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Abstract

Excess nitrogen (N) after animal slurry application is a persistent problem of intensive agriculture, with consequences such
as environmental pollution by ammonia (NH;) and nitrous oxide (N,0O) emissions and nitrate (NO5 ") leaching. High-carbon
organic soil amendments (HCAs) with a large C:N ratio have shown the potential of mitigating unintended N losses from
soil. To reduce gaseous and leaching N losses after the application of slurry, a laboratory incubation study was conducted
with silt loam soil. We tested the potential of three different types of HCA—wheat straw, sawdust, and leonardite (application
rate 50 g C L™! slurry for each of the three HCAs)—to mitigate N loss after amendment of soil with pig and cattle slurry
using two common application modes (slurry and HCA mixed overnight with subsequent addition to soil vs. sequential
addition) at an application rate equivalent to 80 kg N ha~!. Compared to the control with only soil and slurry, the addition
of leonardite reduced the NH; emissions of both slurries by 32—-64%. Leonardite also reduced the total N,O emissions by
33-58%. Wheat straw reduced N,O emissions by 40-46%, but had no effect on NH; emission. 15N labeling showed that the
application of leonardite was associated with the highest N retention in soil (24% average slurry N recovery), followed by
wheat straw (20% average slurry N recovery). The mitigation of N loss was also observed for sawdust, although the effect
was less consistent compared with leonardite and wheat straw. Mixing the slurry and HCA overnight tended to reduce N
losses, although the effect was not consistent across all treatments. In conclusion, leonardite improved soil N retention more
effectively than wheat straw and sawdust.
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1 Introduction

Animal slurry, also known as liquid manure, contains large
amounts of reactive nitrogen (N), an essential nutrient for
plants and microorganisms that enhances metabolic rates
and soil respiration when applied to soil. However, excessive
N introduced to the environment, for example, in the form
of ammonia (NHj;), can be a harmful pollutant of surface
water and groundwater, cause biodiversity loss, and endan-
ger human health (Aber et al. 1995). In the form of nitrous
oxide (N,0), it can exacerbate global warming (Rabalais
2002) and deplete the stratospheric ozone layer (Cowling
et al. 1998).
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Excessive N in the environment is a serious problem, par-
ticularly in areas with intensive livestock production such as
northwest Germany, one of the areas with the most intensive
livestock production in the world (Zerbe 2020). The pre-
dominant N form in animal slurry is ammonium (NH,"),
which accounts for over 50% of total N (TN) in pig and cattle
slurry (Jensen 2013). The calculated global median NH; loss
from the application of animal slurry amounts to 23%, which
is higher than the loss resulting from the application of syn-
thetic N fertilizer (Bouwman et al. 2002). In order to reduce
NH; emissions, the 2017 German Fertilizer Ordinance aims
to gradually ban the application of liquid manure using large
spreaders to crop land by 2020 and to grassland by 2025.
Once in the soil, NH; can rapidly be protonated to NH,*
and oxidized to nitrate (NO;~) by ammonia-oxidizing bac-
teria (AOB) and ammonia-oxidizing archaea (AOA). Any
NO;™ that is not taken up by plants is eventually leached
into surface water and groundwater. N,O is formed during
both nitrification and denitrification, and is a significant
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contributor to global warming as a greenhouse gas (GHG)
that is 265 times more potent than carbon dioxide (CO,)
(IPCC 2013). Therefore, it is important to improve soil N
retention and to reduce N pollution from animal slurry.

High-carbon organic soil amendments (HCAs) can immo-
bilize N and reduce GHG emissions and odor due to their
composition and structure. Wheat straw, for example, con-
tains considerable amounts of labile organic carbon (C),
which can stimulate microbial activity and growth, and thus
N immobilization in the soil (Zavalloni et al. 2011). Sawdust
can eliminate the bad odor of landfills and animal or human
excreta due to its high sorption capacity (Hui et al. 2003).
Leonardite is a highly oxidized lignite of acidic nature that
increases the degree of protonation of NH; when applied to
slurry or soil, has a high cation exchange capacity (CEC)
that promotes the adsorption of NH,*, and contains up to
20% labile C that can stimulate microbial N immobilization
(Manzoni and Porporato 2009). Furthermore, the addition
of HCA, (e.g., straw) during slurry storage increases the
amount of volatile fatty acids and may increase net N immo-
bilization after the application of slurry to the soil (Kirch-
mann et al. 1993; Sgrensen 1998).

HCAs have great potential to reduce N losses from soils,
but it is still unclear which HCA (wheat straw, sawdust,
leonardite) are best suited to effectively bind N in different
types of slurry and whether recovery of N from slurry can
be enhanced by the combined application of HCA and slurry
to the soil.

We hypothesized that leonardite would be more effective
than wheat straw and spruce sawdust in reducing N loss
after slurry application due to its combination of properties.
We also hypothesized that mixing HCA with slurry prior to
application would increase N retention. To put these hypoth-
eses to the test, a laboratory incubation experiment was
conducted with leonardite to compare it with sawdust and
wheat straw. Pig or cattle slurry was applied to a silt loam
soil, either after pre-incubation of the slurry with HCA or
directly to the soil amended with the respective HCA. GHG
(CO,, CH,, and N,0) and NH; emissions were monitored
during the 60-day incubation period to quantify the N reten-
tion capacity of the HCA in combination with liquid manure.

2 Materials and Methods
2.1 Soil

The soil was obtained from an agricultural field close to
Selhausen (Germany) and stored in a dried and 2-mm sieved
state until use (Quade et al. 2018). It was classified as an
orthic Luvisol with a silt loam soil texture and a pHyy,q of
7.1, containing 10.0+0.2 g kg~! total organic carbon (TOC)
and 1.07+0.05 gkg™! TN.
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2.2 Slurries

Pig and cattle slurries were obtained from typical animal
farms from the Rhineland region (Rheinisches Revier)
close to Grevenbroich (North Rhine-Westphalia, Ger-
many). Pig and cattle slurry had a density of 1.01 g cm™>
and 0.92 g cm™>, a water content of 88% and 91%, a pH of
8.4 and 8.5, and a C/N ratio of 5.9 and 6.3, respectively.
Based on dry weight, the pig slurry contained 64 mg g~
TN, of which 45 mg g~ was NH,*, 376 mg g~! was TOC,
and 193 mg g~! was dissolved organic carbon (DOC); the
cattle slurry contained 60 mg g~' TN, of which 32 mg g™!
was NH,*, 378 mg ¢! was TOC, and 279 mg g~! was DOC.

2.3 HCA

The HCA types used in the experiment were wheat straw,
sawdust, and leonardite. The total C contents of the HCAs
were 43.6%, 44.0%, and 46.3%; the TN contents amounted
to 0.97%, 0.16%, and 0.92%; and the C:N ratios were 45,
275, and 50, respectively. The average pH in water of the
leonardite was 4.2. Before application, wheat straw was cut
into pieces that were 2-3 cm in length, and small particles of
spruce sawdust without bark were added that were just a few
millimeters in size. Leonardite was applied in powder form.

2.4 Incubations

Incubations were performed in PVC tubes (150-mm height,
50-mm diameter) containing 390 g of dried soil at a soil bulk
density of 1.3 g cm™. The dry soil was reactivated by pre-
incubating at 60% water-holding capacity (WHC, 36 g water
per 100 g dry soil) for 10 days. The experiment consisted of
17 treatments with three replicates each—according to the
combination of two types of slurry (pig and cattle slurry)—and
applied at a rate of 80 kg TN ha~! (corresponding to 4.75 ml
pig slurry or 6.22 ml cattle slurry per incubation tube). Three
types of HCA (wheat straw, sawdust, leonardite) were applied
at a rate of 50 g C L™! slurry (corresponding to 62 kg C ha™!
for pig slurry and 73 kg C ha™! for cattle slurry); the application
rate of HCA was previously found to be suitable to treat animal
slurry with lignite or leonardite for the purpose of maximal
nutrient immobilization (German patent DE102016223352A1
by RWE Power AG). Two common agricultural application
methods were simulated: either mixing slurry and the respective
HCA overnight before application and adding the mixture to
the soil on the following day or adding HCA to the soil first
and then adding slurry directly to the HCA-amended soil. A
factorial design of 2 slurries X 3 HCA X 2 application methods
was used, amounting to 12 treatments in total. Five different
control groups were established: (1) Soil (S); (2) Soil and
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Pig slurry (SP); (3) Soil and Cattle slurry (SC); (4) Pig slurry
(P); and (5) Cattle slurry (C). An overview of all treatments
and abbreviations is presented in Table 1. Slurry and HCA
were incorporated into the first 2 cm of the soil immediately
after application. Throughout the 60 days of incubation, the
experiment was conducted at a room temperature of 20 °C, the
tubes were weighed daily, and water loss was compensated by
the addition of the corresponding amount of deionized water.
Due to the large number of treatments, the experiment was
divided into two batches with the pig slurry batch starting
12 days earlier than the cattle slurry batch. To follow the
development of the slurry-derived N, we added and mixed
40 mg (1*NH,),SO, (at 1 atom% ' N) each to the 200 ml pig
and cattle slurries, respectively, before application.

2.5 Gas Analysis

During the experiment, GHG and NH; emissions of the dif-
ferent treatments were measured on days 1, 2, 3, 5, 7, and
10 of the experiment, and weekly thereafter, until the end of
the experiment. An infrared laser gas analyzer (G2308, Pic-
arro, Inc., Santa Clara, CA, USA) with a dynamic chamber
(50-mm height, 50-mm diameter) tightly covering each tube
was used in closed-loop mode to quantify the emissions of
CO,, N,0, and NH; within 10 min. Gas fluxes were calcu-
lated according to Brummer et al. (2008). On the first day of
the experiment, the CO, emissions data in the P treatment
and N,O and NH; emissions data in the P, SPW, and SPD
treatments exceeded the calibrated range of the analyzer. An
interpretation of this data was ruled out.

2.6 Nutrient Analysis
After the experiment, soil samples were collected and

separated into a top layer (0-5 cm, including slurries and
HCA) and a sublayer (5—15 cm). All samples were stored in a

Table.1 The treatment combinations and their abbreviations

Pig slurry (P)
Mixed overnight Added
directly to soil
()
Wheat straw SPW SP+W
W)

Sawdust (D) SPD SP+D
Leonardite (L) SPL SP+L

freezer at— 22 °C before extraction. According to Houba et al.
(2000), mineral N fractions (NH,* and NO; ") representing the
available N were extracted with a 0.01 M CaCl, solution (soil-
to-solution ratio of 1:4 w:v) that had an ionic strength similar
to that of the soil solution by 2-h horizontal shaking at 200 rpm
and 15-min centrifugation at 3500 rpm. The supernatant was
filtrated with 0.45-pm PP-membrane syringe filters (disc size
25 mm; VWR International, Darmstadt, Germany) and then
subjected to continuous flow analysis and ion chromatography
(Dionex DX-500, ThermoScientific, Massachusetts, USA) for
NH,* and NO;~, respectively.

2.7 Microbial Biomass

Soil microbial biomass was extracted using the chloroform-
fumigation extraction method (CFE) as described in Reichel
et al. (2017). A TOC analyzer (TOC-VcPH +TNM-1 + ASI-
V, Shimadzu, Japan) was used to determine the DOC in
CaCl, extracts both without and after chloroform fumigation
in order to quantify the microbial biomass C (C,;.). C,,;. and
N,ic were calculated according to Joergensen (1996) using
the correction factors kg 0.45 and kgy 0.40.

2.8 >N Analysis

For both the top layer and the sublayer of soil samples, 2-g
air dry soil were extracted with 50 ml 1 M potassium chlo-
ride (KCI) by 1-h horizontal shaking at 200 rpm and 20 min
centrifugation at 3500 rpm. Here, the extraction with 1 M
KClI solution was chosen to recover the maximum amount of
ISNH,* from the soil (also including the fraction adsorbed
by the soil matrix) in order to analyze of the development of
slurry N in soil. The N leaching potential was estimated from
the NO;™~ content in the soil solution, which was sampled
at a soil depth of 10 cm using MicroRhizon samplers (type
19.21.81, Rhizosphere Research Products, Wageningen,

Cattle slurry (C) control
Mixed Added directly Soil (S)
overnight to soil (+) Soil + pig slurry (SP)
SCW SC+W
Soil + cattle slurry (SC)
SCD SC+D
Pig slurry only (P)
SCL SC+L

Cattle slurry only (C)

The abbreviations of the treatments are as follows: S, soil; P, pig slurry; C, cattle slurry; W, wheat straw; D, sawdust; L, leonardite; “+”, direct
application of slurry and HCA to soil; no “+ 7, slurry and HCA mixed overnight before application
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Netherlands) on days 0 (before application), 4, and 8, and
weekly thereafter, until the end of the experiment. All solu-
tion samples were stored in a freezer at—22 °C before analy-
sis. For the analysis, each sample (1-2 ml) was diluted to
20 ml with deionized water. '> N isotope signatures of NH,*
and NO;™ in soil extracts and soil solutions were analyzed
by applying sequential micro-diffusion and liquid—liquid
extraction techniques as described in Reichel et al. (2018).

2.9 Calculations and Statistical Analysis

The results are expressed as a mean value of three repli-
cates + standard deviation on a dry soil basis. After considering
the statistical requirements (normal distribution and homoge-
neity of variance), the differences between treatments were
analyzed for significance by three-way analysis of variance
(ANOVA) with Tukey’s HSD used as the post-hoc test at a sig-
nificance level of p <0.05 (IBM SPSS Statistics for Windows,
Version 25.0, IBM Corp., Armonk, NY, USA).

3 Results

The three-way ANOVA (Supplementary data, Table S1)
showed that cumulative GHG and NH, emissions and > N
recovery responded significantly to the type of slurry (larger
in pig than in cattle slurry) and the HCA type. In addition,
application methods also affected N,O, NH; emissions, and
15 N recovery (p <0.05). In the top layer of the soil, the type
of HCA significantly affected the DOC, C,;., NO;~, and
pH (» <0.05). In the sublayer, NO;™ responded to all three
factors, while pH only responded to the application method.

3.1 pH

The pH values of the topsoil layer of all treatments were
lower than in the S control at the end of the incubation
period (Table 2). Leonardite significantly decreased the pH
values of the soil to below 7 for both slurries. There was no
significant difference between treatments in the sublayer; the
pH of all samples was around 7.6.

3.2 CO,

The CO, emission rates were extremely high on the first day
(Supplementary data, Figure S1). The highest emission rates
occurred in SPD (33.7 g C m™% day™') and SCW (25.7 g C
m~2 day™"), while SPL (12.8 g C m™> day~') and SCL (9.8 ¢ C
m~2 day™") had the lowest CO, emission rates compared with
the other HCAs. Comparing the two application methods, the

@ Springer

first application method (mixing slurry and HCA overnight
followed by application of the mixture on the following day)
led to significantly higher CO, emission rates for cattle slurry
treatments on the first day; this difference then diminished in
the following days. The CO, emission rates rapidly declined in
all treatments after the first day, but remained at an intermediate
level for 10 days before levelling off at 1 g C m~2 day ™" towards
the end of the experiment. In this period, the slurry-only treat-
ments P and C always had the lowest CO, emission rates.

The cumulative CO, emissions of the two application meth-
ods were not significantly different from each other, while the
wheat straw treatments emitted considerably more CO, com-
pared to the other HCA treatments. Adding pig slurry to the
soil increased cumulative CO, emissions by 39% compared
to the S treatment (Fig. 1A). The addition of wheat straw
increased CO, emissions by 15% in the SP+ W treatment com-
pared to the SP treatment. Leonardite significantly decreased
CO, emissions by 16% and 15% in the SP+L and SPL treat-
ments, respectively, compared to the corresponding control
(SP). The CO, emissions of the SP+D treatment were also
reduced by 17% compared to the corresponding control (SP).

In contrast to pig slurry, the addition of cattle slurry to soil
only increased CO, emissions by 1% (Fig. 1B). In the cattle slurry
treatments, wheat straw increased CO, emissions by 51% and
29% in SC+W and SCW treatments, respectively, compared to
the SC treatment. However, the other HCA types did not signifi-
cantly reduce the CO, emissions in the cattle slurry treatments.

3.3 N,0

On the day of slurry application, the emission rates of N,O
(Supplementary data, Figure S1) peaked in the C treatment
with a maximum emission rate of 813 mg N m~2 day~.
Among the HCA substrates tested, only leonardite signifi-
cantly reduced N,O emission rates for both slurry treatments.
On day 2 after application, the rates decreased rapidly below
5mg N m~2day~!. A second peak was reached in the pig and
cattle slurry treatments 18 days and 7 days after application,
respectively, while it was reached on day 10 in the C (cattle
slurry only) treatment. The application of pig slurry together
with wheat straw was associated with the lowest N,O emission
rates during the second peak period, in contrast to cattle slurry
where this difference was not significant. Thereafter, N,O
emission rates gradually declined to the level of untreated soil.

The application of pig slurry increased cumulative N,O
emissions 11-fold compared to the soil-only (S) treatment.
N,O emissions were reduced by 46% and 58% in SP+W and
SP+L, respectively, compared to the SP treatment (Fig. 1C).
The N,O emissions of SC were increased by twofold com-
pared with the S treatment. The SCW, SC+L, and SCL treat-
ments tended to reduce the N,O emissions by 40%, 34%, and
33%, respectively, in relation to the SC treatment (Fig. 1D).
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Fig.1 A Cumulative CO, emissions of pig slurry treatments. B
Cumulative CO, emissions of cattle slurry treatments. C Cumulative
N,O emissions of pig slurry treatments. D Cumulative N,O emis-
sions of cattle slurry treatments. E Cumulative NH; emissions of pig
slurry treatments. F Cumulative NH; emissions of cattle slurry treat-
ments. The abbreviations of the treatments are as follows: S, soil; P,
pig slurry; C, cattle slurry; W, wheat straw; D, sawdust; L, leonardite;
“+7, direct application of slurry and HCA to the soil; no “+”, slurry
and HCA mixed overnight before application. The error bars show

3.4 NH,

In general, pig slurry treatments had higher NH; emissions
than cattle slurry treatments (Fig. 1E, F). The applica-
tion of pig slurry to soil was associated with a large NH;
loss. The total NH; emissions in the SP treatment were 3.9
times higher than in the SC treatment. On the first day of
slurry application, the NH; loss was extremely high, with
maximum emission rates of 4000 mg N m~> day~! and
5000 mg N m~2 day~' in the pig and cattle slurry treatments
(Supplementary data, Figure S1), respectively. One day after
slurry application, NH; emissions declined considerably to
rates below 150 mg N m~2 day~!, while in the P treatment,
emissions remained high at a rate of 565 mg N m~2 day~!

NH; strongly decreased to below 1 mg N m~2 day ™! after

@ Springer

the standard error of the mean of each treatment (n=3). The different
lowercase letters indicate significant differences at the p <0.05 level
between treatment. The CO, emissions of the P treatment are not
compared due to the absence of data for the first day. The N,O emis-
sions of the P, SPW, and SPD treatments are not compared due to the
absence of data for the first day. The NH; emissions of the P, SPW,
and SPD treatments are not compared due to the absence of data for
the first day

day 10, with the exception of P where NH; emissions could
no longer be detected after day 25.

The two application methods had different effects on
cumulative NH; emissions for the two slurries. In the pig
slurry treatments, mixing slurry and HCA reduced NH;
emissions compared to adding slurry and HCA directly to
the soil, but the opposite was the case in the cattle slurry.

Leonardite had a similar effect on reducing NH; emis-
sions in both slurries compared to the soil 4+ slurry control.
In treatments in which leonardite was added directly to the
slurry, cumulative NH; emissions were reduced by 34% in
pig slurry and by 32% in cattle slurry. Leonardite mixed with
slurry overnight before application reduced the cumulative
NH; emissions from pig slurry (SPL) and cattle slurry (SCL)
by 63% and 64%, respectively.
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In contrast, wheat straw and sawdust increased the NH;
emissions when mixed with cattle slurry. Compared with
the SC treatment, wheat straw significantly increased the
NH; emissions by 72% (SC+ W) and 170% (SCW). Sawdust
increased the cumulative NH; emissions by 46% (SC+ D)
and by 154% (SCD) in relation to the SC treatment.

3.5 DOC and Microbial Biomass

In relation to the control S, increased DOC concentrations
were found in the top soil layer of all treatments at the end
of the incubation period (Fig. 2A, B). The addition of pig
slurry to the soil increased the DOC concentration by 2.9
times, which was larger than after the addition of the cattle
slurry (2.2 times). All the tested HCA types increased the
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Fig.2 A DOC of pig slurry treatments. B DOC of cattle slurry treat-
ments. C C,;. of pig slurry treatments. D C;. of cattle slurry treat-
ments. S, soil; P, pig slurry; C, cattle slurry; W, wheat straw; D, saw-
dust; L, leonardite; “+ 7, direct application of slurry and HCA to the

DOC content in relation to the SC treatment: wheat straw
and leonardite increased the DOC concentration by 61-68%,
while for sawdust, the increase was in the range of 23-26%.
In the pig slurry treatments, wheat straw increased the DOC
by 42% (SP+ W) and 18% (SPW). Leonardite increased the
DOC by 16% (SP+ L) and 30% (SPL). In contrast, the DOC
decreased in sawdust treatments with pig slurry (10-12%).
In the sublayer of the soil, the DOC concentrations were
lower than 80 ug C g~! without any significant difference
between the treatments (Supplementary data, Figure S2).
Both slurries and the tested HCA types increased the C,;.
in the top layer (Fig. 2C, D). Most HCA treatments with pig
slurry tended to have a larger microbial biomass compared
to the SP treatment. The C,;. of the SP+ W treatment was
4.4 times higher than in the SP treatment. The wheat straw
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treatments with cattle slurry (SC+ W and SCW) tended to
have a larger C,;. compared to the SC treatment. In the sub-
layer, none of the HCA types appeared to have a significant
effect on the C,;. of the pig slurry treatments. All the meas-
ured C,,,. concentrations were lower than 65 ug g~'. Most
of the C,;. of the cattle slurry treatments ranged were below
70 ug g~ with the exception of the SC+L (114 ug g~! dry
soil) (Supplementary data, Figure S2).

3.6 Mineral Nin Soil

At the end of the experiment, N H4Jr concentrations reached
their minimum level in all treatments. Pig slurry treatments
with wheat straw still had the highest NH,* content. Com-
pared to the SP, the NH,* content was 9.4 and 5.9 times
higher in the SP+W and SPW treatments. Soil column sub-
layers contained less than 2 pug NH,-N g~! except for the
SPW treatment, which contained 3.6 ug NH,-N ¢~'. In con-
trast, the HCA had no significant effect in the cattle slurry
treatments (Table 2).

At the end of the experiment, the NO;~ concentrations of
all treatments were larger than in the S treatment (control).
Most of the NO;~ was retained in the top layer of the soil
columns (Table 2). The addition of cattle slurry increased
the NO;™ concentration 1.9-fold compared to the treatments
with pig slurry. Wheat straw and sawdust decreased NO;™ in
the top layer. However, the decrease of NO;~ compared to
the SC treatment was only significant for the cattle slurry
treatments with wheat straw (65% for SC+ W and 61% for
the SCW treatment) and sawdust (53% for SC+D and 45%
for the SCD treatment). In the sublayers of all treatments,
NO;~ was below 105 pg N g™, but tended to be higher in

Fig.3 A 'S N recovery in the 45
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the sublayer of the cattle slurry treatments with wheat straw
and sawdust compared to leonardite treatments.

3.7 >N Recovery in Soil

Wheat straw and leonardite increased the '3 N recovery in
the total N fraction (ISNI) of both slurry treatments (Fig. 3).
In the pig slurry treatments, wheat straw increased the "N,
recovery by 58% (SPW) and 111% (SP+ W) and leonardite
by 106% (SPL) and 91% (SP + L) compared to the SP treat-
ment. In the cattle slurry treatments, wheat straw increased
the °N, recovery by 66% (SCW) and 28% (SC+ W) and
leonardite by 178% (SCL) and 37% (SC+L), respectively.
However, only the increase in the SCL treatment was sta-
tistically significant. Sawdust had no apparent effect on the
15N, recovery. Mixing cattle slurry and HCA overnight sig-
nificantly increased °N, recovery compared to adding cat-
tle slurry and HCA directly to soil, although not in the pig
slurry treatments.

3.8 Mineral N and §"°N in Soil Solution

The soil solution volume of all samples was 1-2 ml. Before
slurry application, NH,* concentrations in all treatments
were < 10 ug N ml~! (Fig. 4A, B). In pig slurry treat-
ments, the NH,* peaked on day 8 after slurry application
(>10 ug N ml~!) and decreased to values <5 pug N ml~!
by day 29. Most NH,* concentrations of the cattle slurry
treatments were below those of the pig slurry treatments.
The NH,* concentration of the cattle slurry treatments
reached an initial peak on day 8 after slurry application
(~8 pug N ml™!) and declined to around 2 pg N ml~! by
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Fig.4 Mineral N concentrations in the soil solution. A NH,* content
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slurry treatments. G >NO;~ of pig slurry treatments. H ’NO,~ of
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day 22. Interestingly, the highest NH,* concentration in the
soil solution was found in the SC+L treatment on day 22
(11 ug N m1™Y), remaining at this level for longer than in all
other treatments.

Fig. 4E, F, G, and H show the development of the SN
trends over the total incubation time of 60 days. In the pig
slurry treatments, the '>NH," reached its peak value on
day 22, slightly later than the NH,* concentrations. After
36 days of incubation, ISNH4Jr content decreased to its initial
level before slurry application. In cattle slurry treatments,
SNH,* of all HCA treatments reached peak values before
day 15, except for the leonardite treatments which peaked
on day 22. '’NH,* also declined to its initial level on day 36

Day (cattle slurry)

follows: S, soil; P, pig slurry; C, cattle slurry; W, wheat straw; D,
sawdust; L, leonardite; “+”, direct application of slurry and HCA to
the soil; no “+”, slurry and HCA mixed overnight before application.
The error bars show the standard error of the mean of each treatment
(n=3)

The NO;~ concentrations of all pig slurry treatments
were < 50 ug ml~! and remained at this level until incuba-
tion on day 8 before increasing to a peak value on day 29
(~255 ug N mI~!). There were no significant differences
between the NO;™-N concentrations among treatments. In
the cattle slurry treatments, after slurry and/or HCA appli-
cation, NO;™~ concentrations increased to a maximum con-
centration between 250 and 300 pug m1~! on day 22; only the
SCL treatment peaked on day 29 (322 ug ml™").

In contrast to the trend in NO;~ concentrations,
'SNO;~ trends were concurrent with ’NH,* at the begin-
ning. The '"NO;~ of the leonardite treatments reached its
highest value on day 29, while the other treatments reached
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their peak on day 22, remaining at that high level until the
end of the experiment.

In all treatments, the NH,* and NO,~ developed in oppo-
site directions, with the maximum NH4+ concentration and
minimum NO;~ concentration in the early incubation period
and the lowest and largest concentrations at the end of the
incubation, respectively.

4 Discussion

In this experiment, the GHG (CO, and N,0) and NH; emis-
sions in pig slurry treatments were higher than in cattle
slurry treatments. According to Kirchmann et al. (1993),
the lower CO, emissions in the cattle slurry treatments are
related to a lower C mineralization potential in the soil. In
contrast to pigs, the high digestive activity in cattle rumen
might have removed labile C sources from the slurry, thus
lowering its CO, emissions potential in soil.

The pig slurry contained more NH,* (70% of TN) than
the cattle slurry (53% of TN), and the pig slurry infiltrated
into the soil much more slowly than the cattle slurry. A
restricted infiltration of the slurry into the soil was found
to increase NH; emissions (Chen 1986), as this increases
the slurry’s time of exposure to the atmosphere and hence
the time for NH; outgassing. Our experiment also showed
that less N,O was emitted from cattle slurry treatments. The
rumen activity of cattle leads to more DOC in the cattle
slurry (74% DOC in cattle slurry compared to 51% DOC in
pig slurry), which could have resulted in a stronger immo-
bilization of available N in the soil, thus reducing the N,O
emissions potential (Burger and Jackson 2003). Overall, we
can state that the difference in the DOC and the mineral N
content in pig and cattle slurries led to the observed differ-
ences in gas emission between the treatments with pig and
cattle slurries.

Wheat straw treatments emitted more CO, than the other
HCA treatments with both slurries. The larger fraction of
easily available C of wheat straw most likely stimulated the
growth of microorganisms after incorporation into the soil.
Slurry-NH,* further stimulated the mineralization of wheat
straw, which additionally increased CO, emissions (Chan-
tigny et al. 2001; Firestone et al. 1980; Sgrensen 1998).
Leonardite also contains sources of labile C, which also
significantly increased DOC and C_;. concentrations in pig
slurry treatments, but without a significant increase in CO,
emissions. This is in agreement with previous studies, and
is also related to the release of proton from acidic leonard-
ite in neutral soils (Schefe et al. 2008; Tran et al. 2015). In
general, the high amount of labile C released from wheat
straw increased CO, emissions, while the acidity of leonar-
dite could have counteracted this effect.

@ Springer

N,O emission rates showed two peaks. Similar dynam-
ics have previously been observed in the lab (Velthof et al.
2003) and in the field (Thomsen et al. 2010). The peak on
the day of slurry application could have originated from the
denitrification of soil NO;™~ stimulated by the input of labile
organic C due to slurry application, as assumed by Velthof
et al. (2003). This is supported by the findings of Nguyen
et al. (2017), who provided a much more detailed insight
into the NH,*, NO, ™, and O, dynamics after slurry applica-
tion to a grassland soil, and who found N,O dynamics very
similar to those of our findings. They used a planar optode
setup to monitor the O, concentration in the soil before,
during, and after slurry application. In addition, they also
implemented a treatment, in which the nitrification inhibitor
3, 4-dimethyl pyrazole phosphate was added to the slurry.
Finally, they determined the '° N site preference of the emit-
ted N,O as an indicator of the N,O origin (nitrification/fun-
gal denitrification vs. bacterial denitrification). For the first
peak, they found no evidence of a significant contribution
of nitrification to N,O emissions despite clearly measurable
nitrification activity, which was indicated by the significant
difference in oxygen consumption between the slurry treat-
ments with and without the nitrification inhibitor and the
much higher NH,* and much lower NO;~ concentrations
in the topsoil at the end of the experiment. Nevertheless,
the site preference of N,O during the first peak was much
higher than is typical for bacterial denitrification, which
Nguyen et al. (2017) attributed to the fungal denitrification
of NO;™ present in the soil before slurry application in addi-
tion to the fact that the nitrification inhibitor did not have an
effect on the magnitude of the first N,O peak. In contrast,
during the second N,O peak, Nguyen et al. (2017) found
higher O, concentrations, significantly higher N,O emis-
sions in the treatments without the nitrification inhibitor, and
intermediate N,O site preference, with significantly lower
values for the treatment without the nitrification inhibi-
tor, all of which point towards a close connection between
nitrification and bacterial denitrification as N,O source pro-
cesses. This is also backed up by the N,O, soil NH,*, and
NO;™ dynamics reported by Thomsen et al. (2010), who
found increasing concentrations of NO5"in the soil coincid-
ing with the second N,O peak. The oxygen concentration
in the soil gradually increases again with the depletion of
labile C due to the initially strong respiration activity fol-
lowing slurry application (Nguyen et al. 2017). This enables
an increase in nitrification activity and hence an increase
in NO;™~ concentration, which in turn serves as a substrate
for denitrification. With the build-up of the soil NO;™ pool,
N,O emissions thus increase again to a second peak due
to simultaneous nitrification—denitrification (Rochette et al.
2008; Saguer and Gispert 1996). In short, the two N,O emis-
sion peaks had different causes: while the first peak likely
derived from denitrification alone, stimulated by a high soil
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NO;™ content, the second N,O peak was likely due to simul-
taneous nitrification—bacteria denitrification.

Leonardite’s mitigating effect on NH; emissions was evi-
dent for both slurries, but in particular for the pig slurry.
When leonardite was mixed with the slurries 1 day before
application, the total NH; emissions were reduced by more
than 60% compared to the control (soil + slurry). This effect
was likely due to the acidic nature and high CEC of leon-
ardite, which led to the protonation of NH; and the adsorp-
tion of NH,* (Chen et al. 2015; Sommer et al. 2003). The
deprotonation of the acid groups on the surface of the lignite
decreased the pH of the alkaline slurry, thus enhancing the
NH,*/NH; ratio, and increased the negative charge on the
surface of the leonardite, providing more adsorption sites for
NH,* (Simmler et al. 2013).

In this experiment, leonardite also reduced N,O emis-
sions, especially in the SP+L treatment where the reduction
amounted to 58%. This was in contrast to the study by Sun
et al. (2016), but they applied lignite, i.e., a less oxidized
form than leonardite, directly to the surface of a cattle pen,
thereby probably creating a urine-soaked soil cover, in which
less cation exchange sites compared to leonardite and micro-
anaerobic conditions may have promoted denitrification and
N,O formation.

In contrast to our results, wheat straw applied to fertilized
soil without manure was previously found to increase N,O
emissions (Wei et al. 2020). The application of slurry may
therefore have partly suppressed potential N,O emission
pathways in our study. For example, animal slurry could
have stimulated the mineralization of wheat straw, which
may have promoted the growth of soil microbial biomass
and N immobilization, as indicated by the tendency to higher
C.,. values in the wheat straw treatments (Fig. 2), which
subsequently led to a reduction in the availability of N to
the nitrifying microorganism (Aita et al. 2012; Wei et al.
2020). In contrast, wheat straw and sawdust reduced the
infiltration velocity of slurry into the soil and lowered the
water content of slurries (Vandre et al. 1997). This can lead
to an increase in NH; volatilization, as was observed in our
experiment. HCAs also significantly affect N in the soil.
After the 60 days of incubation, wheat straw and leonard-
ite increased the DOC content of the topsoil layer for both
slurry treatments. This is in line with the fact that wheat
straw contains more labile organic compounds than sawdust;
and lignite was also reported to contain up to 20% of labile C
(Chen et al. 2015). The amount of labile OC determines the
microbial N immobilization potential by microbial biomass
growth. Leonardite therefore clearly has the potential for
microbial N immobilization in addition to its physicochemi-
cal N retention properties.

Mineral N (NO;~ and NH,") was mainly retained in the
top layer of the soil and was not translocated downward
along the soil columns. This might have been due to the

fact that the water content was kept constant throughout the
experiment by adding small amounts of water every day.
This prevented significant vertical water movement in the
soil and was therefore different from larger natural precipita-
tion events. Most of the NH,* was oxidized to NO; ™~ by the
end of the incubation period, although the soil treated with
cattle slurry (SC) contained less NH,* and more NO;~ than
the soil treated with pig slurry (SP). The cattle slurry thus
seems to be more conducive to nitrification than the pig
slurry. One reason for this might be that heavy metals and
antibiotic substances are more abundant in pig slurry than
in cattle slurry, which affects microbial N transformations in
the soil (Sommer et al. 2003). Compared to leonardite, the
addition of wheat straw and sawdust led to lower NO;™ con-
centration in the top layer of the cattle slurry treatments,
which could have resulted from the higher NH; loss than
in the leonardite treatments (Fig. 1F) and the preservation
of NH,* by leonardite during the early phase of the incuba-
tion. In short, the two different slurries led to significant
differences in mineral N dynamics, with a lower nitrifica-
tion rate in the soil treated with pig slurry compared to the
soil amended with cattle slurry. Of the three HCAs tested,
leonardite resulted in the highest N retention.

Overall, the application of wheat straw and leonardite was
associated with a higher !> N recovery than in the sawdust
treatments, i.e., more slurry-N was retained in the soil. The
reason for this may very likely be the increase in DOC in
the soil due to the application of wheat straw and leonard-
ite, which led to an increase in N retention by stimulating
microbial growth. However, compared with straw, leonardite
has a more acidic nature and higher CEC, which leads to a
stronger ability to adsorb slurry-NH; in the form of NH, .
As a consequence, leonardite was characterized by lower
N,O and NH; emissions compared to the other HCA treat-
ments, leading to a higher N retention in the topsoil layer.

The trend in 8'°N showed the N pathway of the labeled
slurry, i.e., NH,* content decreased while NO;™ increased
due to nitrification. It is remarkable that the §!°N of the
NH," of the leonardite treatments reached higher values,
but at a later point in time compared to the other HCA treat-
ments. The reason for this could be that leonardite adsorbed
and retained more NH," in the soil due to its high CEC
and its acidic nature and thus its potential negative effect on
nitrification activity, thus preserving more NH,* from being
nitrified to NO5™ in the early incubation phase.

The effects of the different slurry application methods
were complex in our experiment. The overnight mixing of
slurry and HCA increased the CO, emission rate on the day
of application only for the cattle slurry treatments. This may
be due to the conversion of some insoluble organic mat-
ter in the cattle slurry to soluble C by fermentation during
overnight storage of the slurry with the HCA (Harper and
Lynch 1982). The pig slurry already contained more DOC
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than the cattle slurry, which is why mixing with HCA and
overnight storage did not have a significant effect on the pig
slurry treatments.

The most noteworthy result was that leonardite reduced
total NH; emissions by more than 60% compared to the
control when mixed with slurry the day before application.
However, when the HCA and slurry were added sequentially,
the reduction was only about 33%. Although significant dif-
ferences were found only in the pig slurry treatments, there
was a tendency for mixing the slurries and the HCA before
application to reduce NH; emissions more than the sequen-
tial method for both slurry treatments. Mixing slurries and
leonardite overnight before application led to more NH,*
adsorption to the leonardite surface (Sommer et al. 2003),
while also likely increasing microbial N immobilization due
to labile C released from leonardite (Sgrensen 1998).

However, despite the trends described above, the effects
of the different application methods for the different slurries
and HCAs were not consistent, which were likely due to the
short mixing time. Overnight mixing enabled the leonardite
to adsorb NH,* through a physicochemical process, but the
time was too short to obtain significant effects from bio-
chemical processes. It has been reported in the literature,
that this usually takes several weeks or months (Amon et al.
2006; van der Weerden et al. 2014).

5 Conclusion

In this laboratory study with silt loam soil, leonardite com-
bined with animal slurry reduced N,O and NH; emissions,
increased the retention of slurry-derived N in the soil, and
reduced the formation of leachable NO;™ more effectively
than the same amount of wheat straw or sawdust. Overnight
mixing of the slurry and the HCA reduced N loss in some
treatments, but the effect was not consistent. The type of
slurry (pig or cattle slurry) and application methods had a
strong influence on the effect of the tested HCA on GHG
emissions and N retention. We conclude that leonardite
may be a suitable additive for reducing nutrient losses after
organic fertilization with animal slurries under similar soil
conditions, thus improving the efficiency of agricultural N
use.

Our study proves that it is possible to reduce N losses
after slurry application by using leonardite. However, since
this experiment was conducted under laboratory condi-
tions without plants, further research is required to confirm
this under more realistic soil conditions with crops. Future
research should also investigate the potential beneficial
effects of leonardite on the long-term storage of animal
slurries and evaluate whether the positive effects on soil N
retention and N cycling can be harnessed in practice.
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