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• Temperature dependence of methane emission in liquid slurry materials was quantified
• Arrhenius parameters were derived including 95% confidence limits
• Different slurry materials had similar temperature sensitivity of methane emission
• Temperature sensitivity of methane emission from slurry aligned with other ecosystems
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Temperature sensitivity
Intensification of livestock productionmakes correct estimation ofmethanogenesis in liquidmanure increasingly
important for inventories of CH4 emissions. Such inventories currently rely on fixed methane conversion factors
as knowledge gaps remainwith respect to detailed temperature responses of CH4 emissions from liquidmanure.
Here, we describe the temperature response of CH4 production in liquid cattle slurry, pig slurry, and fresh and
stored co-digested slurry from a thermophilic biogas plant. Subsamples of slurry were anoxically incubated at
20 temperatures from 5–52 °C in a temperature gradient incubator and CH4 production was measured by gas
chromatographic analysis of headspace gas after a 17-h incubation period. Methane production potentials at
5–37 °C were described by the Arrhenius equation (modelling efficiencies, 79.2–98.1%), and the four materials
showed a consistent activation energy (Ea) which averaged 81.0 kJ mol−1 (95% confidence interval,
74.9–87.1 kJ mol−1) corresponding to a temperature sensitivity (Q10) of 3.4. In contrast, the frequency factor
(A) differed among the slurry materials (30.1 b ln A b 33.3; mean, 31.3) reflecting that origin, age and composi-
tion of themanure affect this parameter. The Ea estimate, based on individual slurry materials, was intermediate
when compared to published values of 63 and 112.7 kJmol−1 derived from composite data, but was similar to Ea
estimated for CH4 production atmicrobial community level across aquatic ecosystems, wetlands and rice paddies
(89.3 kJmol−1). This supports that the derived temperature sensitivity parametersmay be applicable to dynamic
modelling of CH4 emissions from livestock manure.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Methane (CH4) is an atmospheric greenhouse gas (GHG) produced
bymethanogenic Archaea (methanogens) in diverse anaerobic environ-
ments, such as waterlogged soil and the digestive tract of animals (Le
Mer and Roger, 2001). Large quantities of CH4 are also produced and
released fromman-made ecosystems such as landfills and rice paddies,
and from confined animal feeding operations where both livestock and
manure are sources of atmospheric CH4 (Knapp et al., 2014). Thus,
manure management was recently estimated to account for about 10%
of the total CH4 emissions from agriculture (Serrano-Silva et al., 2014).
Intensification of livestock production can be observed in many regions
.

of the world (Bouwman et al., 2013) and, especially where manure is
handled in liquid form (slurry), the emission of CH4 during storage
can be significant (MacLeod et al., 2013; Opio et al., 2013). Accordingly,
the correct estimation of methanogenesis in liquid manure becomes
increasingly important for inventories of CH4 emissions.

Methane production in manure depends on storage temperature;
CH4 emissions from storages have been observed at temperatures
of b5 °C, but typically attains amaximum in themesophilic temperature
range, for example at 30–37 °C (Cullimore et al., 1985; Safley and
Westerman, 1990). Other controlling factors include manure composi-
tion (e.g., organic matter degradability, ammonia concentration and
pH) and size and composition of the methanogenic community as
modified by storage conditions and pre-treatment (Zeeman, 1994;
Chen et al., 2008;Witarsa and Lansing, 2015).Most national inventories
of CH4 emissions from manure management are based on guidelines
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developed by the Intergovernmental Panel on Climate Change (IPCC,
1997, 2006) where the temperature dependency of CH4 production is
taken into account via fixed methane conversion factors (MCFs),
defined for a range of average annual temperatures. However, local
circumstances with respect to pre-treatment, storage conditions and
residence time may significantly influence annual CH4 emissions
(Sommer et al., 2009), and proper accounting for management effects
therefore may require a more dynamic approach.

Models with different levels of complexity have been presented to
describe CH4 emission from liquid manure storage with a daily to
monthly time resolution (Mangino et al., 2001; Sommer et al., 2004;
Chianese et al., 2009). Yet, significant knowledge gaps remain with
respect to CH4 production potentials for specific storage conditions, in-
cluding the detailed effect of slurry temperature. Generally, the temper-
ature response of microbial activity below the optimum temperature
can be described by the Arrhenius equation (Elsgaard and Jørgensen,
2002; Davidson and Janssens, 2006), i.e., rate = A exp (−Ea/RT),
where A is the frequency factor, Ea is the activation energy (J mol−1),
R is the gas constant (8.314 J mol−1 K−1) and T is temperature (K).
Previous attempts to estimate methanogenesis in livestock manure
have relied on compilations of data from dissimilar studies to derive
an exploratory temperature relationship, with no possibility to estimate
slurry-specific variation or parameter uncertainties (Safley and
Westerman, 1990; Sommer et al., 2004).

The objective of this studywas to determine the temperature depen-
dency of CH4 production in separate liquid manure materials, including
cattle and pig slurry, and co-digested slurry from a thermophilic biogas
plant. To ensure a superior data coverage we used a temperature-
gradient incubator (TGI) to allow for simultaneous slurry incubation
at 20 different temperatures ranging from 5 to 52 °C (Elsgaard and
Jørgensen, 2002). We expected this methodology to allow for invention
of robust temperature relationships for methane production (i.e., with
low parameter uncertainties) and to allow for tests of potential
differences among the slurry types.

2. Materials and methods

2.1. Slurry materials

Cattle slurrywas collected from the storage tank of a beef cattle farm
(Nedergaard, Tjele) in April 2013. The animals were fed grass-clover
and whole-crop silage, with only a minor group of calves receiving
concentrates. The slurry had been collected during six months, and
was mixed on the day of sampling. Pig slurry originated from different
production facilities at the Research Centre AU-Foulumand represented
both finishing pigs and farrowing sows. Pig slurry was collected from a
mixed storage tank in January 2014; age of the slurry at the time of
sampling was at least six months. Livestock slurry co-digested with
other organic substrates was collected in May 2014 from a biogas
plant at Research Centre AU-Foulumwith an 1100-m3 reactor operated
at 52 °C (hydraulic retention time, 13–14 d). Various organic materials,
includingmaize silage and glycerol/fish silage that together constituted
c. 20% by volume, were co-digested with cattle and pig slurry (Dr.
Alastair Ward, pers. comm.). At the biogas plant, digestate is first stored
in a post-digestion storage tank (fromwhere gas is collected during the
cooling phase), and then transferred atmonthly intervals to a secondary
tank for final storage. For this study, fresh digestate was collected
directly from the outlet of the reactor, while stored digestate (N1
month) was collected from the secondary tank.

Before use, the collected slurry materials were sieved (b2 mm) to
enable reproducible incubation in test tubes (see below) — it was thus
assumed that the methanogenic community of the sieved fraction had
the same temperature response as that of bulk slurry. The sieved slurry
materials were stored in (almost filled) stoppered 300-mL infusion bot-
tles at 2 °C for a maximum of 14 d before determination of temperature
responses.
2.2. Temperature gradient incubator

The TGI used was described in detail by Elsgaard and Jørgensen
(2002). Briefly, the TGI consists of an insulated aluminum bar
(240 × 79 × 65 cm) with 30 rows of six replicate sample wells for
incubation of 28-mL test tubes. The incubator is heated at one end by
an electric plate and cooled at the other end by thermoelectric Peltier
elements; this produces a linear thermal gradient over the 30 sample
rows. Temperatures are monitored continuously and controlled by
three automated PC-operated control loops. In the present study
temperature gradients ranging from 5 to 52 °C were produced,
corresponding to increments of ~1.6 °C between adjacent incubation
temperatures (20 of the 30 incubation temperatures were used for
slurry incubations). During operation the standard deviation around
mean temperatures was 0.2–0.4 °C, as calculated from temperatures
logged at 5-min intervals at 15 sample rows along the thermal
gradient.
2.3. Incubation procedure

For determination of the temperature response of a slurrymaterial, a
stoppered 300-mL infusion bottle with the slurry was first pre-
incubated at 20–22 °C for 4 h to activate methanogenesis. During this
time, a flow of N2 was passed through the headspace of the infusion
bottle to ensure that oxygen was excluded. Then, through a second
gas line, the slurry was gently bubbled for 10 min with N2 to remove
CH4 from the liquid phase; this was done to reduce the background of
dissolved CH4 in the aliquots subsequently conditioned for incubation
in the TGI. While continuously flushing slurry and headspace with N2,
subsamples of ~3-mL were transferred to 28-mL test tubes (n = 70)
using a 5-mL pipette with a cut-off plastic tip while also gas flushing
the recipient test tube to avoid oxygen contamination (Macy et al.,
1972). Following slurry addition, each test tubewas immediately closed
(under N2 headspace) with a butyl rubber stopper (1 cm thick) and
placed on ice to temporarily arrest methanogenesis. Stoppers of the
test tubes were secured with crimp seals, and the tubes were evacuated
and refilled with He three times; they were then left at atmospheric
pressure on ice until all samples were ready for incubation (within
1–2 h). A total of 60 test tubes were placed in the TGI according to a
randomization scheme, with triplicate samples for each of 20 different
temperatures covering the range from 5 to 52 °C. The last ten test
tubes were used for determination of background CH4 concentrations
and were processed for CH4 measurements at the time of starting the
TGI incubation.

Three different incubation periods were evaluated, i.e., 3 h
(short-term), 17 h (over-night) and 41 h (over-night + 24 h).
Methane production rates after 3 and 17 h were compared for the
cattle slurry, and CH4 production rates after 17 and 41 h were
compared for fresh digested slurry. By the end of an incubation
period, gas samples were taken from the headspace of each test tube
in the TGI. The pressure inside test tubes was expected to vary, partly
because test tubes were all at room temperature when closed, but at
different temperatures when sampled, and partly because of tempera-
ture effects on gas production during incubation. In order to avoid
pressure deficits at sampling, the test tubes were all pressurized by
injecting between 2 and 5 mL He (5 mL at the lowest temperatures);
this was done 0.5 h prior to gas sampling to allow the gas phase
temperature to re-adjust to the specific incubation temperature. A
10-mL glass syringe was then used to determine gas volumes at
atmospheric pressure; this was done by inserting the glass syringe
(with a hypodermic needle) through the stoppers while the test tubes
were still in the incubator. After reading the gas volume, a 3-mL sample
of the headspace gas was transferred to a 6-mL Exetainer (Labco Inc.,
Lampeter, UK) previously equilibrated to atmospheric pressure
with He.
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2.4. Analytical methods

Slurry dry matter (DM) was determined after drying of samples at
105 °C for 24 h, and volatile solids (VS) was determined after
combustion of dry samples at 450 °C for 5 h. Total and ammoniacal N
was determined by Kjeldahl digestion (Kjeltec 1030, Höganäs,
Sweden). Ammonia trapped in 20 mM H3PO4 was determined colori-
metrically (Keeney and Nelson, 1982). Slurry pH was analysed with a
Sentron 3001 pH-meter (Roden, The Netherlands), and electrical
conductivity (EC) with a Radiometer conductivity-meter (Copenhagen,
Denmark). Concentrations of CH4 were analysed on an Agilent 7890 gas
chromatograph with a CTC Combipal autosampler (Agilent, Nærum,
Denmark). The instrument was configured with a 2-m backflushed
pre-column with Hayesep P and a 2-m main column with Poropak Q
connected to a flame ionization detector (FID). The carrier was N2 at a
flow rate of 45 mL min−1. The FID received 45 mL min−1 H2,
450 mL min−1 air and 20 mL min−1 N2. Temperatures of injection
port, columns, and FID were 80, 80 and 200 °C, respectively.

2.5. Data analysis

The exact weight of slurry samples in individual test tubes was de-
termined by the end of incubation, and test-tube headspace volumes
could then be detailed assuming a slurry bulk density of 1.0 g mL−1

(unpublished data). Total gas phase volume was calculated by adding
the volume determined with the glass syringe and correcting for
incubation temperature using the ideal gas law. Corrections in the
final calculation of specific CH4 production rates (g CH4 kg VS−1 d−1)
weremade for background CH4 concentrations and dilutions associated
with gas sampling (Supporting Information, S1).

Relationships between specific CH4 production rates and incubation
temperature were derived from Arrhenius plots, i.e., exploiting the lin-
ear relationship between ln (rate) and 1/T as predicted from the natural
log-transformed Arrhenius equation (e.g., Elsgaard and Jørgensen,
2002):

ln rateð Þ ¼ ln A–Ea=R� 1=T: ð1Þ

Linear regression parameters and associated 95% confidence
intervals were calculated in R version 3.1.0 (R Core Team, 2014) using
the lm and confint functions; tests of normal distribution of residuals
(Shapiro–Wilks test) were done using the shapiro.test function and
tests of heteroscedasticity (non-constant variance score test) was
done using ncvTest in the R package ‘car’ (Fox and Weisberg, 2011).

Statistical performance indicators of the applied Arrhenius model
were calculated according to Mayer and Butler (1993) including the
modelling efficiency (MEF) and the mean absolute error relative to
the observed mean (rMAE). Further model validation parameters
were calculated from regression analysis of observed versus predicted
(1:1) data plots, including the paired t-test, the significance of the
correlation coefficient, and the simultaneous F-test for unit slope and
zero intercept (Haefner, 2005). All statistical performance indicators
were calculated for observed versus back-transformed predicted rates,
cf. Eq. (1).

Differences between elevations (ln A) and slopes (Ea/R) of Arrhenius
plots for the four slurry materials were tested using the analysis of
covariance (ANCOVA) procedure described by Zar (2010).

The temperature sensitivity of CH4 production, as indicated by the
Ea, was expressed also as the Q10 value, which is the relative change in
rate associated with a 10 °C increase in temperature from T to T + 10
(e.g., Schipper et al., 2014):

Q10 ¼ exp 10Ea=RT T þ 10ð Þð Þ: ð2Þ

Calculations ofQ10 were done for the temperature increase from 5 to
15 °C.
3. Results

3.1. Slurry characteristics

Slurry materials differed in age, but all except fresh digested slurry
had been stored for at least several weeks at ambient temperature
when sampled (Table 1). Drymatter content was similar in cattle slurry
and the two digestates (55–59 g kg−1), but lower in the pig slurry
(29 g kg−1). Volatile solids constituted 66–79% of DM, also with the
lowest proportion observed for pig slurry. Ammoniacal N constituted
43–71% of total N, with the highest concentration (2.61 g NH4–
N kg−1) and proportion (71%) in pig slurry and the lowest concentra-
tion (0.78 g NH4–N kg−1) and proportion (43%) in cattle slurry. The
differences in NH4–N were also reflected in the EC values (Table 1).

3.2. Temperature responses of CH4 production

Methane production rates in slurry materials incubated for 3 to 41 h
consistently showed a low variability among the three test tube
replicates (Fig. 1). Most variation was observed for the incubation
period of 3 h (Fig. 1a), which also had less consistent CH4 production
rates between adjacent incubation temperatures and yielded lower
specific rates than after 17 h of incubation. This indicated incomplete
temperature equilibrium of themicrobial CH4 production for the 3-h in-
cubation period. Incubations at 17 and 41 h resulted in similar responses
of CH4 production rate to temperature (Fig. 1c) except at the highest
incubation temperatures (47 and 52 °C) where the rates after 41 h
were slightly lower. Based on these results, the 17-h incubation period
was selected as basis for comparing CH4 production rates in the four
slurry materials.

The temperature responses of CH4 production in cattle andpig slurry
were similar, with an optimum temperature close to 37 °C, and there
was evidence for methanogenic activity also at 5–10 °C (Fig. 1a, b).
Maximal rates observed with cattle slurry were approximately twice
as high as those for pig slurry. Methane production rates in fresh and
stored co-digested slurry showed a different (thermophilic) tempera-
ture responsewith higher optimum temperatures (N47 °C) and very lit-
tle or no CH4 production at temperatures below 10–15 °C (Fig. 1c, d).
Higher specific CH4 production rates were observed for the stored
digestate, whereas higher optimum temperature (N52 °C) was
observed for the fresh digestate.

3.3. Arrhenius parameters and Q10

Arrhenius parameters for the four slurry typeswere derived using all
data points (n = 16) below 37 °C, which was the lowest temperature
optimum for CH4 production observed and expected to encompass all
environmentally realistic storage temperatures. Linear relationships
between log-transformed CH4 production rates and the inverse temper-
ature were indicated for all four slurry materials (Fig. 2). In accordance
with this, model performance indicators for back-transformed predict-
ed rates showed high MEF (93.4–98.1%) and low rMAE (8.2–10.3%)
for all slurry types except the stored digestate, and only weak, though
significant, biases occurred (Table 2). Resulting estimates of ln A and
Ea are shown in Table 3. Differences among estimates of lnAwere highly
significant (P b 0.001); in contrast there were no significant differences
among estimates of Ea (P = 0.849) which ranged from 79.2 to
83.3 kJ mol−1. These inferences were upheld even though a preceding
Shapiro–Wilks test showed that residuals for stored digestate (P =
0.026) and cattle slurry (P=0.002) were only approximately normally
distributed (see Discussion). Thus, a common regression coefficientwas
calculated for all data to estimate the common Ea representing all four
slurry types (Zar, 2010). This value corresponded to 81.0 kJ mol−1

with a common standard error (SE) of 3.6 kJ mol−1 as calculated from
the four individual SEs.



Table 1
Characteristics of the four slurry types. Digestateswere from cattle and pig slurry anaerobically co-digested at 52 °Cmainlywithmaize silage. DM, drymatter; VS, volatile solids; TAN, total
ammoniacal N, EC, electric conductivity.

Type Origin and sampling month Age
(months)

DM
(g kg−1)

VS
(g kg−1)

Total N
(g kg−1)

TAN
(g kg−1)

pH EC
(mS cm−1)

Cattle slurry Beef cattle (Apr 2013) 0–6 55 40 1.80 0.78 7.7 3.4
Pig slurry Finishers, farrowing sows (Oct 2013) N6 29 19 3.67 2.61 7.7 10.1
Fresh digestate Cattle, pigs, w/ maize silage (Oct 2013) 0 59 43 3.91 1.90 8.3 7.3
Stored digestate Cattle, pigs, w/ maize silage (Mar 2014) N1 57 45 3.21 1.72 7.9 7.4
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The temperature sensitivity of CH4 production in the four slurry
materials corresponded to Q10 values ranging from 3.3 to 3.5
(Table 3); the common temperature sensitivity for all materials
corresponded to a Q10 of 3.4 ± 0.2 (mean ± SE), i.e., signifying a
3.4-fold increase in CH4 production rate for a temperature increase
from 5 to 15 °C. Q10 values of CH4 production in fresh digestate incubat-
ed for 17 and 41 h (3.4 and 3.5, respectively) were equal, substantiating
the robustness of the experimental approach to characterize the
temperature response of CH4 production in liquid manure and
co-digestates. Q10 values for cattle slurry incubated for 3 and 17 h
were 2.6 and 3.5, respectively, aligning with incomplete temperature
equilibrium of the microbial CH4 release within the short duration
of 3 h.

4. Discussion

4.1. Slurry characteristics

A national report on slurry characteristics in Denmark reported that
DM in cattle slurry, pig slurry and digestates averaged 73, 44 and
46 g kg−1 (Hansen et al., 2008). Compared to these numbers, the cattle
and pig slurries used in this study contained 25–34% less DM, and
co-digestates contained 24–28% more DM. The lower values, at least
in untreated cattle slurry, was related to use of water to flush slurry
from barn to the outside storage tank and dilution by rainfall during
storage, as also reflected in low concentrations of total and ammoniacal
N. The higher DM in the two digestates reflected the use of fibre-rich
maize silage as co-digestate. Deviations between materials used in this
Fig. 1. Temperature response of specific methane production rates in the four slurry types. Dat
was 17 h (closed symbols); in panels a and c methane production rates after 3 and 41 h, respe
study and other slurry materials could influence the absolute methano-
genic activity (and therefore ln A), but not necessarily the microbial
temperature response.

Slurry materials were sieved to b2 mm in order to allow reproduc-
ible subsampling of 3-g aliquots for the TGI incubations. Rico et al.
(2007) sieved cow manure to b1 mm and examined the composition
and CH4 production at 35 °C of untreated and sieved manure. Mainly
cellulose and hemicellulose was removed by sieving, while the relative
proportions of fat and protein increased; accumulated CH4 production
per g VS after 45 d was 20% greater in the sieved manure, indicating a
modest change in CH4 production potential as a result of sieving. How-
ever, shifting the balance between dissolved and particulate organic
matter could change the immediate degradability and hence the
short-term dynamics of CH4 production. A recent study by Witarsa
and Lansing (2015) examined the time course of CH4 production in
untreated and screw-press separated dairy manure at 14 and 24 °C.
They found greater long-term production of CH4 from VS in untreated
manure, but no significant difference in CH4 production during the
first 16 d at either temperature. This implies that for determination of
CH4 production rates in short-term incubations (here, b2 d), sieved
manure is an acceptable representation of the intact sample.

4.2. Temperature responses of CH4 production

Given the incubation periods of b2 d and the relatively high levels of
organic substrates in all four slurry types, the rates of CH4 production
were considered to represent the temperature response of methanogens
rather than up-stream processes delivering substrates for methanogens,
a are shown as mean ± standard error of three replicates. The common incubation period
ctively, are also indicated (open symbols).



Fig. 2.Arrhenius plots (ln rate versus inverse temperature, K) of the temperature response of CH4 production in the four slurry types at 5–37 °C. Lines show least squares linear regression.
Offset x-axis shows the corresponding temperatures in °C.
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i.e., acetate and/or CO2/H2 (Conrad, 2007). However, it should be
acknowledged that, during long-term storage of typical slurry materials,
CH4 production and emission will reflect the temperature response of a
series of integral processes.

Methane production in cattle and pig slurry showed a typical
mesophilic temperature response with an optimum around 36 °C after
17 h of incubation. The shorter 3-h incubation resulted in a slightly
higher optimum temperature (41 °C); this was interpreted as a
transient metabolic response of mesophiles to temperatures above
their normal optimum, a phenomenon observed also for othermetabol-
ic types of microorganisms (Harder and Veldkamp, 1968; Isaksen et al.,
1994). Methane production in fresh digestate had a thermophilic tem-
perature responsewith an optimum temperature exceeding the highest
temperature employed (52 °C), which was also the operating tempera-
ture of the digester, and thus, a thermophilic methanogenic community
clearly predominated at this time. Yet, there was also CH4 production at
around 15 °C even though a typical span between minimum and opti-
mum temperatures for growth of most microorganisms, including
methanogens, is 20–30 °C (Zinder et al., 1984; Wiegel, 1990). While it
has been documented that microorganisms may show activity at tem-
peratures somewhat below the minimum temperature for growth
(Wiegel, 1990), the response of CH4 production in the fresh digestate
Table 2
Modelling efficiency (MEF), relative mean absolute error (rMAE), and 1:1 model perfor-
mance statistics based on observed and predicted (back-transformed) methane produc-
tion rates from Arrhenius plots. Data were analyzed for similar incubation periods (17 h).

Type Data
(n)

MEF
(%)

rMAE
(%)

Paired
t-test

Correlation
(r)

Mean biasa

(g CH4 kg VS−1 d−1)

Cattle slurry 16 93.4 10.3 ns 0.986 −0.020⁎⁎⁎

Pig slurry 16 97.3 8.2 ns 0.989 0.003ns

Fresh digestate 16 98.1 9.3 ns 0.997 0.003⁎⁎⁎

Stored digestate 16 79.2 27.4 ns 0.963 0.036⁎⁎⁎

a Data given as mean bias with indication of the significance of the simultaneous F-test
for unit slope, a, and zero intercept, b (i.e., H0: a = 1 and b = 0).
⁎⁎⁎ P b 0.001.

ns Not significant.
could also reflect the presence of both mesophilic and thermophilic
methanogenic populations. In accordance with this interpretation, CH4

production in stored digestate showed an optimum temperature at
43–47 °C and a steep rate increase with temperature in the range from
30 to 40 °C, suggesting that successional changes took place during
post-digestion storage favouringmesophilic populations ofmethanogens.
Accordingly the temperature response of stored digestate apparently had
a higher contribution from mesophilic populations of methanogens than
fresh digestate.

4.3. Arrhenius parameters and Q10

Arrhenius parameters were in this study derived using the conven-
tional procedure of linear regression of log-transformed CH4 production
rates versus inverse temperature (Arrhenius plots). Tests of variance
homogeneity were satisfied (P N 0.05) for the log-transformed rates,
whereas residuals for cattle slurry and stored digestate showed some
deviation from normal distribution. Yet, the parameters derived from
Arrhenius plots were considered to be sound as linear regression is
known to be robust to deviations from normality unless they are severe
(Box, 1953; van Belle, 2002; Zar, 2010). The modelling efficiency of the
regression for stored digestatewas only 79.2%, and a betterMEF of 92.9%
could be obtained by including all data (n = 19) below the optimum
temperature for this material (47 °C) in the regression. However, this
only changed Q10 from 3.3 to 3.6, and therefore it was decided to
Table 3
Arrhenius parameters (activation energy, Ea, and log-transformed frequency factor, ln A)
and temperature sensitivity (Q10) of methane production for the four slurry types. The
95% confidence intervals are shown inparentheses. Datawere analyzed for similar incuba-
tion periods (17 h).

Type Ea (kJ mol−1) ln A Q10 (5–15 °C)

Cattle slurry 83.3 (78.2–88.4) 33.3 (31.2–35.4) 3.5 (3.2–3.8)
Pig slurry 80.2 (76.5–83.9) 31.1 (29.5–32.6) 3.3 (3.2–3.5)
Fresh digestate 80.9 (74.1–87.7) 30.1 (27.3–32.9) 3.4 (3.0–3.7)
Stored digestate 79.2 (66.7–91.7) 30.6 (25.5–35.8) 3.3 (2.7–3.9)
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focus on a common, and environmentally realistic, temperature range
for parameter estimation.

Few estimates of the temperature dependency ofmethanogenesis in
livestock manure have been published. Several studies modelling CH4

production in stored manure (Safley and Westerman, 1990; Mangino
et al., 2001; Wood et al., 2012) all used an Ea value of 63 kJ mol−1

based on a relationship that was originally derived from nine separate
studies with (mostly) agricultural waste materials (Ashare et al., 1977;
reproduced in Ashare et al., 1979). The individual studies represented
between one and six incubation temperatures (20 observations in
total) and together covered a temperature interval from 15 to 60 °C
(Ashare et al., 1979). Sommer et al. (2004), in a desk study investigating
manure management strategies, adopted a temperature relationship
derived from three studies of slurry storage; ln Awas adjusted to arrive
at the annual emission predicted by the IPCC Tier 2methodology. The Ea
derived by Sommer et al. (2004) corresponded to 112.7 kJ mol−1. It is
difficult to judge how well such compiled data characterize
methanogenesis in individual manure (or waste) materials, but during
the present study comparable Ea values of 79.2–83.3 kJ mol−1 were
obtained with slurry-based materials and pointing at a common Ea of
81.0 kJ mol−1 (95% confidence interval, 74.9–87.1 kJ mol−1). This
robust estimate based on four individual slurry materials was thus in-
termediate when compared to the Ea values of Ashare et al. (1979)
and Sommer et al. (2004). This also translated into an intermediate
Q10 value of 3.4 for CH4 production as compared to Q10 values of 2.6
and 5.4 as calculated from the studies of Ashare et al. (1979) and
Sommer et al. (2004), respectively.

The frequency factor A (and ln A) varied between treatments with
the sequence: cattle slurry N pig slurry = fresh digestate = stored
digestate. This parameter, which has the same unit as the modelled
variable (here, g CH4 kg VS−1 d−1), can be interpreted as the
theoretical rate assuming infinite temperature or zero activation ener-
gy, neither of which have biological meaning. For the presented specific
CH4 production rates, the size of the frequency factor probably reflected
different potentials for methanogenesis in the slurry materials. This is
determined by the composition of residual organic matter and/or the
size and composition of the methanogenic community at the time of
measurement, as shown in manure storage experiments (Massé et al.,
2008; Barret et al., 2013; Petersen et al., 2014) and discussed above.

4.4. Implications for modelling of methane emissions

An important application of temperature response functions is for
the prediction of CH4 emissions from manure during storage (Sommer
et al., 2009; Wood et al., 2012). The chemical Arrhenius relationship,
as presently used, has been found to successfully apply to various inte-
gral biological processes, although some studies have noted a tendency
of overestimation of reaction rates at low temperatures (Elsgaard and
Vinther, 2004; Portner et al., 2010). The parameter estimates presented
here were based on a diverse selection of slurry materials, but still indi-
cated a common temperature sensitivity of CH4 production, represented
by an Ea value of 81.0 kJ mol−1. Methane production in liquid manure
may not scale directly with CH4 emissions during storage as bacterial
methanotrophy can partly intercept emissions in the presence of a
surface crust (Petersen et al., 2005; Duan et al., 2014). However, in a
meta-analysis of CH4 fluxes at microbial to ecosystem scales, Yvon-
Durocher et al. (2014) found that the average temperature dependency
of CH4 emissions at ecosystem level (0.96 eV)was very similar to that of
CH4 production by anaerobic microbial communities (0.93 eV) across a
range of aquatic ecosystems, wetlands and rice paddies. Since 0.93 eV is
equivalent to 89.3 kJ mol−1, the average Ea estimate for CH4 production
at community level reported by Yvon-Durocher et al. (2014) is in good
agreement with the temperature response of microbial consortia in
liquid manure and co-digestates presented in this study. This supports
the applicability of the derived temperature sensitivity parameters for
estimating CH4 emissions from manure. The present estimate of Ea
was derived from rate measurements over a temperature range that
includes the average annual temperature in different climate zones,
making this value of potential interest for national inventories of CH4

emission from livestock manure.
In conclusion, the Arrhenius temperature dependency of CH4

production in liquid cattle and pig manure (slurry), and in fresh and
stored co-digestates showed no significant differences in activation
energy (Ea, 81.0 kJ mol−1; 95% confidence interval, 74.9–87.1 kJ mol−1),
whereas there were significant differences in the frequency factor
(30.1 b ln A b 33.3; mean, 31.3) suggesting that origin and age of the
manure will affect this parameter. The Arrhenius parameters were
determined using a fine-scale temperature gradient and a rigorous
procedure for rate determinations. The parameter estimates should be
substantiated using a wider range of manure materials, but we propose
that the current estimates may be applicable to modelling of CH4

emissions from liquid manure. The temperature sensitivity parameters
(Ea and Q10) can be applied in a generic sense whereas the ln A
parameter is specific for the materials and units from which it is
derived, here g CH4 kg VS−1 d−1.
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