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Abstract The objective of the present study was to evaluate the
impact of the treatment of slurry liquid fraction (LF) acidified to
pH 5.5 (ALF) on nitrification and denitrification processes after
soil application. The impact of such treatment was compared
with that of untreated LF, LF treated with a nitrification inhibitor
(3,4-Dimethylpyrazole phosphate (DMPP)) (LF + DMPP). An
incubation was conducted using the denitrification incubation
system (DENIS/gas-flow-core technique) at a constant tempera-
ture of 20 °C and lasted for 32 days in order to follow nitrogen
dynamics and gaseous emissions (N2O, NO, CO2) from soil.
Inhibition of ammonium nitrification and nitrate accumulation
was evident in both LF + DMPP and ALF at the top soil (0–
3.75 cm) and those effects were stronger in the LF + DMPP.
Denitrification was the main source of N2O emissions from soils
amendedwith treated and untreated LF. Compared to the untreat-
ed LF, theALF significantly reduced the total N lost as N2O from
0.10% to 0.05% of the appliedNwhereas the DMPP reduced the
total N lost as N2O from 0.10% to 0.07%. Relative to the un-
treated LF, the ALF reduced the total N lost as NO emissions
from 0.03% to 0.02% of the applied N whereas DMPP addition
led to a stronger decrease from 0.03% to 0.01%. Both, ALF and

LF + DMPP had no impact on CO2 emissions relative to the
untreated LF. The ALF reduced CO2 emissions by 19% relative
to the LF + DMPP. Our results demonstrate that slurry acidifica-
tion affect not only nitrification but also the denitrification pro-
cess. This suggests that slurry acidification is a valid technique to
minimize N emissions.
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Introduction

Industrialization of animal production and dairy sector has led to
an increase in the production of slurry on farms (Merrington et al.
2002). Part of this slurry can be applied to soil as a fertilizer to
recycle nutrients (Jensen 2013). However, the agricultural area
available for slurry application is limited in some countries and
consequently over-application of slurry is frequent (Merrington
et al. 2002). Such situation may lead to a surplus of nutrients on
farms and consequently, nutrient losses that may have negative
implications on the environmental and economic sustainability of
farms (Sørensen and Jensen 2013).

Slurry treatment has been proposed as a solution to mini-
mize its environmental impact and increase its agronomic val-
ue in terms of the availability of N for crop utilization. Slurry
separation is now used inmany dairy and pig farms to enhance
slurry management, namely the recycling of slurry nutrients
on farms (Hjorth et al. 2010). After the application of slurry
separation systems, the high dry-matter solid fraction (SF)
obtained may be exported out of the farm while the low
dry-matter liquid fraction (LF) may be applied on farm instead
of the raw slurry. The liquid fraction has a low C/N-ratio
which may reduce the potential for N immobilization after soil
application (Jensen 2013).
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Slurry acidification is considered to be an effective tool for
reducing ammonia (NH3) volatilisation from the slurry during
its storage and after its application to soil (Fangueiro et al.
2015a). Lowering of slurry pH may affect various chemical
(Hjorth et al. 2010) and biological processes in slurry (Ottosen
et al. 2009) as well as slurry composition (Fangueiro et al.
2009). In consequence, the fertilizer value of slurry as well
as the N dynamics from acidified slurry may differ from pat-
terns already known for non-acidified slurry after soil appli-
cation (Wenzel and Petersen 2009). Indeed, Fangueiro et al.
(2010, 2013) reported a delay in nitrification of ammonium
(NH4

+) and subsequent reduction in nitrous oxide (N2O) emis-
sions from soils amended with acidified slurries relative to
non-acidified ones. However, such effect of slurry acidifica-
tion was not observed in some soils with different character-
istics (Fangueiro et al. 2016) and more studies are needed to
fully assess its impact on N2O and nitric oxide (NO) losses.

Emission of N2O is considered as a major environmental
burden associated with slurry application to soil (Sommer
et al. 2013). Nitrous oxide is a potent greenhouse gas and also
the most important chemical species leading to stratospheric
ozone depletion (Ravishankara et al. 2009). Nitric oxide on
the other hand contributes to the formation of ozone in the
troposphere and is a vital precursor to acid rain (Williams
et al. 1992). Both N2O and NO are mainly produced by nitri-
fication and denitrification processes in soils (Firestone and
Davidson 1989). Carbon dioxide (CO2), another greenhouse
gas, is produced from respiration with soil and vegetation
being the main sources from which this gas enters the atmo-
sphere (Smith et al. 2003). Furthermore, significant CO2 emis-
sions may occur after application of slurry to soil due to the
availability of C in the slurry which often enhances microbial
activities (Pereira et al. 2010).

The addition of nitrification inhibitors (NIs) such as
3,4-Dimethylpyrazole phosphate (DMPP) to N fertilizers is a
common practice to reduce N losses from arable soils (Ruser
and Schulz 2015). A delay in nitrification and reductions in
N2O and NO emissions from slurry amended soils is possible
when NIs are applied (Ruser and Schulz 2015), whereas for CO2

emissions contrasting results have been reported (Ruser and
Schulz 2015). Earlier studies on the impact of NIs on gaseous
emissions from organic fertilizers have mainly been conducted
using cattle or pig whole slurry (Hatch et al. 2005; Menéndez
et al. 2009; Fangueiro et al. 2010) and have rarely considered the
effect of NIs addition to the fractions obtained after slurry sepa-
ration on gaseous emissions (Pereira et al. 2010).

Our hypotheses were that: 1) lower nitrification will occur
in soil amended with acidified LF (ALF) than with raw LF; 2)
the effect of acidification of the LF on nitrification after soil
application is comparable to the effect of DMPP and 3) lower
N2O is emitted from soil amended with ALF or slurry treated
with DMPP relative to raw LF amended soil. The objectives
of the present study were to evaluate the impact of two

mitigation strategies: (a) LF acidification to pH 5.5 or (b) LF
treatment by a NI (DMPP) addition prior application to a clay
loam soil, on N speciation in soil (organic N, NH4

+, NO3
−)

and on gaseous emissions (N2O, NO, CO2).

Materials and methods

Soil preparation and analysis

Soil samples were collected (0–15 cm) in October 2013 from
an experimental grassland site (Rowden Moor) at Rothamsted
Research Station, in the southwest of the United Kingdom.
The dominant species of the grassland were Agrostis
stolonifera and Juncus effuses. The field had not been grazed
for over 20 years and not received any N input over that time
period. Soil samples were taken from the top 0–15 cm layer in
aW-shape across the field. At sampling, the gravimetric mois-
ture content was between 58 and 65%. Due to the high clay
content, the soil was air-dried at room temperature to 30%
gravimetric moisture content to enable its handling. The grass
remains were removed before breaking the soil up and sieving
(< 2 mm). The soil was then stored at 4 °C until packing of
cores. Total N was determined after air-drying and grinding
using Kjeldahl analysis and total C using an elemental
analyser (Carlo-Erba). Soils were analysed for exchangeable
NH4

+ and nitrate (NO3
−), both before, and after the incubation

by extraction in 2 M KCl (1:5 w/v) by molecular absorption
spectrophotometry in a segmented flow analyser (SanPlus,
Skala, Breda) using the Berthelot and sulphanilamidemethods
for NH4

+ and NO3
− (Houba et al. 1989).

The main soil physical-chemical characteristics were: pH
water [1:2.5], 5.6; exchangeable NH4

+-N, 12.0 mg N kg−1 dry
soil; NO3

−-N, 79.0 mg N kg−1 dry soil; total N, 5.4 g N kg−1

dry soil; organic matter, 117.0 g kg−1 dry soil; bulk density,
0.8 g cm−3.

Slurry preparation and analysis

The liquid fraction of slurry was sampled from a slurry pit
receiving effluent from a mechanical slurry separator from a
dairy farm in Devon, United Kingdom. Dairy cows were fed
mainly with grass and maize silage. The main characteristics
of the effluent (Table 1) were analysed both before and after its
application to soil. Slurry organic matter, electrical conductiv-
ity, phosphorus, total N and soluble organic N were deter-
mined according to the methods described by Fangueiro
et al. (2015b). Potassiumwas determined using the segmented
flow analyser and flame photometer after sulphuric acid di-
gestion. A description of the methods used to analyse the rest
of the physical-chemical properties of the slurry can be found
in Fangueiro et al. (2013).
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Slurry treatments were prepared as follows: approximately
1.2 L of the raw liquid fraction was collected and separated into
three containers (each containing 0.4 L of the effluent). Part of
the liquid fraction (LF) was left with no additive. The second part
(ALF) was acidified to a pH of 5.5 by adding 0.001 L of con-
centrated H2SO4. The third part (LF + DMPP) was amended
with the nitrification inhibitor DMPP by adding 0.015 g of
DMPP (equivalent to the commercial application rate of 37.5 g
of DMPP per tonne of slurry) directly to the raw LF.

Experimental set up

Main experiment

The treatments were: raw liquid fraction (LF), acidified
liquid fraction (ALF), liquid fraction + DMPP (LF +
DMPP) and an unfertilized soil (control). Slurry treatments
were applied at an application rate of 0.3 g N per vessel or
0.12 L of slurry per vessel (equivalent to an application
rate of 140 kg N ha−1 or 76 m3 ha−1). The control treatment
received 0.12 L of water.

The incubation experiment was conducted as a completely
randomized design with four treatments and three replicates
each, making a total of 12 experimental units. We used the
denitrification incubation system (DENIS) described by
Cárdenas et al. (2003) and improved according to Loick
et al. (2016). Briefly, the system consists of 12 enclosed ves-
sels allowing gas fluxes to be automatically analysed under a

nitrogen free atmosphere. This is achieved by first removing
atmospheric N2 from the soil, headspace and gas lines using a
mixture of He (80%) and O2 (20%), directed through the bot-
tom of the incubation vessels. The flow is then directed over
the top of the soil core within each vessel for N2O, NO, and
CO2 emissions from the soil surface to be transported by the
carrier gas stream. Effluent gases from each of the 12 cham-
bers passes through an outlet in the lid to an actuated selection
valve, either for analyses by chromatography (GC) or chemi-
luminescence, or vented to the atmosphere. The incubation
device was kept constant at 20 °C and the incubation lasted
for 32 days.

Twelve soil cores (14.2 cm diameter) were packed with
fresh soil equivalent to 1305 g to a height of 7.5 cm and a
bulk density of 0.8 g cm−3. The moisture content was adjusted
to a final WFPS of 60%, taking the later addition of the
amendments into consideration; the cores were placed into a
tray, watered and left overnight loosely covered with plastic
bags to prevent evaporation. Water contents were finally ad-
justed the following day by addingwater (~10ml) to the top of
the core (by weight).

After packing, the cores were placed into the incubation
system (DENIS system). To remove gaseous nitrogen from
soil pores, a gas mixture of helium (80%) and oxygen (20%)
(He/O2 mixture) was passed from the bottom of the vessels
and through the soil core (as described above) at a rate of
30 ml min−1 for 6 days in order to remove any N2 present in
the soil atmosphere, headspace, and all gas lines before gas
measurement.

Amendments were added through a secondary vessel
(amendment vessel) fitted to the centre of the lid of each
of the incubation vessels. Normally the amendment ves-
sel is flushed with He to avoid the entrance of atmo-
spheric N2 into the incubation vessel when applying
amendment. In order to prevent NH3 losses while flush-
ing, each amendment vessel was instead covered with
polyurethane which fitted exactly on the surface of the
amendments to minimize the entrance of N2 into the
system during application.

The flow of the He/O2 mixture was then reduced to 12 ml
min−1 and directed to flow over the top of the vessels (flow-
over mode), so that emissions of N2O and NO from the head-
space were transported by the carrier gas stream.

Gas analyses

Fluxes of N2O and CO2 were measured with a Perkin Elmer
Clarus 500 gas chromatograph (Perkin Elmer Instruments,
Beaconsfield, UK) with an electron capture detector for N2O
and a flame ionization detector and methanizer (to convert
CO2 to CH4) for CO2 (Phillips) Loick et al. (2016). The NO
was measured through chemiluminescence using an
NO-analyser (Sievers NOA280i, GE Instruments, Colorado,

Table 1 Analysis of slurry liquid-fraction at the start of the experiment

Parameter LF ALF LF + DMPP

NH4
+-N (g N kg−1) 0.61 a 0.61 a 0.61 a

NO3
−-N (g N kg−1) <0.01 <0.01 <0.01

Total nitrogen (g N kg−1) 1.51 a 1.60 a 1.40 a

Total carbon (g C kg−1) 8.52 ab 7.60 b 8.60 a

C:N ratio 5.82 a 5.00 a 6.21 a

Phosphorus (g P kg−1) 0.23 a 0.18 a 0.17 a

Potassium (g K kg−1) 20.00 a 21.00 a 21.00 a

pH [1:5] 7.40 a 5.50 b 7.40 a

Dry matter (%) 2.74 a 2.90 a 2.70 a

Organic matter (g kg−1) 14.83 ab 13.15 b 14.90 a

Electrical conductivity (ds m−1) 2.23 ND ND

Total soluble carbon (g C kg−1) 2.84 a 2.17 b 2.75 a

Soluble inorganic carbon (g C kg−1) 0.94 a 0.37 b 0.94 a

Soluble organic carbon (g C kg−1) 1.90 a 1.82 a 1.80 a

Total soluble nitrogen (g N kg−1) 0.90 a 1.00 a 1.00 a

Values with different letters in the same row are significantly different
(P < 0.05) from each other using the Bonferoni mean separation test.
*ND = not determined. LF = Liquid fraction, LF + DMPP = liquid frac-
tion with DMPP and ALF = acidified liquid fraction
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USA) (Loick et al. 2016). Measurements were done every 2 h
for each vessel. The detection limits of N2O and CO2 was
1ppmv and that for NO was 1ppbv (Cárdenas et al. 2003).
All gas concentrations were corrected for flow rate; fluxes
were expressed as mg N or g C m−2 day−1 basis. Cumulative
gas losses were calculated assuming a mean flux rate between
two successive sampling dates and multiplying the difference
by the time considered time interval (Pereira et al. 2010). The
percentage of N lost from the total N applied was estimated by
dividing the cumulative N emissions by the total N applied
and multiplied by 100.

Parallel incubation

A parallel incubation was set up for destructive soil sampling.
Soil cores with the same height but 1/10 of the surface area
(4.5 cm diameter, 7.5 cm height, containing 131 g dry soil)
were packed to the same characteristics as for the main exper-
iment; i.e. bulk density of 0.8 g cm−3, WFPS of 60%. All cores
were placed into a sealed chamber and to keep conditions
equivalent to those of the main experiment, the atmosphere
inside the chamber was replaced with a gas mixture of He/O2

flowing through at a rate of 12 ml min−1, and the temperature
was kept at 20 °C.

The same 4 treatments described in the main experiment
were used, here with 4 replicates each for 8 sampling periods
making a total of 128 experimental units. Amendments were
added to the top of each core. Treatments were applied at the
same amendment-to-surface area ratio as in the main experi-
ment with all slurry treatments receiving 0.03 g of N per core
(equivalent to 0.012 L of slurry). The control treatment re-
ceived 0.012 L of water equivalent to the volume applied
via the slurry in the other treatments.

Destructive soil sampling after 0.25, 1, 2, 5, 7, 12, 15 and
32 days, were times coinciding with those of emission peaks
occurring during the main experiment. During each sampling
period, 4 soil cores from each treatment in the incubation
chamber were randomly sampled. In order to determine the
impact of treatments on NO3

−, soil cores were separated into
two equal halves by removing the top 3.75 cm and the bottom
3.75 cm layers; the two halves were put into plastic bags and
stored at 4 °C until analysis. The parallel incubation lasted for
32 days.

Statistical analysis

The emissions and soils data were subjected to analysis of
variance (ANOVA) using the statistical program STATISTIX
(version 7.0). Bonferroni test was used for multiple compari-
sons amongmeans. Significant differences amongmeans with
a P-value less than 0.05 were considered significant.

Results

Soil N dynamics

The exchangeable NH4
+ (Fig. 1a) concentrations (top soil lay-

er) during the parallel incubation were similar in all slurry
treatments within the first 5 days of incubation. After 5 days,
the exchangeable NH4

+ concentration in the LF declined
(P < 0.05) from approximately 200 mg N kg−1 dry soil, to
values comparable to the control until the end of the experi-
ment. In contrast, the ALF and the LF + DMPP treatments
maintained significantly higher (P < 0.05) exchangeable
NH4

+ concentrations after day 5 until the end of the experi-
ment compared to the control and the LF. Although similar
exchangeable NH4

+ evolution was found between the ALF
and the LF + DMPP during the experiment, a significantly
higher (P < 0.05) exchangeable NH4

+ concentration was
found in the LF + DMPP on day 15 relative to the ALF.

The NO3
− concentrations (Fig. 1b) in the top soil layer

showed no significant differences between treatments within
the first 5 days of application. The NO3

− in the LF increased
(P < 0.05) sharply at day 7 and maintained significantly higher
(P < 0.05) values relative to the ALF and the LF + DMPP
treatments until the end of the experiment. On day 7, 12 and
15, the NO3

− in the LF + DMPP was significantly lower
(P < 0.05) than in the ALF and similar to the control treatment.
There were no significant differences in the NO3

− between the
ALF, LF + DMPP and control on day 32. In general, the NO3

−

in the control showed an increasing trend within the first
15 days of application indicating potential N mineralization
in treatments after application.

There were no significant differences in the exchange-
able NH4

+ concentration at the bottom layer (Fig. 1c) of
soil cores in all slurry treatments within the first 2 days of
incubation. Subsequently, a decline (P < 0.05) in ex-
changeable NH4

+ was observed between day 5 and 15 in
all treatments although no significant differences were ob-
served between treatments. Similarly, no significant dif-
ferences in exchangeable NH4

+ between slurry treatments
were found on day 32. However, exchangeable NH4

+ in
the LF + DMPP treatment was significantly higher
(P < 0.05) than the control.

There were no significant differences between treatments
relative to the NO3

− at the bottom layer (Fig. 1d) within the
first 5 days of incubation. There was a significant increase
(P < 0.05) in the NO3

− at day 7 in all treatments. The NO3
−

in the LF treatment at day 7 was comparable to the ALF and
control but significantly higher (P < 0.05) than the LF +
DMPP. There were no significant differences in NO3

− in all
treatments on day 12 and 15. On day 32, the NO3

− in the LF +
DMPP was comparable to the ALF and control but signifi-
cantly lower (P < 0.05) than the LF. The NO3

− in the ALF on
day 32 was not significantly different from the LF.
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Nitrous oxide emissions

The cumulative N2O emissions (Table 2) in the LF (14.11 mg
N m−2) were not statistically different from the LF + DMPP
(9.82 mg N m−2) but were higher (P < 0.05) than the ALF
(6.84 mg N m−2) and control (4.71 mg N m−2). Relative to the
N2O fluxes, the first peak (Fig. 2a) was observed in the ALF
treatment (6mgNm−2 d−1) after 8.2 h (0.34 days) followed by
a peak in the LF + DMPP treatment (9 mg N m−2 d−1) at 9.8 h
(0.41 days) whereas the N2O peak in the LF treatment (10 mg
N m−2 d−1) peaked at 0.9 days. It is noteworthy that the max-
imum flux in the LF and the LF + DMPP treatments were not
significantly different but both treatments (LF and LF +
DMPP) had peak values significantly higher (P < 0.05) than
that of the ALF treatment. All peaks of treatments were sig-
nificantly higher (P < 0.05) than that of the control.

Nitric oxide emissions

The LF treatment showed a significantly higher (P < 0.05)
cumulative NO emissions relative to the rest of the treatments
(Table 2). There were no significant differences between the
cumulative emissions observed in the LF + DMPP and con-
trol. The cumulative emissions in the ALF were significantly
higher (P < 0.05) than the LF +DMPP and control. Relative to
NO fluxes (Fig. 2b), there was an immediate increase in all
slurry peaking at day 1. The highest peaks were observed for
the LF + DMPP (0.14 mg N m−2 d−1) and LF (0.12 mg N m−2

d−1) treatments whose values were not significantly different
but were significantly higher (P < 0.05) than the value of the
ALF (0.05 mg N m−2 d−1) treatment. The second NO peak
occurred after 6 days and it was significantly higher (P < 0.05)
in the LF than the peaks observed in the rest of the treatments.
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Fig. 1 Concentration of
exchangeable NH4

+ (a) and NO3
−

(b) at the top half (3.75 cm) of soil
layer and concentration of
exchangeable NH4

+ (c) and NO3
−

(d) at the bottom half (3.75 cm) of
soil layer in each treatment during
the experiment. Vertical bars
represent standard error of the
mean (n = 4)

Table 2 Cumulative emissions of N2O, NO and CO2

Treatment N2O (mg N m−2) N2O (% of total N applied) NO (mg N m−2) NO (% of total N applied) CO2 (g C m−2)

LF 14.11 ± 3.00 a 0.10 ± 0.00 a 3.68 ± 0.45 a 0.03 ± 0.00 a 45.58 ± 3.90 ab

ALF 6.84 ± 2.00 bc 0.05 ± 0.00 bc 2.36 ± 0.39 b 0.02 ± 0.00 b 40.72 ± 0.56 b

LF + DMPP 9.82 ± 1.00 ab 0.07 ± 0.00 ab 0.77 ± 0.12 c 0.01 ± 0.00 c 50.19 ± 2.03 a

Control 4.71 ± 0.20 c ND* 0.70 ± 0.04 c ND 18.33 ± 0.40 c

Values with different letters in the same column are significantly different (P < 0.05) from each other using the Bonferoni mean separation test.*ND = not
determined. LF = Liquid fraction, LF + DMPP = liquid fraction with DMPP and ALF = acidified liquid fraction. Mean ± standard error (n = 3)
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A third NO peak was observed on day 15 in the LF treatment
reaching a value of 0.25 mg Nm−2 d−1. The NO emissions from
the ALF increased steadily from day 7.7 until the end of the
experiment reaching a final value of 0.12 mg N m−2 d−1. The
LF + DMPP treatment maintained lower fluxes similar to those
of the control after the first peak until the end of the experiment.

Carbon dioxide

As expected, significantly higher (P < 0.05) cumulative emis-
sions were observed in all slurry treatments relative to the control
(Table 2). There were no significant differences in cumulative
emissions between LF and the other two amended treatments
(Table 2). Relative to CO2 fluxes (Fig. 2c), an initial peak was
observed after raw and treated LF applications. The highest CO2

emission rate was observed in the LF + DMPP treatment but it
was not significantly different from the ALF value. There was a
decline in CO2 fluxes in all slurry treatments and in the ALF,
CO2 emission rates reached the value of 2.5 g C m−2 d−1 after
0.9 days while the same value was reached in the LF and LF +
DMPP treatments 2.0 days after the first peak. The ALF showed
a second peak after 1.7 days reaching a value of 5.0 g Cm−2 d−1.
All slurry treatments showed a peak around day 6 and there were
no significant differences between them. These emission rates
declined after the peak at day 6 and maintained similar fluxes
as the control until the end of the experiment.

Molecular NO/N2O

The NO/N2O (Fig. 2d) in all treatments remained close to zero
within the first 3 days and showed an initial peak around day 6

with values below 0.5. The LF showed three additional peaks
around 15.6, 22.8 and 30.0 days and the NO/N2O during these
peak periods ranged between 0.9 and 0.8. In the case of the
ALF, the NO/N2O showed an increasing trend after the initial
peak until the end of the experiment reaching a value of 1.0.
The NO/N2O in the LF + DMPP and control remained below
0.4 after the initial peak until the end of the experiment.

Discussion

Mechanism responsible for N2O emissions

Evolution of N2O, which mainly occurred within the first
2 days, depended on denitrification and not nitrification for
the following reasons:

(i) Emissions of N2O are not expected to occur in the LF +
DMPP treatment if nitrification is responsible for the ini-
tial N2O peaks due to the effect of DMPP in delaying the
oxidation of NH4

+ to NO3
− in soils (Ruser and Schulz

2015). Indeed, studies (Maienza et al. 2014; Shi et al.
2016) have shown that DMPP slows nitrification by
inhibiting the growth of microorganisms such as ammo-
nia oxidizing bacteria (AOB). The initial N2O peaks of
slurry treatments are most likely a result of denitrification
of NO3

− initially present (79 mg N kg−1 dry soil), as
observed by Fangueiro et al. (2015c) within the first day
of slurry application. The denitrification might have been
stimulated by the availability of C in the slurry treatments
(Rochette et al. 2000).
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(ii) The NO/N2O ratio may be used to determine the domi-
nant process (nitrification or denitrification) responsible
for NO or N2O emissions (Fangueiro et al. 2012; Cheng
et al. 2014); values close to 0.01 indicated that denitrifi-
cation was the dominant process whereas values >1 in-
dicated that nitrification was dominant. The NO/N2O
ratio within the first 2 days of treatments being close to
0.01 (Fig. 2d) agrees with denitrification as the dominant
source of N2O emissions during that period.

Mechanism responsible for NO emissions

Evolution of NO depended on both nitrification and denitrifi-
cation for the following reasons:

(i) If nitrification was the main source of the first NO peak
around day 1, the LF + DMPP treatment should not lead
to an increase in NO emission rates due to inhibition of
nitrification by DMPP (Ruser and Schulz 2015). In addi-
tion, the NO/N2O ratio within the first 2 days of slurry
treatments were closer to 0.01 (Fig. 2d) which agrees with
denitrification as the dominant process responsible for the
first NO peak.

(ii) The second NO peak at day 6 coincided with the last
CO2 peak suggesting that organic C was still available
for some microbial activity. However, the decline in ex-
changeable NH4

+ contents (Fig. 1a) in all treatments
within the first 6 days suggest that nitrification also oc-
curred and thus the NO peak produced by slurry treat-
ments was due to nitrification at 6 days. Indeed, the NO/
N2O ratio around day 6 was below 0.4 in all treatments
(Fig. 2d) indicating that probably both processes were
responsible for NO emissions. Indeed, both nitrification
and denitrification processes may occur at 60% WFPS
(Merino et al. 2001).

(iii) The third NO peak in the LF treatment on day 15
corresponded with an increase in the NO3

− soil content
(Fig. 1b) which was particular evident on the top soil
layer. This indicates that soil was under aerobic condi-
tions and the peak was due to nitrification. In addition,
the NO/N2O ratio in the LF treatment on day 15 being
close to 1 (Fig. 2d) confirms nitrification as the process
responsible for the NO peak in the LF treatment.

Impact of acidification on N evolution

Inhibition of nitrification was observed in the ALF treatment
after day 5 until the end of the experiment relative to the
untreated LF and this may account for the lower (P < 0.05)
cumulative NO emissions in the ALF relative to the untreated
LF. Such inhibitory effects on nitrification have been observed

in previous studies (Fangueiro et al. 2010, 2013, 2016) and
were attributed to a decrease in soil pH induced by acidified
slurry application which decreases microbial biomass
(Fangueiro et al. 2013). Indeed, Fangueiro et al. (2013) report-
ed immediate pH increase in the untreated slurry from 5.5 to
7.2–8.3 within the first 9 days of application whereas in soils
amended with acidified slurry, pH remained close to 6 within
the first 9 days. Similar findings were made by Gandhapudi
et al. (2006), who reported that at a pH lower than 6, nitrifi-
cation is strongly reduced due to a lower activity of the bac-
terial nitrifiers. The potential decline in biomass or microbial
activity due to the effect of LFA on soil pH after application
may have decreased nitrification and consequently led to low-
er (P < 0.05) cumulative N2O emissions relative to the un-
treated LF. Since N2O emissions were mainly produced from
denitrification, it can be hypothesised that slurry acidification
inhibits not only nitrification (Fangueiro et al. 2010, 2013,
2016) but also denitrification. These findings support the hy-
pothesis that a lower nitrification will occur in soils amended
with acidified LF than the untreated LF.

Impact of DMPP on N evolution

A delay in NH4
+ nitrification was observed in the LF + DMPP

after day 5 until the end of the experiment relative to the untreated
LF. This is due to the already mentioned effect of DMPP in
delaying NH4

+ oxidation (Ruser and Schulz 2015). This effect
may account for the lower (P < 0.05) NO emissions in the LF +
DMPP treatment relative to the untreated LF. The LF + DMPP
treatment showed a stronger inhibitory effect on nitrification rel-
ative to the ALF and that led to a higher (P < 0.05) reduction in
NO emissions in the LF + DMPP relative to the ALF. Thus, the
hypothesis that the effect of acidification of the LF on nitrification
after soil application is comparable to the effect of DMPP is not
supported. The DMPP was not effective in reducing N2O emis-
sions relative to the untreated LF since N2O was produced from
denitrification and not nitrification. Thus, the hypothesis that
lower N2Owill be emitted from soil amendedwith ALF or slurry
treated with DMPP relative to the untreated LF is partly support-
ed from the present study.

Conclusion

There was a clear inhibition of ammonium oxidation by LF +
DMPP and by ALF although the inhibition effect was stronger
for LF + DMPP. Nitrate accumulation was therefore inhibited
for LF + DMPP and ALF with a stronger effect for LF +
DMPP. The facts above were clearer in the top (0–3.75 cm)
than deep (3.75–7.5 cm) soil layer. The N2O was inhibited
during 24 h after the application of ALF when compared to
LF + DMPP and LF. The LF + DMPP markedly reduced NO
emissions whereas the ALF reduced NO emissions only for
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the first 20 days. The LF + DMPP and ALF had no clear effect
on CO2 emissions. Overall, the ALF can be used as an alter-
native to LF + DMPP to mitigate N2O emissions but in the
case of NO emissions, the ALF was not as beneficial as the
LF +DMPP. Nevertheless, the results obtained here need to be
confirmed at field scale and similar studies using different
soils and manure might also contribute to a better understand-
ing of our results.
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