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Abstract
The application of organic and mineral fertilisers to soil can result in increased gaseous emissions to the atmosphere such as 

nitric oxide (NO) and nitrous oxide (N2O) gases. The aim of this study was to evaluate under laboratory conditions the effects on 
mineral N dynamics and NO and N2O emissions of application to soil of cattle slurry derived liquid fraction (LF) obtained by screw 
press and mineral fertiliser (MF), both treated with or without the nitrification inhibitor 3,4-dimethylpyrazole phosphate (DMPP). 
An aerobic laboratory incubation was performed over 93 days with a Dystric Cambisol amended with mechanically separated LF 
or mineral fertiliser ammonium sulphate only or combined with DMPP. Two additional treatments were included: soil only and soil 
amended with DMPP. Nitrogen immobilisation was the dominant process with MF amendment, whereas N mineralisation has been 
observed with LF. The application of LF reduced significantly NO emissions by 80% relative to mineral but no differences were 
observed with N2O emissions. The addition of DMPP to MF induced a decrease of 18 and 29% in NO and N2O emissions whereas 
DMPP combined with LF reduced (numerically but not statistically) these emissions in 20 and 10%, respectively. Results obtained 
in our study suggest that N (NO + N2O) losses can be mitigated by adding DMPP to mineral fertilisers or replacing mineral ferti-
liser by LF. 
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Introduction

The intensive cattle production generates large 
amounts of slurries (liquid manure) that are com-
monly applied to agricultural soils to recycle nutrients 
to plants, mainly nitrogen (N) and phosphorous, and 
increase or maintain the soil organic matter contents 
(Webb et al., 2013). Nowadays, the surface of agricul-
tural soil available to receive the derived slurry tends 
to diminish while livestock production continues to 
increase (duplication in 2050). 

The solid-liquid separation of cattle slurry has been 
referred as a good solution for manure management at 
farm scale and with potential to reduce the environ-
mental impact of cattle-slurry (Hjorth et al., 2010). The 
derived solid fraction is generally exported out of the 
farm and the derived liquid fraction (LF) can be used 
to substitute mineral N application since it contains a 
high amount of ammonium (NH4

+) (Villar & Guil-
laumes, 2010). According to Galloway et al. (2008), a 
duplication of the fertiliser N input is expected in ag-
riculture by 2050 relative to the actual inputs. Fertilisa-
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Material and methods

Soil and cattle-slurry preparation

The soil used in this study was classified as a Dystric 
Cambisol, with a silt loam texture (45% coarse sand, 
4% fine sand, 39% silt and 12% clay), and was located 
at central Portugal (40° 38’ 29” N, 7° 54’ 37” W). The 
soil was sampled from the upper layer (0-100 mm) in 
an agricultural field cultivated with ryegrass. Then, soil 
was sieved (<2 mm), homogenized and stored (4 °C) 
in the three weeks before beginning the study. Soil had 
been wetted with deionised water one week before the 
start of the study to avoid the interference of pulses of 
NO and N2O associated to first wetting of dry soil 
(Sánchez-Martín et al., 2008). The physico-chemical 
properties of the soil were: bulk density, 1.1 g/cm3; pH, 
6.1; water retention capacity at pF 2.0, 24.8% (w/w); 
total C, 15.6 g/kg dry soil; total N, 1.4 g/kg dry soil; 
NH4

+-N, 0.6 mg/kg dry soil; and NO3
--N, 13.0 mg/kg 

dry soil. 
The LF used in the present study was collected from 

a commercial dairy-cattle farm from Northwest Portu-
gal where the diet is mainly based in maize silage. The 
raw slurry (10% dry matter) after being stored in a 
concrete storage open pit for five months, has been 
mechanical separated with a screw press separator 
equipment (FAN model S655, BAUER, Austria) gen-
erating a LF with low dry mater content and average 
particle size <1 mm. The collected LF was homoge-
nized and kept refrigerated (4 °C) to preserve N. At the 
beginning of the experiment, LF subsamples were 
analysed using standard laboratory methods to assess 
the following parameters: dry matter, 5.7%; pH, 8.0; 
total C, 25.0 g/kg; total N, 3.7 g/kg; NH4

+-N, 2.1 g/kg; 
and NO3

--N, 1.3 mg/kg (expressed on a fresh weight 
basis). A comprehensive description of the methods 
used in the analysis of the soil and slurries samples is 
available in Pereira et al. (2010 and 2013). 

Experiment details

An aerobic laboratory incubation was conducted 
with the following treatments (with four replicates 
each): (i) Control, soil only; (ii) DMPP, soil amended 
with DMPP; (iii) Mineral, soil amended with mineral 
fertiliser; (iv) Mineral-DMPP, soil amended with min-
eral fertiliser treated with DMPP; (v) LF, soil amended 
with slurry derived liquid fraction; and (vi) LF-DMPP, 
soil amended with slurry derived liquid fraction treat-
ed with DMPP. 

The mineral fertiliser used was ammonium sulphate 
(99.9% active component) (Panreac, Spain). The nitri-

tion using animal slurry has the advantage to provide 
mineral N but also a significant part of organic N that 
is then slowly converted in available N for plants. 
Minimising use of chemical fertilisers is not just a goal 
for agriculture, but also for an environmentally friend-
ly development. Another recent aspect that has to be 
considered is that production of phosphate fertilisers 
will not be possible forever because phosphorous rocks 
are not a renewable resource and current global re-
serves may be depleted in 50-100 years (Cordell et al., 
2009). 

Gaseous emissions [ammonia (NH3), carbon dioxide 
(CO2), nitric oxide (NO) and nitrous oxide (N2O)] are 
generally observed following soil application of cattle-
slurry or derived liquid fraction (Weiske et al., 2001; 
Menéndez et al., 2006; Fangueiro et al., 2008; Dorno 
et al., 2013; Pereira et al., 2013). The NO emissions 
contribute to the formation of tropospheric ozone, 
photochemical oxidants and acid rain. Nitrous oxide 
emissions are an important greenhouse gas that leads 
to the destruction of the ozone layer and global warm-
ing (UNEP, 2013). Furthermore, LF application can 
lead to significant losses of N by leaching (Sørensen 
& Rubæk, 2012). Indeed, a large part of NH4

+ applied 
can be quickly nitrified in soils and then leached (Díez 
et al., 2010). 

Previous studies showed that the application to the 
soil of mineral fertilisers (Weiske et al., 2001) or slur-
ries (Hatch et al., 2005; Pereira et al., 2010; Mis-
selbrook et al., 2014) treated with nitrification inhibi-
tors delays the bacterial oxidation of the NH4

+ to nitrite 
temporarily (Zerulla et al., 2001). Ammonia-oxidizing 
bacteria are considered to be mainly responsible for 
ammonia oxidation, being significantly affected by 
3,4-dimethylpyrazole phosphate (DMPP) addition, with 
the reduction in ammonia-oxidizing bacteria population 
size and activity (Gong et al., 2013). Recently, no 
negative impact on soil bacterial ecosystem reversion 
has been observed from long term application of DMPP 
to a Cambisol in northeast China (Dong et al., 2013). 
However, DMPP application to LF was rarely consid-
ered even if LF might represent a high risk of NO3

- 
leaching due to its high NH4

+ content. Furthermore, 
previous studies indicate that DMPP might also affect 
N2O emissions but did not consider the NO emissions 
that can reach significant values after application of 
mineral and organic fertilisers to soils (Menéndez et al., 
2006; Vallejo et al., 2006; Pereira et al., 2010). 

The aim of this study was to evaluate the effect of 
application to soil of cattle-slurry derived liquid frac-
tion treated or not with DMPP on N dynamics in soils 
with special emphasis on NO and N2O emissions. The 
potential substitution of mineral fertiliser by LF will 
also be evaluated in terms of N dynamics. 
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lected from the entire depth (80 mm) of soil in the PVC 
boxes on days 1, 3, 5, 9 and then once a week until the 
end of the experiment. Mineral N was determined after 
extraction with 2 mol/L KCl (1:5 w/v). Then, the su-
pernatant was analysed for NH4

+ and NO3
- content by 

automated segmented-flow spectrophotometry using 
the Berthelot and hydrazinium reduction followed 
sulfanilamide diazotizing methods for NH4

+ and NO3
-, 

respectively (Houba et al., 1988). The net N minerali-
sation (NNM) rates were determined by considering 
the mineral N in each treatment at 0, 1, 3, 5, 9, 16, 23, 
30, 37, 44, 51, 58, 65, 72, 79 and 93 days. The follow-
ing equation was applied to assess NNM rates ex-
pressed in mg N/kg/day dry soil: NNM(t)=Mineral N(t) 
- Mineral(t=0). Apparent N mineralisation was calcu-
lated from NNM rates by subtracting the Control treat-
ment to each amended treatment, and then was ex-
pressed as a percentage of total N applied and/or as a 
percentage of organic N applied. 

Statistical analysis

The data distribution normality of the CO2, NO and 
N2O fluxes, and soil NH4

+ and NO3
- concentrations 

was verified using the Friedman statistic test (Sned-
ecor & Cochran, 1980). Results were analysed by 
analysis of variance (software STATISTIX 7.0, USA) 
considering the measurement time as a split factor 
over the two experimental factors (fertiliser and in-
hibitor). Then, Tukey comparisons of means tests 
(p<0.05) were carried out for the two factors and their 
interaction. 

Results

Soil nitrogen dynamics

The NH4
+ and NO3

- concentrations in soils from 
each treatment are shown in Fig. 1. The initial con-
centrations of NH4

+ in the Control and DMPP treat-
ments were very low (<2 mg NH4

+-N/kg dry soil) and 
remained constant until the end of the experiment 
(Fig. 1A). As can be seen, the addition of fertilisers 
to soil led to an increase of the NH4

+ content close to 
110 mg NH4

+-N/kg dry soil in Mineral treatments, 
against 75 mg NH4

+-N/kg dry soil in LF treatments. 
A strong decrease of the NH4

+ concentration was ob-
served in Mineral and LF treatments. In the Mineral 
treatment, the NH4

+ concentration reached the Control 
values only after 30 days of incubation whereas such 
base values were reached after only 16 days in LF 
treatment (Fig. 1A). In Mineral-DMPP and LF-DMPP 

fication inhibitor, 3,4-dimethylpyrazole phosphate 
(DMPP) (COMPO GmbH & Co. KG, Germany) was 
applied at a dosage of 1.0 kg of active ingredient per 
ha (in liquid form). According to Zerulla et al. (2001), 
an application rate of 0.5 to 1.5 kg DMPP active ingre-
dient per ha is sufficient for effective nitrification in-
hibition. At the start of the study, each amended treat-
ment received a rate of 120 mg total N/kg dry soil, 
based on the equivalent amount of soil occupying the 
0-100 mm depth under field conditions. The amounts 
of total C and NH4

+-N applied in LF treatment alone 
or with DMPP were 702 and 54 mg/kg dry soil, respec-
tively. 

The soil was mixed with the respective amounts of 
fertiliser and nitrification inhibitor and soil moisture 
content was previously elevated to close to 60% water-
filled pore space (WFPS) by adding deionised water. 
To evaluate the mineral N dynamics, half of the treat-
ed soil (80 mm depth) of each treatment was packed 
into PVC boxes (Ø=240 mm, h=200 mm) to achieve a 
bulk density of 1.1 g/cm3. To follow the gaseous 
fluxes in each treatment, the other half of the treated 
soil was used to fill Kilner jars (1.2 L) with 0.6 kg soil 
each (Ø=98 mm, h=80 mm), being packed at a bulk 
density equal to PVC boxes. The aerobic incubation 
was performed during 93 days at 20 °C, 60% WFPS 
and under controlled conditions (CONVIRON, model 
E15, Canada). Additional information of the incubation 
technique used in our study is given in Pereira et al. 
(2013). 

Gaseous fluxes and soil mineral nitrogen 
content

Nitric oxide, CO2 and N2O emissions from soil in 
the Kilner jars were measured with modified lids fitted 
with two septa and a Teflon tube to allow air sampling. 
A detailed description of the system used to measure 
gas fluxes are given in Pereira et al. (2010 and 2013). 
The NO fluxes were measured with a chemiluminescent 
N oxide analyser (SIR MODEL S-5012, Spain; detec-
tion limit of 0.5 µg/m3). The CO2 and N2O fluxes were 
measured with a photoacoustic field gas-monitor (IN-
NOVA 1412i-5, Denmark; detection limit of 2910 and 
58.1 µg/m3 for CO2 and N2O, respectively), equipped 
with optical filters for CO2 (filter type UA0982) and 
N2O (filter type UA0985). The CO2 and N2O fluxes 
were measured after the measurements of NO fluxes. 
Gas measurements were carried out daily during the 
first 9 days of the experiment and then on days 13, 23, 
30, 41, 58, 72 and 93. 

To follow the soil mineral N dynamics, one sample 
from each replication (n=4) of each treatment was col-
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the experiment and decreased in some periods in 
Mineral treatment. As for the LF treatment, a strong 
N immobilisation occurred in the first 9 days after LF 
and LF-DMPP application while N mineralisation was 
observed later. At the end of the experiment, N min-
eralisation in Mineral treatment was significantly 
lower (p<0.05) than in all other treatments. The ad-
dition of DMPP to Mineral increased (p<0.05) N 
mineralisation/immobilisation relative to Mineral 
alone, whereas the addition of DMPP to LF had a 
significant effect (p<0.05) on net N mineralisation (in 
some sampling dates) and apparent N mineralisation 
relative to LF alone (Fig. 2A-B). 

Over the whole incubation, 14.6% of total N applied 
was immobilised in the Mineral treatment, whereas 6.3% 
of total N applied was mineralised in LF treatment 
(Fig. 2B). The addition of DMPP to Mineral treatment 
induced mineralisation of 4.9% of total N applied. How-
ever, the mineralisation in LF-DMPP treatment was 
negligible (less than 2% of organic N, Fig. 2B); while 
11.5% of organic N applied in LF treatment without 
DMPP was mineralised over the incubation. 

treatments, the NH4
+ concentration decreased more 

slowly and DMPP has a stronger effect on Mineral 
than on LF. Indeed, NH4

+ concentration reached the 
Control values after 28 days in LF-DMPP and after 
72 days in Mineral-DMPP (Fig. 1A). 

At the beginning of the experiment, the NO3
- con-

centration was about 14 mg NO3
--N/kg in all treatments 

including the Control. The NO3
- concentration in-

creased during the 93 days of the experiment in all 
treatments, being significantly higher (p<0.05) in 
Mineral and LF treatments (Fig. 1B). In the Mineral 
treatment, a strong increase of the NO3

- concentration 
was observed in the first 23 days of experiment. Simi-
lar NO3

- concentrations were observed in Mineral and 
Mineral-DMPP treatments at day 72. The addition of 
the DMPP to LF affected significantly (p<0.05) the 
pattern of the NH4

+ and NO3
- concentration, particu-

larly in the first 30 days after fertiliser addition 
(Fig. 1B). 

Figures 2A and 2B shows N mineralisation/immo-
bilisation observed in treatments during the experi-
ment. As can be seen, N mineralisation varied along 
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Figure 1. Soil NH4
+ (A) and NO3

- (B) concentrations in the treatments during the experiment (vertical bars represent standard de-
viation of 4 replicates). LF: liquid fraction of cattle-slurry. 

Figure 2. Net N mineralisation (A) and apparent N mineralisation in function of N applied (B) over the incubation (vertical bars 
represent standard deviation of 4 replicates). LF: liquid fraction of cattle-slurry. 
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Nitrogen emissions

The mean values of daily NO fluxes in all treatments 
along the experiment are shown in Fig. 4A. Compara-
tively to Control, application of Mineral increased 
(p<0.05) daily NO fluxes during the whole 93 days of 
experiment while LF amendment increased daily NO 
fluxes only during the first 13 days. During the whole 
experiment, the average daily NO fluxes were lower 
(p<0.05) in ca. 73% when LF was applied relative to 
Mineral amendment. The addition of DMPP with Min-
eral reduced (p<0.05) the daily NO emissions between 
day 2 and 41 (ca. 77% lower) and then increased 
(p<0.05) by about 105% until the end of the experi-
ment. Daily NO fluxes, when DMPP was applied with 
LF, were reduced (p<0.05) between day 2 and 13 (ca. 
86% lower) when compared to the application of LF 
alone (Fig. 4A). Cumulative NO emissions were 
higher (p<0.05) in Mineral treatments relative to LF 
treatments (Table 1): the application of LF reduced 
(p<0.05) by 80% the cumulative NO emissions, com-
pared to Mineral. The addition of DMPP to Mineral 
significantly reduced (p<0.05) cumulative NO emis-
sions by ca. 18% relative to Mineral alone but there 
were no effect (p>0.05) of DMPP on LF relative to NO 
emissions (Table 1). 

Over the first 3 days of incubation, significant N2O 
emissions were observed from amended treatments with 
about 15 and 40% of the total N2O losses occurring 
during this period from treatments Mineral and LF, 
respectively (Fig. 4B). Application of Mineral or LF 
with or without DMPP had a significant effect (p<0.05) 
on daily N2O fluxes compared to Control treatment 
only in the first day of incubation. Also, the addition 

Carbon dioxide emissions

Significant CO2 emissions were observed over the 
first 9 days of incubation in all treatments with 23 and 
38% of the total CO2 emitted released during this pe-
riod in treatments Mineral and LF, respectively (Fig. 3). 
The average daily CO2 fluxes from LF amendment 
increased significantly (p<0.05) in ca. 132% during the 
first 9 days relative to Mineral amendment. The or-
ganic treatments (LF and LF-DMPP) significantly in-
creased (p<0.05) CO2 fluxes, and no effect (p>0.05) of 
the inhibitor was observed. The cumulative CO2 emis-
sions were 27% higher (p<0.05) from LF than from 
Mineral (Table 1). However, no significant differences 
(p>0.05) in terms of cumulative CO2 emissions were 
observed between treatments receiving DMPP or not 
(Table 1). 

Figure 3. Average CO2 fluxes following the application of each 
treatment along the experiment (vertical bars represent standard 
deviation of 4 replicates). LF: liquid fraction of cattle-slurry. 
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Table 1. Cumulative gaseous emissions during the experiment

Treatment mg CO2/kg 
dry soil

mg N/kg dry soil
NO/N2O

ratio

N applied lost as NH4
+-N applied lost as

NO N2O N emissions NO-N
(%)

N2O-N
(%)

N
(%)

NO-N
(%)

N2O-N
(%)

N
(%)

Control 1241b 0.18d 0.46b 0.6d 0.3b

DMPP 1396b 0.21d 0.34b 0.6d 0.4b

Mineral 1335b 4.57a 0.93a 5.5a 3.3a 3.7a 0.4a 4.1a 3.7a 0.4ab 4.1a

Mineral-DMPP 1215b 3.77b 0.66ab 4.4b 3.9a 3.0b 0.2b 3.2b 3.0b 0.2b 3.2b

LF 1692a 0.93c 0.75ab 1.7c 0.8b 0.6c 0.3ab 0.9c 1.4c 0.5a 1.9c

LF-DMPP 1800a 0.74c 0.68ab 1.4c 0.7b 0.5c 0.2ab 0.7c 1.0c 0.4ab 1.4c

pFertiliser (A) *** *** ** *** *** *** ** *** *** ** ***
SE (A) 69.03 0.090 0.093 0.129 0.424 0.069 0.075 0.110 0.075 0.092 0.126
pInhibitor (B) ns *** ns *** ns *** ns ** *** ns ***
SE (B) 56.36 0.073 0.076 0.106 0.346 0.057 0.061 0.090 0.061 0.075 0.103
A × B ns *** ns ** ns *** ns ** *** ns **
SE (A × B) 97.62 0.127 0.131 0.183 0.600 0.098 0.106 0.155 0.105 0.131 0.178

Values from the interaction fertiliser × inhibitor are presented with different superscripts within columns, are significantly different 
(p<0.05) by Tukey test. SE: standard error from the ANOVA for each factor (A, B and A × B). ns, ** and *** mean that the factor or 
interaction effects were, respectively, not significant or significant at the 0.01 and 0.001 probability level.
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a limitation of LF application to soil for plant nutrition 
relative to mineral fertilisers containing only available 
N. However, if not immediately used by plants, the 
NH4

+-N (available N) can be released from soil by NH3 
volatilisation or lost by leaching after nitrification. 
Furthermore, part of the mineral N can be immobilised. 
The use of DMPP prevents nitrification and potential 
losses by leaching (Díez-López et al., 2008). Therefore, 
when considering the possibility of mineral fertiliser 
replacement by LF, the combined application of LF 
with DMPP appears as an efficient solution. At the 
present study, the mineral N content in soil receiving 
Mineral was always higher than in LF treatment 
(Fig. 1). Also, DMPP was able to inhibit nitrification 
in Mineral treatment during 72 days, whereas it was 
less effective with LF (only 30 days) (Fig. 1). The 
minor efficiency of the nitrification inhibitor with or-
ganic fertilisers relative to mineral fertilisers is in 
agreement with previous studies (Vallejo et al., 2006; 
Pereira et al., 2010) and may be explained by some 
nitrification of the NH4

+ derived from organic N in 
microsites not penetrated by nitrification inhibitor. 
Besides, the C content of organic fertilisers may cause 
denitrification to be an important process in these treat-
ments (LF, LF-DMPP), so that the efficiency of DMPP 
could have been reduced. Further studies addressing 
the relationship between the rates of inhibitor and their 
efficiency are recommended since a higher DMPP rate 
applied to LF should have led to a more significant 
effect. 

Results from this study showed that N immobilisa-
tion was the dominant process in the first 9 days fol-
lowing soil amendment of Mineral and LF (Fig. 2A), 
being related with the large NH4

+ input in amended 
treatments (Pereira et al., 2010). Hence, the higher N 
immobilisation in LF is related with the higher soil 

of LF increased (p<0.05) the daily N2O emissions by 
ca. 306% relative to Mineral amendment. When LF 
was added with DMPP, the daily N2O emissions were 
reduced (p<0.05) in ca. 16% relative to LF alone 
(Fig. 4B). As can be seen in Table 1, the cumulative 
N2O emissions from Mineral and LF were numerically 
higher relative to Control. However, there were no dif-
ferences (p>0.05) on cumulative N2O emissions from 
Mineral and LF with or without DMPP.

The application of the LF or Mineral led to signifi-
cant increases (p<0.05) on N (NO + N2O) emissions 
relatively to the Control (Table 1). Nevertheless, the 
application of LF reduced (p<0.05) by 69% the N emis-
sions, compared to Mineral. The addition of DMPP to 
Mineral significantly reduced (p<0.05) N emissions by 
ca. 20% relative to Mineral but there was no effect 
(p>0.05) of DMPP on the N emissions in LF treatment 
(Table 1). The NO losses from LF treatment were sig-
nificantly lower (p<0.05) in about 84% of total N ap-
plied (or 62% of NH4

+-N applied) relative to Mineral 
treatment, while the N2O losses were not significantly 
different (p>0.05) between these treatments (Table 1). 
The addition of DMPP to Mineral treatment reduced 
significantly (p<0.05) NO and N2O losses in 19 and 
50% of total N applied (or NH4

+-N applied), respec-
tively, compared to Mineral alone. The NO losses from 
total N applied (or NH4

+-N applied) represented 90% 
and 72% of total N losses in the Mineral (with or with-
out DMPP) and LF treatments, respectively. 

Discussion

A significant amount of N applied to soil via LF is 
in the organic form and need to be mineralised to be-
come available to plants. This aspect may be seen has 

0

100

200

300A

0

1400

1200

1000

800

600

400

200

µg
 N

2O
  k

g–1
 d

ry
 s

oi
l

µg
 N

O
  k

g–1
 d

ry
 s

oi
l

Time (days)

0 7 14 21 28 35 42 49 56 63 70 77 84 91 98

Time (days)
0 7 14 21 28 35 42 49 56 63 70 77 84 91 98

Control
DMPP
Mineral

Mineral-DMPP
LF
LF-DMPP

B

0

100

200

300A

0

1400

1200

1000

800

600

400

200

µg
 N

2O
  k

g–1
 d

ry
 s

oi
l

µg
 N

O
  k

g–1
 d

ry
 s

oi
l

Time (days)

0 7 14 21 28 35 42 49 56 63 70 77 84 91 98

Time (days)
0 7 14 21 28 35 42 49 56 63 70 77 84 91 98

Control
DMPP
Mineral

Mineral-DMPP
LF
LF-DMPP

B

Figure 4. Average gas fluxes of NO (A) and N2O (B) following the application of each treatment along the experiment (vertical bars 
represent standard deviation of 4 replicates). LF: liquid fraction of cattle-slurry.
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caused the nitrification inhibitor to be less effective 
in mitigating N losses. 

Previous studies reported that DMPP is effective in 
reducing emissions from mineral (Weiske et al., 2001) 
and organic fertilisers (Hatch et al., 2005; Merino et al., 
2005; Menéndez et al., 2006). In our study, the applica-
tion of DMPP with Mineral induced a decrease of 18 
and 29% in NO and N2O emissions whereas addition 
of DMPP in LF led to reductions (numerically but not 
statistically) of 20% in NO and 10% in N2O (Table 1). 
Differences in terms of DMPP effectiveness for reduc-
ing NO and N2O emissions when combined with Min-
eral or LF have been reported in other studies (Menén-
dez et al., 2006; Vallejo et al., 2006) and could be 
related with the initial NH4

+ concentrations, N release 
by mineralisation and mainly with soluble carbon ad-
dition in LF treatments. Our results agree with data 
reported by Menéndez et al. (2006) who found a de-
crease of 25 and 29% and in NO and N2O emissions 
with the application of DMPP to untreated cattle LF to 
a grassland. 

Globally, N (NO + N2O) losses from Mineral were 
higher than losses from LF (Table 1). Despite the 
amount of NH4

+-N added by LF represent only 62% of 
NH4

+-N added by Mineral, the lower N losses from LF 
could be related with the slow-release characteristics 
on the N availability as mineral forms at short term and 
long term periods (Gutser et al., 2005; Webb et al., 
2013). On the other hand, NH3 losses could have also 
been important in the case of LF treatments, although 
LF was mixed with the soil (Pereira et al., 2010). Since 
National and International regulations establish a target 
field application based on the amount of total N applied 
instead of NH4

+ amount (EC, 1991) to reduce N pollu-
tion from agricultural sources, it might be of interest 
to replace mineral fertiliser with LF. 

In dairy farms, large amounts of LF are available 
and could be applied to agricultural soils as N source 
and also as substitutes of mineral fertilisers, improv-
ing N use efficiency on a farm scale. Mechanical 
separation of LF would be the best practical tool for 
manure management at farm scale. Results obtained 
in our laboratory study suggest that the addition of 
DMPP to mineral fertiliser is an efficient mitigation 
technique to reduce NO and N2O emissions from 
agricultural soils, and the addition of DMPP to LF 
also tended to mitigate both N losses. Nevertheless, 
our results need to be validated under field condi-
tions. Consequently, cropping phase should be com-
pared with subsequent fallow phase to gain insight 
on pre- and post-harvest conditions in the soil 
(Scheer et al., 2014). In addition, more research is 
required to assess under field conditions, the effect 
of long term soil applications of DMPP on alterations 

microbial activity comprised by the high CO2 fluxes 
observed in the first 9 days (Fig. 3). Results are in 
agreement with previous studies (Jarvis et al., 1996) 
who reported that the addition of large amounts of 
mineral N led to microbial immobilisation and latter 
re-mineralisation. Consequently, the higher N immo-
bilisation in LF had reduced the NH4

+ availability for 
nitrification and denitrification, explaining the lower 
N2O emissions observed at this treatment (Fig. 4B). On 
other hand, the absence of significant effect of DMPP 
on mineralisation has been previously observed in other 
studies (Chaves et al., 2006; Pereira et al., 2010) under 
controlled conditions. 

The N mineralisation observed in LF (11.5% of 
organic N applied) (Fig. 2B) is in the same range of 
those reported in previous studies (Chadwick et al., 
2000; Fangueiro et al., 2010, 2012), ranging between 
1 and 20% of the applied organic N content. Reasons 
that could explain the occurrence of N mineralisation 
rather than N immobilisation in LF are the following: 
(i) removal of large pieces of undigested material 
through the mechanical separation of the raw slurry led 
an average particle size <1 mm in LF; (ii) presence of 
the finest particles in separated LF with low C:N or-
ganic ratio, NH4

+-N:total N ratio, lignin: N ratio relative 
to raw slurry (Fangueiro et al., 2010, 2012). 

In our study, NO emissions from LF addition were 
lower (–62% of NH4

+-N applied) than from Mineral 
and N2O emissions were similar from the two treat-
ments (Table 1). Although NO is generated by deni-
trification process, nitrification is the most important 
source of NO, especially under aerobic conditions 
(Maljanen et al., 2007; Medinets et al., 2015). Regard-
ing N2O emissions, nitrification and/or denitrification 
are (depending on the WFPS) the main processes 
leading to N2O losses, even though nitrifier denitrifi-
cation can be also a relevant source of this gas, espe-
cially under certain soil conditions (Bateman & 
Baggs, 2005; Kool et al., 2011). In our study, the 
WFPS (60%) is in the threshold of nitrification/deni-
trification (Bateman & Baggs, 2005). Therefore, ni-
trification or nitrifier denitrification may be the major 
processes of NO and N2O losses, but denitrification 
in the micropores should also be considered, espe-
cially in the case of LF treatments. In our study, the 
high NO/N2O ratio (>1.0) observed in the Mineral 
suggests that nitrification has been the dominant pro-
cess in this treatment (Table 1). Therefore, denitrifica-
tion may have been a major source for N2O in LF 
fertiliser, whereas nitrification may have dominated 
in the Mineral. Consequently, the higher importance 
of denitrification in LF treatments caused NO fluxes 
(which is originated mainly from nitrification) to be 
lower in this treatment (compared to Mineral), and 
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Soil Sci Plant Nut 13:580-591. http://dx.doi.org/10.4067/
s0718-95162013005000046.

Dorno N, Feilberg A, Balsari P, Nyord T, 2013. Nitrous oxide 
losses from untreated and digested slurry as influenced by 
soil moisture and application method. Biosyst Eng 115: 423-
433. http://dx.doi.org/10.1016/j.biosystemseng.2013.04.004.

EC, 1991. Council Directive 91/676/EEC concerning the 
protection of waters against pollution caused by nitrates 
from agricultural sources [LEX-FAOC019065].
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Cattle slurry treatment by screw-press separation and 
chemically enhanced settling: Effect on greenhouse gas 
and ammonia emissions after land spreading. Bioresour 
Technol 99: 7132-7142. http://dx.doi.org/10.1016/j.bi-
ortech.2007.12.069.

Fangueiro D, Gusmão M, Grilo J, Porfírio G, Vasconcelos E, 
Cabral F, 2010. Proportion, composition and potential N 
mineralisation of particle size fractions obtained by me-
chanical separation of animal slurry. Biosyst Eng 106: 333-
337. http://dx.doi.org/10.1016/j.biosystemseng.2010.02.010.

Fangueiro D, Lopes C, Surgy S, Vasconcelos E, 2012. Effect 
of the pig slurry separation techniques on the character-
istics and potential availability of N to plants in the result-
ing liquid and solid fractions. Biosyst Eng 113: 187-194. 
http://dx.doi.org/10.1016/j.biosystemseng.2012.07.006.

Galloway JN, Townsend AR, Erisman JW, Bekunda M, Cai 
Z, Freney JR, Martinelli LA, Seitzinger SP, Sutton MA, 
2008. Transformation of the nitrogen cycle: Recent trends, 
questions and potential solutions. Science 320: 889-892. 
http://dx.doi.org/10.1126/science.1136674.

Gong P, Zhang LL, Wu ZJ, Chen ZH, Chen LJ, 2013. Re-
sponses of ammonia-oxidizing bacteria and archaea in 
two agricultural soils to nitrification inhibitors DCD and 
DMPP: A pot experiment. Pedosphere 23: 729-739. http://
dx.doi.org/10.1016/S1002-0160(13)60065-X.

Gutser R, Ebertseder Th, Weber A, Schram M, Schmidhalter 
U, 2005. Short-term and residual availability of nitrogen 
after long-term application of organic fertilizers on arable 
land. J Plant Nutr Soil Sci 168: 439-444. http://dx.doi.
org/10.1002/jpln.200520510.

Hatch D, Trindade H, Cardenas L, Carneiro J, Hawkins J, 
Scholefield D, Chadwick D, 2005. Laboratory study of 
the effects of two nitrification inhibitors on greenhouse 
gas emissions from slurry-treated arable soil: Impact of 
diurnal temperature cycle. Biol Fertil Soils 41: 225-232. 
http://dx.doi.org/10.1007/s00374-005-0836-9.

Hjorth M, Christensen KV, Christensen ML, Sommer SG, 
2010. Solid-liquid separation of animal slurry in theory 
and practice. A review. Agron Sustain Dev 30: 153-180. 
http://dx.doi.org/10.1051/agro/2009010.

Houba VJ, van der Lee JJ, Novozamsky I, Walinga I, 1988. 
Soil and plant analysis. In: Soil analysis procedures. Wa-
geningen, Agricultural University. Part 5, Chapter 15.1, 
pp: 154-158.

Jarvis SC, Stockdale EA, Shepherd MA, Powlson DS, 1996. 
Nitrogen mineralization in temperate agricultural soils: 

in the diversity of ammonia-oxidizing archaea/bac-
teria communities. 

In summary, at controlled conditions, nitrification 
inhibitor DMPP was less efficient in preventing nitri-
fication when added to mechanically separated LF 
relative to mineral fertiliser, with a soil persistency 
of 72 and 30 days, respectively. The application of LF 
reduced significantly NO emissions by 80% and led 
to similar N2O emissions relative to mineral fertiliser. 
The addition of DMPP with Mineral induced a de-
crease of 18 and 29% in NO and N2O emissions 
whereas DMPP combined with separated LF reduced 
(numerically but not statistically) these emissions in 
20 and 10%, respectively. Up to 11.5% of organic N 
applied was potentially available in LF, which repre-
sents an extra amount. It can be concluded that N (NO 
+ N2O) losses can be mitigated by adding DMPP to 
mineral fertilisers or replacing mineral fertiliser by 
LF. Further studies will be required to validate our 
results. 
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