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Storage temperature is a key factor in determining gas emissions from slurry storage. The reactive nitrogenrelated gas (NH3, N2O, and NO) emission characteristics and resulting mechanisms from digested pig slurry
stored under different temperatures of 5 (A5), 15 (B15), 25 (C25), and 35 ◦ C (D35) were investigated in this
study. Results showed that the temperature increase from 15 to 25 ◦ C was crucial for the changes in the total
chemical characteristics of slurry, the increase of gas emissions, and the nitrifiers and denitrifiers accumulation
in the slurry. Chemical oxygen demand, total nitrogen (TN), and total ammonia nitrogen content of the slurry
decreased while pH increased significantly during storage under C25 and D35, while no obvious changes can be
found under A5 and B15. NH3, N2O, and NO emissions increased by 284%, 451%, and 454%, respectively, when
the storage temperature increased from 15 to 25 ◦ C. The highest emissions of NH3, N2O, and NO were observed in
D35, with the emission factor being 42.3% ± 9.0%, 2.26% ± 0.96%, and 0.11% ± 0.03% of initial TN, respec
tively; while the lowest emission factor was 4.2% ± 0.2%, 0.04% ± 0.01%, and 0.0003% ± 0.0001% for NH3,
N2O, and NO in A5, respectively. The high temperature caused the increased abundance of Nitrosomonas, leading
to the high N2O emission in D35. Vulcanibacillus and Thauera were the dominant denitrifiers in the microbial
communities, and their increased abundance was another possible explanation for increased N2O emission on
C25 and D35. Therefore, regulating slurry temperature to lower than 15 ◦ C can effectively limit the NH3 and N2O
emissions, and thus contributed to the air pollution reduction and global warming control. Meanwhile, compared
with the cool temperature conditions, extra mitigation options were suggested to be applied to control the gases
emissions when slurry was stored under hot conditions such as in summer.
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1. Introduction
The reactive nitrogen-related gas emissions (i.e., NH3, N2O, and NO)
from livestock production pose a significant burden to the environment.
Livestock production is one of the many sources of atmospheric NH3
emission, accounting for 60% of total anthropogenic emissions (Uwi
zeye et al., 2020). In particular, livestock slurry storage is proven to be a
vital source of NH3 emissions. With the abundant total ammonia nitro
gen (TAN) content and an almost alkaline pH condition, about 30% of
the nitrogen in animal slurry can be lost in the form of NH3 during
storage (Wang et al., 2017a, b). Severe NH3 emission from livestock
slurry storage causes eutrophication, soil acidification, and aerosol

formation (Liu et al., 2019; Kim et al., 2021).
As an important greenhouse gas that requires urgent control, N2O is
also produced from the slurry storage process, with varying emission
factors (EFs) in prior studies. The Intergovernmental Panel on Climate
Change (IPCC) recommended an N2O EF of 0 and 0.005 kg N2O–N
kg− 1 N from slurry storage without crust or with crust occurrence,
respectively (IPCC, 2019). However, Wang et al. (2014a) reported an
N2O EF of 0.067 and 0.013 kg N2O–N kg− 1 N from digested and raw pig
slurry storage, respectively. The occurrence of N2O is usually accom
panied by the decrease in the NH3 emission (Guo et al., 2020), indicating
the transformation of nitrogen compounds among different patterns
with the function of microbial communities. NO is also produced with
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N2O as an intermediate product during the nitrification and denitrifi
cation processes. NO is a primary component of air pollution—a leading
cause of premature death in humans and biodiversity declines world
wide (Almaraz et al., 2018). Compared with the NH3 and N2O emissions
from different manure management systems, little attention has been
paid to the NO emission because it is relatively low. The monitoring
technology is also limited in the manure management sector. As an in
termediate in the nitrification and denitrification processes, grasping
NO emission characteristics and the changes in NH3 and N2O can help
reveal the nitrogen transformation mechanism to some extent.
In stored animal slurry, the NH3, N2O, and NO emissions are deter
mined by a complex system, including physical and chemical processes
and microbial function. Higher temperature significantly increased NH3
emission rate (Zilio et al., 2020; Kupper et al., 2021). The quick NH3
release under high temperature is determined by the higher convective
mass transfer coefficient of NH3 from the slurry to air, the equilibrium
tended to NH3(aq) from ammonium (NH4+), and the dissociation coef
ficient determined the equilibrium of NH3(aq) to NH3(g) (Pereira et al.,
2012; Fangueiro et al., 2015). Of which, NH4+ production depends on
urease activity, with urease being abundant in animal manure. Tem
perature is one of the leading factors in influencing the urease activity
(Lei et al., 2018). Specifically, it reduces to a low level at temperatures
lower than 10 ◦ C and increases between 10 and 40 ◦ C (Sommer et al.,
2006).
An increase in temperature also accelerates the N2O emissions
(Vergote et al., 2020). Petersen et al. (2013) reported that N2O emissions
from stored pig slurry only occurred in summer (10–25 ◦ C), and no N2O
emission occurred in winter (0–10 ◦ C). Wang et al. (2014b) reported no
N2O emission can be detected from digested pig slurry stored under
15 ◦ C; however, large emission of N2O occurred in both raw pig slurry
and digested pig slurry under 30 ◦ C (Wang et al., 2014a). N2O can be
produced by autotrophic nitrifying bacteria, mainly ammonia-oxidizing
bacteria (AOB), as a by-product (Law et al., 2012), through the pathways
such as nitrification, nitrifier denitrification (Duan et al., 2019). It’s
reported that the higher population of AOB in digested slurry caused 4.6
times higher N2O emission than in raw slurry (Wang et al., 2014a). N2O
is also a known obligatory intermediate in the heterotrophic denitrifi
cation pathway. The denitrifiers are critical in the complex process of
nitrogen conversion from nitrate (NO3− ) to the final N2, in which N2O
and NO are produced, and N2O is converted to N2 with the expression of
N2O reductase (Nos) (Wang et al., 2019). Temperature influences the
activity of these microorganisms and associated processes. For example,
Liu et al. (2017) observed an increase in nitrification-derived N2O pro
duction with increasing soil temperature (from 25 to 35 ◦ C) under aer
obic conditions, and it’s reported that denitrifier communities may
adapt to higher temperature (i.e., 35 ◦ C) than the nitrifier (Duan et al.,
2019). NH3, N2O and NO emission were usually evaluated simultaneous
in fertilized soil conditions, which was quite beneficial in helping to
elucidate the mechanism of nitrogen cycles in the according conditions
(Zhong et al., 2021; Corrochano-Monsalve et al., 2021). However, slurry
storage is quite different from soil condition, and the information con
cerning effects of temperature on three reactive nitrogen related gas
emission from slurry storage is little available, and their regulatory
pathways and microbial mechanisms for the transformation of nitrogen
remained to be explored.
The objectives of the present study were to investigate the effect of
temperature (5, 15, 25, 35 ◦ C) on slurry chemical characteristics and the
three reactive nitrogen gas emissions (NH3, N2O and NO) from digested
pig slurry storage, and to explore the regulatory pathways and microbial
mechanisms in determining the N emission under the different tem
perature regimens. The achieved emission factors of three reactive ni
trogen gases would be useful for national gas emission inventory
compiling. Meanwhile, the results can improve the understanding of
nitrogen transformation from animal slurry storage influenced by tem
perature. They can also support strategies for mitigating reactive
nitrogen-related gas emissions from livestock manure management.

2. Materials and methods
2.1. Storage temperature treatments
The effect of temperature on gaseous emissions from biogas slurry
storage was assessed by conducting experiments at 5 (A5), 15 (B15), 25
(C25) and 35 ◦ C (D35). The digested slurry was collected from a pig farm
biogas digester operated under mesophilic condition (35 ◦ C) in Beijing
suburb and transported to the lab within 2 h. Total solids (TS), volatile
solids (VS), chemical oxygen demand (COD), total nitrogen (TN), and
TAN of the fresh digested slurry were 0.29%, 0.12%, 2150 mg L− 1,
1767 mg L− 1, and 950 mg L− 1, respectively. Each temperature regimen
was replicated three times. For each treatment of 5, 15, 25 ◦ C, a group of
three single-layer storage vessels (Fig. S1, described in Section 1 of
supporting information (SI)) were placed in one climate chamber set at
the appropriate temperature. For treatment of 35 ◦ C, three water bath
storage vessels (Fig. S1, described in Section 1 of SI) were placed outside
the climate chamber in the laboratory, with the set temperature ach
ieved by using water bath system. Unfortunately, a short-term (day 74 to
day 76) malfunction of the cooling system happened in the climate
chamber B, leading the slurry temperature increase to 25 ◦ C in just one
day for B15 regimen. The storage vessels have an inner diameter of
0.4 m, and the storage depth was set at 1.0 m, therefore 125.6 L slurry
were stored in each vessel, and the storage period was 99 days, from Jul.
20, 2014, to Oct. 26, 2014, which covered the hot summer and mild
autumn in Beijing.
2.2. Sampling and analysis
2.2.1. Gas sampling and analysis system
A gas sampling and analysis system was used to measure the gases
emission flux (Fig. S2). The system mainly includes an air supply pump,
flow meters, gases analyser and the connection tubing. The air was
pumped to pass through the slurry surface from the air inlet to air outlet
of the vessel. The exhaust air entered a multi-channel gas sampling unit
(fabricated at the Institute of Environment and Sustainable Develop
ment in Agriculture, Chinese Academy of Agricultural Sciences, Beijing,
China), and then to a photoacoustic multi-gas analyzer (Innova 1412i,
LumaSense Technologies, Ballerup, Denmark) for monitoring NH3 and
N2O and a NO analyser (model 42i, ThermoFisher Scientific Inc., Wal
tham, MA, USA). The ambient air was also connected to the multichannel gas sampling unit to obtain the background gas concentra
tions. The analysers ran for 24 h every day to obtain the real-time
monitoring results. During the experiment, the slurry was first stabi
lized for two days, and the gas emissions was measured from the third
day of the storage period.
The daily mean gases emission flux was calculated in equation (1).
EFV =

(Cout − Cin )
× VR × T
V

[1]

Where, EFV is the mean emission flux from the slurry (mg m− 3 d− 1), Cin
and Cout are the gas concentrations of inlet air and outlet air, respec
tively (mg m− 3), VR is the ventilation rate (m3 h− 1), V is the volume of
stored slurry (m3), and T is 24 h, the monitoring time a day.
2.2.2. Slurry sample collection and analysis
One 300-ml representative digested slurry sample was collected from
each vessel at the initial day of storage period (day 1) after stirring the
media for homogeneity. During the storage period, 300-ml samples from
the middle layer of the stored slurry were taken from sampling port 1,
and 300-ml samples from the upper layer were taken from the top 5 cm
of the stored slurry with a water pump at the weekly interval (detailed
described in Section 1 of SI). The pH of the digested slurry samples was
measured using a calibrated pH meter (Easy pH, WTW Company,
Munich, Germany) immediately after sampling. The samples were
2
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analyzed for the following important parameters: TS, VS, TN, TAN, COD,
NO3− -N, and nitrite nitrogen (NO2− -N). Details of these analytical
methods were described in Section 2 of SI. The slurry temperature was
monitored at the center of the slurry in the container once an hour using
a TidbiT v2 Temp logger (Onset Computer Corp., Bourne, MA, USA).
Meanwhile, 10 ml of middle layer slurry samples were stored in
centrifuge tubes and immediately frozen at − 80 ◦ C for testing the mi
crobial community.

statistically significant. Redundancy analysis (RDA) was performed
using Canoco 5.0 (Microcomputer Power, USA).
3. Results and discussion
3.1. Slurry characteristics
Storage temperature significantly influenced the nitrogen trans
formation during slurry storage. TN and TAN concentration greatly
decreased during slurry storage in the high-temperature regimens (C25
and D35), whereas only slight changes occurred in A5 and B15 (Fig. 1).
The decreased TN and TAN in slurry were mainly caused by the high
NH3 emissions in the high storage temperature (Fig. 2). A little amount
of NO3− -N was observed during Stages 2, 3, and 4, mainly in C25 and
D35. For the upper slurry layer, the time-depended change patterns of
the detected chemical components (TN, TAN, COD, and pH) were
similar to those in the middle layer (Fig. 1 and Fig. S3). However, high
amounts of NO3− -N and NO2− -N were observed in Stages 3 and 4 in B15
and D35 in the upper slurry layer. The NO3− contents in the upper layer
(10–30 mg L− 1) of B15 and D35 were much higher than those in the
middle layer (0.1–0.8 mg L− 1). The NO2− -N in the upper layer nearly
reached 60–120 mg L− 1 in B15 and D35, but only little could be detected
in the middle slurry layer (data not shown). A thin layer of crust
occurred in C25 and D35 during the early stage of the storage period but
eventually disappeared.
The high temperature may trigger high production of gases, such as
CO2, in the slurry, and the gas bubbles will carry particles to the surface,
forming a thin crust (Smith et al., 2007). When the surface crust formed
and dried out, evaporation and capillary action brought liquid slurry
into the surface crust, increasing NH4+ concentrations in the crust and
the potential for nitrification activity (Hansen et al., 2009; Nielsen et al.,
2010), thus NO3− and NO2− appeared in the slurry. The abnormal high
amount of NO3− and NO2− accumulation in B15 was caused by the
short-term (Day 74 to Day 76) malfunction of the cooling system of
Climate chamber B (Fig. S4), resulting in an increase in the slurry
temperature to 25 ◦ C in only one day for B15. The microbial community
might also have been affected by the high slurry temperature. This
phenomenon possibly stimulated the accumulation of NO3− and NO2− in
the upper layer in B15. Wang et al. (2014a) also observed 200 mg L− 1 of

2.2.3. High-throughput sequencing and bioinformatic analysis
Based on the NH3, N2O and NO emission characteristics during the
99 days’ storage period, the pre-frozen middle layer slurry samples at
day 1, day 8 (indicated as stage 1 of the storage period, and referred as
A1, B1, C1, D1 for each temperature regimen), day 36 (stage 2, referred
as A2, B2, C2, D2), day 57 (stage 3, referred as A3, B3, C3, D3), and day
78 (stage 4, referred as A4, B4, C4, D4) were selected for DNA extraction.
Each sample was melted on ice, and then 2 ml of the homogenous slurry
from each sample was centrifuged. The centrifugated deposit were then
used for DNA extraction with the FAST DNA Spin Kit for Soil (MP Bio
medicals, USA) according to the manufacturer’s protocol. The three
DNA extracts for each replicate within a treatment at each stage were
then merged together for further PCR amplification. Primer set 338F/
806R was used to amplify the V3–V4 regions of the bacterial 16S rRNA
genes. High-throughput sequencing was conducted at Majorbio Co., Ltd.
(Shanghai, China) using the Illumina MiSeq PE300 platform according
to the manufacturer’s instructions. The detailed process for highthroughput sequencing and bioinformatic analysis were described in
Section 3 of SI.
2.2.4. Statistical analysis
When considering the interactions among the change of microbial
community, the gas emissions, and the slurry properties, the average gas
emission flux at the week of the microbial sampling (the former 3 days,
the sampling day, and the latter 3 days) was calculated to represent the
emissions. Statistical calculations and data analysis were performed
using the SPSS 20 statistical software package (IBM, USA). The signifi
cant difference was analyzed through ANOVA based on Turkey HSD at
the 0.05 level. Spearman rank correlations were used to assess the cor
relations between variables, and a p value of 0.05 was considered

Fig. 1. Characteristics of the middle slurry layer in each stage under different temperature regimens. Stages 1, 2, 3, and 4 indicate Day 8, 36, 57, and 78, respectively.
Means within each stage with different letters are significantly different (p < 0.05).
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Fig. 2. (a) Daily NH3, (c) N2O, and (e) NO emission flux during slurry storage. The average (b) NH3, (d) N2O, and (f) NO emission flux during the week of microbial
analysis. The results are the mean of the three replicates, and the error bars indicate standard deviation. No error bars are added in (b), (d), and (f) for clear
presentation. Stages 1, 2, 3, and 4 indicate the week of Day 8, 36, 57, and 78, respectively.

nitrite plus nitrate-N (NO2− -N + NO3− -N = NOx-N) in biogas slurry
stored under 30 ◦ C, indicating that high temperature is the leading factor
for NOx-N accumulation.
Besides the nitrogen-related chemical compounds, the temperature
influenced pH and carbon-related chemicals. pH remained almost stable
during the whole storage period in A5 and B15 but greatly increased in
C25 and D35 (Fig. 1). pH was a basic indicator interacting with the
chemical constitutes, gas emissions, and the microbial community. The
pH value changed mainly due to NH3 and CO2 volatilization. The pH
largely increased on the high-temperature regimens as CO2 (acidic gas)
volatilization was much faster than that of NH3 (alkaline gas) on these
regimens (Popovic and Jensen, 2012, Fig. 2a and Fig. S5). The similar
result was reported by Nartey et al. (2021), who observed that dairy

slurry pH increased from 7.5 to 8.5 during 2 months storage period with
an average temperature of 27.3 ◦ C. Misselbrook et al. (2016) also found
that for cattle slurry stored for 2 months under different temperature
conditions (warm, temperate, and cool conditions), the pH increased
most under the warm condition, while the pH kept the lowest in the cool
condition. The stable pH indicated slight changes in the internal system
of slurry under the two low-temperature regimens. Therefore, only a
little gas emission occurred in A5 and B15.
Interestingly, B15 showed a little lower pH than A5 during the whole
storage period (Fig. 1), with the mechanism being unclear. However, the
low pH seemed crucial for the lower NH3 emission in B15 than A5 in
Stage 4 (Fig. 2a and b). COD showed similar changes with TAN and TN,
which greatly decreased in C25 and D35 during slurry storage. This
4
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reduction was caused by the high microbial decomposition of the
organic material in the slurry, leading to abundant CO2 emission in C25
and D35 (Fig. S5). Popovic and Jensen (2012) found a comparable result
that pig slurry stored under 5 ◦ C preserved significantly higher TS and
VS content as well as TN and TAN content than that stored under 25 ◦ C
after 43 weeks storage period. The decomposition of COD in the initial
three stages was higher than TN, causing the decrease of COD/TN in the
four regimens. However, the COD/TN in the four regimens all increased
in Stage 4. Besides the high TN loss in the final stages (Fig. 1), the COD
content had a greater increase in Stage 4 than in Stage 3. Solid COD in
sludge was gradually decomposed into dissolved COD and supported the
increase of COD in Stage 4 (Xu et al., 2019). Considering the overall
changes of the chemical properties of the slurry, it’s recommended that
preserving slurry lower than 15 ◦ C can help conserve most of the slurry
characteristics for at least a period of 99 days.

and NO emissions from slurry storage, while a temperature lower than
15 ◦ C was not sufficient for N2O occurrence, as previous studies also
reported no N2O and NO emission can be observed when slurry stored
under a constant temperature of 15 ◦ C (Wang et al., 2014b) or stored
under 0–10 ◦ C in winter conditions (Petersen et al., 2013). Among the
four stages, N2O peaked at Stage 3 for D35, which greatly increased from
Stage 2. C25 also showed obvious N2O emission from Stage 2 but much
lower than that from D35. The cumulative N2O emission of A5, B15,
C25, and D35 during the whole storage period were 587 ± 31, 1,
059 ± 252, 5,832 ± 2,228, and 37,522 ± 27,642 mg m− 3 slurry, respec
tively, with the calculated N2O EF being 0.04% ± 0.01%,
0.07% ± 0.01%, 0.35% ± 0.08%, and 2.26% ± 0.96% of initial TN
(Fig. 3). On the basis of the review of the gas emissions from slurry
storage by Kupper et al. (2020), the average N2O emissions were 0.13%
and 0.10% of the initial nitrogen for cattle and pig slurry, respectively.
Zhang et al. (2021) reported the N2O EF for dairy slurry was 0.06%
during the “housing-storage” period. The N2O EFs in the current study
achieved under constant temperatures of 25 and 35 ◦ C were higher than
the reported values of Kupper et al. (2020). However, these N2O EFs
were still lower than 6.7% of the initial TN reported by Wang et al.
(2014a) for digested pig slurry stored under 30 ◦ C. Pereira et al. (2012)
compared the N2O emissions from cattle slurry stored at 5, 15, 25, and
35 ◦ C and found that temperature had no significant influence on the
N2O emissions. However, they only used 16 g of slurry and experi
mented within five days. The short storage period seemed insufficient
for the adaptation of nitrogen-related microbial communities. The quite
varied N2O EF achieved in different studies also indicated the complex
emission mechanism of N2O, with the emission may be determined by
many factors besides temperature.
Compared with N2O, D35 exhibited the highest NO in Stage 2 but
eventually decreased during the following two stages. The cumulative
NO emissions of A5, B15, C25, and D35 during the whole storage period
were 7 ± 4, 222 ± 67, 1,228 ± 482, and 2,540 ± 1143 mg m− 3 slurry,
respectively, with the calculated NO EF being 0.0003% ± 0.0001%,
0.01% ± 0.00%, 0.05% ± 0.01%, and 0.11% ± 0.03% of initial TN.
Wang et al. (2014b) found nearly zero NO emission in digested pig slurry
storage under 15 ◦ C, comparable with the current study. The NH3, N2O,
and NO emissions and the slurry characteristics greatly changed when
slurry temperature increased from 15 to 25 ◦ C, indicating that the
temperature change from 15 to 25 ◦ C could be crucial for the total in
ternal environment of slurry and the corresponding gas emissions. N2O
and NO were mostly sourcing from the nitrification and denitrification
processes. Thus, the temperature jump might also significantly influence
the microbial community succession during the storage.

3.2. Profile of NH3, N2O, and NO emissions
The high-temperature regimens showed high NH3 emissions, except
for the daily NH3 emission comparison between A5 and B15 in Stage 4
(Fig. 2b). The accumulated NH3 emission during the whole storage
period
was
52.7 ± 5.1,
84.6 ± 16.1,
324.6 ± 47.1,
and
537.4 ± 187.6 g m− 3 slurry for A5, B15, C25, and D35, respectively,
with the calculated NH3 EF being 4.2% ± 0.2%, 6.7% ± 0.7%,
25.4% ± 2.3%, and 42.3% ± 9.0% of initial TN (Fig. 3). Nartey et al.
(2021) reported that the NH3 EF from dairy effluent was 10.5% during
two months of storage in summer, lower than those achieved in the
current study under C25 and D35. Kavanagh et al. (2021) reported that
the NH3 EF from cattle slurry was 30.5%–33.1% of the initial TN during
70 days storage period under a constant temperature of 10 ◦ C, higher
than the NH3 EF under the B15 regimen. The different NH3 EFs achieved
in these studies might be caused by the varying manure characteristics
and storage environments (Zhuang et al., 2020). The cumulative NH3
emissions in C25 increased by a factor of 3.8 when compared with the
emissions in B15. Wu et al. (2019) reported that a cooling system can
reduce 74.7% NH3 emissions from manure in the slurry pit when the
manure surface temperature was lowered from 25 to 12.9 ◦ C, also sup
porting the result that decreasing temperature to lower than 15 ◦ C can
have a high NH3 mitigation effect. This finding seemed to coincide with
the big change in the slurry characteristics when slurry temperature
increased from 15 to 25 ◦ C (Fig. 1).
Nearly no N2O and NO emission occurred during the initial storage
period, and the N2O and NO emissions only occurred after Day 10
majorly in C25 and D35 (Fig. 2). Weak NO emission was observed from
Day 74 in B15 due to the high temperature caused by the climate
chamber malfunction. It can be concluded that achieving a slurry tem
perature higher than 25 ◦ C seemed necessary for the simulation of N2O

3.3. Effects of storage temperature on microbial community compositions
To evaluate the changes in microbial communities driven by the
temperature change, qualified reads were analyzed at the phylum and
genus levels (Figs. S6 and S7). Of the known phyla, Firmicutes (ac
counting for 26.9%–51.4%), Proteobacteria (7.0%–34.3%), and Bac
teriodetes (9.1%–34.9%) were dominant across all microbial
communities, totally accounting for 66.3%–83.8% of all the detected
microorganisms. Liu et al. (2009) reported that Firmicutes (accounting
for 47.2%), and Bacteriodetes (35.4%) were the top two phyla in
digested pig slurry, being consistent with the findings of this study.
Firmicutes are thought to play a major role in lignocellulose degradation
(Pankratov et al., 2011). Proteobacteria and Bacteroidetes play a major
role in organic matter degradation and C cycling (Wang et al., 2017a, b),
and Proteobacteria also plays an important role in sulfur and N cycling
and degradation of sewage (Wei et al., 2018). The always abundant
Firmicutes, Proteobacteria, and Bacteriodetes in slurry throughout the
storage period indicated the continuous decomposition of the organic
matter in the slurry. Among the four temperature regimens, D35 showed
the most obvious change in microbial community structure. The relative
abundance of Firmicutes decreased sharply from 43.7% (stage 1) to

Fig. 3. NH3–N, N2O–N, and NO–N loss ratio for digested pig slurry stored under
different temperatures of 5, 15, 25, and 35 ◦ C during the whole storage period.
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26.9% (stage 4) in D35, and the secondly abundant phylum – Proteo
bacteria, decreased from 24.5% to 11.9% during the storage period. In
contrary, the Bacteriodetes increased from 9.1% (stage 1) to 34.9%
(stage 3) in D35. Lee et al. (2012) reported that the Bacteriodetes in
mesophilic fermentation plant (about 35 ◦ C) was much more abundant
than that in thermophilic fermentation plant (about 55 ◦ C). Meanwhile,
it’s reported that Bacteriodetes decreased in the thermophilic phase and
then increased in the mature phase with lower temperature during
manure composting (Ma et al., 2018). These results indicated the mes
ophilic condition may favor the growth of Bacteriodetes, therefore
leading the increase of Bacteriodetes in D35. For C25, the Firmicutes
showed an obvious increase pattern during the storage period, which
was different from that in D35; while the Proteobacteria in C25 showed
a similar decrease pattern as that in D35. No such obvious changes of the
microbial community were found in A5 and B15, also supporting the fact
that the relatively stable internal environment of slurry kept under 5 and
15 ◦ C.
For a detailed analysis of the microbial community structure, genera
comprised more than 2% of the total operational taxonomic units
(OTUs) in at least one sample were selected for heatmap plotting
(Fig. S7), with the genera being presented with the decrease of its
relative abundance. The genus vadinBC27_wastewater -sludge_group
(belonging to the phylum Bacteroidetes) was abundant (5.7–13.2%) in
all the samples. Its relative abundance increased obviously in D35 dur
ing the storage period, increased from 5.8% in stage 1 to 12.8%–13.2%
in stage 3 and 4. VadinBC27 wastewater-sludge group is widely found in
the sludge of anaerobic digestion reactors (Liu et al., 2018; Silva et al.,
2015), and was reported to undertake the anaerobic degradation of
carbohydrates to produce acetic acid (Wang et al., 2021), which can be
utilized to produce CH4 by acetoclastic methanogens (Samanides et al.,
2020). Therefore, the VadinBC27 wastewater-sludge group might
contribute to the reduction of COD during the slurry storage. The un
cultured Synergistaceae was also abundant (1.6%–8.0%) in all the slurry
samples, with the genus belong to phylum Synergistetes. The phylum
Synergistetes can produce substrates such as acetic acid and hydrogen
that can be used for methane production by methanogens (Ferguson
et al., 2018). The Fastidiosipila (belonging to the phylum Firmicutes) was
most abundant in C25 group, with the relative abundance increased
from 2.8% in stage 1 to 4.0%–5.9% in stage 2–4 for C25; while its
relative abundance was always being in the range of 1.4%–3.7% for A5,
B15 and D35. Fastidiosipila are proteolytic bacteria that can use Alanine,
Phenylalaine, Proline, etc (Falsen et al., 2005), which can function in the
transformation of N element during slurry storage.
The RDA results showed that the microbial communities of C3, C4,
D2, D3, and D4 were mainly affected by temperature, pH, and NO3− -N,
with positive correlations, while the microbial communities of A2, A3,
A4, B2, B3, and B4 were inversely distributed in the vector of pH, NO3− N, and temperature, implying negative correlations (Fig. 4). The mi
crobial compositions reflected the temperature treatments and the
evolution of the storage period in the experimental design. Compared to
A5 and B15 regimens, microbial community of slurry were significantly
changed under C25 and D35 regimens after stage 3. Concerning the
possible functional bacteria involved in the nitrification and denitrifi
cation processes, the slurry samples of C3, C4, D2, D3, and D4 were
abundant with the nitrification microorganisms, such as Nitrosomonas
and Nitrospira. Meanwhile, the possible denitrification microorganisms,
including Castellaniella (Liu et al., 2008), Thermomonas (Mergaert et al.,
2003), Thauera (Chen et al., 2020), Alicycliphilus (Oosterkamp et al.,
2011), and Vulcanibacillus (L’Haridon et al., 2006), were also remark
ably increased in these slurry samples.

Fig. 4. RDA for the bacterial communities of slurry stored under different
temperatures. A–D denote 5, 15, 25, and 35 ◦ C, and 1–4 indicate Stages 1–4,
respectively.

NH3 emission flux was significantly positively correlated with pH and
temperature, but significantly negatively correlated with TAN (Fig. 5).
On the basis of the NH3 dissolution balance, all three indices should
contribute to the NH3 emission. The higher pH and temperature both
lead more NH4+ being converted to free NH3, thus increased the NH3
emission substantially (Kavanagh et al., 2021). In addition, the high
temperature also caused the increase of urease activity and the higher
convective mass transfer coefficient of NH3 from the slurry to air,
leading the much higher NH3 emission in manure management (Fan
gueiro et al., 2015). TAN is the combination of NH4+ and free NH3 in
slurry, indicating the NH3 emission potential of the slurry. The contin
uous emission of NH3 decreased the TAN content in the slurry. This
result of the correlation analysis proved that the function of increased
temperature and pH on NH3 emission was stronger than the influence of
the decrease of TAN under the specific storage condition. Based on the
measurement of NH3 emission from a pig farm lagoon in North America,
Aneja et al. (2001) indicated an exponential increase in NH3 flux with
increasing slurry temperature and pH, while a linear increase with
increasing slurry TAN. Meanwhile, Zilio et al. (2020) indicated that
temperature was the main predictor of NH3 emitted from animal slurry,
followed by TAN concentration in the slurry. These studies also
emphasized the more important role of temperature and pH in deter
mining NH3 emission.
3.5. Nitrifiers and the nitrifier denitrification’s contribution to N2O and
NO emissions
The N2O and NO emissions were mainly from the nitrification and
denitrification processes. Nitrification was completed by two types of
autotrophic microorganisms: AOB and nitrite-oxidizing bacteria (NOB).
Nitrosomonas and Nitrospira are major types of AOB and NOB, respec
tively, typically bounded up with the function of nitrification in water
environments. AOB usually accounts for less than 0.1% of the total
bacterial community in typical microbial communities (Ward et al.,
2000). The detected Nitrosomonas accounted for 0.000%–0.084% of the
total abundance of the bacteria, within the proposed range of Ward et al.
(2000). The relative abundance of Nitrospira was 0.000%–0.031%.
The relative abundance of Nitrosomonas and Nitrospira in D35 was

3.4. Effects of temperature on chemical parameters corresponding to NH3
emissions
The NH3 emission from slurry was a chemical process mainly influ
enced by pH, temperature, and TAN. Based on correlation analysis, the
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Fig. 5. Pearson correlation matrix for gas emissions, slurry chemical properties, and microbial communities. *, **, and *** are significant at p < 0.05, p < 0.01, and
p < 0.001, respectively. “Porphyromona.” denotes Porphyromonadaceae.

higher than those in A5, B15, and C25 (Fig. 6). For AOB and NOB, the
nitrification function usually increases with the temperature increase of
10–30 ◦ C (Kim et al., 2003). The relatively high temperature of 30–35 ◦ C
may significantly accelerate the nitrification function (Antoniou et al.,
1990). Nitrosomonas showed the highest abundance in D35 (Fig. 6),
consistent with Grunditz and Dalhammar (2001), who reported that
Nitrosomonas had the highest activity under the temperature of 35 ◦ C
and the pH of 8.1. For D35, nearly no Nitrosomonas can be found in Stage
1, and Nitrosomonas showed a greater increase in Stage 3 than in Stage 2
and finally increased to the highest abundance in Stage 4 (0.084%).
Nitrospira increased from Stage 2 and remained relatively stable during
the latter periods (Fig. 6). The N2O and NO emissions were observed
from Stage 2 in C25 and D35, of which the latter had much higher
amounts. Considering the difference in gas emission patterns, the N2O
and NO emission mechanisms from D35 and C25 might be different.
The correlation analysis also showed that the N2O emission had a

significantly positive correlation with the abundance of Nitrosomonas
and Nitrospira, with correlation factors of 0.76 (p < 0.001) and 0.36
(p < 0.05), respectively (Fig. 5). The correlation of N2O with Nitrospira
was less obvious than its relationship with Nitrosomonas. Although the
nitrification step involves AOB and NOB, NOB generally does not
contribute to the N2O production (Law et al., 2012). Therefore, the
highly significant correlation between the N2O emission and Nitro
somonas indicated that the Nitrosomonas might be closely associated
with N2O emission (Zhang et al., 2015), especially under D35, which
was abundant with Nitrosomonas.
The N2O emission produced from Nitrosomonas was quite complex.
Besides the N2O production produced by the complete nitrification
process, Nitrosomonas is also a denitrifier. It uses NO2− as a terminal
electron acceptor and produces N2O under conditions of oxygen stress
(Poth and Focht, 1985). This process is known as nitrifier denitrification
(Law et al., 2012), with the pathway being developed in the biological

Fig. 6. Heatmap of the possible nitrifier and denitrifier genera in each sample built by R. The abundance of each genus in different samples was compared by row zscore. S0 is the initial sample collected on Day 0, A–D denote 5, 15, 25, and 35 ◦ C, and 1–4 indicate Stages 1–4, respectively.
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nutrient removal (BNR) system for reducing the aeration cost. Nitrifier
denitrification involves the reduction of NO2− to NO, N2O, and N2 by
autotrophic AOB (Wrage et al., 2001). However, only the genes encod
ing NO2− and NO reductase (nirK and nor), instead of N2O reductase, are
found in the genome of AOB (Law et al., 2012). Therefore, large N2O
emission was produced by AOB. Nitrosomonas (0.018%–0.084% in
Stages 3 and 4 in D35) was more abundant than Nitrospira (0.018%–
0.022% in Stages 2–4 in D35). AOB had a higher affinity to O2 than NOB
(Jiang et al., 2018). Under the condition of O2 content of 0–1 mg L− 1
under D35, AOB might compete more O2, transforming large amounts of
NH4+ to NO2− . The NO2− -N content reached 102–241 mg L− 1 in the
upper slurry layer in the final two stages in D35. As the substrate for
nitrifier denitrification, the large accumulation of NO2− led to the high
formation of N2O emission in D35. Lyu et al. (2017) also reported that
the N2O emissions was positively correlated with the NO2− -N concen
trations in constructed wetlands. Zhang et al. (2015) also reported that
nitrifier denitrification represented the major fraction of the total N2O
production in the BNR system, and Nitrosomonas was responsible for the
N2O emission. During the denitrification process, NO2− -N was first
converted to NO. Then, NO was reduced to N2O by the denitrifiers
(Wang et al., 2019). Therefore, NO was also produced during this pro
cess. The NO reductase enzyme needed some time to become active,
whereas the nitrate reductase and the nitrite reductase can become
active quickly in the NH4+ rich or NO3− rich environment (Del Prado
et al., 2006). This condition caused the NO emission to peak earlier in
Stage 2 than the N2O emission in D35. For the N2O and NO emissions in
C25, no obvious NO3− -N and NO2− -N accumulation could be observed
in the middle and upper slurry layers. This difference also indicated that
the N2O production mechanism in D35 and C25 might be varied.

bacterium. It grows chemo-organotrophic with carbohydrates, protein
aceous substrates, and organic acids with nitrate as the sole electron
acceptor, reducing NO3− to NO2− rather than N2 (L’Haridon et al.,
2006). The high abundance of Vulcanibacillus in C25 and D35 seemed to
be in accordance with the relatively high NO3− content in the middle
slurry layer of the two regimens (Figs. 1 and 6). It might contribute to
the N2O and NO emissions as it produces the substrates for the denitri
fication process.
Among the denitrification microbial community, the Porphyr
omonadaceae showed a significantly positive correlation with the N2O
emission (r = 0.40, p < 0.01). Porphyromonadaceae also showed a
significantly positive correlation with Nitrosomonas and Nitrospira
(Fig. 5). The bacterial families Porphyromonadaceae were linked with
high biogas/methane production. The members of these families
participate in the anaerobic degradation of complex carbohydrates,
proteins, and peptides and the production of volatile fatty acids during
the acidogenesis phase of methane production (Granada et al., 2018).
Therefore, the significant correlation between N2O emission and Por
phyromonadaceae might be caused by the similar suitable temperature
for CH4 production and the denitrifiers. Thauera was one widely known
heterotrophic nitrate-reducing bacteria (Chen et al., 2020). Thauera
showed the highest abundance in D35 among different temperature
regimens (Fig. 6), and it was significantly correlated with the NO
emission (r = 0.51, p < 0.001). The relative abundance of Thauera
increased from 0.4% (Stage 1) to 2.2%–2.6% (Stage 2) under D35 and
eventually remained at 0.7%–1.4% during Stages 3 and 4. The genus
Thauera in the class of Alpha-proteobacteria possess nirS and nosZ genes
and exhibit excellent nitrogen removal ability (Zhao et al., 2013).
Therefore, it might also contribute to the N2O and NO emissions in D35.
On the contrary, a quite large amount of Pseudomonas and Coma
monas occurred in A5 and B15, with the highest relative abundance
being 4.3% and 10.3%, respectively. RDA results also showed that
Pseudomonas and Comamonas were quite separated from the cluster of
other possible denitrification communities. As almost no N2O and NO
emissions occurred under the two regimens, Pseudomonas and Coma
monas might not contribute to the N2O and NO emissions in slurry
storage.

3.6. Denitrifiers and the incomplete denitrification’s contribution to N2O
and NO emissions
The N2O and NO emissions could also be produced by the hetero
trophic denitrification process. Complete denitrification transfers N2O
to N2 with the function of N2O reductase (nosZ), causing little N2O
emission. Large amounts of N2O emissions usually come from the
incomplete denitrification process under the condition that the nosZ
being inhibited. Law et al. (2012) indicated that a COD/TN ratio above 4
is required for complete denitrification. Under conditions of limited
carbon sources, various denitrification enzymes (NO3− reductase, NO2−
reductase, NO reductase, and N2O reductase) compete for electrons. This
phenomenon may result in incomplete denitrification. In theory, N2O
and NO are expected to accumulate during COD-limited denitrification
as the NO3− reductase and NO2− reductases have relatively higher af
finity for electrons than the NO and N2O reductases (Law et al., 2012).
Wang et al. (2014a) reported a high N2O emission factor (6.7% of initial
TN) from the storage of digested slurry with a COD/TN ratio of 1.6:1. Wu
et al. (2009) and Kishida et al. (2004) also reported that for the wetland,
the N2O emission from a COD/TN ratio of 2:1 could be 4–6 times higher
than that from 5–20:1. The low COD/TN ratio of slurry (2:1) used in the
current study indicated that the N2O emission might come from the
incomplete denitrification process. The high NO2− concentration may
also inhibit nitrous oxide reductase (Alinsafi et al., 2008), causing the
incomplete denitrification process.
The detected possible denitrifiers include Vulcanibacillus (relative
abundance: 0.0%–16.5%), Pseudomonas (0.2%–10.3%) (Guo et al.,
2020), Thauera (0.0%–2.6%), Porphyromonadaceae (0.1%–1.8%) (Adav
et al., 2010), Comamonas (0.3%–6.1%) (Heylen et al., 2006), and some
denitrifiers with low relative abundance, such as Castellaniella (0.00%–
0.09%), Alicycliphilus (0.00%–0.19%), and Thermomonas (0.00%–
0.19%). A relatively high abundance of Vulcanibacillus occurred from
Stages 2–4 in C25 (16.5%–5.6%) and D35 (4.6%–2.3%), consistent with
the N2O and NO emission patterns in the two regimens. A significant
correlation factor of 0.35 (p < 0.05) existed in NO emission flux and
Vulcanibacillus. Vulcanibacillus is a strictly anaerobic, nitrate-reducing

4. Conclusion
In summary, the increase of stored temperature from 15 to 25 ◦ C
caused significant changes in the total chemical properties of slurry, the
increase of gas emissions, and the nitrifier and denitrifier accumulation
in the slurry. COD, TN, and TAN content of the slurry decreased while
pH increased significantly during storage under C25 and D35, while no
obvious changes can be found under A5 and B15. The NH3, N2O, and NO
emissions increased by 284%, 451%, and 454% when storage temper
ature increased from 15 to 25 ◦ C. The mean gaseous emission factors
under A5, B15, C25 and D35 were, respectively, 4.2% ± 0.2%,
6.7% ± 0.7%, 25.4% ± 2.3%, and 42.3% ± 9.0% of initial TN for NH3,
0.04% ± 0.01%, 0.07% ± 0.01%, 0.35% ± 0.08%, and 2.26% ± 0.96%
of initial TN for N2O, and 0.0003% ± 0.0001%, 0.01% ± 0.00%,
0.05% ± 0.01%, and 0.11% ± 0.03% of initial TN for NO. The high
temperature led to the relative abundance of Nitrosomonas increased
from 0% to 0.084% during the storage period in D35, which caused the
accumulation of NO2− -N in slurry (241 mg L− 1), leading to the high N2O
emission in D35. Vulcanibacillus and Thauera were the dominant de
nitrifiers, and their increased abundance might be another possible
explanation for increased N2O emission on C25 and D35. Results
confirmed that temperature did affect the reactive nitrogen gas emis
sions and the microbes functioned in nitrogen transformation, and
regulating slurry temperature to lower than 15 ◦ C has the potential to
lessen the reactive nitrogen gas emissions. The abundance of key ni
trogen transformation functional genes involved in microbial nitrifica
tion and denitrification should also be determined to help explain the
profile of the reactive nitrogen gas emissions during slurry storage.
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