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Abstract Animal slurry stored in-house and out-
side is a significant source of atmospheric methane
(CH,). The CH, source strength of stored slurry is
greatly affected by temperature. To improve
emission calculations on a global scale there is a
need for knowledge about the relationship
between production of CHy in slurry and temper-
ature. In this study, the filling of slurry channels
was reproduced in the laboratory by gradually
filling 1 m-high PVC vessels during 9 days fol-
lowed by incubation for 100-200 days. A preli-
minary test showed that little CH4 was produced
from animal slurry during 10 days of incubation at
20°C, if no inoculum (slurry incubated anaerobi-
cally at the test temperature for 1.5-2 months) was
present. However, the addition of 7.6% inoculum
supported an immediate production of CHy.
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Vessels amended with inoculum and gradually
filled with cattle or pig slurry were then incubated
at 10, 15 and 20°C. Methane production from
stored pig and cattle slurry was not significant at
temperatures below 15°C, where CO, was the
main product of decomposition processes. In
contrast, the anaerobic production of CH, was
high and significant relative to the production of
CO, at 20°C. Peak emissions of CH, averaging
0.012 and 0.02 g C h™! kg™" volatile solids (VS)
were reached within about 10 days at 10 and 15°C,
respectively. At 20°C, the emission of CH, from
pig slurry was about 0.01 g C h™! kg™! for 10 days,
and thereafter emissions increased to about
0.10 g Ch™' kg VS. For cattle slurry a peak
emission of 0.08 g C h™' kg™' VS was measured
after 180 days. Degradation of organic nitrogen
(N) in cattle slurry was related to the reduction of
organic material as reflected in CO, and CH,
emission. The mineralization of organic N during
storage represented 10-80% of organic N in cattle
slurry, and 40-80% of the organic N in pig slurry.

Keywords Methane - Carbon dioxide - Nitrogen
mineralization - Animal slurry - Temperature
Introduction

Anthropogenic emissions of the greenhouse gas
(GHG) methane (CH4) have increased signifi-
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cantly during the twentieth century (IPCC 2001).
Compared to carbon dioxide (CO,), the amounts
of CH, are low in the atmosphere, but the global
warming potential is 23 times higher than that of
CO, on a molecular basis and within a 100-year
time horizon (IPCC 2001).

During storage of slurry, CH, and CO, are
formed by anaerobic bacterial degradation of
organic matter (Steed and Hashimoto 1994).
Significant amounts of CO, are also produced at
the slurry-air interface by aerobic microbial
degradation processes (Mgller et al. 2004). It
has been suggested that there is a need for
information about effects of temperature and
residence time on CH, and CO, emissions from
stored slurry (Sommer et al. 2004). This informa-
tion should contribute to develop methods for
calculating GHG emissions from manure which
are more dynamic than the existing approach
based on region-specific emission factors (IPCC
1997). Reviews have also uncovered a need for
better prediction of nitrogen (N) turnover in
stored animal manure (Sommer et al. 2005),
which is needed for the development of models
for predicting emissions of reduced and oxidized
N to the atmosphere, and also for estimating
nitrate leaching.

This study compiles data from storage exper-
iments conducted over a period of 18 months.
The aim was to examine the degradation of
organic components and the production of CHy
and CO, in slurry channels (pits) inside animal
houses as influenced by temperature. In the study,
faeces + urine and water were gradually added to
open incubation vessels from day 1 to day 9 of the
experiment, and thereafter the slurry was incu-
bated for up to 200 days. Emissions from the
slurry were measured using a dynamic chamber
technique, and slurry was sampled during the
study to determine the concentration of N com-
ponents. The intention was to simulate the
degradation of organic components and gas
emissions during the initial storage in slurry
channels. The study was also designed to provide
information about the degradation processes
during subsequent outside storage corresponding
to a summer temperature regime, which is in the
temperature interval 10°C till 20°C (Hansen et al.
2006).
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Materials and methods

The pigs producing urine and faeces for the
storage experiment were fed a diet containing
24% soybean meal, 49.8% barley, 20% wheat, 1%
molasses, 2% fat and 3.2% minerals and vitamins.
Faeces and urine was collected separately and
stored at —18°C until needed. Faeces and urine
portions were thawed and mixed at a ratio of 1:3.5
to produce the pig slurry used in the storage
experiment. The dairy cows from which urine and
faeces were collected were fed a diet based on [on
a dry matter (DM) basis] 21.6% concentrates,
55.2% roughage, 22.8% barley and 0.4% miner-
als. Cattle urine and faeces were collected in
unseparated form (maximum time between depo-
sition and collection 1-2 h), and stored at -18°C
until the day of use. Some characteristics of the
batches of pig and cattle slurry used for the
experiments are presented in Table 1.

Incubation

For the storage experiments, slurry was incubated
in PVC vessels (height 100 cm; diameter 15 cm).
A preliminary experiment was conducted in
which pig slurry with and without 7.6% inoculum
was incubated in duplicate at 20 + 0.5°C. In the
main experiment, three vessels containing cattle
slurry and three containing pig slurry were
incubated with 7.6% inoculum at each of the
temperatures 10 + 0.5, 15 = 0.5 and 20 + 0.5°C.

The vessels were gradually filled to approxi-
mately 5 cm from the upper rim by initially
adding 0.5 kg inoculum, 0.55 kg slurry and
0.10 kg water (simulating water leak), and then
from day 1 until day 9 with 0.55 kg slurry and
0.05 kg water each day. Thus, in total 0.5 kg
inoculum (7.6%), 5.5 kg slurry (84.8%) and
0.55 kg water (7.6%) were added. The inoculum
consisted of pig or cattle slurry which had been
stored for 1.5-2 months at 10, 15 or 20°C,
allowing a population of anaerobic bacteria to
adapt to the storage environment. The vessels
were incubated in temperature-controlled cham-
bers (10°C) or in a water bath at constant
temperature (15 or 20°C). The incubation at 10,
15 and 20°C lasted 138, 114 and 216 days,
respectively.
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Table 1 Characteristics of slurries prepared for the incubation experiments

Slurry Treatment DM VS TN TAN P VFA
(gkg™) (g kg™ (gkg™) (gkg™ (g kg™ (g kg™

Pig Effect of 81 64 5.8 1.1 (19)* 6.5

inoculum, 20°C

Cattle 10°C 91 76 52 2.6 (50) 0.75 52

Pig 10°C 79 66 4.4 2.2 (50) 1.05 4.0

Cattle 15°C 97 79 43 2.2 (51) 1.20 5.7

Pig 15°C 84 68 6.3 3.6 (57) 1.82 4.8

Cattle 20°C 95 75 4.6 1.8 (39) 0.91 5.7

Pig 20°C 86 71 6.0 2.3 (38) 1.02 4.8

DM dry matter, VS volatile solids, TN total nitrogen, TAN total ammoniacal nitrogen (NH; + NH}), P total phosphorus,

VFA volatile fatty acids (C2-C5 acids)

? Numbers in parentheses represent the percentage of TAN in TN

Slurry sampling and analysis

Slurry samples were retrieved for analysis during
and after the storage period. The samples were
stored at —18°C until analysis. At 15°C, represen-
tative samples of stirred slurry were taken after 21
and 114 days, and at 20°C after 15, 147 and
216 days. At 10°C a different procedure was used
to enable more frequent sampling without exces-
sive disturbance: 12 smaller vessels (height 1 m;
diameter 2.8 cm) for each slurry type were filled
using the same procedure as for the large vessels.
Three of these small vessels with cattle slurry and
three with pig slurry were removed after 12, 20, 41
and 63 days. After 138 days the incubation was
stopped and slurry samples were taken for anal-
ysis from each of the large vessels. Gaseous
emissions from stored slurry will be a function of
the slurry volume and the air-slurry interface
area. The interface-to-volume ratio was identical
in large and small diameter vessels, and so it was
assumed that C and N turnover and emissions
were comparable.

Slurry samples were analysed for DM, volatile
solids (VS), chemical oxygen demand (COD),
total N (TN), total ammoniacal N (TAN) and
total P (TP). Pig urine composition was deter-
mined on fresh samples collected from six pigs
weighing 50-80 kg.

Gas emissions

Throughout filling and storage of vessels with
cattle and pig slurry, gas emissions were

measured continuously using the vessels as
dynamic chambers. These dynamic chambers
were established by capping the vessels with
gas-impermeable lids, leaving an open headspace
above the slurry surface; input and output ports
on opposite sides of each lid were used to direct
an airstream across the slurry surface. The air
was sucked through each headspace by pumping
an airflow of 1.1 1 min~'. The concentration of
CH,4 and CO; in incoming and exhaust air were
analysed with an on-line multi-gas monitor
(photoacoustic monitor; Briiel & Kjaer, Nerum,
Denmark).

Analytical techniques

Dry matter was determined after a 24-h drying
period at 105°C. After dry ashing and solubiliza-
tion in acid, the content of TP was measured
colorimetrically (Spectronic 1001; Bausch &
Lomb, UK) after a colouring reaction with
ammonium molybdate vanadate. The TAN
content of slurry samples was analysed by means
of a QuickChem 4200 flow injection analyser
(Lachat Instruments, Wisconsin, USA). Slurry pH
was determined with a pH-meter (Radiometer A/
S, Copenhagen, Denmark). The COD was anal-
ysed colorimetrically (Spektroquant Nova 60;
Merck, Germany) in accordance with the
method described by APHA (1995). TN was
analysed by the Kjeldahl method using a Kjellfoss
16200 (Copenhagen, Denmark). Urea was deter-
mined by the method of Mulvaney and Bremner
(1979).
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Results and discussion

The pig faeces and urine could be collected
separately and slurry produced by mixing the
samples at initiation of an experiment. The
housing of cattle did not allow us to use the same
procedure for collection of cattle slurry. Instead
the cattle slurry was most carefully collected
within 1-2 h after excretion of faeces and urina-
tion and then frozen. Having taken these precau-
tions at sampling, we are of the opinion that the
pattern of microbial transformation of the C and
N in the pig and cattle slurries can be compared.
Compositions of the cattle and of the pig slurries
prepared by mixing faeces and urine are pre-
sented in Table 1. The DM content of the slurries
was higher than is normally observed in slurry
collected on farms but N and P content was in the
same range as shown in previous studies (Sommer
and Husted 1995; Birkmose and Knudsen 2005).
Indicating that the slurries produced and col-
lected was representative for slurries produced in
traditional animal houses.

During periods with high CH4 production, a
10-15-cm-thick surface crust of fibrous organic
material developed at the surface of the pig
slurry, whereas little or no surface crust was
observed at the surface of the cattle slurry
during incubation. The density of water-satu-
rated fibres is greater than 1; therefore a surface
crust will only establish during periods with CHy
production and ebullition, because gas bubbles
captured by the solids will enhance the buoy-
ancy of the organic material. Emissions of CH,
were lower from cattle slurry than from pig
slurry, which is the probable reason for the
absence of crust formation on cattle slurry. It
should be noticed that in practice bedding
material, faeces and animal hairs contribute to
crust formation, whereas in this experiment the
crust material was derived entirely from faecal
matter.

Effect of inoculum on CH,4 emissions
Sommer et al. (2004) assumed that slurry left
behind after emptying of slurry channels will act

as a methanogenic inoculum, because microor-
ganisms in the slurry will adapt to the ambient
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storage temperature (Kotsyurbenko et al. 1993).
The effect of inoculum on CH, production was
examined in a preliminary experiment, where
one treatment was initially amended with 7.6%
slurry which had been stored at an incubation
temperature of 20°C (Fig. 1). At first, CHy
emissions from the vessel without inoculum were
low, and 12 days of incubation passed before
significant emissions were observed. The tempo-
ral dynamics in methane emissions may reflect
microbial succession or use of different pools of
organic matter in the slurry. In contrast, CHy
emissions from the vessel with inoculum were
significant from day 1 onwards. Zeeman et al.
(1988) found that no CH,; was produced for
5.5 months when fresh dairy cattle manure was
stored in sealed incubators (batch) at 5-15°C,
whereas CH, production was significant from day
1 when 50% inoculum pre-cultured at 18°C was
added at the beginning. The present study
indicates that, for the initiation of CH,4 produc-
tion, the amount of inoculum needed may be
<10% of the amount of slurry stored, ie. a
fraction of slurry that is often left in slurry
channels when they are emptied. These findings
suggest that more efficient flushing of the slurry
channels to remove slurry that can act as
inoculum may significantly reduce in-house emis-
sions of CH,, as proposed by Sommer et al
(2004).

v Without inoculum

O Including indéulum

Without inoculum

0.025 1 ——— Including inoculum ©

0.030 1

0.020

0.015 4

0.010 4

0.005

Methane emission, g C hour'kg'[VS]

0.000

Days from initiating of filling vessels

Fig. 1 Methane emission from pig slurry stored at 20°C.
Initially, 7.6% inoculum was added to one slurry vessel;
thereafter slurry was gradually added over 10 days. The
lines are running means representing five measurements,
two before and two after the point used to draw the line
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Effect of storage temperature on CHy
emissions

At 10 and 15°C, CH4 emissions from pig slurry
were low and varied considerably (Fig. 2), prob-
ably due to a discontinuous release of CH, via
ebullition (Husted 1994). Peak emissions averag-
ing 0.012 and 0.02 g C h™' kg™! VS were reached
within about 10 days at 10 and 15°C, respectively.
Thereafter emissions declined gradually to below
0.01 g C h™' kg™ after 50-60 days of incubation
(Fig. 2). A lag period of 50 days before peak
emission from pig slurry was observed at 20°C.
The reason may be that the mixing or condition of
the inoculum used in the 20°C experiment
differed from the other two experiments, or that
new pools of less degradable substrates became
available for methanogens upon prolonged stor-
age as a result of microbial community changes.

Average CH4 emissions from incubated cattle
slurry did not exceed 0.01 g C h™" kg™' VS in the
temperature interval 10-15°C. The maximum
emission rates were twice as high as those
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Fig. 2 Methane emission from pig and cattle slurry stored
at 10, 15 and 20°C. Initially, 7.6% inoculum was added to
the slurry vessel; thereafter slurry was gradually added

presented by Hill et al. (2001), but the modest
increase in emissions with an increase in temper-
ature from 10 to 15°C was in accordance with
previous studies (Hill et al. 2001; Husted 1994).
The CH,4 emission at 15°C was variable, this may
be a consequence of that in periods with low
emission the measurement with the instrument
was near the detection limit. Methane emissions
from pig slurry stored at 10°C were similar to the
daily emission (0.011 g C h™' kg VS) during
15 days of storage in pig housing calculated using
the algorithms by Sommer et al. (2004). At 20°C,
the emission of CH, from pig slurry was about
0.01 g Ch' kg for 10 days, and thereafter
emissions increased to about 0.10 g C h™! kg™’
VS. For cattle slurry the highest emission of
008g Ch' kg VS was measured after
180 days. This rate was significantly higher than
that observed by Hill et al. (2001), but only about
one-tenth of the emission calculated using the
algorithms of Sommer et al. (2004).

These studies indicate that below 15-20°C
emissions of CHy from stored slurry are low,
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over 10 days. The lines are running means representing
five measurements, two before and two after the point
used to draw the line
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whereas emissions from animal slurry at and
above 20°C can be a significant source of GHG in
the atmosphere. However, there is a need to
improve the models in order to calculate CHy
emissions from slurry channels by parameterizing
the effect of temperature and storage time, and
the effect of gradual filling, which may have
contributed to the lag phase observed before CH,
production became significant.

Methane to carbon dioxide ratios

Fractions of CH,4-C emissions to total carbon
emissions, CHy-C/(CO,-C + CH4-C), are pre-
sented in Fig. 3. At 10°C, the ratio of both pig
and cattle slurry was 0.1-0.3 during the initial
phase with high emissions, declining to an aver-
age of around 0.01 after 50 days. At 15°C, the
CH,-C/(CO,-C + CH4-C) ratio was variable and
no clear pattern was observed. At 20°C, the
CH,-C/(CO,-C + CH4-C) ratio during peak CH,
production increased from 0.2 to 0.65 and 0.5 in
pig and cattle slurry, respectively. In anaerobic
digesters with a stable and high production of
biogas, the ratio is about 0.60 (Hansen et al. 1998;
Tanotti et al. 1979). This indicates that at low
storage temperatures, methanogenesis was slow
compared with other degradation pathways
producing CO,. This includes fermentation
processes, but also aerobic microbial activity at
the slurry—air interface, where oxygen from the
atmosphere enters the slurry (Mgller et al. 2004).
It was only during peak CH, production at 20°C
that decomposition of organic material appeared
to be dominated by a methanogenic microbial
community.

Models developed to predict the transforma-
tion of organic matter aiming at predicting GHG
emissions from slurry channels should include
submodels for both anaerobic subsurface pro-
cesses and aerobic surface processes. The latter
may also be important for the prediction of pH in
the slurry surface layer, which is much needed
when estimating ammonia (NH3) emissions from
animal housing (Canh et al. 1998; Olesen and
Sommer 1993; Sommer and Husted 1995). Deg-
radation of organic acids to CO, will increase
surface pH, as seen in the study of Canh et al.
(1998).
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Transformations of organic N

Under Danish manure management conditions,
the proportions of TAN in fresh cattle and pig
slurry are typically around 50-60 and 70-80% of
TN, respectively (Petersen et al. 1998). The level
of TAN in the cattle slurries used in this study
agreed well with this range in the 10 and 15°C
storage experiments, but was relatively low at
20°C. With pig slurry the initial proportions of
TAN were always much lower than expected. The
preparation of cattle and pig slurries differed in
that pig faeces and urine batches were thawed
and mixed only a few hours before incubations
started, whereas cattle faeces and urine had been
mixed prior to freezing. Whitehead and Raistick
(1993) reported that urea hydrolysis in cattle
excreta was complete within 7 days of storage at
20°C. Due to the prolonged contact between
faeces and urine in the present study, urea
hydrolysis in cattle slurry was therefore expected
to be complete. In contrast, a significant amount
of urea could have been present in pig slurry
when the experiments were initiated due to the
slow hydrolysis of urea at low temperatures
(Braam et al. 1997). In urine samples from six
growing pigs representing the stock from which
faeces and urine was collected for this study, urea-
N constituted 50 + 13% of TN (data not shown),
corresponding to a relatively low-protein diet
(Misselbrook et al. 2005; Pfeiffer et al. 1995).

Figure 4 shows reductions in organic N (i.e. net
N mineralization) during incubation at 10, 15 and
20°C. At all temperatures there was a large initial
reduction in organic N in pig slurry, whereas the
reduction was more gradual in cattle slurry. As
indicated in the previous paragraph, urea hydro-
lysis may have contributed to the reductions in
organic N of 350-681 g¢ N kg™ in pig slurry vs.
96-202 g N kg™ in cattle slurry during the first
10-22 days of incubation (Fig. 4, upper panel).
Zhang and Day (1996) also observed a large
accumulation of TAN during the first 1-2 days
after preparation of slurry by mixing of faeces and
urine.

Rates of net N mineralization are presented in
Fig. 4 (lower panel). At all three temperatures
the highest rates were observed during the initial
storage period in both cattle and pig slurry. Cattle
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Fig. 3 CO, emission as a 20 -

fraction of total carbon
emission (CO, + CHy)
from the slurry [g CO,-C/
g (CO,-C + CH4-C)]. The
lines are running means
representing five
measurements, two
before and two after the
point used to draw the
line

2.0

CH,-C/(CO,-C+CH,-C)

2.0

1.5

slurry showed organic N reduction rates of
12 g N kg™ organic N day™ at 10°C (0-12 days)
and 184 g N kg™! organic N day! at 20°C
(0-14 days). In contrast, net N mineralization at
15°C was much lower. It is not known to what
extent urea could have also been present in the
cattle slurry, but the fact that reduction of organic
N in cattle slurry continued at similar rates
beyond the first sampling indicates that other
sources of organic N predominated. Between 15
and 147 days, organic N reduction in cattle slurry

Temperature 10°C
° Cattle slurry
Pig slurry
— Cattle slurry
———~ Pigslurry
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Temperature 20°C

20 40 60 80 100 120 140 160

Days from initiation of filling vessels

averaged 5.0 g N kg™' organic N day™' at 20°C,
and at 10°C the rate between 21 and 114 days
incubation was 0.3 g N kg™! organic N day .
There was no significant reduction in organic N
in the cattle slurry incubated at 15°C after 10 days
of incubation. In pig slurry, the reduction of
organic N after 10-15 days was small, irrespective
of temperature.

The peak rate of net N mineralization, as
reflected in the initial organic N reduction,
declined with a reduction in temperature in pig
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slurry. In cattle slurry, this was also the case when
comparing 10 and 20°C incubation, whereas
organic N reduction remained low at 15°C. Unfor-
tunately, the initial composition of the cattle slurry
stored at different temperatures varied somewhat,
as reflected in the proportions of TAN (Table 1).
Therefore the temperature effects on net N
mineralization may have been confounded by
differences in chemical composition.

Net N mineralization in the different treat-
ments varied from 5 to 85%. Sgrensen et al.
(2003) found that the mineralization of organic N
in cattle slurry from a dairy cattle feeding
experiment varied between 9 and 50% during
storage at 8-15°C, but they did not identify the
dietary parameters that influenced N mineraliza-
tion. A relatively high mineralization of organic N
in anaerobically stored manure has also been
observed by Kirchmann and Witter (1992), who
found that 51% of total faecal N from both dairy
cattle and pigs was present as TAN after
7 months storage at 25°C as compared to only
1% (cattle) and 8% (pig) at the start of faeces
storage. In Fig. 5, the accumulated reduction
of organic N is plotted against accumulated
emissions of CHy + CO, for all 11 replicate
incubations included in this study (2 replicates
in the preliminary study and 3 replicates per
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temperature in the main experiment). Net N
mineralization was related to net C mineraliza-
tion, as reflected in gaseous emissions, up to a
level of 75 g C kg™' VS, where net N mineraliza-
tion reached a maximum level of 80-85%.

The organic N reductions recorded in these
storage experiments may also be compared with
organic N reductions observed during anaerobic
digestion of pre-stored slurry. In an experiment
with anaerobic digestion of pig slurry (pre-stored
for approximately 20 days) at 35°C for 15 days,
47% of the organic N was transformed to
TAN, while approximately 180 g C kg™ VS was
collected in gaseous products, assuming that C
constitutes 30% of VS in manure (Ianotti et al.
1979). Similarly, recent experiments with anaer-
obic digestion of slurry, pre-stored for 1 month,
showed that 51 and 48% of the organic N in pig
and cattle slurry, respectively, was transformed to
TAN, while 190 and 120 g C kg’ VS was
released in CH, and CO, (H.B. Mgller, unpub-
lished data). The reduction in organic N relative
to C gas production was much lower in these
digestion experiments than observed during the
storage of freshly excreted slurry in the present
study, which partly included the degradation of
urea and amides. This is reflected in the steep
curve of Fig. 5.
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Fig. 5 Reduction of organic nitrogen (N) content in slurry
vessel vs. emission of CO, + CHy from the slurry.
Hyperbolic equation F(x) = (51637.34+X':) + 1.6 x x (signifi-
cant P < 0.0001, R* = 0.628)

Conclusions

Without inoculum, little CH; was produced
during the initial 10 days of incubation of slurry
at 20°C, whereas addition of 7.6% inoculum
resulted in an immediate production of CHai.
Below 15-20°C, methane production was insig-
nificant compared with CO, production, includ-
ing aerobic production of CO, in the surface
layer. Only at 20°C was the anaerobic produc-
tion of CHy significant relative to the production
of CO,. Little organic N was transformed to
NHj at 10°C (cattle and pig slurry) and 15°C
(cattle slurry), whereas about 80% of organic N
was degraded at 15°C (pig slurry) and 20°C
(cattle and pig slurry). These observations
clearly show that N transformations and C
emissions from cattle and pig slurry are dynamic
over time and are strongly influenced by storage
conditions such as temperature and the presence
of an adapted microbial community in pre-stored
slurry. Additional data are much needed for the
development of models to describe N and C
transformations, NH; and CH,4 emissions, and N
availability in stored slurry.
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