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Abstract: The prediction of liquid manure effects on N transformations in soils and the associated
N2O and N2 fluxes is poor because previous investigations have mostly excluded N2. The objectives
of this study were thus to quantify N2, N2O and CO2 fluxes, the source processes of N2O, N2O
reduction and the depth distribution of moisture, NO3

−, NH4
+, water-extractable organic carbon

concentration and pH in a laboratory incubation study with sandy arable soil using 15N tracing to
quantify N processes and gaseous fluxes. The soil was amended with and without artificial slurry
in various manure treatments (control, surface and injected) and incubated for 10 days at varying
moisture levels, where the depth distribution of control parameters was determined twice during
the experiment. Manure application was found to increase N2 and N2O fluxes from denitrification,
with the highest fluxes occurring in the wet manure injection treatment (33 ± 32 mg N m−2 d−1 and
36.1 ± 39.1 mg N m−2 d−1, respectively), confirming that manure injection under wet conditions
enhances denitrification and possibly also N2O fluxes. This study concluded that the current dataset
is suitable as a first step towards improving the capability of biogeochemical models to predict
manure application effects, but further studies with more soils and refined experiments are needed.

Keywords: manure; hot-spot; denitrification; incubation; 15N

1. Introduction

The world’s growing population is increasing its demand for agricultural products,
making it necessary to increase crop production, which in turn accelerates nitrogen (N)
fertiliser consumption [1]. Moreover, current diets with an increasing global share of animal
products is leading to a rise in livestock numbers [2,3], resulting in the need to optimise
manure fertilisation with respect to nutrient efficiency and its environmental impact [4].
However, the application of organic fertilisers poses a high risk for the environment due to
considerable N losses [5].

Losses of applied N as emissions of gaseous N species, such as ammonia (NH3), nitric
oxide (NO) and nitrous oxide (N2O), contribute to air pollution, global warming and the
acidification of unmanaged land and water [5]. Nitrate (NO3

−), and in coarse-textured
sand soils, ammonium (NH4

+) leaching and gaseous N losses impair crop yields and N use
efficiency (NUE); NO3

− and NH4
+ also contribute to eutrophication and NO3

− causes the
contamination of drinking water resources [5,6].

Nitrous oxide is a greenhouse gas and a stratospheric ozone-depleting substance [7].
Most of the N2O that is derived from agricultural activity is emitted from soils. The
magnitude of these N2O fluxes is related to N management, consisting of the application
and incorporation of mineral and organic fertilisers, as well as crop residues [8–10].

Nitrous oxide is mainly produced by the microbial processes of nitrification and
denitrification. Its magnitude depends on the available N substrates (NH4

+ and NO3
−)

Agriculture 2022, 12, 692. https://doi.org/10.3390/agriculture12050692 https://www.mdpi.com/journal/agriculture

https://doi.org/10.3390/agriculture12050692
https://doi.org/10.3390/agriculture12050692
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com
https://doi.org/10.3390/agriculture12050692
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com/article/10.3390/agriculture12050692?type=check_update&version=2


Agriculture 2022, 12, 692 2 of 20

and the abundance of decomposable soil organic matter [11–19]. Further controls include
pH [19–22], temperature [19,23], oxygen (O2) concentration in the pore space [19,24] and
soil gas diffusivity [25]. Aerobic conditions favour nitrification and inhibit denitrification,
whereas anaerobic conditions support denitrification and inhibit nitrification. Since N2O is
an intermediate product of denitrification and its reduction to N2 is the final reaction step,
N2O fluxes and the N2O/(N2 + N2O) product ratio (N2Oi) are regulated via the reduction
of N2O to N2.

The application of organic fertilisers is controlled by rules and legislation to minimise
the potential negative effects of the excessive use of organic fertilisers. This legislation
regulates the application rates of nutrients (N) per unit area, the application time and the
application technique [26]. Efficient application techniques, such as band application, slot
injection or incorporation by tillage, are used to reduce NH3 losses and N2O fluxes and
improve NUE [4]. However, the exact placement of the organic fertilisers encourages the
occurrence of local O2 depletion due to the respiration of labile organic C, and the high
concentration of NO3

− from the previous nitrification of manure-derived NH4
+ may lead

to a higher N2O flux from nitrification [27] and enhanced denitrification [28].
Manure application in agricultural soil thus increases N2O, and N2 fluxes may lead to

higher fertiliser-related N2O fluxes and lower nitrogen use efficiency (NUE) compared with
mineral N fertilisation [7]. Manure application on agricultural fields affects nitrification
and denitrification processes via the contemporaneous transport of mineralisable organic
N and mineral N, as well as labile organic carbon (C), causing O2 consumption during its
respiratory decomposition [19,29–31]. In the boundary zone between manure and bulk soil,
this potentially leads to the local co-occurrence of anoxia and a high NO3

− concentration
from the nitrification of manure-derived NH4

+. The water retention of manures causes
an increase in the water content of manure clumps [32]. These factors can lead to high
denitrification rates [33], possibly with highly variable N2Oi, because the reduction of
N2O might be inhibited by low pH due to acidification by the previous nitrification of
manure-derived NH4

+ and a locally high NO3
− concentration.

Liquid organic fertilisers, such as cattle and pig manure slurries, and also biogas
digestates in Germany, are important organic fertilisers, especially in areas with high
livestock density [34]. Approximately half of the N content is in an organic form and the
other half in a mineral (mostly NH4

+) form. The different techniques of slurry application
greatly influence gaseous N losses [33,35]. While the impact of liquid organic fertiliser
incorporation techniques on N2O fluxes has been studied [33,35], only a few studies have
investigated the effects of these applications on N2 fluxes [36,37]. To date, there is little
experimental basis for predicting how soil texture, soil and manure moisture, pH and
the dynamics of organic C and mineral N interact with slurry. This will be complex,
based both on the spatial distribution of the slurry and the varying properties of the
slurry itself. Biogeochemical models have been widely used to predict soil N2O fluxes, for
example, but the validation of the modelled denitrification rates via the direct measurement
of gaseous products, including N2, are generally lacking [15,38]. Until now, there has
been little attempt to include the process dynamics following amendment with organic
fertilisers [39–41]. Nevertheless, there are several missing but important variables and
processes that are not included in the current models, such as spatial manure distribution,
hotspot or pH effects and manure quality. Process-based models mostly homogenise the
N, C and water content of the manure with the N and C pools and the water content of
the soil [39], and this simplified process description of manure application may lead to
inaccurate model simulations. Therefore, the further development and improvement of
models is necessary, but this cannot be conducted without suitable measured data. One
objective of the present study was to create a dataset that would be suitable for testing and
developing new biogeochemical model approaches to describe manure–soil interactions.

Furthermore, this study addressed the general question of how liquid manure fertili-
sation and its application methods impact upon N2, N2O and CO2 fluxes from agricultural
soils, and how this is related to the spatial distribution of control variables.
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The objectives of this study were thus to quantify N2, N2O and CO2 fluxes and
pathways of N2O production, N2O reduction and the depth distribution of moisture,
NO3

−, NH4
+, water-extractable organic carbon (WEOC) concentration and pH, and to

determine the hotspot effect of manure on the product ratio. It was hypothesised that the
manure-induced boundary effect (i) increases the pH, WEOC and water content locally,
(ii) increases the concentration of NO3

− due to gross N mineralisation and nitrification, and
as a joint effect of these variables, (iii) increases the denitrification activity and (iv) results
in a decreased N2O/(N2 + N2O) product ratio of denitrification in the soil surrounding the
manure. Finally, it was hypothesised that (v) manure injection leads to higher rates and a
lower product ratio of denitrification than does surface application.

2. Materials and Methods
2.1. Soil Selection, Ampling and Preparation

Soil was collected in August 2016 from a sandy arable soil (referred to below as sandy
soil) located near Fuhrberg, Lower Saxony, in Germany (52◦33.17622′ N, 9◦50.85816′ E,
40 m asl). The site is in the transition zone of the temperate oceanic climate and warm-
summer humid continental climate, with a mean annual temperature of 8.2 ◦C and an
average yearly precipitation of 680 mm. Typical crops during the preceding decades have
been winter cereals (for instance, Triticum aestivum or Hordeum vulgare), potatoes, sugar
beet (Beta vulgaris) and maize (Zea mays). The soil is a Gleyic Podzol [42] developed in
glacifluvial sand [43,44]. The first 5 cm of soil contained incorporated winter wheat straw
residues. To avoid inaccuracies in the measurement of soil parameters (Table 1), this 5
cm layer was removed by hand across a 100 m2 area, followed by soil collection from a
depth of 5 to 20 cm. After field collection with spades and shovels, the soil was transported
to the laboratory, air dried, sieved to 10 mm, homogenised and stored in plastic boxes
at 4 ◦C until use. The soil samples for the laboratory analyses were sieved to 2 mm. To
exclude the phase of intensive respiration and mineralisation typically following rewetting,
soils were pre-incubated at 35% of maximum water-holding capacity for two weeks at
room temperature.

Table 1. Physical and chemical data of surface soil from Fuhrberg, Germany (sand, 5 to 20 cm depth).

Clay Silt Sand Bulk Density pH (CaCl2) Total N Organic C C/N Ratio

[%] [%] [%] [g cm−3] [%] [%]
3.1 5.9 91.0 1.5 4.82 0.14 2.1 15.5

2.2. Laboratory Incubation
2.2.1. Experimental Design and Incubation Set-Up

The N content of the pre-incubated soil was 33.1 mg NO3-N kg−1 dry soil and
0.9 mg NH4-N kg−1 dry soil. A 15N-labelled KNO3 (98 atom% 15N) solution (69.3 mg N kg−1

dry soil) was added after pre-incubation to the soil, and thoroughly mixed with addi-
tional water to reach the target water content of the drier treatment and the 65 atom%
15N enrichment.

The pre-incubated soil was placed in aluminium columns (9.4 cm inner diameter
and 10 cm height) at bulk density (BD) according to typical field conditions (1.5 g cm−3),
and these columns were put in gas-tight Plexiglas® cylinders (14.4 cm inner diameter and
18 cm height) for the gas flux measurements. Bulk density was established by filling
1040.97 g soil in the 694 cm3 aluminium column and compacting it in one step with a
lever press machine as one layer. For the injected treatments, the soil was compacted in
two layers.

Two soil moisture levels were established, with the target water content being ex-
pressed as a water-filled pore space (WFPS), defined here as the volumetric water content
excluding the water that was added with the manure. Hence, the effective water content of
the manure treatments was higher than the defined WFPS level.
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Six replicates of each of the six treatments were packed (control, 40% WFPS (C40);
control, 60% WFPS (C60); surface manure treatment, 40% WFPS (S40); surface manure
treatment, 60% WFPS (S60); and injected manure treatment, 40% WFPS (I40); and injected
manure treatment, 60% WFPS (I60)).

The temperature (15 ◦C) and the moisture were kept constant throughout the 10-day
experiment. The WFPS of the soil after packing was 40% (equivalent to 11.6 g g−1), which
is the soil moisture level of the dry treatment. To achieve the target moisture of the wet
treatments of 60% WFPS (equivalent to 17.4 g g−1), extra water was added after the columns
were filled, but before surface manure application. This therefore helped to avoid the soil
being wetted before being filled in the cylinders, because a low structure stability at high
moisture would have impeded homogenous packing.

Three different manure treatments were applied: control (no manure), surface (manure
added to the top of the soil) and injected. For both manure treatments, the soil was almost
completely covered with a layer of manure, but it was left free of manure along the edge
(approximately 1 mm) of the soil to avoid the soil–air gas exchange being blocked. The
injected manure layer was added to the middle (5 cm depth) of the soil column. The applied
amount of the manure was equivalent to 20.8 t ha−1 (Table S1). The added manure mixture
roughly doubled the water content of the manure-amended soil layers, because 13.4 g
water was added with to manure to the water content of the 1 cm soil layer, while 12.1 g
of water at 40% WFPS and 18.1 g of water at 60% WFPS were present in the soil layers
without manure.

The soil cylinders were incubated for 10 days, and the headspace was continuously
flushed with an artificial gas mixture (2% N2, 20% O2, 320 ppb N2O and 300 ppm CO2 in He,
headspace volume: 2146.1 cm3) at a flow rate of 10 mL min−1. CO2 and N2O were added
to the gas mixture to mimic the assumed atmospheric levels. The low N2 concentration
was adopted to improve the sensitivity of the isotope ratio mass spectrometry (IRMS)
measurements [45].

2.2.2. Gas and Stable Isotope Analysis

The cylinders were incubated using an automated incubation system, including gas
analysis by a gas chromatograph (GC, 2014; Shimadzu, Duisburg, Germany), with an elec-
tron capture detector (ECD), a flame ionisation detector (FID) and a thermal conductivity
detector (TCD). After soil packing, the data points of CO2 and N2OT in the first 18 h were
omitted from the analyses. Using the GC, N2O (total N2O: N2OT), CH4, N2 and CO2 con-
centrations were continuously measured in the outflow throughout the incubation [46,47].
Gas samples were also collected manually at days 1, 5 and 9 in 12 mL Exetainers with
rubber septa (Labco Ltd., Lampeter, UK) for IRMS (MAT 253, Thermo Scientific, Bremen,
Germany) analysis, to determine the fluxes of N2 (fp_N2) and N2O (fp_N2O) originating
from the 15N-labelled NO3

− [48,49] (see the Supplementary Material for the calculation).
Gas sampling was accomplished by connecting two 12 mL Exetainers to the outlet flow of
the columns [50]. Before disconnecting the samples, the Exetainer volume was exchanged
approximately 1200 times. Nitrous oxide from other sources was calculated from N2OT
and fp_N2O (N2Oos = N2OT − fp_N2O). For an analytical online preparation of the sample
before measurement, the samples were treated using a modified GasBench II (Thermo Sci-
entific, Bremen, Germany). The N2O in the gas samples was reduced to N2 by a hot copper
wire (650 ◦C) in an oven located in the gas line between the GasBench II and IRMS [51].
The 29R (29N2/28N2) and 30R (30N2/28N2) N2 isotope ratios were determined for N2,
N2 + N2O and N2O in the gas samples.

2.2.3. Slurry Preparation and Addition

After filling the cylinders with soil, 13.9 g kg−1 artificial manure mixture (Table S1) equiv-
alent to 85.7 kg N ha−1 (equivalent to 57.1 mg N kg−1, comprising 38.6 mg NH4

+-N kg−1),
was added to each soil core. To supply artificial manure with a defined composition,
2.43 kg solid dairy cow faeces (Table S1) were mixed with a solution of 1.37 kg organic
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material (urea: 17.117 g dm−3, hippuric acid: 4.095 g dm−3, allantoin: 4.744 g dm−3, uric
acid: 0.330 g dm−3, creatinine: 1.131 g dm−3 and altogether, 4.76 g N dm−3), inorganic
salts (KHCO3: 14.0 g dm−3, KCl: 10.5 g dm−3, CaCL2*H2O: 0.4 g dm−3, MgCl2*5H2O:
1.2 g dm−3, Na2SO4: 3.7 g dm−3) and 1.203 L water [52]. The fresh faeces were collected
from dairy cows whose diet consisted of a total mixed ration containing grass silage and
concentrates. The faeces were frozen at −18 ◦C after sampling. The solid dairy cow faeces
and salt solution mixtures were matured at room temperature for 30 days to mimic manure
storage practice, and then stored at −18 ◦C until application (Table S1).

To mimic the surface application and injection of manure, the manure was placed
as one layer at a 5 cm soil depth. This differs from the slot injection geometry during
field application of manure because the results of the experiment were to be used for the
calibration and development of biogeochemical models. Therefore, manure placement was
designed for the use of 1D models (i.e., DNDC, DailyDayCent, Coupmodel and DeNi). It
should be noted that when investigating the soil–manure boundary layer, the contact area
between manure and soil is more important than the actual slot injection geometry.

2.2.4. Soil Analysis

Destructive soil sampling was conducted after 5 and 10 days. Three of the six replicates
were removed after 5 days’ incubation, and the soil columns were sliced into layers (Table 2).
This was repeated after 10 days with the remaining three samples per treatment. Soil
samples were analysed for NO3

−, NH4
+, pH (CaCl2), 15N-NO3

− (frozen soil samples),
WEOC [53] and water content (fresh soil samples).

Table 2. Soil layer of destructive sampling.

Control Surface Injected

Number of Layers 1 4 7

1 0–10 cm 0–1 cm 0–2.5 cm
2 1–2 cm 2.5–3.5 cm
3 2–3 cm 3.5–4.5 cm
4 3–10 cm 4.5–5.5 cm
5 5.5–6.5 cm
6 6.5–7.5 cm
7 7.5–10 cm

To determine the water content, 15 g samples were collected from each soil layer
in aluminium containers and dried for 48 h at 105 ◦C. The gravimetric water content
was calculated as the difference between the initial weight and the dry weight of the
soil samples.

To analyse the NO3
− and NH4

+ content, 50 g soil samples were extracted from each
soil layer with 200 mL of 2 mol dm−3 KCl solution. After one hour of shaking, the
solution was filtered (MN 614 1

4 filters, Macherey & Nagel GmbH & Co. KG, Düren,
Germany) and stored at −18 ◦C until concentration analyses were conducted using the col-
orimetric measurement method (SA 5000 continuous flow analyser, Skalar Analytical B.V.,
Breda, The Netherlands).

To allow the determination of the gross nitrification rate (GNR) [54], the 15N enrich-
ment of the soil NO3

− in each soil layer was measured using the Spin-MIRMS measurement
method [55].

Soil pH was measured with a pH meter (FE20, Mettler Toledo, Urdorf, Switzerland).
As sample preparation, 0.01 mol dm−3 CaCl2 solution was added to the soil and shaken for
one hour.

To analyse the WEOC content of the soil layers, 5 g dry soil equivalent and 10 mL
pure water were placed into a 50 mL centrifuge tube. After one minute of gently shaking
by hand, the tube was placed in a centrifuge (12,000× g for 10 min). The supernatant
was filtered through a 0.45-micron syringe filter with a vacuum system. The samples
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were analysed by a TOC analyser (Dimatoc 2000, DIMATEC Analysentechnik GmbH,
Essen, Germany).

The relative soil–gas diffusivity was calculated based on the approach of
Moldrup et al. (2013) [56]. For the calculation, the following equation was used:

Dp/Do = P εX (ε/Φ)Ta (1)

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

2.3. Statistics

Statistical calculations were performed using the Python 3 (version: 3.8) [57] and
R (version: 4.1.1) [58] programming languages. The normality of the data was tested
with a Quantile–Quantile plot (Q–Q plot). To handle variance heterogeneity, cumulative
N2OT, fp_N2 and fp_N2O were log10 transformed. Cumulative emissions and mean core
soil mineral nitrogen were tested with a one-way analysis of variance (ANOVA) on days
5 and 10. A multiple comparison of means (Tukey HSD p < 0.05) was performed on the
CO2, N2OT, fp_N2, fp_N2O, NO3

−, NH4
+, WEOC and pH data.

3. Results
3.1. Mineral N
3.1.1. Spatial and Temporal Changes in NO3

− Concentration

N from nitrate in the 0 to 10 cm layer of the C40 treatment remained close to the initial
content of 104 mg N kg−1 throughout the experiment, while C60 exhibited a slight increase
of up to 8.38% until day 10 (Figure S1, Table 3).

Table 3. Measured average values of NO3
−, NH4

+, WEOC, 15NO3
− and pH of the entire soil

columns after 10 days’ laboratory incubation of sandy soil with (surface and injected) and without
manure application at two WFPS (40% and 60%) levels. Averages and standard deviations of three
replicate cores without (C40 and C60) manure, and with surface-applied manure (S40 and S60) and
injected manure (I40 and I60) are shown. Superscript letters indicate significant differences between
treatments (p < 0.05; Tukey HSD, n = 3).

NO3−

[kg N ha−1]
NH4

+

[kg N ha−1]
WEOC

[kg C ha−1]
Isotopic Enrichment of NO3−

[atom% 15N] pH (CaCl2)

C40 156 ± 3.92 ab 0.936 ± 0.039 a 6.60 ± 0.0675 a 65.9 4.80 ± 0.103 bc

C60 168 ± 19.7 ab 0.878 ± 0.152 a 7.65 ± 1.33 a 65.1 4.71 ± 0.132 c

S40 168 ± 7.07 ab 92.7 ± 106 b 13.9 ± 12.2 b 57.7 ± 5.18 5.07 ± 0.637 ab

S60 128 ± 35.6 c 90.9 ± 95.0 b 23.9 ± 26.3 c 49.4 ± 9.66 5.10 ± 0.527 a

I40 177 ± 14.2 a 59.4 ± 58.8 c 10.46 ± 5.10 b 58.0 ± 3.83 4.95 ± 0.355 abc

I60 145 ± 27.8 bc 51.8 ± 49.3 c 11.69 ± 6.15 b 58.5 ± 2.97 5.00 ± 0.473 ab

A significant depletion of NO3
− occurred in the S40 treatment in the first layer con-

taining the manure, and to a lesser extent, also in the second layer, while the deeper layers,
3 and 4, tended to have higher NO3

− contents until day 5. At day 10, the NO3
− contents

almost resumed their initial values in all layers (Figure S1).
A similar dynamic was evident in S60, but depletion at day 5 in the upper layers was

more pronounced and also included layer 3, while the deepest layer showed values that
were higher than the initial values. Between day 5 and day 10, all of the layers except
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layer 4 showed clear increasing values. The values of the first and second layers increased
by 470% and 131% between day 5 and day 10.

In I40, the central layer 4 containing the manure was initially lower until day 5, but it
subsequently showed an increase of 40% until day 10. The adjacent layers above (3) and
below (5) exhibited a similar trend, but the changes were less pronounced. Layers further
away from the manure layer (1, 2, 6 and 7) showed slightly increasing tendencies during
the incubation.

The NO3
− content in the central layer 4 and adjacent layer 5 of the I60 treatment

was close to the initial values throughout the experiment. Layer 3 showed a similar trend
until day 5, but between day 5 and day 10, the value of the layer decreased by 21%.
The upper layers further away from the manure layer (1, 2) showed smaller values at
day 5 and day 10 than the initial values. The last layer (7) showed increasing contents
between the initial value and day 5, and decreased between day 5 and day 10. The
average NO3

− concentrations of the whole soil column of the different treatments were
of the same magnitude (Table 3), but there were some significant differences between the
treatments. S60 had a significantly lower NO3

− concentration of ~22% (Table 3). The NO3
−

concentration of I60 treatment was ~13% lower than the average of the other treatments.
Treatments S40 and I60 also showed similarities with each other, but I40, I60 and also S40
and S60 differed from each other (Table 3).

3.1.2. Spatial and Temporal Changes in NH4
+ Concentration

In the 0 to 10 cm layer of the C40 treatment, NH4
+ decreased by 29% from the initial

content of 0.9 mg N kg−1 throughout the experiment, while C60 exhibited a decrease of up
to 33% until day 10 (Figure S2).

The S40 and S60 treatments showed a similar dynamic in NH4
+ content during the

experiment. S40 and S60 showed significantly increased NH4
+ contents in the first manure-

treated layer, and to a lesser extent, also in the second and third layers, until day 5. At day
10, the NH4

+ value at S40 was 22% lower, while at S60 it was 29% lower in layer 1.
On day 5, the NH4

+ content of the central, manure-treated layer 4 in I40 and the
adjacent layers (3, 4) increased significantly compared with the initial content. The NH4

+

content in layers 4 and 5 decreased by 35% and 32% between day 5 and day 10, respectively.
For I60, similar to I40, the NH4

+ content of the manure-treated layer 4 and the neigh-
bouring layers (3, 5) exhibited a strong increase over the first five days. Between day 5 and
day 10, the NH4

+ content of layer 3 decreased by 58%, and layers 4 and 5 decreased by
37% and 23%, respectively. Layers further away from the manure layer (1, 2, 6 and 7) in I40
and I60 showed decreasing values the further they were from layer 4. The average NH4

+

concentrations of the surface treatments were 100 times higher, and the injected treatments
were 60 times higher than the controls (Table 3). There was a significant effect from the
method of manure application (surface or injected) on the NH4

+ concentration. The mean
NH4

+ values of the S40 and S60 treatments, and also the I40 and I60 treatments showed
similarities with each other (see the superscript letters in the Table 3 caption).

3.2. WEOC, Water Content, Gas Diffusivity and pH

The WEOC content in the 0 to 10 cm layer of the C40 and C60 treatments decreased
by 24% and 12% compared with the initial content of 8.66 mg N ha−1 throughout
the experiment.

In S40 there was a significant decrease in WEOC of 50% of the first, manure-treated
layer between day 5 and day 10, while the deeper layers showed only small changes and
differences from the initial value (Figure S3).

In S60, on day 5 and day 10, WEOC in the first layer containing the manure was higher
than in S40. The decrease between day 5 and day 10 was 32%. The second layer WEOC
was slightly higher than the values for layers 3 and 4 (Figure S3).

The WEOC of the manure-treated layer 4 in I40 decreased by more than 58% between
day 5 and day 10.
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In I60, the WEOC of the manure-treated layer 4 and the adjacent layer 3 above exhibited
a strong increase in the first five days (Figure S3). Between day 5 and day 10, the WEOC of
layer 3 decreased by 47%, and that of layer 4 decreased by 42%. Layer 5 experienced a 27%
decrease between day 5 and day 10.

The average WEOC of the S60 treatment showed a significant difference compared to
all of the other manure treatments (Table 3).

At 40% WFPS, the water content of the manure layers was distinct from the adjacent
layers, showing that the water of the slurry did not move into the upper or lower layers.
The gravimetric water content (GWC) was lowest in C40 (Figure S4). The GWC of C40
was 6% lower between day 5 and day 10. The GWC of C60 did not change over time. The
slurry-treated layers in S40 had on average a 26% higher GWC, and S60 had a 17% higher
GWC than the soil below. The manure-treated central layer 4 of I40 had, on average, a 39%
higher GWC, and I60 had a 28% higher GWC than the other layers below or above.

The calculated gas diffusivity (Dp/Do) corresponded (inverse) to the GWC because
the treatments had the same bulk density (Figure S5).

The pH of the control soils was below 5 (Table 3). The average pH of the manure-
treated soils was ~5–8% higher (Table 3) than the control. The pH of the manure-treated
layers was 20–30% higher (Figure S6), and thus was significantly higher (p < 0.001) than
the control. The effect of the manure treatments on the pH values of the nearby layers was
small and insignificant, and negligible in the more distant layers.

3.3. CO2 and CH4 Fluxes

CH4 fluxes were always below the level of detection.
The CO2 flux dynamics of the control treatments moisture levels were comparable

(Figure 1). All manure-treated soils had a similar emission pattern and magnitude, reaching
a maximum after 2–3 days and then decreasing until day 4. The S40 and I40 treatments had
higher and shorter CO2 emission peaks than S60 and I60.
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22.8 mg N m−2 day−1) were 70 times higher than the dry treatments, with the highest values 
being found in I60. A similar pattern, but with even greater differences, was found in 
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Figure 1. CO2 fluxes during laboratory incubation of a sandy, arable soil from Fuhrberg, Germany.
The water content (40% (a–c) and 60% (d–f) WPFS) was kept constant during the experiment. Three
manure treatments were applied: control (no manure) (a,d), surface (manure on the surface) (b,e) and
injected (manure in the middle layer of the soil core) (c,f). The yellow lines represented the standard
deviation of the three parallel measurements. The first visualised measurement was taken within
18 h of the soil columns being packed.
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The mean daily CO2 emission of the manure-treated soil showed a significant differ-
ence from the controls (p < 0.05, Table 4). Of the manure-treated soils, only S60 and I60
(p = 0.011) and I40 and I60 (p = 0.0033) differed from each other (Table 4).

Table 4. Average daily fluxes of CO2, total N2O (N2OT), of N2 (fp_N2) and N2O (fp_N2O) originating
from the 15N-labelled NO3

− pool and N2O from other sources (N2Oos). Daily average values of
fp_N2 + fp_N2O and fp_N2 + N2OT (in mg N m−2 day−1; CO2: g C m−2 day−1) are also given over
a 10-day laboratory incubation of sandy soil with two WFPS (40% and 60%) levels. Daily averages of
a 10-day experiment are shown, and standard deviation of three replicate cores without (C40 and
C60) manure, and with surface-applied (S40 and S60) and injected manure (I40 and I60). Superscript
letters indicate significant differences within sites and between treatments (p < 0.05; Tukey HSD,
n = 3).

C40 C60 S40 S60 I40 I60

fp_N2 0.09 0.51 ± 0.12 a 0.45 ± 0.28 a 7.59 ± 7.70 b 0.692 ± 0.38 a 33.0 ± 31.5 c

fp_N2O 0.06 2.22 ± 1.58 a 0.22 ± 0.13 b 13.6 ± 11.4 c 0.340 ± 0.20 b 36.1 ± 39.1 d

N2OT 0.08 ± 0.004 a 4.77 ± 0.56 d 0.39 ± 0.06 b 20.9 ± 2.95 e 0.61 ± 0.05 c 49.8 ± 0.35 f

N2Oos 0.08 1.06 ± 0.31 b 0.19 ± 0.08 ab 1.01 ± 1.07 ab 0.36 ± 0.15 a 2.21 ± 3.31 b

fp_N2 + fp_N2O 0.15 2.73 ± 1.70 ab 0.68 ± 0.41 a 21.2 ± 19.1 bc 1.03 ± 0.57 a 69.1 ± 70.6 c

fp_N2 + N2OT 0.80 ± 0.02 a 3.72 ± 1.27 ab 1.56 ± 0.54 a 22.7 ± 17.9 bc 1.91 ± 0.47 a 69.8 ± 54.6 c

N2Oi 0.49 ± 0.22 0.79 ± 0.09 0.34 ± 0.07 0.65 ± 0.17 0.34 ± 0.14 0.52 ± 0.03
CO2 0.41 ± 0.01 a 0.46 ± 0.01 a 1.36 ± 0.05 bc 1.45 ± 0.05 b 1.51 ± 0.19 b 1.18 ± 0.03 c

fp_N2 0.09 0.51 ± 0.12 a 0.45 ± 0.28 a 7.59 ± 7.70 b 0.692 ± 0.38 a 33.0 ± 31.5 c

3.4. N2O, N2 Fluxes and Product Ratio of Denitrification

N2OT was low (0.36 ± 0.27 mg N m−2 day−1) in the dry treatments and was
13 times higher (p < 0.0001) in the wet control (C60) (Table 4). The wet manure treatments
(25.2 ± 22.8 mg N m−2 day−1) were 70 times higher than the dry treatments, with the
highest values being found in I60. A similar pattern, but with even greater differences, was
found in fp_N2O, fp_N2 and fp_N2 + fp_N2O, where the wet treatments were 83, 33 and
50 times higher, respectively, than the dry treatment. For N2Oos, the average difference
between the dry and wet treatments was negligible.

The product ratio of denitrification (N2Oi = fp_N2O/(fp_N2 + fp_N2O)) was higher at
high moisture (0.52 to 0.79, 60% WFPS) compared with the drier treatments (0.34 to 0.49,
40% WFPS), and was lower in the slurry treatments than in the control.

The time course with a sub-daily resolution of C40 showed a constantly low value of
N2OT (Figure 2), while S40 and I40 showed a clearly increasing trend. I40 had a small but
broad peak between days 4 and 7. C60 had the maximum emission on the second day and
thereafter, the flux decreased almost constantly. The S60 treatment showed a rapid increase
in N2OT in the first four days. I60 had the highest N2OT, which was measured between
days 4 and 5.

The temporal pattern of fp_N2O with bi-weekly resolution showed a very small
emission from C40. The fp_N2O had an increasing trend in manure-treated S40 and I40. In
the wet treatments, the fp_N2O was almost always equal to the N2OT. Initially, C60, S60
and I60 had low fp_N2O values, but these rapidly increased during the first five days of
incubation. The fp_N2O was the dominant emitted N throughout the experiment for C60
and S60. With I60, fp_N2O was the dominant emitted N form until day 7.

N2Oos and fp_N2O had a similar magnitude in the dry treatments. N2Oos also showed
a slowly increasing trend between day 5 and day 10 in S40 and I40. In the wet treatments,
N2Oos was very small compared with the fp_N2O.
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Figure 2. Measured total N2O flux (N2OT; blue line, continuous GC measurement), fp_N2 (purple
dots; 15N-sampling), fp_N2O (black dots; 15N-sampling) and N2Oos (green dots; N2OT-fp_N2O)
during a laboratory incubation of a sandy, arable soil from Fuhrberg, Germany. The water content
(40% (a–c) and 60% (d–f) WPFS) was kept constant during the experiment. Three manure treatments
were applied: control (no manure) (a,c), surface-applied manure (manure on the surface) (b,d) and
injected manure (manure in the middle layer of the soil) (c,f). The yellow lines represented the
standard deviation of the three parallel measurements. The first visualised measurement was taken
within 18 h of the soil columns being packed.

The fp_N2 flux was below detection in the C40 treatment, except for the low value
detected on day 1. The fp_N2 showed an increasing trend in S40 throughout the experiment.
In I40, the temporal pattern of fp_N2 was at its maximum on day 5 (Figure 2). In C60, the
fp_N2 was constantly low. In S60, the fp_N2 was at its maximum on day 5. The flux had a
similar pattern to fp_N2O, but tended to be lower. The fp_N2 of I60 showed an increasing
trend throughout the experiment, and at the end, the fp_N2 flux was 224% higher than the
fp_N2O flux.

The time course of N2Oi (Figure S7) showed that in I40, this ratio was lower at the start,
but that it increased during the experiment, while S40 exhibited the opposite trend. The
N2Oi of S60 and I60 were almost identical at day 1 and day 5, while in S60 the decreasing
trend stopped between day 5 and day 10; in I60, N2Oi decreased further almost linearly
until day 10. The trend of C60 was opposite to that of S60.

3.5. 15N Enrichment of NO3
− and Gross Nitrification Rate

The 15N enrichment of extracted (total) NO3
−-N (15aNO3) exhibited decreasing trends

in all treatments (Figure S8), indicating dilution by NO3
− that was produced by nitrifi-

cation. 15N enrichment of the NO3
− pool undergoing N2O production by denitrification

(apN2O) was always higher than 15aNO3, especially in S60 and I60, showing that the N
pools undergoing denitrification were less diluted with unlabelled NO3

− compared to
the bulk soil (Figure S9). 15N enrichment of the NO3

− pool undergoing N2 production by
denitrification (apN2) was only detectable when fp_N2 was high, and it was mostly close
to apN2O (data not shown).

15aNO3 was used to calculate the gross nitrification rates (GNR). The controls had the low-
est GNR, but a higher GNR in the wetter treatment (Figure S10; C40: 0.323 mg N kg−1 day−1;
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C60: 0.626 mg N kg−1 day−1). All layers of manure treatments showed higher levels of
GNR than the controls.

The first manure layer of the S40 treatment had the second-highest GNR
(4.30 mg N kg−1 day−1), with GNR decreasing constantly from the first to the last layer.
The GNR of the first three layers of the S60 treatment were similar at around 2.5 mg N kg−1,
and higher than the bottom layer.

The I40 treatment generally had the highest GNR in the fourth, middle, manure-treated
layer (4.43 mg N kg−1 day−1). The upper and lower layers decreased almost in parallel
with increasing distance from the middle layer. The top layer of the I60 treatment had the
highest GNR value among the 60% WFPS treatments (3.44 mg N kg−1 day−1). The second
and fourth layers were around 20% lower, and the other layers were 50–70% lower than the
top layer.

4. Discussion
4.1. Manure Effect on Depth Distribution of WEOC, pH and Water Content

The WEOC content was elevated in the manure-treated soil layers, providing an
ideal carbon supply for denitrification [35]. The turnover of labile carbon is important
for denitrification, due to the enhancement of anoxic microsites by O2 consumption by
respiration, and as an electron donor for denitrifying microbes [15,16]. The increased
respiration as expressed by the high CO2 fluxes could have been responsible for the
decreasing trends in WEOC concentration between day 5 and day 10. The increased WEOC
content of the manure-amended layer only increased the WEOC concentration of the nearby
layers to a small extent. This can be explained by the relatively high water retention of the
cattle slurry and therefore by a low-to-moderate rate of solute (WEOC, Nmin) transport to
the surrounding soil layers [25,28].

The manure amendment in the dry treatments increased the water content of the
soil (Figure S4) in the treated layer. Water movement between the manure-treated and
the nearby soil layers was evident in the wet treatments, but not in the dry treatments.
This can be attributed to the low unsaturated hydraulic conductivity of sandy soils under
dry conditions [59] and the high water-retention capacity of the cattle slurry [32] that was
apparently not sufficient to retain all of the water in the wet treatment. The differences
in water content between the layers of the wet treatments can be traced back directly to
seepage due to the extra water added to achieve 60% WFPS, and the water content of the
added manure. The joint effect of these processes explains the observed gradients in the
water content (Figure S4).

The higher pH of the manure-treated layers can be traced back to the higher pH of
the manure.

In line with hypothesis (i), the pH and soil water, labile C and NH4
+ content of the

surrounding soil increased due to the manure treatment.

4.2. Manure Effect on the Depth Distribution of Mineral N and Nitrification

The differences in NH4
+-N and NO3

−-N between treatments and sampling dates
resulted from the input (via manure), N transformations (mineralisation, nitrification,
denitrification and immobilisation) and gaseous or leaching losses [60].

The N input with manure was reflected in the increased concentration of NH4
+ after

five days in, and adjacent to the manure layers in all of the manure-treated soils. Elevated
values in the adjacent layers can be attributed to the migration of manure NH4

+ by diffusion
and/or mass flow with the liquid phase of the manure.

The differences in the NO3
−-N (and NH4

+-N) concentrations of the 40% WFPS treat-
ments at days 5 and 10 between untreated and manure-treated soils (Figures S1 and S2)
were due to the nitrification of NH4

+ in the manure, whether it was NH4
+ that was initially

present in the applied manure, or additional NH4
+ produced from organic N. This could

be accounted for by the gross nitrification rates (GNR) calculated from the dilution of the
added 15N–labelled NO3

− by non-labelled NO3
− from nitrification (Figure S10). Nitrifica-
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tion rates decline at a high soil-water content because the presence of O2 is essential for this
process, and the low water content and well-aerated soil provide more suitable conditions
for nitrification [61]. The optimum WFPS for nitrification is around 40% for coarse, sandy
soil [62]. The two upper layers of the S60 treatment had close contact with the atmosphere
and thereby a constant O2 supply, which in combination with the high NH4

+ concentration
resulted in the highest GNR overall.

GNR was higher with a lower soil moisture, and it was highest in the manure-treated
layer. The GNR showed an almost linear decrease with distance from the manure layer in
dry soil, coinciding with NH4

+-N availability by day 5 (Figure S2), clearly showing that
GNR depended on the NH4

+ content. The increased substrate availability (see Section 3.1.2)
in the manure-treated layers and the available O2 as a result of the lower 40% WFPS
created the ideal conditions for nitrification processes [61]. The patterns of the GNR closely
followed the decreasing NH4

+ and increasing NO3
− concentrations in the layers in the

40% WFPS and the 60% WFPS surface treatments. Although the diffusion coefficient of
the manure-amended layer was within a range that could lead to O2 limitation [25,63], the
adjacent soil layers had higher Dp/Do values. The soil water did not block O2 diffusion to
the manure-treated layer, and the nitrification process was not blocked completely.

Nitrate-N depletion until day 5 in the upper layers of the treatment with surface-
applied manure could be due to the combined effects of leaching (induced by manure
liquid and also by watering of the wet treatment) and denitrification (induced by res-
piration and C supply from the manure) [64]. This effect was more pronounced in the
wet treatment (S60) because more liquid was added, and the denitrification rates were
much higher (Table 4). The loss of mineral N in I60 and S60 during the incubation of
6.3 mg N kg−1 and 17.8 mg N kg−1 was larger than the gaseous fluxes of 3.32 mg N kg−1 and
1.39 mg N kg−1. This suggests that the drastically decreased initial NO3

− value until
day 5 and the increased value at day 10 could imply other soil processes as well. The im-
mobilisation of a significant part of added mineral NO3

− and re-mineralisation—with the
presence of a high concentration of organic matter—could be significant in the soil–manure
boundary layers [54,65]. The high water content and the high labile carbon availability
in the soil–manure boundary layer could shift the dominant NO3

− consumption from
denitrification to dissimilatory nitrate reduction to ammonium (DNRA) [66,67].

The manure-treated layer of S40 and I40 showed a high GNR between days 5 and 10,
and this resulted in an increased NO3

−-N concentration.
In the wet manure treatments (S60 and I60), the highest NO3

−-N values were measured
in the lower layers, apparently due to leaching after wetting of the soil at the start of the
experiment, since drainage was indicated by the gradient of water content [68]. This
hypothesis (ii) was confirmed, since the NO3

− concentration increased due to gross N
nitrification in the manure-treated layers.

4.3. Manure Effect on CO2 Fluxes

The CO2 fluxes of all the manure treatments were much higher than those of the
controls, due to enhanced respiration induced by the labile organic C of the manure [69].
On Day 1, the CO2 fluxes showed a declining trend. There was a maximum of three hours
between the close of the soil columns and the first measurement event. It was assumed
that there are several reasons for this trend. As well as the added extra water and NO3

−,
soluble C could infiltrate the soil after a few hours of soil packing, which could cause an
initial peak in respiration. Another reason could be the CO2 that was derived from CO3

2−,
when the high pH of the added manure is buffered by the soil [70].

While the magnitude and time course of the fluxes were similar in the manure treat-
ments, the well-aerated 40% WFPS treatments exhibited higher and thinner CO2 peaks
than the 60% WFPS treatments (Figure 1). These peaks between days 2 and 3 might reflect
the microbial growth phase. However, the reason for the relatively fast decline of the CO2
fluxes could be substrate and/or O2 limitation. Decomposition rates in the 60% WFPS
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treatments were lower, as expressed by the lower CO2 fluxes due to reduced soil aeration
compared with the 40% WFPS treatments (Table 4, Figure S5) [23,71].

4.4. Manure Effect on N2 and N2O Processes and Fluxes

To the authors’ knowledge, this is the first time that the effect of surface and injected
manure application on N2 + N2O production and N2Oi has been investigated.

In line with the 60% WFPS treatments results, the enhancement of N2OT by manure
injection has been reported by Duncan et al. (2017) [72]. They measured an 84% to 152%
higher N2OT flux with injected manure application than the surface-applied manure. In the
I60 treatment, a 138% higher N2OT flux was observed with a simulated injection, compared
with the surface application.

All flux types consisting of or including gaseous denitrification products (i.e., N2OT,
fp_N2, fp_N2O and fp_N2 + fp_N2O) showed significant differences between the different
manure and water applications, where fluxes of the wet treatments were several times
higher than the 40% WFPS treatments (Table 4). This is in line with the well-known impact
of soil moisture and labile carbon on denitrification [11–13,18]. While increasing moisture in
the absence of manure yielded approximately four times more fp_N2 + N2O fluxes, manure
treatments exhibited up to 40 times higher denitrification rates (given by fp_N2 + fp_N2O)
than the dry control. The manure effect is known to be a combined moisture and labile
carbon effect, since the slurry placement likely caused locally increased respiration and
higher water contents around the manure-amended layers, which induce local anaerobic
hotspots [32] where denitrification occurs. The water transport from the manure to the
surrounding soil with a high concentration of soluble labile organic C and mineral N
resulted in a higher respiration rate, nitrification and locally decreased O2 concentration.
This water transport also increased the concentration of the electron donors (WEOC) and
electron acceptors (NO3

−) [29,33,73].
In the 40% WFPS manure treatments, the relatively low water content resulted in high

gas diffusivity (Dp/Do > 0.045, Figure S5) and thus good conditions for gas exchange [74,75].
However, the enhancement of denitrification (increased fp_N2 and fp_N2O) by the manure
was evident towards the end of the experiment (Figure 2). There was also a difference in the
fp_N2 + fp_N2O values between the surface and injected treatments. I40 had 25% higher
fp_N2 + fp_N2O than S40. This was probably due to the inhibited aeration of I40 compared
with S40, due to the greater distance between the manure layer and the soil surface, which
may even have been enhanced by the 14% lower diffusion coefficient.

The denitrification process was the dominant soil process of the total N2O flux in the
60% WFPS treatments [76,77], but the effect of the manure and the application method
(surface or injected) also had a remarkable effect.

The locally limited O2 diffusion could be also the main reason for the differences
between the surface and injected treatments at 60% WFPS. The lowering of the diffusion
coefficient by the increased water content in the manure-amended layers in S60 and I60
was in the range that was reported for conditions where diffusion processes are almost or
fully blocked [74,75]. While gas diffusion of the adjacent layers was not completely blocked,
it was smaller than the diffusion of the 40% WFPS treatments. This resulted in slow O2
transport to the deeper layers in 60% WFPS treatments, and the locally developed anoxic
hotspots around the manure layers resulted in high denitrification rates.

The extent of N2O reduction to N2, as shown by the N2O/(N2 + N2O) product ratio
of denitrification (N2Oi), was affected by moisture and the manure treatment. The dry
treatments exhibited the highest N2Oi with values > 0.5, showing that the dominant product
was N2O. This could be due to the low pH of the soil, which can inhibit N2O reduction
to N2 [78], and/or because N2O reduction was not enhanced by the known effects of
high moisture [24]. The manure-treated soils resulted in elevated fp_N2 flux relative to
fp_N2O, and thus lower N2Oi. The differences between the control and manure-treated
N2Oi values can be explained by the interaction of multiple manure effects, including
increased water and solute (WEOC, mineral N) content near the manure, and anoxia
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resulting from increased O2 consumption by the respiration of labile C from manure, the
latter also supplying reductants for denitrifiers [79]. While all of these factors enhance
N2 and N2O production by denitrification and increased pH, increased moisture and the
abundance of labile carbon in the soil surrounding the manure are factors that can enhance
N2O reduction and thus lower N2Oi, which might explain the lower N2Oi values of the
manure treatments.

Another factor could be the delayed formation of the N2O reductase [80–83], which
was evident in the wet injection treatment (I60) (Figure S7). Moreover, this treatment was
lower (−20%) in N2Oi than the wet surface manure treatment (S60), possibly due to the
longer residence time of N2O in the soil when the manure hotspot was located 5 cm below
the soil surface.

It should be noted that the extent to which the lower N2Oi levels in the injected
treatment was due to enhanced moisture, labile carbon or elevated pH, and how this was
counteracted by a higher NO3

− concentration, is unclear from the data. Further studies are
necessary to elucidate the full regulation of N2Oi after manure application.

The total N2O flux also included variable contributions from processes other than
denitrification (N2Oos) [84]. The approach used here only distinguished N2O that was
evolved from the NO3

−-labelled pool (denitrification) from other sources, which could have
originated from autotrophic or heterotrophic nitrification or nitrifier denitrification [24,85].
N2O from autotrophic nitrification is expected to be relevant, since large amounts of
NH4

+ were transformed into NO3
−, whereas in I40 and I60, only a minor part, and in

S40 and S60, a significant part of the initially added 85.7 kg NH4
+-N ha−1 was recovered

as NH4
+, largely due to nitrification, as shown by the high GNR values of the manure

treatments (Figure S10). The N2O yield of autotrophic nitrification varies from approxi-
mately 0.5 × 10−3 to 1 × 10−3 mg N2O-N per mg of nitrified NH4

+-N [86], which would
lead to an N2O flux of up to 0.4 to 0.8 mg N m−2 day−1 (80 kg nitrified NH4

+-N ha−1

× (0.5 × 10−3 to 1 × 10−3)). This is lower than the N2OOS of the 60% WFPS treatments
(Table 4). Moreover, N2OOS was not clearly enhanced in the manure treatments, showing
that processes other than autotrophic nitrification during the oxidation of manure NH4

+,
such as nitrifier denitrification or heterotrophic nitrification [85], might have been relevant.
However, N2OOS was low compared with N2O from the denitrification of the labelled
NO3

− (fp_N2O), showing that the inability to apportion N2OOS to its source processes was
not a major limitation of this study.

4.5. Manure Effect on the Depth Distribution of WEOC, pH and Water Content

The data demonstrated how the dynamics of moisture, labile organic C, NO3
−-N,

NH4
+-N, the formation of NO3

−-N by nitrification and pH following manure surface or
injection application interact and result in N2O cycling by various pathways. The manure–
soil boundary layer can be defined as a hotspot for C and N cycling, since the manure
application generated an increase in water content, mineral N and labile C availability in
the 1–4 mm of soil adjacent to the manure-saturated soil where microbial activity and O2
demand were also increased [15,87,88]. As hypothesised, the manure increased the pH and
the water content with labile C and NH4

+ together in the surrounding soil of the manure
layer (hypothesis (i)). This resulted in increased denitrification within the first five days,
but the soil-derived NO3

− became limited. The decreased NO3
− until day 5 and the in-

creased NO3
− concentration between days 5 and 10 in S60 (Figure S1), in line with the GNR

(Figure S10) through the nitrification processes showed similarities with the results of
the Petersen et al. (1996) [29] (hypothesis (ii)). The present study’s data confirmed the
well-known dynamics of nitrification, coupled with denitrification in manure hotspots [89],
since both enhanced GNR in manure layers and manure-induced denitrification were
found. The O2 demand was apparently higher than the supply through diffusion, and the
denitrification process again became dominant in the anaerobic microsites of the manure-
amended layers. Due to the nitrification of NH4

+ from the manure, the NO3
− concentration

increased and was no longer the limiting factor for denitrification. In a similar incubation
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study with manure hotspots [29], after seven days, the limiting factor for denitrification
was the available labile C source. Although the WEOC concentration decreased during the
10-day experiment (Figure S3), the WEOC value of the manure-treated layer was still high.
Hence, WEOC did not suggest a limitation, and it would seem that denitrification was not
limited by the substrates. Nevertheless, local WEOC could be limited in the microsites of
the soil–manure boundary layer (hypothesis (iii)). N2O reduction to N2, and thus to N2Oi,
is due to the interaction of multiple factors, i.e., all of the main factors controlling denitrifica-
tion, but also pH, residual O2, the temporal dynamics of N2O reductase formation and the
physical factors of N2O exchange [24,38]. Although a reduction in N2Oi towards the end of
the incubation was observed in the wet manure treatments (confirming hypothesis iv), it is
not clear which combination of the aforementioned factors was relevant, because there was
incomplete spatial information about the control factors, and the enzyme dynamics were
not examined at all.

The fact that hypothesis (v) could not be fully or clearly verified, since there was no
trend for lower N2Oi in the dry manure injection vs. the dry surface application treatments,
is probably due to this complexity in N2Oi control. Inhibiting N2O reduction (Figure S8)
by the delayed formation of N2O reductase [81,90] might have been more relevant for the
injection treatment in view of the higher denitrification rate.

A model to describe manure-induced hotspot dynamics to simulate N2 and N2O fluxes
was proposed by Sommer et al. (2004) [40] and calibrated using incubations of manure-
treated soils similar to the present setup, but without using 15N tracing approaches [32,87].
This so-called “static model” calculates the following N transformations: NH3 loss at the
time of the manure application on the soil, N mineralisation in the degradable volatile
solids, nitrification in the manure slurry clump and soil, and denitrification in the manure
slurry clump. The present data provide the basis for extended evaluation and further
development of such hotspot models, because in addition to the analysis of CO2 and N2O
fluxes, water content and N and C substrates, it includes information on gross nitrification
and on N2O and N2 fluxes from denitrification. The combined data from the repeated soil
sampling and continuous gas fluxes can thus be used to describe the denitrification and
respiration processes of the manure-soil hotspot. The data gave clear indications in this
10-day period about the manure-induced denitrification dynamics in sandy soil. However,
only one soil type was tested. Moreover, with bi-weekly gas sampling for isotope analysis
and soil sampling on only two dates, the temporal resolution was insufficient to monitor in
detail the rapid manure-induced changes in the process dynamics (e.g., immobilisation,
nitrification and denitrification, etc.). Finally, this setup could not differentiate between
all of the N2O processes and did not yield spatial information on respiration, O2 or pore
structure. Therefore, for improved understanding and the prediction of the effects of the
control factors on N2 and N2O fluxes, longer and more frequent experiments are needed
that feature more soil types, including additional techniques for distinguishing gross N
transformations and their gaseous N fluxes [91], and tools to study the interaction of
respiration, pores structure and spatial O2 dynamics [92,93].

5. Conclusions

The objective of this study was to investigate the effect of different manure application
techniques on N2 and N2O fluxes and their control factors, and thus, to produce reliable
data for evaluating a manure-soil hotspot model. The results of a mesocosm laboratory
incubation were presented that explored the response of these fluxes to the combination
of two water contents and two manure application methods. The results confirmed an
expected increase in the content of water, labile organic carbon and mineral N, as well
as nitrification in and next to the manure-treated soil layers. Moreover, these factors
were found to increase the N2 and N2O fluxes from denitrification, with the highest
fluxes occurring in the wet manure injection treatment. A moderate enhancement of
N2O reduction to N2, and thus the lowering of the N2O/(N2 + N2O) product ratio of
denitrification (with 28.3 ± 7.24% lower N2Oi on average) resulted from the wetting and
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manure application, but this small effect could not balance the strong increase in gross
N2O production. However, a lower soil-water content could mitigate the absolute value of
N2O flux of the manure-amended soil. Since the spatial distribution of moisture, mineral
N, WEOC, pH and continuous CO2 fluxes as a proxy for respiration were assessed, it was
possible to explain most of the observed N2 and N2O flux patterns from the interaction
of these control factors of denitrification and nitrification. It is assumed that the refined
parameter determination, including pore structure, O2 distribution and the higher temporal
resolution of N2 fluxes can lead to an even better explanation of flux patterns in future
studies. It is concluded that the current dataset is suitable as a first step for improving
biogeochemical models and their ability to predict manure application effects, but more
refined experiments with different types of soils are needed.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/agriculture12050692/s1, Figure S1: Nitrate concentration
differences in soil layers between days 1, 5 and 10 of sampling of the control (one layer), surface
(four layers) and injected (seven layers) manure treatments for two water contents (40% and 60%
WFPS) and the standard deviation of the three parallel samples. The laboratory incubation was
conducted with re-packed, sandy, arable soil from Fuhrberg, Germany. Figure S2: Differences in the
ammonium concentration in soil layers between day 5 and day 10 of sampling of the control (one
layer), surface (four layers) and injected (seven layers) manure treatments for two water contents (40%
and 60% WFPS) and the standard deviation of the three parallel samples. The laboratory incubation
was conducted with re-packed, sandy, arable soil from Fuhrberg, Germany. Figure S3: Dissolved
organic carbon concentration differences in soil layers between day 5 and day 10 of sampling for
the control (one layer), surface (four layers) and injected (seven layers) manure treatments for two
water contents (40% and 60% WFPS) and the standard deviation of the three parallel samples. The
laboratory incubation was conducted with re-packed, sandy, arable soil from Fuhrberg, Germany.
Figure S4: Gravimetric water content of soil layers between day 5 and day 10 sampling of the control
(one layer), surface (four layers) and injected (seven layers) manure treatments for two water contents
(40% and 60% WFPS), and the standard deviation of the three parallel samples. The laboratory
incubation was conducted with re-packed, sandy, arable soil from Fuhrberg, Germany. Figure S5: The
calculated gas diffusivity based on the measured water content of soil layers between day 5 and day
10 of the control (one layer), surface (four layers) and injected (seven layers) manure treatments for
two water contents (40% and 60% WFPS). The laboratory incubation was conducted with re-packed,
sandy, arable soil from Fuhrberg, Germany. Figure S6: The pH of soil layers between day 5 and day
10 of the control (one layer), surface (four layers) and injected (seven layers) manure treatments for
two water contents (40% and 60% WFPS). The laboratory incubation was conducted with re-packed,
sandy, arable soil from Fuhrberg, Germany. Figure S7: Time course of N2Oi (fp_N2O/(fp_N2 +
fp_N2O) at days 1, 5 and 10 of the control, surface and injected (C, S, I) manure treatments for two
water contents (40% and 60% WFPS). The laboratory incubation was conducted with re-packed,
sandy, arable soil from Fuhrberg, Germany. Figure S8: The 15N-NO3

− atom% of soil layers between
days 1, 5 and 10 of the control (one layer), surface (four layers) and injected (seven layers) manure
treatments for two water contents (40% and 60% WFPS). The laboratory incubation was conducted
with re-packed, sandy, arable soil from Fuhrberg, Germany. Figure S9: The apN2O values between
days 1, 5 and 10 of the control, surface and injected manure treatments for two water contents (40%
and 60% WFPS). The laboratory incubation was conducted with re-packed, sandy, arable soil from
Fuhrberg, Germany. Figure S10: The gross nitrification rate of soil layers between day 5 and day
10 of the control (one layer), surface (four layers) and injected (seven layers) manure treatments for
two water contents (40% and 60% WFPS). The laboratory incubation was conducted with re-packed,
sandy, arable soil from Fuhrberg, Germany. Table S1: Physical and chemical data of four-week-old
matured artificial manure mixture. See [45,48,49,94–96].
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