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Abstract Pig farms have achieved importance in the
last few decades from the perspective of environment
protection as a consequence of the intensive rearing
systems in livestock production. Ammonia (NH3) and
greenhouse gases (GHG), such as methane (CH4), car-
bon dioxide (CO2), and nitrous oxide (N2O), are emitted
from slurry storage at farm prior to land application, but
little is known about these losses under on-farm condi-
tions in Spain. This study assessed the influence of
management and environmental parameters on NH3

and GHG emissions from slurry storage in spring and
autumn. Gas emissions were measured in a commercial
pig-fattening farm from two lagoons (1000 and 768 m3

capacity, respectively) during 30 days by the floating
dynamic chamber system in spring and autumn 2011
(average temperature 19 and 9 °C, respectively). Low
NH3 and CH4 emissions were registered in spring (range
10–406 and 3–17 mg m−2 min−1, respectively) probably
as a result of low pH values of stored slurry (6.5 to 7.0)
and rainfall. High variability on NH3, CH4, and CO2

emissions was observed as a result of differences in
temperature and rainfall. No NH3 emission and low
CH4 and CO2 emissions were observed in autumn (av-
erage 1.2±0.9 and 27±22 mg m−2 min−1, respectively).
Slurry loading operations increased NH3 losses from
storage.

Keywords Farm . Free ammonia .Manure
management . Slurry storage

1 Introduction

Gaseous emissions associated with slurry management
represent a major concern due to the intensification of
livestock production. Emissions of ammonia (NH3) from
barns and slurry stores represent up to 80 % of the total
NH3 emissions from agricultural activities (Anderson
et al. 2003). These emissions may increase in the future
in response to a greater demand for food from a more
populated world (United Nations 2013). At the moment,
pork is the most widely consumed meat product world-
wide and production intensification has led to increase
environmental concerns in relation to NH3 emissions to
air. Also, pig production is the second contributor of
greenhouse gases (GHG) from livestock sector (Gerber
et al. 2013). In pig houses, NH3 volatilizes mainly from
urine-fouled floor areas and from the surface area of
slurry in the slurry pit. In these systems, slurry is first
collected under partially slatted floors for temporary in-
door storage. Thereafter, the slurry is transferred to an
outdoor storage where gaseous emissions take place.
Ammonia and GHG, such as methane (CH4), carbon
dioxide (CO2), and nitrous oxide (N2O), are emitted from
slurry storage at farm level prior to land application.
There is previous scientific literature on these emissions
from slurry land application to soil in Spain (Vallejo et al.
2005), but there is no information about gaseous losses
from slurry storage under on-farm conditions in Spain.
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Ideally, emissions should be conducted at the farm scale
in order to capture the reality of a farm to understand the
effect of climate and regional management on emissions.
In this context, emissions can vary substantially over time
due to changing storage volumes, loading and emptying
operations, etc. According to previous studies
(Kaharabata et al. 1998; Chadwick et al. 2011;
VanderZaag et al. 2014), CH4 emissions are governed
by management and environmental factors in dairy and
pig slurry storages, which makes it necessary to obtain a
temporal pattern of these emissions in order to propose
further mitigation strategies. As indicated by Phillipe
et al. (Phillippe and Nicks 2015), these strategies should
be integrated in a larger scale in order to take into account
emissions associated with pre- and post-farming
processes.

This study assessed the influence of management and
environmental parameters on NH3 and GHG emissions
from slurry storage in spring and autumn taking into
account management operations, temperature, and ma-
nure chemical composition.

2 Methods

2.1 Farm Description

A farm-scale study was carried out at a commercial pig-
fattening farm in the Basque Country (42° 53′ 41″ N, 2°
44′ 16″W) in spring from 11 May 2011 to 9 June 2011.
The farm was regulated by the IED Directive as 2000
pigs in total were reared during 160 days into two
identically managed buildings in the farm. Slurry pro-
duced in each building was stored into a deep pit located
under the partially slatted floor. Slurry was pumped
outdoors every month to two impermeable lined la-
goons: lagoon A with 1000 m3 capacity and 440 m2

surface area and lagoon B with 768 m3 capacity and
300 m2 surface area. In 7 June 2011, lagoon A was
disturbed by loading operations in response to farmer’s
management needs. After being emptied in December
2010, both lagoons were full in May, for spring study.
Since they are emptied (two times a year), the lagoons
start to receive slurry once every month. Despite the
high air temperatures registered during the study (max-
imum 34 °C, with an average of 19 °C), none of the
lagoons presented natural surface crust in spring.

In order to ascertain the temporal pattern of gaseous
emissions from slurry storage, on-farm measurements

continued in autumn from 28 November 2011 to 22
December 2011. After being fully emptied in August
2011, lagoons A and B presented two thirds of slurry
volume stored in spring.

2.2 Gas Measurements

A floating dynamic chamber system described by Peu
et al. (1999) was used for gaseous emission measure-
ment. Chambers were built as rectangular polyvinyl
chloride boxes (length 60 cm; width 34 cm; height
40 cm). The experimental area of chambers was
0.204 m2. Three chambers were randomly positioned
on each lagoon surface by a system of ropes, and their
lower end was submersed 4 cm below the surface of the
slurry. Two polyvinyl chloride baffles (length 28 cm;
width 1 cm; height 34 cm) were fixed perpendicularly
inside the chambers in order to obtain a turbulent air
stream. There was a 1-cm diameter hole on the top of the
chambers in order to prevent internal overpressure. An
air flow produced by a compressor (Abac FC2/24, To-
rino, Italy) was passed through 10 % orthophosphoric
acid and distilled water to scrub NH3 and delivered
through a Teflon tube into each chamber. The flow rate
was 2–3 l min−1, which was fixed with a flow meter
(2150/Inox, Tecfluid S.A., Barcelona, Spain) and
checked by a gas meter (Gallus 2000, Itron, Washing-
ton, USA). The outlet-air stream was passed through a
dryer (Envirogel, Brownell Ltd., London, UK) to avoid
interferences with the high moisture content of samples.
Gaseous concentrations were continuously measured by
a photoacoustic analyzer (multi-gas monitor 1302, Bruel
& Kjaer, Nærum, Denmark), with detection limits being
0.2 ppm for NH3, 0.4 ppm for CH4, 5 ppm for CO2, and
0.03 ppm for N2O at 20 °C and 1 atm pressure.

Gas sampling lasted 10 min in each chamber until a
steady-state value was reached. A valve system was
used to switch from one chamber to the other. Gaseous
concentrations were sampled for 5 h each day (10:00–
15:00) with a frequency of 3–4 days a week during 30
and 25 days in spring and autumn, respectively.

Gaseous emissions were calculated as follows:

F ¼ Q Cout– Cinð Þ = A ð1Þ

where F is the gas emission (mg m−2 min−1), Cout and
Cin the outlet and inlet gas concentration, respectively
(mg m−3, at 1 atm pressure and daily temperature), Q is
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the air flow measured by the gas meter (m3 min−1), and
A is the slurry area covered by the chamber (m2).

Emission data registered from each chamber were
summed after 5 h measurement period. Daily accumu-
lated emission was calculated as the mean of chambers
for each treatment.

N2O emissions were not relevant both in spring and
autumn. This is coincident with the results obtained by
Harper et al. (2000) over extended periods and by
Rodhe et al. (2012) and Park et al. (2006) for warm
and cold conditions, respectively. To this respect, as
stated in IPCC (2006), emissions from liquid slurry
without natural crust cover are believed negligible due
to the absence of oxidized forms of nitrogen entering
systems in combination with low potential for nitrifica-
tion and denitrification in the system.

2.3 Slurry Sample Collection and Analysis

Slurry was sampled from lagoons A and B at a randomly
chosen location from three different points from the
profile 0–40 cm depth on each pit. Three replicates of
slurry samples were taken at three different moments
within spring and autumn studies: beginning, middle,
and end of each study. Thus, sampling times were 12
May, 23 May, and 7 June 2011 in spring study and 30
November, 12 December, and 22 December 2011 in
autumn study. Samples were stored at 4 °C until analy-
sis. Slurry samples were analyzed for dry matter (DM)
and organic matter (OM) content according to AFNOR
(1976) procedures. Total Kjeldahl nitrogen (TKN) was
analyzed by the Kjeldalh distiller-analyzer (Kjeltec Auto
1030, Tecator, Hillerød, Denmark) after reduction with
sulfur-salicylic acid, and ammonium-nitrogen (NH4

+–
N) content was measured directly after distillation in
oxide magnesium (official methods of the Spanish Min-
istry of Agriculture 1974). The ratio between carbon and
nitrogen (C:N) was calculated based on OM (1.72·C)
and TKN percentage content.

2.4 Lagoon Parameters and Meteorological Data

Slurry temperature data and the rainfall registered in
spring and autumn studies are shown in Figs. 1a and
2a, respectively. Slurry temperature was recorded at
15 cm depth using thermocouples connected to
dataloggers (FEP T type, TCdirect, Madrid, Spain),
and rainfall was taken from a meteorological station
situated 1.4 km away from the farm. Slurry pH was

daily recorded at 15 cm depth by a pH meter (HQ40D,
Hach Lange, Düsseldorf, Germany). The wind speed
from stored slurry surface was recorded daily before
gas measurement by a thermal anemometer (Testo
425, Testo AG, Lenzkirch, Germany). The average wind
speed registered was used to fix the air flux passing the
floating chamber. Daily atmospheric temperatures were
registered by a datalogger (HOBOU12-013, Onset HO-
BO© Data Loggers, USA). Mean air temperatures for
spring and autumnwere 19±3 and 9±2 °C, respectively.
Slurry temperatures for both periods are presented in
Table 1.

2.5 Statistical Analysis

Gas emission and slurry characteristics were analyzed as
repeated measures throughout spring and autumn stud-
ies using PROC MIXED procedure by the Statistical
Analysis Software SAS 9.3 (SAS Institute Inc., Cary,
NC, USA). Moreover, regression analysis between gas
emissions and slurry temperatures registered daily dur-
ing 5 h measurement period were carried out using the
Statistical Package for the Social Sciences 15.0 (SPSS
Inc., Armonk, NY, USA). Significant differences are
expressed at p<0.05, unless otherwise stated.

3 Results and Discussion

3.1 Ammonia Emission

Daily NH3 emission rates measured in spring during
30 days ranged between 10 and 406 μg m−2 min−1 in
the lagoons, which were in accordance with emissions
reported by Aneja et al. (2001) from pig slurry lagoons
under similar air temperature conditions (40–
374 μg m−2 min−1). Other authors (Blunden and Aneja
2008; James et al. 2012; Lim et al. 2003) have reported
higher emissions. In those studies, the free ammonia
(FA) concentration in slurry was higher than in our work
(Table 1). This parameter is calculated based on
Anthonisen et al. (1976) equation and is a good predic-
tor of NH3 emission from lagoons (Szögi et al. 2006). It
is influenced by the joint effect of total NH4

+–N con-
centration, temperature, and pH. The high NH4

+–N
contents presented in slurry in the current study
(Table 1) suggest that this parameter did not limit NH3

volatilization rate. Blunden and Aneja (2008) reported
higher NH3 emissions (>3000 μg m−2 min−1) from
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stored slurry with lower NH4
+–N content. Similarly, air

temperatures recorded in spring study (range 14–34 °C)
should warrant higher NH3 emissions according to pre-
vious studies (James et al. 2012; Lim et al. 2003). The
pH values recorded in both lagoons ranged from 6.5 to
7.0 in spring study. Similar pH values have been report-
ed for pig slurry by other authors (Aneja et al. 2001; Dai
and Blanes-Vidal 2013); however, studies reporting
higher NH3 emissions presented pH values above 7.0
(Blunden and Aneja 2008; James et al. 2012; Lim et al.

2003). According to Hartung and Phillips (1994), the
greatest increase in NH3 release takes place between a
pH of 7 and 10. Therefore, the low FA concentration in
slurry in spring would suggest that slightly acidic pH
values limited NH3 losses. Other factors such as rainfall
could also have influenced NH3 volatilization (Aneja
et al. 2001). Accumulated rainfall was 41 mm from 12
May 2011 to 6 June 2011 (Fig. 1a) and NH3 volatiliza-
tion dropped considerably after each rainfall period, as
observed on 12May 2011 after 13mm rainfall (Fig. 1b).

Fig. 1 Pattern of daily a slurry
temperature (°C) in lagoons A
and B and rainfall (mm), b
ammonia (NH3)-accumulated
emission (mg m−2), c methane
(CH4)-accumulated emission
(g m−2), and d carbon dioxide
(CO2)-accumulated emission
(g m−2) in lagoons A and B during
5 h each day in spring study. The
error bars show standard
deviation
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The highest NH3 peak observed on 7 June 2011 was
related to the loading operation performed by the farmer
in lagoon B (Fig. 1b). As a consequence, the air-liquid
interface of stored slurry would have been disturbed and
NH3 emission increased seven times with respect to
average emission during previous days. In the following
2 days, emission level decreased around 50 % with
respect to the NH3 peak.

Contrarily to spring study, there was no NH3 emis-
sion observed in the lagoons in autumn study. Previous
studies have also reported seasonal trends in NH3

emission (Blunden and Aneja 2008; James et al.
2012). This seasonal variability in NH3 losses from
slurry storage was reported to be influenced by factors
such as slurry temperature, NH4

+–N content and pH
(Aneja et al. 2001). A regression model conducted with-
in both studies showed a significant relationship be-
tween slurry temperature and NH3 fluxes (p<0.05; r=
0.48). In fact, mean slurry temperature was 19±3 °C in
spring study and 9±2 °C in autumn study, which would
have affected seasonal NH3 emission. Stored slurry in
autumn was more diluted compared to spring probably

Fig. 2 Pattern of daily a slurry
temperature (°C) in lagoons A
and B and rainfall (mm), b
methane (CH4)-accumulated
emission (g m−2), and c carbon
dioxide (CO2)-accumulated
emission (g m−2) in lagoons A
and B during 5 h each day in
autumn study. The error bars
show standard deviation
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due to the spells of rainfall occurring in autumn
(64.2 mm accumulated), and therefore, significant dif-
ferences in NH4

+–N contents were observed between
spring and autumn studies (Table 2). However, NH4

+–N
contents in terms of % DM were not different between
experimental periods, ranging 8–19 % DM.

3.2 Methane

Methane emissions in spring study ranged between 3
and 17 mg m−2 min−1 in the lagoons, which agree
with results reported in previous studies (Flesch
et al. 2013; Sharpe et al. 2002). However, the large
variation of on-farm CH4 losses reported in the
literature, ranging between 4 and 360 mg CH4

m−2 min−1, indicates that CH4 losses from the cur-
rent study could be considered as low. Physicochem-
ical parameters, such as slurry NH4

+–N, temperature,
and pH, have been found to affect CH4 emission. A
high FA content of slurry inhibits the anaerobic
microbial consortia necessary for the production of
CH4 (Nielsen and Angelidaki 2008). Inhibition has
been reported at FA concentrations in excess of
124 mg NH3–N l−1 for an unadapted process (Braun
et al. 1981). Despite high NH4

+–N contents in stored
slurry, the low FA values estimated in spring study
suggested that CH4 emission was not affected
(Table 1). The warm temperatures (range 14–
34 °C) in which spring study was conducted should
not have minimized CH4 losses. The Intergovern-
mental Panel on Climate Change (2006) guidelines
estimate that 74–79 % of potential CH4 is lost under
temperature conditions. Methanogenesis from acetate,

which mainly contributes to manure-generated CH4,
is inhibited by pH lower than 7 (Attal et al. 1988).
As Table 2 shows, pH values in stored slurry were
below 7 throughout spring study; thus, it was con-
cluded that pH was a significant factor limiting CH4

losses from the lagoons. Park et al. (2006) also
reported low CH4 emission rates from slurry storages
with pH below 7.

Methane emissions in lagoon Awere not significant-
ly different between spring and autumn studies, which
averaged 6±4 and 6±2 mg m−2 min−1, respectively. On
the contrary, significant difference on CH4 emission was
observed between seasons in lagoonB (Figs. 1c and 2b),
averaging 7±5 mg m−2 min−1 in spring and 1.2±
0.9 mg m−2 min−1 in autumn. As concluded by Park
et al. (2006), CH4 fluxes are related to the volume of
liquid manure from which fluxes are measured, which
explains that seasonal CH4 difference in lagoon B could
be due to lower slurry volume stored in autumn study.
Additionally, a regression model conducted between
slurry temperatures and CH4 fluxes within spring and
autumn studies indicates that cold slurry temperatures
registered in autumn were closely related to lower CH4

emissions (p<0.05; r=0.46). This is in accordance with
Sharpe et al. (2002), who observed a marked influence
of slurry temperature on seasonal CH4 emissions.

3.3 Carbon Dioxide

Carbon dioxide emissions ranged between 5 and
248 mg m−2 min−1 in the lagoons in spring study.
Results showed that CO2 emission was significantly
higher than CH4 losses measured in the lagoons in

Table 1 Ammonium-nitrogen (NH4
+–N) concentration, slurry temperature, pH, and free ammonia (FA) concentration estimation from

literature (stored pig slurry) and the current spring and autumn studies

Reference NH4
+–N (g N l−1) Temperature (°C) pH FA (mg NH3–N l−1)

Blunden and Aneja (2008) 0.57 15 8.1 18.8

James et al. (2012) 0.55 20 8.0 20.7

Lim et al. (2003) 2.06 25 8.1 137.4

Current spring studya Lagoon A 3.48 19 6.7 7.7

Lagoon B 5.00 20 6.5 6.1

Current autumn studyb Lagoon A 2.33 8 6.9 2.6

Lagoon B 4.23 8 6.8 4.5

a Average value in lagoon A and B, respectively, during spring study
bAverage value in lagoon A and B, respectively, during autumn study
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spring study (Fig. 1c, d). According to Dinuccio et al.
(2008), the predominant emission of carbon was as CO2

from pig slurry storage. The high CO2 emission in
spring would have been influenced by the low pH in
stored s lurry. Methane is produced by the
hydrogenotrophic methanogens which consume CO2

derived from the anaerobic decomposition of acetate
(Moller et al. 2004). Nevertheless, the partial inhibition
of methanogenesis by low pH values could have con-
tributed to CO2 accumulation. This CO2 accumulation
would also have contributed to acidify the slurry solu-
tion as, together with total acetic acid, both are buffer
compounds that favor slurry acidification (Dai and
Blanes-Vidal 2013).

Carbon dioxide emissions between seasons differed
significantly in stored slurry (Figs. 1d and 2c), averaging
73±47 mg m−2 min−1 in spring study and 27±
22 mg m−2 min−1 in autumn study. This difference was
probably related to differences in seasonal slurry tem-
peratures, coinciding with Dinuccio et al. (2008). These
authors observed differences in CO2 emission from
slurry stored at 25 and 5 °C in a laboratory study, being
67 and 42 mg m−2 min−1, respectively.

4 Conclusions

This study assessed NH3 and GHG emissions from
slurry storage under on-farm conditions in spring and
autumn. According to the results, both management and
environmental parameters influenced gaseous emissions
from storage. In general, low emissions of NH3 and CH4

were found from stored slurry in spring and autumn
probably due to low slurry pH. Farmer’s slurry manage-
ment (i.e., loading operation) increased NH3 losses from
storage. High variability on NH3, CH4, and CO2 emis-
sions were observed as a result of differences in temper-
ature and rainfall. This study shows the importance of
considering environmental factors and management
practices for future evaluation of gas mitigation strate-
gies in storage along the year.
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