NO;3 in
the >N labeled treatments. Initial N leaching in the non-fertilized NA treat-
ment was significantly lower (0.1 kg N ha™1). Application of '°N-CS did not
lead to increased NO3 -N or NH, -N concentrations in leachate, except for
one soil column (outlier) of the SI:CS treatment at the third sampling
date. Also, a rainfall event shortly after CS application (7 mm) without col-
umn coverage did not increase N leached from topsoil. On the first sampling
date, one week after K!°NO3 application with 98 at% enrichment and be-
fore °N-CS application, the '°N enrichment was 85 at% in NO3 -N, while
on the second sampling date the value declined to 32 at% and 11 at%
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(data not shown). Treatment differences between NO and CS treatments
were not obtained. The N leaching was dominated by NO3 -N, with 86 %
in the NO and CS treatments (data not shown).

3.5. Soil nitrogen pools

Mean values of N, soil NO3 -N, soil NH -N, and N,,;c in 0-25 c¢m at the
end of the experiment after 60 days are shown in Table 3, while values for
the depth distribution in the soil profile are given in Fig. 5 and Fig. S5. Soil
N, did not differ between the treatments. Nevertheless, a slight increase of 1
% to 6 % in N, values was found due to CS application when N, values of the
slurry treatments were compared to the NA treatment. The soil NO3 pool
showed significant treatment differences after 60 days, even though
NOs3 -N contents were relatively low in all treatments (3 kg to 14 kg
NO; -N ha™'). In particular, the SI:CS treatment exhibited the highest
NO3 values with 11.06 + 1.04 kg N ha™ !, while the addition of NI signif-
icantly reduced soil NO3 -N contents. Soil NH, -N contents were much
lower (0 kg to 7 kg NH, -N ha™') when compared to soil NO3 . No signifi-
cant differences were found between the CS treatments. Concerning Nyy;c,
the highest Ny,,;c values were found in the NA treatment, while SI:CS signif-
icantly lowered the N;. contents. No impact of acidification and/or the ad-
dition of a nitrification inhibitor was found.

3.6. Plant biomass and N uptake

Over the developmental period until wheat booting, dry matter (DM)
production of aboveground wheat biomass was significantly higher in CS
treatments, which received much more nutrients compared to the NO (re-
ceived only a small amount of '>NO3 -N for labeling) and non-fertilized
NA treatments. The picture for DM production of belowground wheat bio-
mass was different, since only SI:CS + NI differed from NO and NA. The
highest aboveground biomass N was found in the slot injection treatments
(SI:CS and SI:CS + NI) with up to 38 kg N ha ™! at the end of the experiment
(beginning of stem elongation, EC30). Differences in belowground biomass
N were smaller and the highest values occurred in the slot injection treat-
ments where CS was applied to 5 cm soil depth. The apparent N recovery

a
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Change in N,;,, pool
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Fig. 4. Total N fertilizer input (N from 1SKNOj3 tracer plus N from *®N-CS application), plant N uptake (N, in aboveground and belowground wheat biomass), change in Ny,
pool (difference in N,,;, before and at the end of the experiment), total gaseous, and dissolved N loss (NH3-N losses, N,O losses, N5 losses, N leaching losses from topsoil) per
treatment. The N balance was calculated as the difference of the total N input and plant N uptake, change in Ny, pool, and the sum of N losses. Different letters indicate
significant differences between the CS treatments. Error bars indicate the standard deviations of the mean (n = 4).
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(ANR%) of the different slurry application treatments is 15 + 5 % for the
TH and 21 *+ 6 % for the SI treatments, while neither acidification nor
the addition of nitrification inhibitor showed an effect (data not shown).

3.7. 1°N recovery

Most of the total *>N applied (24 % to 51 %) was recovered in the soil N;
pool and this was highest (47 = 3 %) in the slot injection (SI:CS and SI:
CS+ NI) treatments (Table 5). N, of aboveground wheat biomass was the
second largest sink for the applied '°N, showing a recovery of 16 % to 29
%. Again, the highest value was found in the SI treatments. *°N allocation
in belowground wheat biomass was less significant (*°N recovery of 3 %
to 8 % only). However, for both aboveground and belowground wheat bio-
mass, significant differences were found between trailing hose application
and slot injection technique. A considerable part of the applied *°N recov-
ered in soil N, was located in the Ny,;. pool accounting for 18 + 9 % of
the applied '°N in the CS treatments (Table S1). Similar to the '°N recovery
in the N, pool, no treatment differences were found. In contrast, a much
smaller fraction of the °N tracer found in soil N; was located in the Nyyin
pool with 5 + 4 % of the applied '°N tracer in the CS treatments
(Table S1). The SI:CS showed significantly higher '°N recovery compared
to the TH:CS treatment. However, this effect was not present for the treat-
ments TH:CS + A and SI:CS + NI The *°N recovery in cumulated N,O +
N, emission was relatively low (2 % to 10 %) and of a similar order of mag-
nitude as the '®N recovery in cumulated N leached from topsoil (2 % to 9 %,
except one extreme value in an SI:CS soil column with 17 %, see also Fig. 3).

Science of the Total Environment 871 (2023) 162061

The total **N recovery excluding the NH5-N losses from the *°N labeled
slurry NH. -N pool was at 93 + 6 and 91 * 4 % significantly higher in
the SI:CS and SI:CS + NI treatments compared to the TH treatments. If
NH;-N losses are included in the total >N recovery of applied '°N, the bal-
ance is almost complete.

3.8. N balance approach

An N balance approach was applied to derive indications for N immobi-
lization or mineralization. For the CS treatments, the N balance varied be-
tween 23 kg to 43 kg N ha™*! (Fig. 4), indicating N accumulation in the
soil. This immobilization of organic N is due to the high input of organic
N with the slurry that cannot be mineralized in the short term. For the NO
treatment, the N balance value was negative (—21 + 5 kg N ha™ b,
which indicates that N must have been mineralized from the soil supply.
However, neither N balance nor the N, in wheat biomass was significantly
different between the treatments. The sum of gaseous and leached N losses
was significantly lower in the SI:CS + NI treatment than in the TH treat-
ments (TH:CS + TH:CS+A).

3.9. Depth profiles of soil variables at the end of the experiment

In order to comprehensively examine treatment effects on soil proper-
ties, the depth profiles of soil NO3 -N content, NH; -N content, WEOM,
pH (Fig. 5), Niic, and WFPS (Fig. S5) were recorded at the end of the exper-
iment. As expected, the fertilized top soil layers (0-10 cm) had the highest
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Fig. 5. Depth profiles of NO3 -N content (a), NH; -N content (b), WEOM (c), and pH (CaCly) (d) at the end of the experiment. Different letters indicate significant differences
between treatment (uppercase letters) and soil depths (lowercase letters). Error bars indicate the standard deviations of the mean (n = 4).
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Table 4

Dry matter production (DM) of aboveground and belowground biomass of winter
wheat (EC30) along with N, accumulation in biomass at the end of the experiment.
Different letters indicate significant differences between the treatments. Values
shown are mean of treatment replicates + one standard deviation (n = 4, except
NA where n = 2).

Treatment Aboveground Belowground Aboveground Belowground
biomass DM biomass DM biomass N biomass N
Mgha™! Mgha™! kg Nha™! kg Nha™!
NA 0.88 + 0.40° 0.46 + 0.08° 17.74 + 1354° 406 + 1.22"
NO 1.35 + 0.03" 0.65 * 0.15™ 18.04 = 253"  4.41 + 2.16°
TH:CS 1.98 + 0.11% 0.93 + 007 2839 + 1.49° 629 + 1.44%*
TH:CS+A  2.03 + 0.19° 1.03 + 0.16® 29.14 + 510"  7.08 + 1.09%*
SL:CS 2.02 = 0.117 1.02 + 024 3259 + 4.41° 869 + 1.76™

SI:CS + NI 2.11 + 0.07% 1.10 = 0.25% 33.75 + 5.14* 9.11 + 2.42%

nd = not determined.

Npin contents (Fig. 5a, b). The highest soil NO3 -N contents were measured
in the 0-10 cm layer of the treatments TH:CS + A and SI:CS. WEOM con-
tents were also highest in 0-10 cm soil depth. Surprisingly, we found no sig-
nificant difference in WEOM content in the NO treatment and in three slurry
treatments (TH:CS, TH:CS + A, and SI:CS). Only the treatment with injec-
tion of stabilized slurry (SI:CS+ NI) exhibited clearly higher WEOM in
0-10 cm than any other treatments. WEOM was generally low in the two
other soil depths without differences between treatments. Fertilizer appli-
cation might have a significant effect on soil pH. However, we found no
treatment effect on soil pH in any of the three depth increments. WFPS
values followed a gradient and increased with soil depth without significant
differences between treatments (Fig. S5).

4. Discussion
4.1. Effects of application techniques on emission of NHs, N,O, and N,

NHj3 volatilization from slurry application mainly occurs in the first days
after application (Chalk et al., 2020), while environmental factors, such as
air and soil temperature, wind speed as well as solar radiation, control the
emission height (Sommer et al., 2003). Also, in our study, the highest NH;
emissions occurred within the first two days, although the general level of
NH; emission was relatively low when compared to previous studies
(Fangueiro et al., 2017; Herr et al., 2019). Total NH3-N losses were equal
to about 16 % of NHJ -N applied in the TH treatments and significantly
lower than emissions reported in previous studies by e.g. Herr et al., 2019
at 45 % of applied NH; -N. However, there are also studies with similarly
low NH3-N losses, as in Quakernack et al. (2012) with 9 % to 15 % of
NH. -N applied for TH application of biogas digestate to winter wheat.
Our SI treatment NH;-N losses of about 2 % to 8 % of NH. -N applied
were also lower than values in the literature ranging from 8 % to 28 % of
NH -N applied (Fangueiro et al., 2017; Herr et al., 2019). The low air
and soil temperatures, as well as one rainfall event with 7 mm after CS ap-
plication, probably reduced the potential for NH; volatilization (Hafner

Table 5
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et al., 2019). The early application date in mid-February is usual for slurry
application to winter wheat and it appears to be favorable with respect to
avoiding NH3-N losses. Many other studies found higher NH; volatilization
rates later in the year when warmer and sunny conditions were present (e.g.
Herr et al. (2019), Quakernack et al. (2012), Pedersen et al. (2020),
Fangueiro et al. (2017)).

Apart from environmental drivers, the timing of the slurry application
and application rate, the application technique is known to significantly im-
pact the magnitude of NH; emissions (Webb et al., 2010). Our results con-
firm that NH3 emission from slurry application can be reduced by slot
injection techniques. We found a reduction in NH; emission of 70 % com-
pared to the band application with TH. This reduction is in line with results
from a recent meta-analysis by Emmerling et al. (2020), which showed an
average NH; reduction of 61 % (95 % confidence intervals 89 %, 31 %).
Our second hypothesis that slurry acidification compensates for the effect
of higher emissions from TH compared to SI was not confirmed. Although
lowering the slurry pH is widely known to significantly decrease NH; emis-
sions by up to 89 % (Fangueiro et al., 2017; Park et al., 2018), we have not
found this effect. The most likely explanation for the missing effect of slurry
acidification might be the large pH buffer capacity of slurry due to insuffi-
cient H,SO,4 dosage. This was recently also pointed out by Wagner et al.
(2021). Adjusting slurry pH by adding acid directly before application
bears the risk of a relatively fast pH increase induced by this buffer capacity.
If H,SO, is used for the acidification of cattle slurry, a slurry pH of 6 is rec-
ommended to effectively reduce NH3 emission (Fangueiro et al., 2015a;
Serensen and Eriksen, 2009). Thus, the stability of the adjusted slurry pH
should be controlled before application or the specific pH buffer capacity
of the slurry has to be determined to ensure adequate acid addition. Consid-
ering only NH; emissions, slot injection would score as the best application
technology, but losses via N,O and especially N, emissions must also be
considered for a comprehensive evaluation of gaseous N losses.

N,O + N losses from slurry treated soil were generally lower than NH3
losses during the experimental period of 60 days (N,O + N, < 2.8 kg N
ha™'). Related to the total amount of fertilizer N applied (71 kg N ha™?),
these losses ranged from 0.6 % to 3.9 % of the total N input. 2 % to 10 % of
the N tracer added was lost via NoO + Na. Thus, N5O + N, emission was
only a minor N-loss pathway. Consequently, complete denitrification, i.e. the
reduction of N,O to Na, prevented relevant N,O emissions in this experiment.

Contrary to our expectations about the effect of application techniques
on N,O and N, emission and recent findings from a meta-analysis by
Emmerling et al. (2020), total N,O and N, losses were not higher from SI
compared to TH application. It is assumed that SI favors denitrification
and N,O emission because of reduced NH3; emission resulting in higher
NH, -N contents and the accumulation of labile Corg in combination with
increased moisture content in the slurry slot (Webb et al., 2010). These con-
ditions might stimulate the denitrification potential in all slurry treatments
(Velthof and Mosquera, 2011). This is underlined by recent findings of
Malique et al. (2021), where a tendency for higher potential denitrification
rates was found for CS broadcast application with and without acidification
compared to a control treatment without CS in a grassland soil under simi-
lar dry conditions in March 2020.

Recovery of '°N tracer added with K'>NO3 and '°N labeled slurry as total N,O + N emission, total N leaching from topsoil (sum of NO3 -N plus NH -N), total soil nitrogen
(N, aboveground, and belowground wheat biomass. Total '°N recovery was calculated as the difference from 100 % '°N recovery excluding and including NHs-N losses
(assuming that NH3-N losses originate only from the '°N-labeled NH; -N pool of the slurry). Different letters indicate significant differences between the treatments. Values

shown are mean of treatment replicates + one standard deviation (n = 4).

Treatment N recovered from sum of K'>NO3 + '°N-CS tracer applied Total '°N recovery excluding Total '°N recovery including
N>O + N, N leaching from Ne Aboveground Belowground NHz-N NH;-N
o . . . losses losses
emission topsoil biomass biomass
% % % % % % %
TH:CS 6+ 2° 6+ 3° 32 + 8 21 = 0° 4+1° 67 + 8" 78 £ 7°
TH:CS+A 5+ 3° 6+ 2° 33 = 17° 19 = 3° 4=+1° 64 = 19 79 * 20°
SI:CS 8 + 2% 8 + 6" 47 + 3° 25 + 37 7 +1° 93 + 6 99 + 5%
SI:CS+ NI 7 + 17 6 + 2% 47 + 3° 27 + 2° 7 +1° 91 + 4° 94 + 4°
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Similar '®N enrichment in N,O emitted and soil NO5 in the first days
following K'®NOj3 addition (data not shown) indicate that N,O was mainly
produced by denitrification and nitrifier-denitrification during this initial
phase of the experiment before >N-CS was applied. This seems reasonable
because of the high soil moisture content (< 70 % WEFPS), which is known
to favor N,O reduction due to decreased O, availability at a high WFPS
level (Weier et al., 1993). Later in the experiment, rainfall and WFPS levels
decreased significantly so that nitrification likely gained increasing rele-
vance as a source of N,O. Following slurry application, we found just a ten-
dency to slightly higher N,O emissions in all treatments (Fig. S1), while
previous studies mostly measured N,O peaks directly after application
(Héafner et al., 2021; Herr et al., 2019). Although the anticipated hotspot ef-
fect with high N,O emission following slurry application was missing, nev-
ertheless, conditions favoring N,O reduction (low ry»o values) were always
present. On the one hand, this may be due to the high input of labile C by
slurry and the resulting shift in the ratio between electron donors (microbe
available organic C) to acceptors (N oxides) in soil, which is known to favor
N,O reduction with increasing electron donor abundance (Smith and Arah,
1990). This was supported by the low NO3 -N concentrations in the soil.
Due to a shortage of N oxides under such conditions, the relative rate of
N,0 reduction (in relation to N,O production) increases. Thus, very low
N>0/(N,O +N,) ratios dominate (Senbayram et al., 2012). Moreover, the
relatively high soil pH of about 6.7 probably supported N,O reduction, as
the synthesis of functional N,O reductase is impeded by low pH (Liu
etal., 2014). Although these drivers differed slightly among the treatments
(Table 2, Fig. 5), the differences had apparently no impact on the magni-
tude of N,O + N, emissions.

Up to now, no data were available on N, fluxes from slurry application
under field conditions with growing crops. In the literature, some data can
be found from laboratory incubations of soil cores in No-free (He—O-) at-
mosphere following slurry application (Zistl-Schlingmann et al., 2019) or
application of biogas digestate (Buchen-Tschiskale et al., 2020; Fiedler
et al., 2017; Koster et al., 2015). ryo0 values of 0.01 to 0.03, calculated
from the cumulative N,O and N, emissions of a 2-week He—O, laboratory
incubation experiment with intact soil cores from grassland sites following
slurry application (Zistl-Schlingmann et al., 2019) show a level well compa-
rable to the present case. However, compared to He—O, incubation, the ly-
simeter experiment shown here allows the detection of N, fluxes under
field conditions and in the presence of growing plants, avoiding possible ar-
tefacts due to the absence of plants and light exposure.

The expected effect of the nitrification inhibitor on N,O and N, emis-
sions, i.e. the significant reduction of N,O emissions as shown by e.g.
Herr et al. (2020) under field conditions and by Dittert et al. (2001) and
Wu et al. (2017) under laboratory conditions was not found in the present
experiment. This might result primarily from the generally low N,O
emission level. So far, this is the first study to investigate the effect of
NI on N, and thus ry,o values under conditions comparable to field set-
tings. Previously, only studies using oxic He—O, incubation (Wu et al.,
2017) or anoxic He incubation (Hatch et al., 2005) found an increase of
N, fluxes and a reduction in ryso values following the addition of NI
(DCD or DMPP) on disturbed bare soil. They assumed that NI decreased
rn2o Values by restricting nitrification and limiting NO3 supply to
denitrifying soil microsites. Thus, ry2o values decreased due to the com-
petitive effect of N,O and NO3 as an electron acceptor during denitrifi-
cation (Senbayram et al., 2012). Since the study by Wu et al. (2017)
applied mineral fertilizer, it is questionable to what extent this state-
ment also applies to slurry, as the NO3 effect of inhibitors interacts
with the effect of additional labile C supplied with slurry. Although no
impact of NI on emission of N,O and N, following 15N-CS application
was found in the present study, it is important to investigate this further
under different environmental and soil conditions. It is important to
note that all N fluxes were highly variable even for soil cores with the
same treatment. This reflects the well-known high spatial variability
of factors controlling N,O and N, fluxes in soil-plant systems
(Schaufler et al., 2010), which might have masked moderate treatment
effects.
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4.2. N leaching losses from topsoil

Generally, low NO3 -N values and apparently low nitrification after N
fertilizer application in combination with low temperatures and less rainfall
due to soil coverage on heavy rainfall events lead to moderate NO3 accu-
mulation until the end of the experiment (Table 3). Thus, the risk of N
leaching from topsoil (< 25 cm soil depth) was reduced. N leached from
topsoil was relatively low over the entire study period with 2 % to 17 %
(4 % on average) of total fertilizer N applied. In addition, possibly also
due to the relatively low over all N fertilizer application rate with only
71 kg N ha™!. The greatest N leaching loss from topsoil was found in the
first leachate sampling after K*°>NO; application and before CS application,
where 50 % of the applied '°N (2 kg N ha™ ') was leached. This could be
due to the injection of >N labeled NO3 -N solution over the entire soil
depth, which is associated with a proportion of °N tracer in the mobile
soil water during the first week. This is supported by the fact, that the aver-
age 15N enrichment of leached NO3N (85 at%) was higher than the theoret-
ical average enrichment resulting from complete mixing of tracer NO3 -N
and non-labeled soil NO3 -N (60 at%). After this event, significant N
leaching losses from topsoil were no longer detected due to low leachate
water yield, nor did CS application have any significant effect. Even though
slurry application is prone to N leaching, in particular when there is low
plant N uptake, precipitation is high and free drainage is possible, e.g. on
sandy-textured soils with low water retention capacity and/or high manure
application rates (Chantigny et al., 2004; Kayser et al., 2015). Presumably,
neither condition was met in the present study, since precipitation was low,
water retention of the loamy soil is high and plant N uptake was high
(Table 4). A similar low risk of topsoil N leaching on medium-textured
soils, like our Haplic Luvisol, was described by Herr et al. (2020), who as-
sumed that, due to the low N leaching risk, the positive effect of NH™ con-
servation due to NI addition should also be low, in particular under dry
weather conditions. We found no impact of the different application tech-
niques (TH or SI) on N leaching from topsoil. This confirms findings by
Kayser et al. (2015), who found similar low N leaching losses (< 75 cm
soil depth) following CS application of multiple doses of 80 kg N ha™! by
trailing hose and open slot injection in grassland over four years. The rela-
tively low slurry N losses by leaching are in line with the rule that slurry ap-
plication in winter wheat has to be done in spring, where plant N uptake is
usually high in order to minimize over-winter losses of slurry N.

4.3. Plant N uptake

Besides minimizing hazardous emissions, the main objective of improv-
ing slurry application techniques is to optimize crop N uptake and N use ef-
ficiency. Aboveground DM production of winter wheat reached 2 Mg ha™*
at the end of our study, which indicates a typical wheat development at the
stage of beginning stem elongation (Diekmann and Fischbeck, 2005). How-
ever, average N uptake rates of the CS treatments were with 31 = 5kgN
ha™! significantly lower when compared to common N uptake rates at
EC30 with 50 kg N ha='in Germany (Diekmann and Fischbeck, 2005).
About 34 % to 54 % of total fertilizer N applied was found in the above-
ground biomass and 7 % to 16 % of fertilizer N applied in belowground bio-
mass (Table 4).

Considering the different CS application techniques, no significant ef-
fect on DM production and N uptake was found, although N uptake of
aboveground biomass tended to be higher in the SI treatments (SI:CS and
SI:CS + NI). This tendency was underlined by a higher **N recovery in the
SI compared to the TH treatment. We suggest that the concentration of
1SNH; from CS in the slot, very close to the wheat roots, was more readily
available to the plant compared to TH, which enhanced the '°N uptake. In
surface application, the slurry-derived N must first migrate and/or diffuse
to the deeper root zones of the wheat plant until it is available for the roots.
In addition, lower NH3 emissions in the SI treatment might have caused
higher *®N uptake of the plants, which matches hypothesis 3. Comparing
our results with previous studies, which investigated different application
techniques with respect to ®N-labeled CS, Sgrensen (2004) found up to
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46 % >N recovery in aboveground biomass of spring barley at maturity
stage following injection to 10 cm soil depth, while only up to 13 % of
15N-labeled CS was recovered following surface application. In another ex-
periment, Sgrensen and Thomsen (2005) found up to 60 % of applied N re-
covered in winter wheat at maturity stage after surface band-application of
pig slurry, while only up to 2 % was found in roots and stubbles at the end of
the entire growing period. However, previous findings are hard to compare
to our findings due to harvesting at different crop development stages, dif-
ferences in plant N uptake between wheat and barley, and/or differences in
the utilization of pig slurry vs. cattle slurry, as well as differences in soil and
climatic conditions.

Our results confirm the high value of slurry NH; -N for plant nutrition
and underline the importance of keeping the full fertilizer potential of
slurry by minimizing gaseous and dissolved N losses. However, we can con-
clude that none of the application techniques investigated here present any
limitation with respect to DM production and plant N uptake during the
studied developmental period until wheat emergence.

4.4. Soil N pools

Differences between treatments in s0il N, and Ny pools, and in >N
recovery from labeled slurry N in these soil N fractions may provide evi-
dence of whether application techniques alter net-mineralization and mi-
crobial immobilization of N (Dittert et al., 1998; Powlson and
Barraclough, 1993). The increase of Ny,;, and the net-N immobilization is
known to be greatest within the first two weeks after slurry application
(Serensen, 2004). Elevated N,,,;, contents after CS application in various
field crops are typically found up to 50 days after CS application
(Fangueiro et al., 2015b; Lin et al., 2017), which was not the case here. Pre-
sumably, because the N fertilizer rates of about 70 kg N ha™* were signifi-
cantly lower than in the study of Lin et al. (2017). However, with 80 kg N
ha ™! application rates of Fangueiro et al. (2015b) were in a similar range
compared to our study. Changes in the dynamic soil Ny,,;, pool could not
be monitored in our experiment, since it was only possible to sample once
at the end. At this time, overall N,,;, contents in the CS treatments were gen-
erally low (11 + 3kg Nha™'). However, if the N,i;, contents are separated
into NO5 and NH, NO3 -N contents were, as expected, higher compared
to NHZ -N contents. With respect to the application technique, the highest
NOj3 -N contents were found in both SI treatments compared to the TH
treatment, along with the highest plant uptake of >N when slurry was
injected. Due to the significantly lower NO3 -N contents in the SI:CS + NI
compared to the SI:CS treatment, the expected NI effect (Ruser and
Schulz, 2015) was confirmed here, whereas this effect was missing for N
leaching from topsoil and N,O emission data.

Although it is difficult to attribute changes in N pools to different N
sources because the release coincides with mineralization processes of dif-
ferent slurry components (Dittert et al., 1998), the N,;. pool was also exam-
ined in more detail in this study. Surprisingly, the anticipated increase in
Npmic following slurry application was not found in our study; only single
treatment differences occurred (e.g. NA vs. SI in 0-25 cm soil depth). It
might be that the initial flush of microbial activity, mostly occurring within
the first three to four weeks after slurry application (Jensen et al., 2000),
was probably not caught by sampling at the end of the experiment. In
total, Ny ranged from 146 kg to 211 kg N ha™"! in slurry fertilized and
only mineral fertilized treatments were on a similar level to findings by
Jensen et al. (2000). Contrary to previous findings on the soil Ny,;. pool,
where the SI treatment always had the highest concentrations, the highest
Nmic values were found in the NA treatment with a tendency to higher
ones in the TH treatment as well when compared to slot injection. Never-
theless, for the '®N recovery, the trend was reversed and a trend to higher
5N recovery in SI compared to TH was observed.

4.5. 15N recovery and the N balance

In order to comprehensively evaluate the different slurry application
techniques, it is important to consider all the different N fluxes and pools.
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Due to the applied *°N double labeling approach, it was not possible to dif-
ferentiate the labeled *>N derived from the '>NO3 -N and CS *>NH. -N pool.
However, total '°N added originated mainly from labeled CS (85 % of total
15N applied) and, thus, total *°N balance was primarily dominated by la-
beled slurry NH, -N. Up to 100 % of the sum total of applied '°N was recov-
ered in the SI and SI + NI treatments, if assumed '°N losses by NHj
emission were included. Surprisingly, N recovery of TH and TH + A
was lower, which might be due to an underestimation of NH3-N losses
and/or uncertainty in determining the different N pools. Nevertheless, the
15N recovery showed for all slurry treatments that most of the sum of >N
applied was taken up by the crop or retained in the N; pool (Table 5). The
importance of the N, pool was also supported by the N balance approach ap-
plied (Fig. 4) where the positive N balance shows that about one third of the
applied slurry N was immobilized in the soil, regardless of the application
technique. If we account for the different N fluxes and pools in more detail,
results of the N balance demonstrate that the sum of gaseous and dissolved
N losses was significantly lower in the SI:CS + NI treatment than in the TH
treatments (TH:CS + TH:CS+ A). If the total N losses are considered in re-
lation to the total N input through fertilizer application, the N losses only
account for a share of 16 % + 3 % in the TH treatments and 11 + 5 % in
the SI treatments. This strengthens the role of the SI application, since it in-
creased crop productivity (DM production and plant N uptake) and unde-
sired N losses (low NH3-N, N,O, and N, losses) were low, at least under
the climatic conditions and 60 days of investigation. Concerns that higher
denitrification losses and leaching could offset the benefit of reduced NH3
reduction (Dell et al., 2011) and/or that injection could severely damage
crop development were not confirmed.

5. Conclusions

A 60-day lysimeter experiment with growing winter wheat was set up to
follow the transformation of slurry '>NH; and soil *>NO3 using a double
labeling approach. The experiment was used to evaluate the effects of dif-
ferent slurry application techniques (trailing hose with/without acidifica-
tion and slot injection with/without nitrification inhibitor) on the
partitioning of total and '®N labeled N. Our hypothesis 1 was partly con-
firmed: open slot injection of slurry (SI) significantly reduced NH3 emission
compared to band application by trailing hose (TH). However, acidification
of the slurry (TH + A) did not lead to NH; reduction, which was probably
due to the pH buffer capacity of the slurry and increasing pH values after
acidification. Hypothesis 2 was not confirmed: slurry application tech-
niques did not differ with respect to N;O + N, emission or N leaching
from topsoil. Biomass dry matter production of wheat at growth stage
EC30 was not influenced by the application technique. However, there
was a significant effect on plant uptake of applied °N, which was greater
in the SI than the TH treatments. The results indicate that injected slurry
provided more plant available N than slurry applied by TH. The differences
can partly be explained by lower NH; losses from the SI treatments. A pos-
itive effect of the nitrification inhibitor (NI) was only found through re-
duced NO;3 -N contents, but not on total N losses or N leaching from
topsoil. Our new results on N5 emission following slurry application show
that 2 % to 10 % of the applied *°N was lost by denitrification. The low
noo Values indicate a low risk of N»O, since N,O was effectively reduced
to N. The ratio of NH3-N loss to Ny + N,O losses was higher for TH appli-
cation (8.1 * 7.9) than for SI (1.3 *+ 0.6). In the present case, slot injection
would score as the best application technology based on NH; reduction.
This recommendation is supported by the N,O + N, emissions in the SI
treatment not being increased either. This is because it has to be kept in
mind that both emission types always have to be minimized in order to op-
timize the fertilizing effect of cattle slurry. Impacts of the application tech-
niques on individual soil N pools (N, Npin, Nimic) were small. However, the
high *®N recovery shows that our experiment yielded reliable data for the
allocation of slurry N to soil and plant pools as well as gaseous losses. Al-
though the study has some methodological limitations, it thus offers versa-
tile possibilities for further use in modeling studies, since not only were the
different N pathways and pools comprehensively investigated, but so were
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important environmental drivers. In addition, the study provides for the
first time N, fluxes from slurry application under field conditions with
growing crops.
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