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ARTICLE INFO ABSTRACT

Keywords: Silage is an essential global feedstuff and an emitter of greenhouse gases. However, few studies have examined

Ferme“m_ti"f_‘ the formation of carbon dioxide (CO3), nitrous oxide (N2O) and methane (CHy4) during the ensiling process. This

I?Aartlilon dioxide study aimed to record the course of gas concentrations in forage during the ensiling process and determine the
ethane

temporal variation in the (microbiological) formation processes. Grass and lucerne, each with two different dry
matter (DM) concentrations (four variants, each n = 3), were ensiled in laboratory-scale barrels (120 L). Gas
samples were taken from the headspace of the barrels and analysed using a gas chromatograph. The measure-
ment period included the first 49 days of the ensiling process and the measurement interval was 0.5-48.0 h. For
all variants, a rapid increase in CO5 concentration and a one-time NO concentration peak was observed between
ensiling hours 36 and 96. Lower DM concentration led to significantly faster CO, production (p < 0.05). Lucerne
forage and higher DM concentrations led to significantly increased N>O concentrations (p < 0.05). The extensive
measurements demonstrated that butyric acid formation by clostridia contributes to CH4 formation; thus, lucerne
silage had a significantly higher concentration from ensiling day 13 (p < 0.05). Therefore, malfermentation
actively contributes to the formation of greenhouse gases. The method described here provides further insights
into greenhouse gas formation during the ensiling process and can thus help to improve ensiling research and
management.

Nitrous oxide
Enterobacteria
Clostridia

1. Introduction

The quantification of climate-relevant emissions from agriculture is
increasingly important, particularly in climate change research (Gerber
et al., 2013; Grossi et al., 2019; Myhre et al., 2014). In livestock hus-
bandry, emissions from the husbandry process itself (Mostafa et al.,
20205 Philippe et al., 2011; Schmithausen et al., 2018a, b) as well as the
downstream process chain (Amon et al., 2006; Kupper et al., 2020;
Rodhe et al., 2015), e. g. slurry management, have been thoroughly

investigated. However, emission behaviour in the upstream part of the
process chain, such as during feed production, is not well studied.

To ensure that livestock are adequately fed throughout the year, one-
time harvest yields must be preserved. The aim is to ensure that the final
feed product suffers the smallest possible losses in quantity and quality.
Consequently, feed preservation methods are used to conserve natural
resources. Silage is one of the most important feeds used in global
livestock production (Weinberg and Ashbell, 2003; Wilkins et al., 1999;
Wilkinson and Muck, 2019), especially for ruminants. In addition, silage

Abbreviations: ANOVA, analysis of variance; DM, dry matter; FM, fresh matter; G, grass; G LW, grass longer wilted (ca. 24 h wilting); G SW, grass shortly wilted
(ca. 20 h wilting); GHG, greenhouse gas; GWP, global warming potential; L, lucerne; LW, longer wilted (ca. 24 h wilting); L LW, lucerne longer wilted (ca. 24 h
wilting); L SW, lucerne shortly wilted (ca. 20 h wilting); SW, shortly wilted (ca. 20 h wilting).
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is used to feed pigs (Ebertz et al., 2020; Lengling et al., 2020) and for
biogas production (Jacobs et al., 2017; Weiland, 2010). It is now known
that silage emits greenhouse gases (GHGs) (Krommweh et al., 2020;
Schmidt et al., 2011, 2012; Zhao et al., 2016) with various global
warming potentials (GWPs) (Myhre et al., 2014): carbon dioxide (COo;
GWP = 1), methane (CH4; GWP = 28) and nitrous oxide (N2O; GWP =
265). CO, emissions are considered climate-neutral because of their
biological origin, but forage production does require the use of fossil
carbon reserves (e.g. fertilisers or fuels). Additionally, carbon emissions
during the ensiling process or the aerobic feed-out phase (mostly due to
yeast metabolism) are associated with feed and energy losses. Poor
silage quality due to, for example, butyric acid production by clostridia
[high risk in silages with low dry matter concentrations (DM)] can
induce the degradation of proteins and amino acids to ammonia
(Ohshima and McDonald, 1978). These effects are considered negative
as they can exacerbate the loss of feed quality and negatively affect
animal nutrition. Importantly, the conversion of forage into
climate-relevant gases and the environmental impact of this process are
increasingly understood to play a role in ongoing climate change.
Therefore, the development of successful and efficient feed conservation
processes is relevant to both animal nutrition and environmental pro-
tection. CH4 and N3O emissions are not considered climate-neutral
because of their higher GWPs; thus, the conversion of high-value feed
substances into these climate-relevant gases is a particularly important
issue.

Much of the previous research has focused on silage emissions during
the aerobic feed-out phase (Gerlach et al., 2018; Hafner et al., 2010;
Krommweh et al., 2020; Malkina et al., 2011; Montes et al., 2010), with
the focus in part on yeast activity and aerobic stability (Jungbluth et al.,
2017; Shan et al., 2021a, b; Sun et al., 2015). Some GHGs are emitted
once after formation during the ensiling process (Krommweh et al.,
2020). Studies on GHG concentrations during the ensiling process date
back several decades (Peterson et al., 1958; Wang and Burris, 1960;
Weinberg and Ashbell, 1994) or do not include measurements of COo,
CH4 and N»O (Franco, 2016; Peterson et al., 1958; Wang and Burris,
1960; Weinberg and Ashbell, 1994; Zhao et al., 2016). The earlier
studies (Peterson et al., 1958; Wang and Burris, 1960) had methodo-
logical limitations in this context because the gas analysis technique
used (mass spectrometry) was not capable of differentiating precisely
between CO5 and N5,O (Zhao et al., 2016). Furthermore, the earlier
conducted studies were mostly aimed at assessing gas emissions from
silage from the perspective of occupational safety (e.g. silo filler’s dis-
ease caused by nitrogen dioxide) or in relation to the effects on animal
nutrition. The current focus is largely on the environmental conse-
quences of these gas emissions, especially in modern political discus-
sions (e.g. farm-to-fork). A large proportion of the studies have been
conducted using maize (Zea mays) silage (Peterson et al., 1958; Schmidt
et al., 2012; Wang and Burris, 1960; Weinberg and Ashbell, 1994; Zhao
et al., 2016), whereas studies using grass (Krommweh et al., 2020; Wang
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and Burris, 1960) or lucerne (Medicago sativa) silage (Franco, 2016;
Krommweh et al., 2020; Peterson et al., 1958) are scarce. Since the
anaerobic ensiling process involves several phases (Pahlow et al., 2003),
the composition and metabolic activity of microorganisms change,
especially during the early days of the process. Consequently, the for-
mation and concentration of gases from the silage can also change.
Although earlier studies (Peterson et al., 1958; Wang and Burris, 1960)
primarily used measurement intervals of 6 h within the first 66 ensiling
hours, more recent studies (Bueno et al., 2020; Schmidt et al., 2011,
2012, 2013) have mainly examined gas concentrations on single ensiling
days (days 5-61). Only Franco (2016) has investigated silage gases over
shorter measurement intervals (down to 0.5 h) within the first 209
ensiling hours; however, in this PhD dissertation, not all GHGs were
investigated and concentration courses were not provided.

Consequently, there is still a research gap to be filled, i.e. a study of
the formation of individual GHGs at different stages within the ensiling
process. In the present study, detailed measurements of the gases pro-
duced were taken using precise measurement technology over short
measurement intervals and a long measurement period. To this end, two
different forages, namely grass and lucerne, with varying DM concen-
trations (following shorter and longer wilting periods) were investi-
gated. Both DM concentrations were kept at low levels to simulate poor
environmental conditions during harvesting and provoke poor silage
quality. Measuring the course of the gas concentrations should provide
conclusions on the (microbiological) formation processes and therefore
the quality of the ensiling process itself.

To summarise, the objectives of this investigation were as follows:
(1) to examine whether the method is suitable for analysing climate-
relevant gases in silage at a laboratory scale; (2) to record the course
of concentrations of three GHGs (CO2, CH4 and N»0) from two forage
types (grass and lucerne) ensiled with different DM concentrations
(shorter and longer wilting periods) using short sampling intervals over
a long period of the ensiling process; (3) to determine the temporal
changes in microbiological gas formation during the ensiling process in
relation to the chemical composition of the silage.

2. Material and methods
2.1. Forage material and silage variants

Grass and lucerne grown at Campus Frankenforst of the Rheinische
Friedrich-Wilhelms-Universitit Bonn (Konigswinter, Germany;
50°42'50.1"N 7°12'24.9"E) were used as forage for the experiment. The
crops were fertilised and managed under common practice conditions.
The forage (for chemical composition, see section 3.1) was cut on the
evening of the 9th May (second cut) and kept overnight on the pasture
for wilting. After collection with a loading wagon (theoretical cutting
length: 55 mm) at noon the following day (ca. 20 h of wilting), half of
each forage material was ensiled. The other half was spread on a black

Characteristics of silage variants within laboratory-scale barrels (120-L volume) according to wilting period and forage material.

Unit Silage variants”

G SW LSwW G LW LLW
Number of barrels 3 3 3 3
Forage material Grass Lucerne Grass Lucerne
Wilting duration Shortly (ca. 20 h) Longer (ca. 24 h)
Temperature range during wilting °C 0.8-16.8 0.8-17.9
Temperature sum during wilting” °C 151.3 219.9
Fresh material per barrel (mean) kg FM 85.0 81.1 72.9 63.2
Dry matter concentration (mean) % 21.5 19.5 26.2 22.7
Silage density (mean) (kg DM) m? 152.3 131.7 159.1 119.5

FM = fresh matter; DM = dry matter.
@ Variants: grass shortly wilted (G SW), lucerne shortly wilted (L SW).
grass longer wilted (G LW) and lucerne longer wilted (L LW).
> Sum of hourly mean values.
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film in direct sunlight for an additional 4 h (at about 17 °C, i.e. ambient
air temperature, under a clear sky) and regularly turned to ensure higher
DM concentrations. Consequently, four forage material variants were
produced (for details see Table 1): grass shortly wilted (G SW), lucerne
shortly wilted (L SW), grass longer wilted (G LW) and lucerne longer
wilted (L LW).

After wilting, the plant materials were added to twelve 120-L barrels
(high-density polyethylene) for ensiling (n = 3 for each forage variant).
The fresh material was filled in layers and each layer was compacted
with a hydraulic press to ensure uniform compaction within each barrel
(Jungbluth et al., 2016). The density of the material was determined
using the volume and weight of the barrel as well as the DM concen-
tration (see Table 1). The plastic barrels were sealed with a modified lid,
which was pressed onto the corresponding barrel using a clamping ring.
A rubber septum was inserted into the plastic lids, which allowed gas
sampling during the ensiling process (see section 2.3). The lids pre-
vented the penetration of ambient air but allowed the (formed) gases
inside the barrel to escape above a certain overpressure within the
barrel.

After the ensiling procedure was complete, the barrels were stored
indoors to ensure constant ambient air temperatures (23.2 + 1.4 °C).
Finally, the barrels were opened on day 149 to collect material samples
for laboratory analysis (see sections 2.2 and 3.1).

During wilting, the outdoor air temperatures were collected from the
German weather service’s climate data centre (station ID 603; opendata.
dwd.de, 2021); the weather station itself was positioned in
Bonn-Roleber (Germany, 50°44'06.4"N 7°11'35.2"E). During forage
storage, the ambient air temperature was measured using NTC therm-
istor sensors (TinyTag Plus 2 Logger TGP-4500; Gemini Data Loggers
Ltd, Chichester, UK). The temperature measurement interval was 15
min.

2.2. Laboratory analysis of the silage material

Material samples were collected from the fresh material (on the day
of ensiling, before filling barrels with SW variants) and the ensiled
material (149th ensiling day). All samples were stored immediately at
—20 °C until they were analysed, which is necessary to avoid further
microbial activity and material composition changes before analysis.
Because various types of technical equipment were required for analysis,
the samples were sent to different laboratories for testing.

The first laboratory (Institute of Animal Science, Rheinische Frie-
drich-Wilhelms-Universitat Bonn, Bonn, Germany) analysed the crude
ash (see section 3.1) and crude protein concentration of samples ac-
cording to specific numbered methods in the German Handbook of
Agricultural Research and Analytic Methods (VDLUFA, 2012). Crude
ash was determined by ashing the silage samples at 550 °C (method
number 8.1). Crude protein concentration was determined using the
Dumas combustion method (method number 4.1.2; using a FP328, Leco
8.1; Leco Instrumente, Monchengladbach, Germany) in which the
sample is burnt at 1,000 °C, nitrogen oxides are reduced, and other
combustion products are removed. The remaining molecular nitrogen
was detected using a thermal conductivity detector and the data were
used to calculate the crude protein concentration. These measurement
methods have been well established in previous studies (Briining et al.,
2018; Gerlach et al., 2014, 2018).

The second laboratory (Albrecht Daniel Thaer-Institute of Agricul-
tural and Horticultural Sciences, Universitat zu Berlin, Berlin, Germany)
analysed the pH and concentrations of lactic acid, acetic acid, butyric
acid and its (higher) homologues (in a total sum of n- and iso-butyric
acids, C4 molecules; n- and iso-valeric acids, Cs molecules; and n-cap-
roic acid, Cg molecules), and ammonia-N (NH3-N). DM was corrected
for losses of volatiles during drying (Weip et al., 2020) according to the
method of Weiflbach and Strubelt (2008). After pre-treatment, lactic
acid levels were determined using a liquid chromatography method (via
refractive index detection; LC-20 AB, Shimadzu Deutschland, Duisburg,
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Germany). The other acids were detected using a gas chromatograph
(including a flame ionisation detector; GC-2010, Shimadzu Deutschland,
Duisburg, Germany) with a free fatty acid phase column (Permabond
FFAP 0.25 pm; Macherey-Nagel, Diiren, Germany). NH3-N levels were
determined colourimetrically using a continuous flow analyser (San-++,
Skalar Analytical, Breda, Netherlands). This laboratory methodology
has been described in detail in previous studies (Briining et al., 2018;
Gerlach et al., 2018; Weip et al., 2020; Weip and Sommer, 2012).

2.3. Sampling and analysis of fermentation gases

During the early part of the ensiling period (i.e. the first 49 days), gas
samples were taken manually at regular intervals from the headspace of
the silage barrels. Samples were collected using a double cannula
connected to a vacuumed glass vial (20-mL volume; Jungbluth et al.,
2016; Schmithausen et al., 2018b). The intervals at which gas samples
were collected from the barrels varied during the ensiling process: In the
first 12 h, the sampling interval was 30 min; from 12 to 48 h, the
sampling interval was 2 h; and from ensiling days 3-49, the sampling
interval was 2 days. No further gas samples were taken after the 49th
ensiling day. The number of gas samples per barrel was 82, with
984 samples taken in total.

Subsequently, the gas samples were analysed using a gas chro-
matograph (equipped with an electron capture detector and a flame
ionisation detector; model 8610C, SRI Instruments, Torrance, CA, USA)
according to an established analytical procedure (Krommweh et al.,
2020; Schmithausen et al., 2016). COg, CH4 and N2O were analysed with
detection limits of 50.00, 0.08 and 0.01 ppm, respectively. If the con-
centrations were outside the measuring range of the gas chromatograph,
the samples were diluted (1:101 with ambient air) and the corre-
sponding original concentration was calculated.

2.4. Data processing and statistics

The compositions of the different silage variants were compared
using one-way ANOVA. The gas concentrations within the silage barrels
during ensiling were compared using a mixed ANOVA. In all analyses,
Tukey’s-HSD test was used as a post hoc test if the homogeneity of
variance was given; if not, a Games-Howell test was used. For all sta-
tistical analysis, P values < 0.05 were considered significant. IBM SPSS
Statistics (Version 26.0) was used to conduct statistical analysis,
whereas Microsoft Excel was used to perform descriptive data analysis.

3. Results and discussion
3.1. Composition of the silage

The fresh forage and the ensiled material had low DM concentrations
(see Table 2) below or at the lower limit of the recommended range,
which is 25%-35% DM for grass silage (Kung et al., 2018) and 30%-35%
DM for lucerne silage (Kung et al., 2018; Seglar, 2003). Nevertheless, the
difference in DM concentration between the SW and LW variants was
significant (p < 0.05). The L SW variant was under the target value for
the crude protein concentration of lucerne silages (however, incorrect
laboratory results were possible due to NH3-N out-gassing, as explained
in the last paragraph of this section), whereas the other variants exceed
the target values, i.e. <170 g (kg DM) ! for grass silage (Spiekers, 2012)
and ~200 g (kg DM) ! for lucerne silage (Seglar, 2003). These char-
acteristics are due to the early cutting time of lucerne, a leafy second
grass cut, the fertiliser management process and the low external air
temperature during wilting (see Table 1).

High crude protein, NH3-N and crude ash concentrations in the
silage have buffering properties and can inhibit a rapid decrease in pH at
the beginning of ensiling (Kung et al., 2018; Kung and Shaver, 2001).
Both grass variants had pH values at the upper end of the recommended
values, i.e. 4.0-5.0; however, especially with low DM concentrations,
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Chemical compositions of fresh and ensiled materials® for the tested silage variants®.

Variant pH Dry matter Crude ash Crude protein Lactic acid Acetic acid Butyric acid® Ammonia nitrogen Ammonia nitrogen
[g (kg FM) 1] [g (kg DM)™!] [g (kg total N) 1]

Giresh 6.4 258 131 172 2.2 16.2 0.5 3.3 119

Livesh 6.9 237 118 217 2.0 17.7 0.7 4.2 121

G sw! 4.9°+£0.2 215" + 3 131° £ 0.3 208" + 8.1 47.2°+11.0 11.3* + 1.0 41.6° £ 7.4 6.9+ 0.5 206% + 12

L SW! 6.2° + 0.0 195+ 3 179° + 35 176 + 4.0 1.9° + 0.1 38.6° £ 2.3 83.5" + 7.2 22.2° +1.2 788 + 66

G LW 4.8°+0.1 2624 + 1 127% + 4.9 225°+ 1.7 64.6° + 7.4 9.6+ 1.7 26.5% + 0.7 5.8+ 0.1 160 + 5

LLW! 7.1+ 0.2 227°+1 185" + 9.0 246° + 8.9 0.0* + 0.0 29.9°+40 69.0°+76 22.8° + 0.3 580° + 22

Means with different superscript lowercase letters within a column differ significantly (Tukey’s-HSD or Games-Howell tests, p < 0.05).

DM: dry matter, FM: fresh matter, N: nitrogen.

 Fresh material was sampled on the ensiling day before the SW variants were ensiled; ensiled material was sampled on the 149th ensiling day.
b Variants: grass shortly wilted (G SW), lucerne shortly wilted (L SW), grass longer wilted (G LW) and lucerne longer wilted (L LW).
¢ Sum of n- and iso-butyric acids (C4 molecules), n- and iso-valeric acids (Cs molecules) and n-caproic acid (Cg molecules).

d Means + standard deviation (see Fig. 1).

pH values should be at the low end of this target range (Spiekers, 2012).
L SW and L LW variants had pH values that were too high given that the
maximum target value is pH 4.5 (Kung et al., 2018; Seglar, 2003). These
values can be explained by high NH3-N [partially in the form of
dissolved ammonium-N (NH,"-N), alkaline substances], low lactic
acid and high butyric acid concentrations in the lucerne silage. The
butyric acid concentration was greater than the given maximum value of
3g(kg DM) ! (Spiekers, 2012); thus, it can be considered an indicator of
the undesirable activity of clostridia (Rooke and Hatfield, 2003), which
can metabolise lactic acid to butyric acid, hydrogen (Hz) and CO5 during
anaerobic (saccharolytic) metabolism. Clostridia are particularly active
in silage with pH values > 4.2-4.5 (Pahlow et al., 2003) and DM
concentrations <30%-35% (Kung et al., 2018). The LW variants tested
here tended to have low butyric acid concentrations (p < 0.1 within G
variants; p < 0.05 within L variants).

All tested materials showed higher NH3-N concentrations than those
measured in previous analyses (Hartinger et al., 2019; Kung and Shaver,
2001; Wyss et al., 2017). Previously, Weill (2001) reported NH3-N
concentrations of up to 30% in a grass-legume silage mix with added
clostridia spores. Wet silages seem to have higher NH3-N concentrations
(Hartinger et al., 2019; Kung and Shaver, 2001) and low wilting in-
tensity also favours high NH3-N concentrations (Hartinger et al., 2019).
Concentrations of NH3-N at >12% of total N indicate protein degrada-
tion by enterobacteria (Pahlow et al., 2003; Spoelstra, 1987) and clos-
tridial activity (Kung and Shaver, 2001; Pahlow and Hiinting, 2012).
Enterobacteria, which are particularly active during the early stage of
ensiling (Heron et al., 1993), can convert nitrate first to nitrite and then

1: plastic barrel filled with silage material

¥
2: headspace of the barrel
3: modified lid
4: rubber septum with injected double-cannula
5: evacuated glass vial for gas sampling

to NH3 and N»O during denitrification at high pH values (>4.5). Nitrate
is known to have an inhibitory effect on clostridia (Kaiser and Weif,
2007; Weip, 2001; Wilkinson, 1999), but this was apparently insufficient
in the tested materials. Proteolytic clostridia metabolise various proteins
and amino acids to NH3 (Ohshima and McDonald, 1978; Weif3, 2001),
among other compounds, during the second stage of anaerobic (clos-
tridial) malfermentation (deamination, decarboxylation and Stickland
reactions) (Kaiser and Weif, 2007; Rooke and Hatfield, 2003; Weip,
2001). However, clostridial activity has the greatest impact (Kaiser and
Weif, 2007); it causes the formation of ammonia, butyric acid and
(higher) homologues (Weip, 2001) (Table 2).

The combination of low lactic acid, high butyric acid and high
NH3-N concentrations indicates high clostridial activity (Kaiser and
Weif, 2007; Weif3, 2001), in which the saccharolytic clostridia that are
active at >4.2 pH (Pahlow et al., 2003) precede the proteolytic clostridia
(Weip, 2001) that are active at >5.0 pH (Pahlow et al., 2003), during the
malfermentation phase (lactic acid degradation). The conversion of
high-value proteins and amino acids to NH3-N is known to reduce feed
quality (Kung and Shaver, 2001; Wilkinson, 1999) and lead to gaseous
emissions, especially when the material has high pH values (i.e. when
the equilibrium between volatile ammonia and nonvolatile ammonium
shifts towards ammonia). These emissions could be relevant during
material analysis, e.g. potential NH3-N emissions before or during the
analysis of crude protein in the L SW variant could affect the calculation
of relative NH3-N concentrations, and for determination of environ-
mental pollution. Further research is therefore recommended because
NH; emissions were not assessed during this investigation.

Fig. 1. Silage barrels with injected double cannulas and glass vials for gas sampling. Left: parallel gas sampling. Middle: Schematic sketch of the barrels and the gas

sampling. Right: Rubber septum, injected double cannula and vial.
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Fig. 2. Mean carbon dioxide concentration (%) within the headspace of the silage barrels (n = 3) containing each silage variant during the ensiling process. Variants:
grass shortly wilted (G SW), lucerne shortly wilted (L. SW), grass longer wilted (G LW) and lucerne longer wilted (L LW). Error bars indicate standard deviations.
Significant differences (p < 0.05) among the four variants at selected time points are indicated by different lowercase letters.

3.2. Gas formation during the ensiling process

3.2.1. COz

A rapid increase in CO, concentration was detected in all silage
barrels (see Fig. 2). The G and L variants did not differ in terms of these
concentrations. However, lower DM concentrations in the SW variants
led to a significantly faster increase in CO5 concentrations at the start of
ensiling, i.e. between ensiling hours 4.5 to 35.0 (p < 0.05; exception for
ensiling hour 19). CO, concentrations above 100% may have resulted
from the analysis of diluted gas samples (see section 2.3); thus, a
modified methodology (e.g. dilution with pure nitrogen or a smaller
dilution ratio) should be considered in future investigations.

The course of the measured CO; concentrations is in agreement with
data published in earlier literature, which show a rapid increase in CO,
concentrations in silage (Li et al., 2017; Wang and Burris, 1960). Wang
and Burris (1960) showed a degressive course in the measured CO5
concentrations of maize silage (field tower silos), which is consistent
with the results of the present study (see Fig. 2) and with those reported
by Liet al. (2017). In contrast, Wang and Burris (1960) recorded a linear
increase in a feed mix containing soybean and Sudan grass (42.6% CO,
after 60 h). However, the measured concentrations can vary depending
on the gas tightness of the silos and the remaining air inside.

Li et al. (2017) showed that CO, formation starts once the silo is
closed but that most of the CO; is formed by lactic acid bacteria after
anaerobic conditions have been reached. Gomes et al. (2019) found that
lower DM concentrations lead to higher gas formation, which explains
the rapid increase in CO, concentrations in the SW variants observed in
the present study between ensiling hours 4.5 to 35.0 (see Fig. 2). Higher
water availability affects microbial activity, regardless of the plant
material. Faster gas formation can be interpreted as a rapid start to
ensiling when it is (primarily) due to lactic acid bacteria. In the present
study, all variants were characterised by wet plant material that pro-
vokes malfermentation. Thus, even the low DM concentrations are not
recommended and the target values should be used in practice (see
section 3.1).

During CO, formation, the pressure inside the silage storage con-
tainers increases (Daniel et al., 2016; Daniel and Nussio, 2015b; Li et al.,
2017) and the gases escape, which results in measurable (GHG) emis-
sions (Schmidt et al., 2011, 2012). CO, concentrations are correlated
with the microbial activity and positive pressure in the silage barrel
(Daniel et al., 2016; Li et al., 2017). After completing the main
fermentation phase (Pahlow et al., 2003), a pressure drop can be
detected that leads to negative pressure in the silage containers (Schmidt
et al., 2018). This could be attributable to the dissolution of CO5 in the
liquid phase (Li et al., 2017) or microbial activity (possibly the Wood-
-Ljungdahl pathway) (Schmidt et al., 2018; Vigne et al., 2019). Quali-
tative observations in the current study, i.e. lids slightly curved inwards,
suggested negative pressure within the silage barrels containing G var-
iants. In contrast, barrels with L variants showed overpressure during
the complete anaerobic storage phase, i.e. the lid was curved outwards;
moreover, when the clamping rings on the barrel were opened on
ensiling day 149, gas was observed to escape immediately. This in-
dicates that the lucerne silage never reached the stable anaerobic stor-
age phase (Pahlow et al., 2003), which was confirmed by the butyric
acid formation results (see section 3.1). Consequently, steady but
varying gas formation may have occurred from the L variants over the
storage period, which resulted in an outward gas flow. However, gas
formation can vary widely (Daniel et al., 2015; Daniel and Nussio,
2015a; Gomes et al., 2019); therefore, it is difficult to predict the
emission quantities produced in these trials.

Nevertheless, continuous gas formation is relevant for evaluating the
measured CH4 and N5O concentrations (see sections 3.2.2 and 3.2.3).
Furthermore, emission measurements should be performed for both
high- and low-quality silages in future studies.

3.2.2. CHy

The four experimental silage variants had an initial CH4 concentra-
tion peak that varied from 4.6 + 0.2 to 5.8 + 0.3 ppm between ensiling
hours 16.2 + 4.8 and 39.2 + 3.1 (Figs. 3 and 5). The G SW variant
showed a significantly higher CH4 concentration than the G LW variant
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Fig. 3. Mean methane concentration (ppm) within the headspace of the silage barrels (n = 3) containing each silage variant during the ensiling process. Variants:
grass shortly wilted (G SW), lucerne shortly wilted (L SW), grass longer wilted (G LW) and lucerne longer wilted (L LW). Error bars indicate standard deviations.
Significant differences (p < 0.05) among the four variants at selected time points are indicated by different lowercase letters.

between ensiling hours 6 and 27 (p < 0.05) but lower concentrations
between ensiling hours 40 and 106. A similar trend applied to the L SW
and L LW variants for ensiling hours 7 to 21 and 31 to 94, respectively.
After reaching these peaks, the CH4 concentrations in all variants
decreased to <1 ppm. The CH4 concentrations in the G barrels were
constant after ensiling day 6 (0.7 + 0.4 ppm), whereas the CH4 con-
centrations from lucerne silage substantially increased after ensiling day
12 resulting in a significant difference between the G and L variants (p <
0.05). Additionally, the L SW variant had significantly higher CHy4
concentrations than the L LW variant for ensiling days 9.5-10.5,
11.5-12.5 and 21.0-30.0 but lower concentrations after ensiling day 38
(p < 0.05).

Studies of CH4 formation within forage, especially in silage, are
scarce. Emery and Mosier (2015) studied CH4 concentrations at
the laboratory-scale using gas-tight plastic containers with aerobically
stored nonforage switchgrass and corn stover. During the storage phase
(59 days), these researchers were generally able to measure CH4
concentrations at 2-15 ppm (although single peaks were up to 2,100
ppm); low moisture concentrations resulted in the highest CHg4
concentrations. The current findings are only partially consistent with
those of Emery and Mosier (2015), i.e. higher CH4 concentrations were
detected in the SW variants during the first ensiling day (Figs. 3 and 5);
however, the SW variants had lower CH4 concentrations in the second
phase of the initial peak. The earlier formation of CO5 in the SW variants
(see section 3.2.1) led to the release of CHy4 via outward gas mass flow. In
one study, Schmidt et al. (2011) measured CH4 concentrations at 2 ppm
in sugarcane silage on ensiling days 5, 33 and 61; in another study, they
detected 7 ppm CH4 in maize silage on ensiling days 5 and 15 (Schmidt
et al., 2012). Krommweh et al. (2020) measured CH4 concentrations of
3.2-9.6 ppm within grass silage bales and of 10.2-24.4 ppm within
lucerne silage bales at the time of silage opening. However, Gerlach et al.
(2018) did not detect CH4 emissions during the feed-out phase of maize
and lucerne silage.

To our knowledge, a detailed course of CH4 concentrations during

the ensiling process has yet to be reported. Consequently, the curves
shown in Figs. 3 and 5 represent new information on the time course of
CH4 formation. Nevertheless, further investigations with various forage
types will be necessary.

An increase in CHy4 concentrations (see Fig. 3) has yet to be detected
during the ensiling process. One earlier postulated explanation (Pahlow
etal., 2003; Spoelstra, 1983; see section 3.1) is as follows: during lactate
degradation to butyric and acetic acid, clostridia can form Hj that is
converted to CH4 during anaerobic methanogenesis. In addition,
archaea can form CH4 (as well as CO, and other compounds) from Hy
and acetic acid (Aumiiller-Gruber et al., 2013). Given the current lack of
research related to CH4 production, it is unclear which microorganisms
within the silage contribute to methanogenesis. Likewise, it is uncertain
whether the population of methanogenic microorganisms differs among
different forage materials (Emery and Mosier, 2015; Yenjai et al., 2012)
and among different stages of the anaerobic storage phase. However,
the production of biogas has shown that obligate anaerobic
methane-forming organisms are active when pH values are neutral
(Aumiiller-Gruber et al., 2013). Thus, the organisms likely benefit
from the provision of Hy and the rising pH values during the course of
lactic acid degradation and NH3 or NH,;" formation, respectively, in
lucerne variants (see section 3.1). Consequently, increasing CHy
concentrations may be useful for indicating clostridia activity.
Compared with the L LW variant, the L SW variant showed an increase in
CH4 concentration at an earlier stage of the ensiling process (Fig. 3). The
higher water availability seems to affect the onset of microbial activity
(see section 3.2.1). However, the L LW variant subsequently shows
higher CHy4 concentrations than the L SW variant. This is in line with
higher pH values and lower lactic acid concentrations (Table 2), i.e.
indicators of higher clostridial activity, as well as previous reports in the
literature (Emery and Mosier, 2015).

Gerlach et al. (2018) stated that ‘fermented forages seem to be an
unlikely source of CH4 emissions’, which is contradicted by the current
results, at least for lucerne silage with poor ensiling quality. At present,
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Fig. 4. Mean nitrous oxide concentration (ppm) within the headspace of the silage barrels (n = 3) containing each silage variant during the ensiling process.
Variants: grass shortly wilted (G SW), lucerne shortly wilted (L SW), grass longer wilted (G LW) and lucerne longer wilted (L LW). Error bars indicate standard
deviations. Significant differences (p < 0.05) among the four variants at selected time points are indicated by different lowercase letters.

it is not possible to determine whether CH,4 is formed at climate-relevant
levels. Further investigations with different forage types and (induced)
clostridial activity must therefore be conducted.

3.2.3. N2O

The time course of N3O concentrations in the silage barrels revealed
that N3O levels increased for all variants in the first hours of the ensiling
process, peaked between ensiling hours 38.3 + 4.2 and 94.5 + 6.9, and
then subsequently regressively decreased (Fig. 4). The grass silage pro-
duced higher NO concentrations than the lucerne silage from ensiling
day 3 onwards. Thus, with a few exceptional individual gas samples,
significant differences between the G SW and L SW variants and between
the G LW and L LW variants, respectively, were consistently detected (p
< 0.05). Additionally, higher DM concentrations in individual forage led
to higher N2O concentrations but delayed N,O peaks. The barrels con-
taining the LW variants had significantly lower N2O concentrations than
those containing the SW variants between ensiling hours 16 to 45, but
N3O levels were higher in the former from ensiling days 3.5-16.0 (p <
0.05). After the peaks had been reached, the NyO concentrations of L
variants decreased to <10 ppm until ensiling day 47. In the G variants,
N2O concentrations remained at higher levels; thus, from ensiling day 29
onwards, a significant difference in N2O concentrations was detected
between the G and L variants (p < 0.05).

Zhao et al. (2016) measured N3O concentrations in maize silage (gas
sampling during the first week of ensiling in a laboratory-scale silage
experiment) at 1,806-1,836 ppm. Wang and Burris (1960) measured
N,O concentrations in a field silo (maize silage) at 10,000-43,500 ppm
within the first 66 h of ensiling. The substantially higher values reported
by Wang and Burris (1960) have already been discussed by Zhao et al.
(2016) with one possible explanation: the identical mass of CO; and N,O
could have led to uncertain NoO values in the course of mass spectros-
copy and subsequent differentiation. The current results tend to confirm
N2O levels stated by Zhao et al. (2016). In the emission studies from a
Brazilian working group, detected N2O concentrations were 1-937 ppb
in emitted gas samples from various silages (Schmidt et al., 2011, 2012).

Furthermore, Franco (2016) detected emission rates of 374 mg (kg
DM) ! up to the 120th hour of ensiling for lucerne silage, although no
further emissions occurred after this point. Additionally, Gerlach et al.
(2018) reported that lucerne silage with pH values of ~5.8 emitted N,O
during the feed-out phase.

Lower DM concentrations led to earlier gas formation (see sections
3.2.1 and 3.2.2). After a specific point within the first four days of
ensiling (N2O peaks; Fig. 4), no further (relevant) amounts of N,O were
produced. The formation by enterobacteria ends as soon as the nitrate
and respective nitrite contents in the materials have been entirely con-
verted or when the enterobacteria are inhibited by decreasing pH values
(see section 3.1). Unfortunately, pH measurements and nitrate concen-
trations were not recorded for this period. Consequently, it is unclear
whether additional N,O was formed from the LW variants or whether
the higher concentrations were due to other unknown effects. NyO
concentrations decreased more quickly in the SW variants than in LW,
which might have been due to the higher bacterial activity and earlier
CO, formation in the former (see sections 3.2.1 and 3.2.2). After
fermentation was complete, the grass silage did not produce any addi-
tional gas; thus, the produced amounts of N3O remained in the barrels.
For the L variants, it can be assumed that the outward gas flow entirely
released the produced N5O (see section 3.2.1). Nevertheless, enter-
obacteria may have remained active and formed N»O from other sources
because the pH of the lucerne silage was above the critical activity limit
of enterobacteria, i.e. >4.5-5.0 (Gerlach et al., 2018; Spoelstra, 1985).
However, considering the increased CH4 concentrations in the barrels
(see section 3.2.2), it can be assumed that relevant amounts of N,O were
not produced (Fig. 4). Franco (2016) showed that lucerne silage emitted
significantly higher amounts of CO; and N2O than were emitted by
maize silage. Nonetheless, further studies will be necessary to determine
the emission behaviour during the ensiling process for different forage
types under various conditions and ensiling management practices.

3.2.4. CH4 and N2O concentrations within the first four ensiling days
Fig. 5 shows that, for each silage variant, CH4 formation occurred
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before N,O formation. The time interval between the concentration
peaks of the two gases was longer in the LW variants: 34.7 = 13.3hfor G
SW, 22.2 £+ 5.6 h for L. SW, 55.3 + 5.0 h for G LW and 66.0 + 2.0 h for L
LW, respectively.

At this stage, a final conclusion cannot be made regarding which
microorganisms and metabolic processes are involved in gas formation
at the beginning of ensiling. One potential explanation follows, although
other (biochemical) formation processes are also possible (e.g. degra-
dation of cell components). It is possible that facultative anaerobic
enterobacteria enzymatically convert formate (HCO, ) into CO3 and Hy
during the first hours (Pahlow et al., 2003). The increase in CHy
concentration ended when CO, concentrations exceeded 88.9% for G
SW, 81.4% for L. SW, 84.1% for G LW and 74.4% for L LW. The formed
H, can be used for methanogenesis because of the anaerobic conditions
and formation of small anaerobic pockets within aerobic plant material
(Emery and Mosier, 2015; Yenjai et al., 2012). Additionally, the residual
respiration of the forage and the increasing activity of the lactic
acid bacteria lead to complete anaerobic conditions and a decrease in
pH levels. The former condition leads to increased formation of NyO
by enterobacteria (see sections 3.1 and 3.2.3). This process releases
oxygen that this is rapidly respired. The latter condition first inhibits
methanogenic microorganisms, which are typically active at higher pH
levels, e.g. >6.8 pH for archaea (Aumiiller-Gruber et al., 2013), and then
inhibits the enterobacteria, which are active at >4.5 pH (see section

3.1). Consequently, the first CH4 peak and the N;O peak can be
attributed (indirectly) to the metabolism of the enterobacteria.

The higher measured gas concentrations suggest that the activity of
enterobacteria is higher in the G variants. Unfortunately, the concen-
trations of formate and nitrate in the fresh material and microbial
population were not analysed. Consequently, it is not possible to
conclude whether additional substrate or a bigger microbial population
led to increased gas formation in the grass variants. The similar CO,
formation results for the two forages (see section 3.2.1) suggest that
more CH,4 and N3O were formed in the grass variants. Earlier release of
the gases via COz mass flow seems unlikely. However, it is unclear why
the time interval between the gas peaks was longer in the LW variants. A
more detailed investigation of gas concentrations and emission quanti-
ties could potentially clarify when the gases are released; thus, further
studies evaluating GHG formation during this period should be
conducted.

3.3. Examination of the methodological procedure

In this study, 82 gas samples per silage barrel were taken and ana-
lysed using a gas chromatograph; overall, 984 gas samples were ana-
lysed. To our knowledge (see section 1), this is the first study to
investigate such an extended ensiling period (49 days) using such short
sampling intervals (as frequent as 0.5 h). Furthermore, this study used
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the largest common laboratory-scale containers available (120-L vol-
ume), whereas previous studies mainly used much smaller silos
(maximum volume: 20 L) (Bueno et al., 2020; Franco, 2016; Schmidt
et al., 2011, 2012).

The gas samples were taken in the headspace of the standing
laboratory-scale barrels above the silage material. Although the
methods used do not provide an answer to the open question (Zhao
et al, 2016) of how relevant gas measurements taken at the
laboratory-scale are on a practical scale, the plastic barrels used here are
established laboratory silos (Jungbluth et al., 2017; Sun et al., 2015) and
the gas sampling technique is comparable to that used in earlier studies
(Bueno et al., 2020; Restelatto et al., 2019; Schmidt et al., 2011, 2012).
In practice bunker silos, gas formation during the ensiling process is
observed through inflated silo film or gas escape at ground level (for
instance, reddish-brown gas clouds for nitrous gases containing nitrogen
dioxide). CO; and N3O have a higher molecular weight than air and can
accumulate within the silage barrels. The gas measurements show a NoO
peak in the first ensiling days (no discolouration was visible), but gas
concentrations may have been higher in the deeper layers of the barrel.
However, gas formation (mainly CO3) from the material led to an out-
ward gas flow (see section 3.2.1), which escapes between the barrel and
the lid. The gas sampling point (see section 2.3) was located at the edge
of the lid; thus, the escaping gases, which contained quantities of N3O,
flowed past the measuring point. Given the lower molecular weight of
CHy, the concentration of this gas (see section 3.2.2) could be measured
continuously. Consequently, it is assumed that the measurement results
are transferable to practice silos with a comparable ensiling process.

The measurement of GHGs using a gas chromatograph is an estab-
lished method that is practically suitable for use in animal houses, even
when gas concentrations are low (Schmithausen et al., 2016, 2018b).
However, this methodology is not applicable for measurements in
practice. Therefore, additional studies are required to examine the po-
tential use of rapid testing systems with lower measurement accuracy to
determine the appropriateness of the ensiling process in practice.

In the present study, the measurements taken using the tested ma-
terials under the specific conditions showed that gas concentrations
within silage vary considerably over time. On the one hand, the exper-
iment indicated that CH4 formation preceded N,O formation by several
hours during the first days of the ensiling process (see section 3.2.3). On
the other hand, the measured values show CHy4 formation after ensiling
day 12 in silages with increased butyric acid concentrations (see section
3.2.1). To our knowledge, this was the first practical measurement to
show this phenomenon. Therefore, the methodology described here
could provide further insights into the metabolic activity of microbiota
during the ensiling process.

Unfortunately, the quantification of GHG emissions was not possible
in this study because the objective was instead to record detailed con-
centration courses over time. Schmidt et al. (2012, 2011) concluded that
GHG emissions from the ensiling process play a subordinate role
compared with the emissions from cattle and dairy farming processes.
This statement could be re-examined considering the varying gas con-
centrations observed during the ensiling process as well as calculated
emission quantities. Any projections of GHG emission quantities based
on one-time measurements of gas concentrations (Bueno et al., 2020;
Schmidt et al., 2011, 2012) could underestimate or overestimate the
emissions from silage (especially in cases with poor ensiling quality).
Further studies should also include assessment of NH3 concentrations or
emissions as well as more extensive material analyses.

Finally, it can be concluded that, in addition to chemical analyses of
silage material, repeated gas analyses, as described in the present study,
could contribute to improving our understanding of the ensiling process
and ensiling quality. Therefore, new studies addressing open research
questions and comparing various types of forage are recommended.
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3.4. Implications for ensiling management research

In practice, silages are too often of poor quality; hence, it is necessary
to investigate these situations appropriately. In some regions of the
world, weather fluctuations and relatively short harvest periods (due to
precipitation) can impair harvest conditions, harvest security and
fermentation capacity (Persson and Hoglind, 2014). In addition, the
demand for high-quality silage will increase globally over time (Wil-
kinson, 1999; Wilkinson and Muck, 2019). However, if high-efficiency
harvesting machinery is not available, it is difficult to use shorter har-
vesting periods effectively. For this reason, fresh material with low DM
concentration was used here to provoke malfermentation and simulate
adverse harvest conditions. However, differences in the gas courses of
the silage variants show that DM concentrations noticeably affect
microbiological gas formation. Additional research should therefore
involve experiments with varying DM concentrations.

According to current knowledge, malfermentation leads to five
negative outcomes: (1) decreased feed intake (Spiekers, 2012), (2)
reduced feed quality (especially energy and protein losses) (Wilkinson,
1999), (3) increased feed quantity demand to fulfil the nutritional needs
of the animals, (4) higher levels of feed disposal, and (5) increased direct
GHG emissions during the anaerobic storage period. The first four fac-
tors lead to a rise in indirect emission quantities and climate impacts
from animal feeding and biogas production, respectively, because silage
quantities must be increased to produce the final outputs. This situation
may also be applicable to the ensiling of other forages (e.g. maize or
whole-plant grain silage), although further experimental studies are
required to confirm this. Future studies must also examine whether
significant GHG emissions occur in this case.

Especially in modern times, various methods should be used to
investigate and analyse the environmental impact of ensiling for live-
stock feed or biogas production and the optimisation of these methods
should be attempted. The use of ensiling additives to control the ensiling
process may be one viable option. The addition of chemical compounds
or microorganisms (mostly homofermentative or heterofermentative
lactic acid bacteria) could positively influence the ensiling process,
which could improve ensiling quality even under unfavourable condi-
tions. However, the production and application of these substances is
associated with increased effort for which the climate impact cannot
currently be quantified. A future comparison could involve the reduc-
tion in GHG emissions as result of minimising fermentation losses vs. the
additional effort required to include silage additives.

This study investigated the GHG emissions of different feeds with
varying DM concentrations. DM concentrations especially were found to
affect the timing of microbial formation processes (see section 3.2).
Thus, studies must be conducted to determine the effects of various DM
concentrations and investigate larger DM differences between silage
variants. In addition, DM concentrations can influence other silage pa-
rameters, such as the possible packing density of the silo, and can
therefore influence aerobic stability. As stated above, several additional
studies are required to improve our understanding of the multidisci-
plinary natural and man-made silage process chains.

4. Conclusion

Based on the execution and results of the experiment, the sampling
methodology was suitable to measure the varying gas concentration
courses within the silos and conclude the gas formation. This method
can be used for future fundamental research concerning different silage
variants for laboratory-scale measurements. However, further research
should quantify gas emissions and analyse microbial populations for
more detailed insights. The short measurement intervals (down to 0.5 h)
demonstrated that gas formation occurs within short periods, especially
during the first four ensiling days. Lower dry matter concentrations
favoured an earlier onset of CO,, CH4 and N,O formation. Besides, the
produced gases affect each other; the ongoing formation of CO; forces
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the other gases out of the silos. Thus, dry matter concentration plays a
significant role for the measured concentration courses and should be
considered in future studies. For lucerne variants, lactate degradation
and butyrate formation by clostridia (malfermentation) led to the pro-
duction of CHy at rising pH values from ensiling day 12. This phenom-
enon is reported here for the first time. Thus, malfermentation impairs
silage quality (reduced feed value or increased disposal quantities) and
actively contributes to GHG formation. An optimal ensiling process,
obtained using the best possible management practices, would therefore
be desirable from the perspective of animal nutrition and environmental
protection. However, further research is needed to determine GHG
emission quantities and the effects of various elements such as versatile
forage types, DM concentration, silage additives and environmental
factors.

Author contributions

Alexander J. Schmithausen and Hauke F. Deeken are equal first
authors of this work. Alexander J. Schmithausen: Conceptualisation,
Methodology, Validation, Formal analysis, Investigation, Resources,
Data curation, Writing — review & editing, Visualisation, Supervision,
Project administration, and Funding Acquisition. Hauke F. Deeken:
Validation, Formal analysis, Data curation, Writing — original draft
Preparation, Writing — review & editing, and Visualisation. Katrin
Gerlach: Conceptualisation, Validation, Investigation, Resources, and
Writing — Review & Editing. Manfred Trimborn: Conceptualisation,
Methodology, Validation, Formal analysis, Investigation, Resources, and
Writing — Review & Editing, Supervision. Kirsten Wei}: Validation,
Investigation, Resources, and Writing — Review & Editing. Wolfgang
Biischer: Resources, Writing — review & editing, Project administration,
and Funding Acquisition. Gerd-Christian Maack: Validation, Writing —
review & editing, and Visualisation.

Funding sources

This research was partly funded by the German Research Foundation
(DFG; BU 1235/8-1) and partly by the Institute of Agricultural Engi-
neering (Rheinische Friedrich-Wilhelms-Universitat Bonn, Germany).

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

The authors thank their scientific workshop colleagues (Institute of
Agricultural Engineering, Rheinische Friedrich-Wilhelms-Universitat
Bonn, Germany) for supporting the experiments. Furthermore, they
thank the staff of Campus Frankenforst of the Rheinische Friedrich-
Wilhelms-Universitdt Bonn (Konigswinter-Vinxel, Germany) for
providing the forage.

References

Amon, B., Kryvoruchko, V., Amon, T., Zechmeister-Boltenstern, S., 2006. Methane,
nitrous oxide and ammonia emissions during storage and after application of dairy
cattle slurry and influence of slurry treatment. Agric. Ecosyst. Environ. 112,
153-162. https://doi.org/10.1016/j.agee.2005.08.030.

Aumiiller-Gruber, C., Brautigam, V., Planer, J. (Eds.), 2013. Biogasanlagen in der
Landwirtschaft, sixth ed. aid infodienst Ernahrung Landwirtschaft
Verbraucherschutz, Bonn, p. 97.

Briining, D., Gerlach, K., WeiB, K., Stidekum, K.-H., 2018. Effect of compaction, delayed
sealing and aerobic exposure on maize silage quality and on formation of volatile
organic compounds. Grass Forage Sci. 73, 53-66. https://doi.org/10.1111/
gfs.12288.

Bueno, A.V.L, Vigne, G.L.D., Novinski, C.O., Bayer, C., Jobim, C.C., Schmidt, P., 2020.
Natamycin as a potential silage additive: a lab trial using sugarcane to assess

10

Journal of Environmental Management 304 (2022) 114142

greenhouse gas emissions. Rev. Bras. Zootec. 49, €20200017 https://doi.org/
10.37496/rbz4920200017.

Daniel, J.L.P., Junges, D., Santos, M.C., Jobim, C.C., Nussio, L.G., 2016. Modelling gas
production from silage fermentation. In: Hoglind, M. (Ed.), The Multiple Roles of
Grassland in the European Bioeconomy: Proceedings of the 26 General Meeting of
the European Grassland Federation Trondheim, Norway 4-8 September 2016.
Organising Committee of the 26" General Meeting of the European Grassland
Federation. NIBIO - Norwegian Institute of Bioecononmy Research, Wageningen,
pp. 287-289.

Daniel, J.L.P., Junges, D., Santos, M.C., Nussio, L.G., 2015. Effects of homo- and
heterolactic bacteria on the dynamics of gas production during the fermentation of
corn silage. In: Proceedings of the XVII International Silage Conference. XVII
International Silage Conference, Sao Paulo, Brazil. 01-03 July 2015. Sao Paulo,
Brazil, pp. 374-375.

Daniel, J.L.P., Nussio, L.G., 2015a. A simple and reliable system for measuring gas
production kinetics during silage fermentation in lab scale silos. In: Proceedings of
the XVII International Silage Conference. XVII International Silage Conference, Sao
Paulo, Brazil. 01-03 July 2015. Sao Paulo, Brazil, pp. 576-577.

Daniel, J.L.P., Nussio, L.G., 2015b. A simple and reliable system for measuring gas
production kinetics during silage fermentation in lab scale silos. In: Proceedings of
the XVII International Silage Conference. XVII International Silage Conference, Sao
Paulo, Brazil. 01-03 July 2015. Sao Paulo, Brazil, pp. 576-577.

Ebertz, P., Schmithausen, A.J., Biischer, W., 2020. Ad libitum feeding of sows with whole
crop maize silage—effects on slurry parameters, technology and floor pollution.
Anim. Feed Sci. Technol. 262, 114368. https://doi.org/10.1016/].
anifeedsci.2019.114368.

Emery, L., Mosier, N., 2015. Direct emission of methane and nitrous oxide from
switchgrass and corn stover: implications for large-scale biomass storage. GCB
Bioenergy 7, 865-876. https://doi.org/10.1111/gcbb.12196.

Franco, R.B., 2016. Measuring Emissions and Developing Strategies to Mitigate Volatile
Organic Compounds and Oxides of Nitrogen from Silage. PhD Dissertation.
University of California, Davis, Davis, California, USA.

Gerber, P.J., Hristov, A.N., Henderson, B., Makkar, H., Oh, J., Lee, C., Meinen, R.,
Montes, F., Ott, T., Firkins, J., Rotz, A., Dell, C., Adesogan, A.T., Yang, W.Z.,
Tricarico, J.M., Kebreab, E., Waghorn, G., Dijkstra, J., Oosting, S., 2013. Technical
options for the mitigation of direct methane and nitrous oxide emissions from
livestock: a review. Animal : Intl. J. anim. biosci. 7 (Suppl. 2), 220-234. https://doi.
org/10.1017/51751731113000876.

Gerlach, K., RoB, F., WeiB, K., Biischer, W., Siidekum, K.-H., 2014. Aerobic exposure of
grass silages and its impact on dry matter intake and preference by goats. Small
Rumin. Res. 117, 131-141. https://doi.org/10.1016/j.smallrumres.2013.12.033.

Gerlach, K., Schmithausen, A.J., Sommer, A.C.H., Trimborn, M., Biischer, W.,
Siidekum, K.-H., 2018. Cattle diets strongly affect nitrous oxide in the rumen.
Sustainability 10, 3679. https://doi.org/10.3390/5u10103679.

Gomes, A.L.M., Jacovaci, F.A., Bolson, D.C., Nussio, L.G., Jobim, C.C., Daniel, J.L.P.,
2019. Effects of light wilting and heterolactic inoculant on the formation of volatile
organic compounds, fermentative losses and aerobic stability of oat silage. Anim.
Feed Sci. Technol. 247, 194-198. https://doi.org/10.1016/j.
anifeedsci.2018.11.016.

Grossi, G., Goglio, P., Vitali, A., Williams, A.G., 2019. Livestock and climate change:
impact of livestock on climate and mitigation strategies. Anim. Front.: rev. mag.
anim. agric. 9, 69-76. https://doi.org/10.1093/af/vfy034.

Hafner, S.D., Montes, F., Rotz, C.A., Mitloehner, F., 2010. Ethanol emission from loose
corn silage and exposed silage particles. Atmos. Environ. 44, 4172-4180. https://
doi.org/10.1016/j.atmosenv.2010.07.029.

Hartinger, T., Gresner, N., Stidekum, K.-H., 2019. Effect of wilting intensity, dry matter
content and sugar addition on nitrogen fractions in lucerne silages. Agriculture 9, 11.
https://doi.org/10.3390/agriculture9010011.

Heron, S.J.E., Wilkinson, J.F., Duffus, C.M., 1993. Enterobacteria associated with grass
and silages. J. Appl. Bacteriol. 75, 13-17. https://doi.org/10.1111/§.1365-
2672.1993.tb03401.x.

Jacobs, A., Auburger, S., Bahrs, E., Brauer-Siebrecht, W., Christen, O., Gotze, P.,

Koch, H.-J., Riicknagel, J., Mérlander, B., 2017. Greenhouse gas emission of biogas
production out of silage maize and sugar beet — an assessment along the entire
production chain. Appl. Energy 190, 114-121. https://doi.org/10.1016/j.
apenergy.2016.12.117.

Jungbluth, K., Trimborn, M., Maack, G.-C., Biischer, W., Li, M., Cheng, H., Cheng, Q.,
Sun, Y., 2017. Effects of three different additives and two different bulk densities on
maize silage characteristics, temperature profiles, CO2 and O2-dynamics in small
scale silos during aerobic exposure. Appl. Sci. 7, 545. https://doi.org/10.3390/
app7060545.

Jungbluth, K.H., Maack, C., Biischer, W., Sun, Y., Cheng, Q., Menghua, L., Hong, C.,
2016. A new ex-situ method to investigate aerobic stability of maize silage faces.
J. Agric. Sci. Technol. 4, 49-54.

Kaiser, E., WeiB, K., 2007. Nitratgehalte im Griinfutter — bedeutung fiir Garqualitat und
siliertechnische MaBnahmen. Ubersichten zur Tierernahrung 35, 13-30.

Krommweh, M.S., Schmithausen, A.J., Deeken, H.F., Biischer, W., Maack, G.-C., 2020.
A new experimental setup for measuring greenhouse gas and volatile organic
compound emissions of silage during the aerobic storage period in a special silage
respiration chamber. Environ. Pollut. 267, 115513. https://doi.org/10.1016/].
envpol.2020.115513.

Kung, L., Shaver, R., 2001. Interpretation and use of silage fermentation analysis reports.
Focus on Forage 3, 1-5.

Kung, L., Shaver, R.D., Grant, R.J., Schmidt, R.J., 2018. Silage review: interpretation of
chemical, microbial, and organoleptic components of silages. J. Dairy Sci. 101,
4020-4033. https://doi.org/10.3168/jds.2017-13909.


https://doi.org/10.1016/j.agee.2005.08.030
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref2
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref2
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref2
https://doi.org/10.1111/gfs.12288
https://doi.org/10.1111/gfs.12288
https://doi.org/10.37496/rbz4920200017
https://doi.org/10.37496/rbz4920200017
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref5
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref5
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref5
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref5
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref5
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref5
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref5
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref6
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref6
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref6
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref6
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref6
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref7
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref7
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref7
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref7
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref8
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref8
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref8
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref8
https://doi.org/10.1016/j.anifeedsci.2019.114368
https://doi.org/10.1016/j.anifeedsci.2019.114368
https://doi.org/10.1111/gcbb.12196
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref11
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref11
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref11
https://doi.org/10.1017/S1751731113000876
https://doi.org/10.1017/S1751731113000876
https://doi.org/10.1016/j.smallrumres.2013.12.033
https://doi.org/10.3390/su10103679
https://doi.org/10.1016/j.anifeedsci.2018.11.016
https://doi.org/10.1016/j.anifeedsci.2018.11.016
https://doi.org/10.1093/af/vfy034
https://doi.org/10.1016/j.atmosenv.2010.07.029
https://doi.org/10.1016/j.atmosenv.2010.07.029
https://doi.org/10.3390/agriculture9010011
https://doi.org/10.1111/j.1365-2672.1993.tb03401.x
https://doi.org/10.1111/j.1365-2672.1993.tb03401.x
https://doi.org/10.1016/j.apenergy.2016.12.117
https://doi.org/10.1016/j.apenergy.2016.12.117
https://doi.org/10.3390/app7060545
https://doi.org/10.3390/app7060545
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref22
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref22
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref22
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref23
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref23
https://doi.org/10.1016/j.envpol.2020.115513
https://doi.org/10.1016/j.envpol.2020.115513
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref25
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref25
https://doi.org/10.3168/jds.2017-13909

A.J. Schmithausen et al.

Kupper, T., Héni, C., Neftel, A., Kincaid, C., Biihler, M., Amon, B., VanderZaag, A., 2020.
Ammonia and greenhouse gas emissions from slurry storage - a review. Agric.
Ecosyst. Environ. 300, 106963. https://doi.org/10.1016/j.agee.2020.106963.

Lengling, A., Reckels, B., Schwennen, C., Holscher, R., Waldmann, K.-H., Visscher, C.,
Biischer, W., 2020. Validation of a new resource-efficient feeding system for
fattening pigs using increased crude fiber concentrations in diets: feed intake and
ammonia emissions. In: Animals: an Open Access Journal from MDPI, vol. 10.
https://doi.org/10.3390/ani10030497.

Li, M., Shan, G., Zhou, H., Buescher, W., Maack, C., Jungbluth, K.H., Lipski, A., Grantz, D.
A., Fan, Y., Ma, D., Wang, Z., Cheng, Q., Sun, Y., 2017. CO2 production, dissolution
and pressure dynamics during silage production: multi-sensor-based insight into
parameter interactions. Sci. Rep. 7, 14721. https://doi.org/10.1038/s41598-017-
14187-1.

Malkina, I.L., Kumar, A., Green, P.G., Mitloehner, F.M., 2011. Identification and
quantitation of volatile organic compounds emitted from dairy silages and other
feedstuffs. J. Environ. Qual. 40, 28-36. https://doi.org/10.2134/jeq2010.0302.

Montes, F., Hafner, S.D., Rotz, C.A., Mitloehner, F.M., 2010. Temperature and air
velocity effects on ethanol emission from corn silage with the characteristics of an
exposed silo face. Atmos. Environ. 44, 1987-1995. https://doi.org/10.1016/j.
atmosenv.2010.02.037.

Mostafa, E., Selders, A., Gates, R.S., Buescher, W., 2020. Pig barns ammonia and
greenhouse gas emission mitigation by slurry aeration and acid scrubber. Environ.
Sci. Pollut. Res. Int. 27, 9444-9453. https://doi.org/10.1007/s11356-020-07613-x.

Myhre, G., Shindell, D., Bréon, F.-M., Collins, W., Fuglestvedt, J., Huang, J., Koch, D.,
Lamarque, J.-F., Lee, D., Mendoza, B., Nakajima, T., Robock, A., Stephens, G.,
Takemura, T., Zhang, H., 2014. Anthropogenic and natural radiative forcing. In:
Change, I.P.0.C. (Ed.), Climate Change 2013 - the Physical Science Basis. Cambridge
University Press, Cambridge, pp. 659-740.

Ohshima, M., McDonald, P., 1978. A review of the changes in nitrogenous compounds of
herbage during ensilage. J. Sci. Food Agric. 29, 497-505. https://doi.org/10.1002/
jsfa.2740290602.

opendata.dwd.de, 2021. Weather Report Bonn-Roleber (Station ID 603), Historical Data
2010 - 2019. http://opendata.dwd.de/climate_environment/CDC/observations_ge
rmany/climate/10_minutes/air_temperature/historical/10minutenwerte_TU_006
03.20100101_20191231 hist.zip. (Accessed 30 August 2021).

Pahlow, G., Hiinting, K., 2012. Silierung: Garungsbiologische Grundlagen und
biochemische Prozesse der Silagebereitung. In: Gerighausen, H.-G. (Ed.),
Praxishandbuch Futter- und Substratkonservierung: Jetzt auch mit Silagen fiir
Biogasanlagen, eighth ed. DLG-Verl., Frankfurt, M., pp. 73-82

Pahlow, G., Muck, R.E., Driehuis, F., Elferink, S.J.W.H.O., Spoelstra, S.F., 2003.
Microbiology of ensiling. In: Buxton, D.R., Muck, R.E., Harrison, J.H. (Eds.), Silage
Science and Technology. American Society of Agronomy, Crop Science Society of
America, Soil Science Society of America, Madison, WI, USA, pp. 31-93.

Persson, T., Hoglind, M., 2014. Impact of climate change on harvest security and biomass
yield of two timothy ley harvesting systems in Norway. J. Agric. Sci. 152, 205-216.
https://doi.org/10.1017/50021859612001013.

Peterson, W.H., Burris, R.H., Sant, R, Little, H.N., 1958. Toxic gases in silage, production
of toxic gas (nitrogen oxides) in silage making. J. Agric. Food Chem. 6, 121-126.
https://doi.org/10.1021/jf60084a006.

Philippe, F.X., Laitat, M., Wavreille, J., Bartiaux-Thill, N., Nicks, B., Cabaraux, J.F., 2011.
Ammonia and greenhouse gas emission from group-housed gestating sows depends
on floor type. Agric. Ecosyst. Environ. 140, 498-505. https://doi.org/10.1016/j.
agee.2011.01.018.

Restelatto, R., Novinski, C.O., Pereira, L.M., Silva, E.P.A., Volpi, D., Zopollatto, M.,
Schmidt, P., Faciola, A.P., 2019. Chemical composition, fermentative losses, and
microbial counts of total mixed ration silages inoculated with different Lactobacillus
species. J. Anim. Sci. 97, 1634-1644. https://doi.org/10.1093/jas/skz030.

Rodhe, L.K.K., Ascue, J., Willén, A., Persson, B.V., Nordberg, A., 2015. Greenhouse gas
emissions from storage and field application of anaerobically digested and non-
digested cattle slurry. Agric. Ecosyst. Environ. 199, 358-368. https://doi.org/
10.1016/j.agee.2014.10.004.

Rooke, J.A., Hatfield, R.D., 2003. Biochemistry of ensiling. In: Buxton, D.R., Muck, R.E.,
Harrison, J.H. (Eds.), Silage Science and Technology. American Society of
Agronomy, Crop Science Society of America, Soil Science Society of America,
Madison, WI, USA, pp. 95-139.

Schmidt, P., Bueno, A.V.1., Novinski, C.O., Pinto, S., Souza, C.M., Rossi Junior, P., 2013.
Greenhouse gas emissions from fermentation of sugarcane silages treated with
natamycin or Lactobacillus buchneri. In: Greenhouse Gases and Animal Agriculture
Conference (GGAA): Poster Presentations (Monday). June. Cambridge University
Press, p. 448.

Schmidt, P., Novinski, C.O., Bayer, C., Dieckow, J., Junges, D., Santos, M.C., 2011.
Greenhouse gas emissions during the fermentation of sugarcane silages. In:
Proceedings of the II International Symposium on Forage Quality and Conservation.
Sao Pedro, Brazil, pp. 16-18 November.

Schmidt, P., Novinski, C.0., Cameiro, E.W., Bayer, C., 2012. Greenhouse gas emissions
from fermentation of corn silage. In: Proceedings of the XVIth International Silage
Conference, Hameelinna, Finland, 2-4 July 2012. XVI International Silage
Conference, Hameenlinna, Finland. 2-4 July 2012. MTT Agrifood Research Finland,
Helsinki, pp. 448-449.

Schmidt, P., Novinski, C.O., Zopollatto, M., 2018. Carbon absorption in silages: a novel
approach in silage microbiology. In: Proceedings of the XVIII International Silage
Conference. XVIII International Silage Conference, Bonn, Germany. 24-26 July 2018.
Bonn, Germany, pp. 20-21.

11

1 M

Journal of Enviro 304 (2022) 114142

15

Schmithausen, A.J., Schiefler, 1., Trimborn, M., Gerlach, K., Siidekum, K.-H., Pries, M.,
Biischer, W., 2018a. Quantification of methane and ammonia emissions in a
naturally ventilated barn by using defined criteria to calculate emission rates.
Animals: open access J. MDPI 8. https://doi.org/10.3390/ani8050075.

Schmithausen, A.J., Trimborn, M., Biischer, W., 2016. Methodological comparison
between a novel automatic sampling system for gas chromatography versus
photoacoustic spectroscopy for measuring greenhouse gas emissions under field
conditions. Sensors 16. https://doi.org/10.3390/s16101638.

Schmithausen, A.J., Trimborn, M., Biischer, W., 2018b. Sources of nitrous oxide and
other climate relevant gases on surface area in a dairy free stall barn with solid floor
and outside slurry storage. Atmos. Environ. 178, 41-48. https://doi.org/10.1016/j.
atmosenv.2018.01.038.

Seglar, B., 2003. Fermentation analysis and silage quality testing. In: Proceedings of the
Minnesota Dairy Health Conference. Minnesota Dairy Health Conference,
pp. 119-135.

Shan, G., Buescher, W., Maack, C., Lipski, A., Acir, I.-H., Trimborn, M., Kuellmer, F.,
Wang, Y., Grantz, D.A,, Sun, Y., 2021a. Dual sensor measurement shows that
temperature outperforms pH as an early sign of aerobic deterioration in maize silage.
Sci. Rep. 11, 8686. https://doi.org/10.1038/s41598-021-88082-1.

Shan, G., Maack, C., Buescher, W., Glenz, G., Milimonka, A., Deeken, H., Grantz, D.A.,
Wang, Y., Sun, Y., 2021b. Multi-sensor measurement of 02, CO2 and reheating in
triticale silage: an extended approach from aerobic stability to aerobic microbial
respiration. Biosyst. Eng. 207, 1-11. https://doi.org/10.1016/j.
biosystemseng.2021.04.004.

Spiekers, H., 2012. Ziele - in der Wiederkauerfiitterung. In: Gerighausen, H.-G. (Ed.),
Praxishandbuch Futter- und Substratkonservierung: Jetzt auch mit Silagen fiir
Biogasanlagen, eighth ed. DLG-Verl., Frankfurt, M., pp. 13-17

Spoelstra, S.F., 1983. Inhibition of clostridial growth by nitrate during the early phase of
silage fermentation. J. Sci. Food Agric. 34, 145-152. https://doi.org/10.1002/
jsfa.2740340206.

Spoelstra, S.F., 1985. Nitrate in silage. Grass Forage Sci. 40, 1-11. https://doi.org/
10.1111/j.1365-2494.1985.tb01714.x.

Spoelstra, S.F., 1987. Degradation of nitrate by enterobacteria during silage fermentation
of grass. NJAS 35, 43-54. https://doi.org/10.18174/NJAS.V3511.16757.

Sun, Y., Li, M., Cheng, Q., Jungbluth, K.H., Maack, C., Buescher, W., Ma, D., Zhou, H.,
Cheng, H., 2015. Tracking oxygen and temperature dynamics in maize silage-novel
application of a Clark oxygen electrode. Biosyst. Eng. 139, 60-65. https://doi.org/
10.1016/j.biosystemseng.2015.08.004.

VDLUFA, 2012. Band III die chemische untersuchung von Futtermitteln. In: VDLUFA
(Ed.), Das VDLUFA Methodenbuch.

Vigne, G.L.D., Zopollatto, M., WeiB, K., Pereira, L.M., Volpi, D., Schmidt, P., 2019. Gas
production and volatile composition of CO2-supplied corn silages. In: Proceedings of
the VI International Symposium on Forage Quality and Conservation. VI
International Symposium on Forage Quality and Conservation, Piracicaba, Brazil.
07-08 November.

Wang, L.C., Burris, R.H., 1960. Toxic gases in silage, mass spectrometric study of
nitrogenous gases produced by silage. J. Agric. Food Chem. 8, 239-242. https://doi.
org/10.1021/jf60109a023.

Weiland, P., 2010. Biogas production: current state and perspectives. Appl. Microbiol.
Biotechnol. 85, 849-860. https://doi.org/10.1007/500253-009-2246-7.

Weinberg, Z.G., Ashbell, G., 1994. Changes in gas composition in corn silages in bunker
silos during storage and feedout. Can. Agric. Eng. 36, 155-158.

Weinberg, Z.G., Ashbell, G., 2003. Engineering aspects of ensiling. Biochem. Eng. J. 13,
181-188. https://doi.org/10.1016/51369-703X(02)00130-4.

WeiB, K., 2001. Garungsverlauf und Garqualitat von Silagen aus nitratarmem Griinfutter.
PhD Dissertation, Berlin, Germany.

WeiB, K., Kroschewski, B., Auerbach, H., 2020. Formation of volatile organic compounds
during the fermentation of maize as affected by sealing time and silage additive use.
Arch. Anim. Nutr. 74, 150-163. https://doi.org/10.1080/1745039X.2019.1694357.

WeiB, K., Sommer, G., 2012. Bestimmung von Estern und anderen fliichtigen organischen
Substanzen (VOC) in Silageextrakten mit Hilfe der Gaschromatographie. In: VDLUFA
(Ed.), Kongressband 2012 Passau: Vortrage zum Generalthema:
Nachhaltigkeitsindikatoren fiir die Landwirtschaft: Bestimmung und Eignung.
VDLUFA-Verl., Darmstadt, pp. 561-569.

WeiBbach, F., Strubelt, C., 2008. Correcting the dry matter content of grass silages as a
substrate for biogas production. Landtechnik 63, 210-211a.

Wilkins, R.J., Syrjala-Qvist, L., Bolsen, K.K., 1999. The future role of silage in sustainable
animal production. In: Proceedings of the 12% International Silage Conference. 12t
International Silage Conference. 5th - 7th July, Uppsala, Sweden, pp. 23-40.

Wilkinson, J.M., 1999. Silage and animal health. Nat. Toxins 7, 221-232. https://doi.
0rg/10.1002/1522-7189(199911/12)7:6%3C221:AID-NT76%3E3.0.CO;2-H.

Wilkinson, J.M., Muck, R.E., 2019. Ensiling in 2050: some challenges and opportunities.
Grass Forage Sci. 74, 178-187. https://doi.org/10.1111/gfs.12418.

Wyss, U., Girard, M., Grosse Brinkhaus, A., Dohme-Meier, F., 2017. Proteinfraktionen in
drei leguminosenarten. Agrarforschung Schweiz 8, 220-225.

Yenjai, P., Chaiear, N., Charerntanyarak, L., Boonmee, M., 2012. Hazardous gases and
oxygen depletion in a wet paddy pile: an experimental study in a simulating
underground rice mill pit, Thailand. Ind. Health 50, 540-547. https://doi.org/
10.2486/indhealth.MS1307.

Zhao, Y., Wexler, A.S., Hase, F., Pan, Y., Mitloehner, F.M., 2016. Detecting nitrous oxide
in complex mixtures using FTIR spectroscopy: silage gas. JEP (J. Environ. Psychol.)
7, 1719-1729. https://doi.org/10.4236/jep.2016.712139.


https://doi.org/10.1016/j.agee.2020.106963
https://doi.org/10.3390/ani10030497
https://doi.org/10.1038/s41598-017-14187-1
https://doi.org/10.1038/s41598-017-14187-1
https://doi.org/10.2134/jeq2010.0302
https://doi.org/10.1016/j.atmosenv.2010.02.037
https://doi.org/10.1016/j.atmosenv.2010.02.037
https://doi.org/10.1007/s11356-020-07613-x
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref33
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref33
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref33
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref33
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref33
https://doi.org/10.1002/jsfa.2740290602
https://doi.org/10.1002/jsfa.2740290602
http://opendata.dwd.de/climate_environment/CDC/observations_germany/climate/10_minutes/air_temperature/historical/10minutenwerte_TU_00603_20100101_20191231_hist.zip
http://opendata.dwd.de/climate_environment/CDC/observations_germany/climate/10_minutes/air_temperature/historical/10minutenwerte_TU_00603_20100101_20191231_hist.zip
http://opendata.dwd.de/climate_environment/CDC/observations_germany/climate/10_minutes/air_temperature/historical/10minutenwerte_TU_00603_20100101_20191231_hist.zip
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref36
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref36
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref36
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref36
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref37
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref37
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref37
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref37
https://doi.org/10.1017/S0021859612001013
https://doi.org/10.1021/jf60084a006
https://doi.org/10.1016/j.agee.2011.01.018
https://doi.org/10.1016/j.agee.2011.01.018
https://doi.org/10.1093/jas/skz030
https://doi.org/10.1016/j.agee.2014.10.004
https://doi.org/10.1016/j.agee.2014.10.004
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref43
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref43
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref43
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref43
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref44
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref44
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref44
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref44
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref44
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref45
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref45
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref45
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref45
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref46
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref46
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref46
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref46
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref46
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref47
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref47
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref47
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref47
https://doi.org/10.3390/ani8050075
https://doi.org/10.3390/s16101638
https://doi.org/10.1016/j.atmosenv.2018.01.038
https://doi.org/10.1016/j.atmosenv.2018.01.038
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref51
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref51
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref51
https://doi.org/10.1038/s41598-021-88082-1
https://doi.org/10.1016/j.biosystemseng.2021.04.004
https://doi.org/10.1016/j.biosystemseng.2021.04.004
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref54
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref54
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref54
https://doi.org/10.1002/jsfa.2740340206
https://doi.org/10.1002/jsfa.2740340206
https://doi.org/10.1111/j.1365-2494.1985.tb01714.x
https://doi.org/10.1111/j.1365-2494.1985.tb01714.x
https://doi.org/10.18174/NJAS.V35I1.16757
https://doi.org/10.1016/j.biosystemseng.2015.08.004
https://doi.org/10.1016/j.biosystemseng.2015.08.004
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref59
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref59
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref60
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref60
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref60
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref60
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref60
https://doi.org/10.1021/jf60109a023
https://doi.org/10.1021/jf60109a023
https://doi.org/10.1007/s00253-009-2246-7
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref63
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref63
https://doi.org/10.1016/S1369-703X(02)00130-4
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref65
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref65
https://doi.org/10.1080/1745039X.2019.1694357
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref67
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref67
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref67
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref67
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref67
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref68
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref68
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref69
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref69
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref69
https://doi.org/10.1002/1522-7189(199911/12)7:6&percnt;3C221:AID-NT76&percnt;3E3.0.CO;2-H
https://doi.org/10.1002/1522-7189(199911/12)7:6&percnt;3C221:AID-NT76&percnt;3E3.0.CO;2-H
https://doi.org/10.1111/gfs.12418
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref72
http://refhub.elsevier.com/S0301-4797(21)02204-0/sref72
https://doi.org/10.2486/indhealth.MS1307
https://doi.org/10.2486/indhealth.MS1307
https://doi.org/10.4236/jep.2016.712139

	Greenhouse gas formation during the ensiling process of grass and lucerne silage
	1 Introduction
	2 Material and methods
	2.1 Forage material and silage variants
	2.2 Laboratory analysis of the silage material
	2.3 Sampling and analysis of fermentation gases
	2.4 Data processing and statistics

	3 Results and discussion
	3.1 Composition of the silage
	3.2 Gas formation during the ensiling process
	3.2.1 CO2
	3.2.2 CH4
	3.2.3 N2O
	3.2.4 CH4 and N2O concentrations within the first four ensiling days

	3.3 Examination of the methodological procedure
	3.4 Implications for ensiling management research

	4 Conclusion
	Author contributions
	Funding sources
	Declaration of competing interest
	Acknowledgments
	References


