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Abstract: Gaseous emissions are the main loss pathways of nutrients during dairy slurry storage. In
this study, we compiled published data on cumulative ammonia (NH3), nitrous oxide (N2O) and
methane (CH4) emissions from dairy slurry storage and evaluated the integrated effects of slurry
pH, total solids (TS), ambient temperature (T) and length of storage (LOS) on emissions using linear
mixed effects models. Results showed that the average nitrogen (N) loss by NH3 volatilization from
slurry storage was 12.5% of total nitrogen (TN), while the loss by N2O emissions only accounted for
0.05–0.39% of slurry TN. The NH3–N losses were highly related to slurry pH, lowering slurry
pH leading to significant decrease of emissions. Temperature also affected NH3–N losses, with
higher losses from slurry storage under warm conditions than cold conditions. No significant
relationship was observed between NH3–N losses and slurry TS contents within a range from
21–169 g kg−1. The losses of N2O–N from dairy slurry storage were less affected by slurry pH, TS
contents and temperature. The carbon (C) loss as CH4 emissions varied from 0.01–17.2% of total
carbon (TC). Emissions of CH4–C presented a significant positive relationship with temperature, a
negative relationship with slurry TS contents and no significant relationship with slurry pH ranging
from 6.6–8.6. Length of storage (more than 30 days) had no significant influence on cumulative gas
emissions from slurry storage. This study provides new emission factors of NH3, N2O and CH4 in the
percentage of TN or TC from dairy slurry storage. Our results indicate the potential interactive effects
of slurry characteristics and storage conditions on gaseous emissions from slurry storage. Farm-scale
measurements are needed to accurately estimate nutrient losses from liquid manure storage.

Keywords: ammonia; methane; nitrous oxide; liquid manure storage; manure characteristics; length
of storage; nitrogen loss

1. Introduction

Liquid manure storage is known to represent an important source of ammonia (NH3)
and methane (CH4) emissions [1,2]. These gas emissions not only lower the fertilizer
value of liquid manure but also pose a threat to environmental quality. It was reported
by Oenema et al. [3] that almost 30% of the excreted nitrogen (N) was lost during storage,
approximately 19% of the excreted N via NH3 emissions. The CH4 emissions from stored
dairy manure accounted for 8% to 15% of total CH4 emissions from cows [4] and was
estimated as the second largest source of CH4 emissions (after enteric fermentation) on
European dairy farming [5]. Due to high global warming potential, more attention has
also been paid to nitrous oxide (N2O) emissions from dairy slurry storage, since high fiber
content in cow feces is more likely to form surface crust, creating intermittent aerobic and
anaerobic environments for N2O production [6].

A considerable number of studies have been conducted to measure NH3, N2O and
CH4 emissions from dairy slurry storage but the emission values were expressed in a
wide variety of units. It was reported by Vigan et al. [7] that the number of units used in
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literatures to report emission values from manure storage were 45, 31, 48 for NH3, N2O
and CH4 emissions, respectively. Standardization of the emission data is very important
for comparing and compiling emission values from different studies, which could benefit
emission inventories of livestock manure management systems.

A few recent studies on emissions from storage of liquid dairy manure provide flow-
based gas emission factors in the percentage of total ammonium nitrogen (TAN) for NH3
and N2O or the percentage of volatile solids (VS) for CH4 [8,9]. These studies provide
updated information for gas emission factors and contribute to more accurate national
or regional emission inventories. However, few studies compiled these gaseous losses
from dairy slurry storage in the percentage of total nitrogen or total carbon (% of TN or
TC) that can be used to estimate carbon and nitrogen flows along manure management
chains and to evaluate nutrient use efficiency in dairy farming systems. Therefore, one
of the objectives of this paper is to collect measured NH3–N, N2O–N and CH4–C losses
during storage of liquid dairy manure and to update information on gaseous losses in the
percentage of TN or TC.

Besides the units used to express gas emission factors, the magnitude of gas emissions
from liquid manure storage varied from negligible to one of the largest sources in dairy
farms, highly depending on manure characteristics, environmental conditions, and storage
management practices. The independent influence of slurry characteristics, environmental
conditions, and management practices on gas emissions from liquid manure storage has
been investigated. For example, van der Weerden et al. [10,11] demonstrated inverse
logarithmic relationships between slurry total solids (TS) contents and NH3 and CH4
emissions. Sawamoto et al. [12] revealed the effects of temperature and length of storage
on CH4 emissions from dairy slurry storage. Misselbrook et al. [13] and Sommer et al. [14]
found lowering slurry pH by acidification can reduce emissions of NH3 and CH4.

However, the integrated and interactive effects of these variables on gas emissions
were rarely investigated due to a large effort in labor and costs. Based on accompanying
parameters (e.g., slurry pH, TS contents, TN contents, TC contents, temperature, etc.) in
published studies, a more advanced analysis on integrated effects of these variables on
flow-based gaseous losses can help to identify the interactive effects and contribute to
improving methods for calculating gas emission factors from liquid dairy manure storage.

Overall, the aims of this review are: (i) to provide quantitative information on flow-
based losses of NH3–N, N2O–N and CH4–C during storage of liquid dairy manure; (ii) to
assess the integrated effects of slurry characteristics, temperature, and storage length on
gaseous losses.

2. Materials and Methods
2.1. Data Source

We searched published literatures in English using the electronic databases: CAB
Abstracts via Ovid, Web of Science and Scopus, by combining specific keywords covering
cow, slurry or liquid manure, storage, and gas emissions (e.g., NH3, N2O, and CH4).
Articles were selected on the basis of the following criteria: (i) the research focused on gas
emissions from storage of liquid dairy manure, including raw slurry, liquid slurry after
separation, anaerobically digested slurry and anaerobically digested slurry after separation;
emissions from other livestock manure storage (e.g., pig slurry) were not included. (ii) The
emission values were measured at laboratory, pilot or farm scales; data from published
reviews or models were excluded; (iii) storage tanks did not have any physical barriers
(e.g., covers or roofs), but tanks with natural crusts were included; (iv) the study reported
at least one of the NH3, N2O and CH4 gases; (v) cumulative gas emissions were reported;
(vi) the storage period should be not less than 30 days; (vii) the reported various units of
gas emissions from articles could be converted into an uniform unit in the percentage of
initial TN for NH3–N and N2O–N losses and in the percentage of initial TC for CH4–C loss.
The unit conversion of emission data is shown in Supplemental Table S1. Data that were
only graphically presented were digitized using the software WebPlotDigitizer [15].
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2.2. Data Extraction

A total of 12 publications were selected to extract data. Detailed information of
selected literatures is given in Table 1. Gas emissions, including NH3–N, N2O–N and
CH4–C, from dairy slurry storage in selected literatures were collected. Potential variables
influencing gas emissions were also recorded, including initial slurry pH, the TS content,
TN content, TC content, average air temperature (T) during storage and length of storage
(LOS). For studies without reporting air temperature, we extracted slurry temperature as a
surrogate for air temperature [16].
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Table 1. Detailed information of the 12 selected articles for extracting data.

Reference Country Scale 1 Number of
Measurements

LOS 2 T 3
pH Initial TS 4 Initial TN 5 Initial TC 6 NH3–N 7 N2O–N 8 CH4–C 9

days ◦C g kg−1 % of Initial TN % of Initial TC

Kröber et al. 2000 [17] Switzerland lab 3 49 20.0 7.0–8.3 NA 10 2.2–4.0 NA 10.7–23.7 NA NA
Fangueiro et al. 2008 [18] Portugal lab 2 48 8.0 7.9 45–63 2.5–2.6 19.1–27.6 0.8–1.3 0.01–0.02 1.5–2.0
Dinuccio et al. 2011 [19] Italy lab 2 30 5.0 7.1 51.2–74.6 3.3–3.6 19.8–31.1 4.2–5.8 0.002–0.003 0.6–0.9

van der Weerden et al. 2014 [10] New Zealand lab 9 84–197 12.0–18.0 8.1–8.4 76–169 4.9–5.6 29.8–71.2 14.0–47.7 0.01 0.1–0.9
Wood et al. 2014 [20] Canada pilot 2 155 15.0 7.5 117–142 3.7–3.8 50.0–62.0 0.9–3.0 0.186–0.214 NA
Rodhe et al. 2015 [21] Sweden pilot 4 90 1.0–16.0 7.2–7.9 33–79 1.9–3.2 15.0–35.6 NA 0.00001 0.0087–3.4

Regueiro et al. 2016 [22] Portugal lab 6 60 15.0 5.5–7.2 47–62.8 1.4–2.45 NA 2.7–17.4 NA NA
Le Riche et al. 2016 [23] Canada pilot 6 173 18.0 7–7.4 46–163 1.4–3.4 NA 8.7–19.5 NA NA
Le Riche et al. 2017 [24] Canada pilot 2 207 18.0 6.6–7.1 39.0–66.0 1.6–2.4 NA 8.8–16.0 0.057–0.300 NA

Holly et al. 2017 [25] America pilot 5 182 9.5 6.6–7.9 21.0–61.0 1.8–2.3 11.0–23.0 3.9–9.2 0.038–0.069 0.4–1.4
Baral et al. 2018 [26] Denmark pilot 2 78–309 6.5–17.0 NA 58.2–76.1 2.8–3.2 21.8 0.09–2.6 0.0025–0.39 17.2

Maldaner et al. 2018 [27] Canada farm 2 365 6.4–6.6 7.3–8.0 71.0–92.0 NA 24.1–33.0 NA NA 4.0–12.8

1 lab: laboratory scale. 2 LOS: length of storage. 3 T: average air temperature during storage. 4 TS: total solids. 5 TN: total nitrogen. 6 TC: total carbon. 7 NH3–N: ammonia–nitrogen. 8 N2O–N: nitrous
oxide–nitrogen. 9 CH4–C: methane–carbon. 10 NA: not available.
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2.3. Data Analysis

Based on measurements that simultaneously reporting gas emissions, slurry charac-
teristics, air temperature, and storage duration, we investigated the relationships among
gaseous losses of N or C and potential influencing factors by linear mixed effects models
using the lme4 package in R language [28]. We firstly used cor () function to check corre-
lations between influencing variables. Variables whose pairwise correlation coefficients
were greater than 0.7 were not included simultaneously in one model. In this way, the
slurry pH, TS content, T and LOS were selected as main explanatory variables of NH3–N,
N2O–N and CH4–C losses because of collinearity (correlation coefficients > 0.7) existing
among TS content, TN content and TC content (Supplemental Tables S2–S4). Selected
explanatory variables as main fixed effects and literatures were considered to be random
effects in fitted linear mixed effects models (Table 2). Outliers that had significant effects
on fitted results were removed using the function romr.fnc () from package LMERCon-
venienceFunctions [29]. The number of extracted outliers were 5, 0 and 3 for datasets of
NH3–N, N2O–N and CH4–C, respectively (Table 2). Relationships between gas emissions
and influencing factors were visualized using visreg () function based on the results of
linear mixed effects models. All statistical analyses were performed using R statistical
software (version 3.6.1) [30].

Table 2. The composition of fitted models to investigate the effects of slurry pH, TS content, T and LOS on gas emissions
from dairy slurry storage.

Gases Linear Mixed Effects Models Number of Measurements
before Extracting Outliers

Number of Measurements after
Extracting Outliers

NH3–N lmer (NH3–N ~ pH + TS + T + LOS + (1|Reference)) 34 29
N2O–N lmer (N2O–N ~ pH + TS + T + LOS + (1|Reference)) 24 21
CH4–C lmer (CH4–C ~ pH + TS + T + LOS + (1|Reference)) 24 24

3. Results and Discussion
3.1. Gas Emissions from Dairy Slurry Storage

A total of 39 measurements on NH3–N losses from dairy slurry storage, 28 mea-
surements on N2O–N losses and 25 measurements on CH4–C losses were collected from
selected publications. Descriptive statistics for reported NH3–N, N2O–N and CH4–C emis-
sions from studies conducted at laboratory, pilot and farm scales are shown in Table 3.
Studies on quantifying flow-based gas emissions from dairy slurry storage were mainly
conducted at laboratory and pilot scales, with few measurements at farm scale. The min-
imum and maximum gas emission values differ by one to several orders of magnitude
for all gases. Average NH3–N loss from dairy slurry storage was 12.5% of initial TN with
a higher emission from laboratory scale studies than from pilot studies. The emissions
of N2O–N from slurry storage were relatively small, with an average value of 0.05% of
TN. Laboratory-scale studies reported smaller N2O–N emissions than pilot-scale studies.
Average CH4–C emission from slurry storage was about 2.04% of initial TC. Larger CH4–C
emissions from farm-scale studies were observed than pilot and laboratory studies.

The NH3–N loss is the main loss pathway of N during slurry storage, significantly
larger than N2O–N loss. Sommer et al. [31] estimated that the NH3–N losses from slurry
storage varied from 6% to 30% of TN in stored slurry, which is in the range of reported
NH3–N losses in this study. The default value recommended by the Intergovernmental
Panel on Climate Change [32] for NH3 and NOX emissions is 30% of TN for dairy slurry
storage with natural crusts and 48% of TN for slurry storage without natural crusts. Vigan
et al. [7] reported that the NH3–N losses from dairy slurry storage ranged from 3.6–43.2%
of TN stored with an average value of 28.8%. These values are considerably larger than the
mean NH3–N emission factor found in this study. The large variability of NH3–N emission
factors in different publications indicates that emissions are affected by multiple factors
and one simple estimated emission factors might not fit all slurry storage situations.
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Table 3. Reported NH3–N, N2O–N and CH4–C emissions from dairy slurry storage from studies conducted at laboratory,
pilot and farm scales.

Gas Emissions Scale Number of
Measurements Mean Standard

Deviation Median Minimum Maximum

NH3–N, % of TN
All 39 12.50 10.24 9.46 0.09 47.7

Laboratory 22 15.59 11.73 15.45 0.78 47.7
Pilot 17 8.51 6.18 8.68 0.09 19.5

N2O–N, % of TN
All 28 0.05 0.1 0.01 0.00 0.39

Laboratory 13 0.01 0.00 0.01 0.00 0.02
Pilot 15 0.09 0.12 0.06 0.00 0.39

CH4–C, % of TC

All 25 2.04 4.07 0.64 0.01 17.20
Laboratory 13 0.68 0.56 0.61 0.10 2.01

Pilot 10 2.53 5.24 0.63 0.01 17.20
Farm 2 8.40 6.26 8.40 3.97 12.83

The N2O emissions mainly occur in slurry storage with natural crusts, and the amount
is very small [33]. IPCC [32] estimated that the average N2O–N loss from slurry storage
with natural crusts is 0.5% of TN stored, with an uncertainty range of 0.25–1% of TN, and
there is no N2O–N loss from slurry storage without natural crusts. The range of N2O–N
losses in this study (0–0.39% of TN) basically corresponds to the default values of N2O–N
emission factors in IPCC [32]. However, the average N2O–N emission factor is only one
tenth of the default value of IPCC [32]. Vigan et al. [7] and Kupper et al. [9] reported the
average N2O–N loss from cattle slurry storage in published articles with 0.2% and 0.13% of
TN, respectively, which are two to four times higher than the mean value of this study. The
distribution of reported N2O–N losses in this study is left skewed by low values, with the
maximum value five times higher than the median. Among selected studies, most studies
reported the N2O–N losses less than 0.1% of TN and only three studies reported the values
higher than 0.1% of TN [20,24,26].

Methane emissions from slurry storage are highly related to volatile solids content
of slurry [34]. Most publications reported CH4 emission factors based on g CH4 per kg
volatile solids [12,25,35]. Studies on carbon flow based CH4 emissions are limited, which
prevents us from comparing the results with other studies.

3.2. Effects of Slurry pH, TS Content, Temperature and Storage Duration on NH3–N Emissions

A total of 29 measurements from seven publications were used to analyze relationships
among NH3–N emissions and slurry pH, TS content, ambient temperature, and length
of storage (Table 4). Results showed that these influencing factors (i.e., fixed effects)
explained about 51% of variance (marginal R2) and 49% of variance was caused by selected
publications (i.e., references) and residual error, of which variance of references accounting
for 52%. Among references, measurements of NH3–N emissions from studies of Dinuccio
et al. [19] and van der Weerden et al. [10] were relatively higher than measurements from
studies of Fangueiro et al. [18] and Le Riche et al. [23] (Supplemental Figure S1).

3.2.1. Slurry pH

A significant positive relationship between slurry pH and NH3–N emissions from
slurry storage was observed (Figure 1a). This result is in accordance with previous stud-
ies that demonstrated that lowering dairy slurry pH by acidification could effectively
reduce NH3–N emissions, with mitigation efficiencies varying from 20% to more than
90% [13,14,22]. Ammonia emissions depend on the dynamic equilibrium between am-
monium (NH4

+) and NH3 in aqueous systems, which is highly determined by slurry pH.
When slurry pH is higher than seven, the release of NH3 takes place, and at pH values
above 11, all of the ammoniacal nitrogen is in the form of free NH3 [36]. When the pH is
less than seven, NH3 volatilization decreases, and all of the ammoniacal nitrogen is in the
form of non-volatile NH4

+ when pH values near to six [36,37].
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Table 4. Parameter estimates of linear mixed effects model for NH3–N emissions from slurry storage
(lmer (NH3–N ~ pH + TS + T + LOS + (1|Reference))).

Predictors Estimates Confidence Interval p Value

Intercept −39.72 −68.68–−10.76 0.015 **
pH 4.57 0.91–8.24 0.023 **
TS 0.00 −0.06–0.07 0.898
T 1.35 0.24–2.47 0.076 *

LOS −0.00 −0.07–0.06 0.905

Random Effects 1

σ2 18.53
τ00 Ref 19.73
ICC 0.52

Number of references 7
Number of measurements 29

Marginal R2/Conditional R2 0.51/0.76
1 σ2 means variance of residual error; τ00 Ref means variance explained by random effects of references; ICC
means interclass correlation coefficient, indicating the proportion of random effects variance in the total error
variance (the sum of random effects variance and residual error variance); The marginal R2 means the variance of
the fixed effects, while the conditional R2 takes both the fixed and random effects into account. * Significant at the
0.1 probability level. ** Significant at the 0.05 probability level.
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triangle), (b) total solids (TS) content (in square), (c) air temperature (in diamond) and (d) length of
storage (in circle). Blue lines indicate prediction lines based on results of linear mixed effects model:
lmer (NH3–N ~ pH + TS + T + LOS + (1|Reference)). Blue shadows represent model predicted results
with 95% confidence interval.



Atmosphere 2021, 12, 1156 8 of 16

3.2.2. Total Solids

Results of linear mixed effects model showed that when slurry TS contents varied
from 21 to 169 g kg−1, there was no significant relationship between NH3–N emissions
and the TS contents (Figure 1b). The study of Wood et al. [38] reported that NH3 emissions
increased linearly with slurry TS contents varying from 3 to 95 g kg−1. Van der Weerden
et al. [10] found the inverse logarithmic relationships between cumulative NH3 emissions
versus the TS contents ranging from 76 to 399 g kg−1. These results from different studies
indicated that the relationship between NH3–N emissions and slurry TS contents highly
depends on the investigated range of TS contents. Slurry TS content is an indicator of
substrate availability for NH3 emissions and is related to crust formation [38]. When
the TS content of slurry is low, the availability of mineralized NH4

+ from organic N is
small, which lead to the reduced potential for reactive N to be lost [31,38]. When the TS
content increases, the available N content increases, but high TS content will contribute
to the formation of natural crust, acting as a physical barrier against gas exchange [11,39].
Misselbrook et al. [40] presented that the formation of a natural crust could reduce NH3
emissions by approximately 50%. The thickness and nature of crust played an important
role in mitigating NH3 emissions. It was expected that the resistance of gas emission rates
would increase with increasing crust thickness and with decreasing moisture content of
crust [40]. The trade-off between availability of substrate N for NH3–N production and
the crust formation in regulating gas emissions from slurry storage finally influences the
relationship between NH3–N emissions and slurry TS contents.

3.2.3. Temperature

Temperature showed a positive relationship with NH3–N emissions from slurry
storage (Figure 1c), but the relationship was only significant at a 0.1 significance level.
Previous studies also demonstrated that the N loss from slurry storage in summer (average
air temperature 21.4 ◦C) was much greater than storage in winter (average air temperature
6.5 ◦C) [41]. Ammonia release from a slurry storage tank is a combination of diffusion
and convective movements over the slurry surface, which could be parameterized by
the dissociation constant and the overall mass transfer coefficient [31,42,43]. Increased
liquid temperature enhances ionic activity, which ultimately increases the dissociation of
ammonium ions [43–45]. Most studies reported ambient temperature during measurement
periods instead of slurry temperature, which might lead to significant relationships between
temperature and NH3–N emissions only at a 0.1 significance level. Additionally, the
interactions between temperature and other potential influencing factors might complicate
the relationship between temperature and NH3–N emissions.

3.2.4. Length of Storage

Length of storage did not significantly influence NH3–N emissions from slurry storage
(Figure 1d). The storage duration of all selected measurements in this study are longer
than 30 days. Ammonia volatilization losses from manure are most intensive at the initial
stage of storage [46] and decrease with storage time [47]. This agrees with rapid hydrolysis
of urea that is generally considered to be the major source of NH3 emissions [48]. It
was reported that during the initial 10 days of manure storage, the loss of urinary–N
was significant, accounting for 90% of NH3–N loss, while the contribution of fecal–N
was relatively low [46]. Therefore, extending storage duration did not have a significant
effect on NH3–N losses. In order to reduce nitrogen loss from manure storage, mitigation
practices should be used and workable at the early stage of storage.

3.3. Effects of Slurry pH, TS Content, Temperature and Storage Duration on N2O–N Emissions

Results of the linear mixed effects model showed that the N2O–N emissions from
slurry storage were less affected by slurry pH, TS content, temperature, and storage
duration (Table 5). Errors of estimates of the model were mainly from reported literatures
(marginal R2 = 0.00 and conditional R2 = 0.99 in Table 5). The minimum N2O–N emission
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was reported by Rodhe et al. [21], who measured the N2O–N losses from stored undigested
and digested dairy slurry. The low TS contents of slurry (33–79 g kg−1) did not benefit
the formation of surface crusts, resulting in negligible N2O emissions. Wood et al. [20]
measured the maximum N2O–N emission from slurry storage with a value of 0.21% of TN.
The TS content of the stored slurry was 117 g kg−1, leading to the formation of natural crust
on the slurry surface. Besides, the high air temperature (15 ◦C) mutually contributed to the
persisting dry natural crust, resulting in the higher N2O–N emissions. This also highlights
the potential interactive effects of variables on N2O–N emissions from slurry storage.

Table 5. Parameter estimates of linear mixed effects model for N2O–N emissions from slurry storage
(lmer (N2O–N ~ pH + TS + T + LOS + (1|Reference))).

Predictors Estimates Confidence Interval p Value

Intercept 0.06 −0.05–0.18 0.298
pH −0.00 −0.01–0.01 0.732
TS 0.00 −0.00–0.00 0.933
T −0.00 −0.00–0.00 0.979

LOS 0.00 −0.00–0.00 0.901

Random Effects 1

σ2 0.00
τ00 Ref 0.01
ICC 0.99

Number of references 6
Number of measurements 24

Marginal R2/Conditional R2 0.00/0.99
1 σ2 means variance of residual error; τ00 Ref means variance explained by random effects of references; ICC means
interclass correlation coefficient, indicating the proportion of random effects variance in the total error variance
(the sum of random effects variance and residual error variance); The marginal R2 means the variance of the fixed
effects, while the conditional R2 takes both the fixed and random effects into account.

3.3.1. Slurry pH

Due to the limited N2O emissions from slurry storage, the effect of slurry pH on N2O
emissions was less investigated. The insignificant relationship between N2O–N emissions
and slurry pH in this study agrees with the result of Sommer et al. [14] who presented no
significant effect of lowering slurry pH on N2O emissions.

3.3.2. Total Solids

Previous studies demonstrated that the slurry TS content is an important indicator for
N2O emissions. High TS contents benefited the formation of thick surface crusts, which
created intermittent environment of aerobic and anaerobic and promoted nitrification
and denitrification, producing N2O gas [49]. However, there is little knowledge about
the extent of N2O emissions from slurry crusts. Hansen et al. [50] found that the dry
organic crusts had higher potential for emitting more N2O gas, because there was deeper
oxygen penetration in dry crusts than in wet crusts, which promoted dissolved NH4

+ to be
oxidized to the nitrogen oxides (NO2

− and NO3
−), leading to higher emissions of N2O

under anoxic conditions. Besides, the thickness of natural crusts influences the amount
of N2O production. The N2O emissions from young and thin natural crusts were usually
lower than old and thick natural crusts [51]. This was because in well-developed and thick
natural crusts there was high O2 penetration due to the relatively long distance from the
surface to the free slurry interface [51]. The effect of TS contents on N2O–N emissions is
complexed by the formation and characteristics of surface crusts, which resulted in the
insignificant relationship (Figure 2b).
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3.3.3. Temperature

We did not observe a significant effect of ambient temperature on N2O–N emissions
(Figure 2c). Sommer et al. [52] also found that there was no relation between N2O emissions
and air or slurry temperature. Pereira et al. [53] compared the N2O emissions from
cattle slurry at 5, 15, 25 and 35 ◦C, finding the amount of N2O released did not vary
significantly with temperature. However, Petersen et al. [54] observed a significant increase
of N2O emissions from pig slurry storage with natural crusts when temperature was
higher than 10 ◦C. Temperature might be not the only one influencing factor for N2O–N
emissions. As previous discussed, the intermittent environment of aerobic and anaerobic
in surface crusts is an essential prerequisite for N2O emissions from slurry storage. At a
high storage temperature, a crust might more easily form, thereby creating conditions for
N2O production [55]. However, the high temperature will also promote NH3–N emissions
and reduce the availability of NH4

+ for nitrification, consequently resulting in smaller
N2O–N emissions [53]. Therefore, the relationship between N2O emissions and slurry
storage temperature remains unclear and need to be investigated further.

3.3.4. Length of Storage

Storage duration did not directly influence N2O–N emissions from slurry storage
(Figure 2d). Van der Weerden [11] found an increasing tendency of N2O emissions from
slurry storage when storage length extended from three months to seven months. It was
speculated that the increase of N2O emissions was because, during the late stage of storage,
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the mineralization of organic matter provided more substrate (i.e., NH4
+, NO3

−, NO2
−) for

nitrification and denitrification. The extending storage length also benefited the formation
of thick and dry surface crusts, enhancing N2O emissions. Previous studies observed that
the N2O emissions started after several weeks of the formation of slurry crusts [38,52]. It
is difficult to come into a coherent conclusion based on limited data in this study. There
is a need to measure N2O emissions at farm scale, and to better understand relationships
among gas emissions and slurry characteristics and storage conditions.

3.4. Effects of Slurry pH, TS Content, Temperature and Storage Duration on CH4–C Emissions

There were 21 measurements of CH4–C emissions from five publications used for
linear mixed effects model after removing three outliers from the dataset (Table 6). Results
showed that all influencing factors explained 41.4% of variance (marginal R2) and variance
caused by references accounted for 20% of total error variance (Table 6).

Table 6. Parameter estimates of linear mixed effects model for CH4–C emissions from slurry storage
(lmer (CH4–C ~ pH + TS + T + LOS + (1|Reference))).

Predictors Estimates Confidence Interval p Value

Intercept 2.53 −2.29–7.36 0.326
pH −0.21 −0.87–0.44 0.530
TS −0.01 −0.02–−0.00 0.025 **
T 0.15 0.08–0.23 0.002 ***

LOS −0.01 −0.01–−0.00 0.093 *

Random Effects 1

σ2 0.33
τ00 Ref 0.07
ICC 0.19

Number of references 5
Number of measurements 21

Marginal R2/Conditional R2 0.41/0.52
1 σ2 means variance of residual error; τ00 Ref means variance explained by random effects of references; ICC
means interclass correlation coefficient, indicating the proportion of random effects variance in the total error
variance (the sum of random effects variance and residual error variance); The marginal R2 means the variance of
the fixed effects, while the conditional R2 takes both the fixed and random effects into account. * Significant at the
0.1 probability level. ** Significant at the 0.05 probability level. *** Significant at the 0.01 probability level.

3.4.1. Slurry pH

No significant relationship between slurry pH and CH4–C losses from slurry storage
was observed (Figure 3a). The optimal pH of methanogen is near 7.0 and the CH4 gas
will be emitted in the range of pH values from 6.6 to 7.6 [56]. Previous studies showed
that lowering slurry pH by acidification could reduce CH4–C losses, with mitigation
efficiencies from 63% to 90% [13,14,57]. Acidification could inhibit the growth and activity
of methanogen, thereby leading to the reduction of CH4 production [57]. In this study, the
range of slurry pH was 6.6–8.6, the small range of pH resulting in no significant changes in
CH4–C emissions from slurry storage.

3.4.2. Total Solids

A negative effect of TS contents on CH4–C losses from slurry storage was observed
(Figure 3b), which agrees with the study of van der Weerden et al. [10] that observed an
inverse logarithmic relationship between CH4–C emissions and slurry TS contents. The
liquid-based systems with low TS contents could promote an oxygen-free environment
and anaerobic decomposition. Moreover, high water content is required for methanogen
bacteria cell production and metabolism, thereby leading to larger CH4–C emissions [56].
The increase of TS content is likely to increase the aeration status, which directly inhibits the
activity of methanogen [11,58,59]. Besides, the increase of TS content benefits the formation
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of natural crust, in which CH4 oxidation may occur due to the presence of methanotrophic
bacteria [60,61], thus leading to reduced CH4–C emissions.
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3.4.3. Temperature

Temperature had a significant influence on CH4–C emissions from slurry storage
(Figure 3c), with increasing temperature leading to the increase of CH4–C emissions.
Previous studies demonstrated that temperature was the primary and dominant factor for
CH4 production [12]. High temperature could lead to a high degradation rate of volatile
solids and high CH4 production [26,34]. Seasonal variations of CH4 emissions further
demonstrated the effect of temperature on CH4 emissions. Jayasundara et al. [33] and
Cardenas et al. [62] presented that the CH4 emissions from liquid manure stored in warm
seasons were considerably higher than in cold seasons. Temperature could influence
the microbial activity and community development in the manure [63]. Low ambient
temperature prevents the start of the methanogenesis process that optimally takes place
at approximately 20 ◦C [34,64,65]. Decreasing temperature might result in the abundance
of psychrophilic methanogens and the decrease of mesophilic methanogens that have a
higher CH4 production rate than psychrophilic methanogens [66], thereby affecting the
total amount of CH4 gas emitted.
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3.4.4. Length of Storage

It is well known that storage duration of liquid manure plays a decisive role in the
production of CH4 [34]. Previous studies demonstrated that extending slurry storage
time could significantly increase the CH4 emissions [4,11]. This is because that the long
storge duration could contribute to the establishment of sufficient methanogenic popula-
tion [38], thereby leading to more CH4 gas. However, we did not observe the significant
influence of length of storage on CH4–C losses from slurry storage at 0.05 significant level
(Table 6 and Figure 3d). In practical conditions, the CH4 emissions might be complexed by
multiple factors, the influence of which could be compensated. Temperature might be a
more decisive factor in determining CH4–C emissions from slurry storage than storage
duration. Cardenas et al. [62] presented that when the temperature was above 15 ◦C, even a
short storage period could result in the emission of substantial amounts of CH4 gas, while
longer storage period under cold winter conditions emitted little CH4 gas. These findings
can be useful for designing CH4 mitigation strategies, such as prolonging winter storage,
shortening summer storage, cooling of slurry in the barn.

4. Conclusions

Flow-based gas emission factors of slurry storage presented a large range and varied
a lot among laboratory, pilot and farm scale studies. Slurry composition and storage
conditions importantly define carbon and nitrogen transformations, and the resulting
emissions of NH3–N, N2O–N and CH4–C. Ammonia emissions were highly related to slurry
pH. Lowering slurry pH significantly reduced NH3–N losses. Ambient temperature also
influenced NH3–N losses. Storing slurry in warm seasons emitted more NH3 than storing
in cold seasons. No significant effect of TS contents on NH3–N emissions was observed
when slurry TS contents varied from 21–169 g kg−1. Storing slurry for more than 30 days
did not significantly affect NH3–N losses because NH3–N emissions from slurry were most
intensive at the initial stage of storage. The N2O–N losses from slurry storage accounted
for 0–0.39% of slurry TN and were less affected by slurry pH, TS content, temperature,
and length of storage. Methane emissions from slurry storage presented a significantly
positive correlation with storage temperature, whereas the emissions decreased with the
increasing of slurry TS content. Slurry pH ranging from 6.6–8.6 and length of storage had
no significant influence on CH4–C emissions. These information about relationships among
gas emissions and slurry characteristics and storage conditions are useful for avoiding
pollution swapping of mitigation strategies (e.g., acidification, additives, and separation,
etc.). Our results indicate that the inventory of gas emissions from slurry storage should
consider the influence of temperature on emission estimates. More measurements on
flow-based gas emission factors at farm scale are needed to better estimate carbon, nitrogen
flows and cycles and nutrients use efficiency in dairy farming systems.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/atmos12091156/s1, Table S1: Unit conversions of gas emissions data in selected literatures,
Table S2: Pearson correlation coefficients among explanatory variables of NH3–N losses from dairy
slurry storage (number of measurements = 34), Table S3: Pearson correlation coefficients among
explanatory variables of N2O–N losses from dairy slurry storage (number of measurements = 24),
Table S4: Pearson correlation coefficients among explanatory variables of CH4–C losses from dairy
slurry storage (number of measurements = 24), Figure S1: Estimates of random intercepts of linear
mixed effects model: lmer (NH3–N ~ pH + TS + T + LOS + (1|Reference)).
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