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ABSTRACT

The substantial amount of nitrogen is found in horse dung which is partly lost during the storage
period. The horse dung is stored in the form of stockpiles. The concrete construction is done
around the stockpiles to prevent leaching of nitrogen, but still gaseous N-emissions can occur.
However, there is no information about the emission rates in the literature. The aim of this
thesis was to study the gaseous nitrogen emissions from horse dung and the effect of storage
on emission of nitrogen gas emissions. The horse dung was selected for this study based on the
age. The age of horse dung was fresh (F), one month old (M) and one year old (Y). We
measured in laboratory conditions nitrous oxide (N20), nitric oxide (NO) and nitrous acid
(HONO) emissions from all of three types of horse dung samples. The emission of NO and
HONO was higher in one-year old horse dung samples demonstrated that the emission
increased with the storage time of the dung. The mean emission rates of HONO and NO were
from 36 to 280 ng N kg dw'h'! and from 15 to 3500 ng N kg dw'h"!, respectively. N.O
emissions showed variability and (20.3 pg N kg dw™!' h'') was measured from the oldest
samples. In conclusion, the gaseous N losses increases with longer storage of horse dung.

There is a need to take measures to handle the horse dung in an environmentally friendly way.
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1 Introduction

The number of horses is increasing in the EU countries as well as in Finland. There are currently
75 000 horses in Finland and the number is expected to increase (Luke, 2016). The annual amount of
manure produced by these horses is more than 10 m* out of which a small portion is left on the
pastures during the summer. The main use of horse manure is to spread on the agricultural field as a
fertilizer. Every year about 770 000 m? of manure is collected from the stables. However, the main
problem is in the urban areas especially southern part of Finland. Most of these stables do not have
their own agricultural field to use horse manure as a fertilizer therefore it is very expensive for stables
owners to dispose of the manure. Apart from use as fertilizer the second potential option could be
burning of manure at farm level and use as an energy source. The horse manure has a very high
moisture contents and it should be dried before burning, this process costs a lot of money to farm
owners therefore it is not always possible at farm level (Edstrom et al., 2011; Lundgren & Pettersson,
2009). However, in optimal conditions emission from burning horse manure for energy purposes are
low (Lundgren & Pettersson, 2009) and also the ash could be used as a fertilizer. Manure could also
be used in bioreactors to produce energy Boske et al. (2014) but it also requires a huge investment
and as there is no standard bedding material used by every stables therefor efficiency depends on

the type of bedding material used (Boske et al., 2014).

The fresh horse dung is collected from stables and stored in the form of stockpiles before any further
action, for example transportation or processing. The concrete construction is done to store the horse
dung to prevent leaching of nutrients (e.g. nitrate) in the soil. However, during this storage period
also the gaseous N-losses e.g. as ammonia (NH3) or nitrous oxide (N20) from the manure are taking

place (Garlipp et al., 2011; Thomsen, 2000). The storage time and moisture content of the manure



can affect the N-gas emissions (Pratt et al., 2015) and also the type of the bedding material used

(e.g. straw, wood chips, peat) used (Garlipp et al., 2011).

Nitrous oxide (N20) is a powerful greenhouse gas about 300 times the radiative forcing of CO2 per
molecule. Nitrous oxide is predominantly emitted from agricultural soils. The other sources of
greenhouse gases are livestock manure management which are linked to about 10% of greenhouse
gas emissions (Owen & Silver, 2015). Apart from N-O, there is another nitrogen gas known as nitric
oxide (NO) which is not a direct greenhouse gas, but it indirectly contributes to climate change
because it causes the formation of tropospheric ozone (O3). NO is a reactive gas which cause to form

smog and acid rain (Heil et al., 2016).

By nature, greenhouse gases are relatively nonreactive. Apart from NO, another atmospheric gas
which is major precursor to atmospheric hydroxyl radicals known as HONO. This gas is linked to
production of NO and N>O in the atmosphere. The hydroxyl radicals are strong oxidizing molecules
which can for example, oxidize atmospheric methane (CH4) (Maljanen et al., 2013; Riedel & Lassey,
2008; Su et al., 2011). The aerosols (e.g. sulfuric acid and VOC’s) formed can accelerate the HONO
emissions, these are linked to air pollution and climate change (Kulmala & Petéja, 2011). The
mechanisms of HONO emissions in the soil are not well known yet. The formation of HONO in the
atmosphere occur by photolytic reaction of nitrite (NO2") or humic acid with nitrogen dioxide
Stemmler. ( 2006) but some other studies showed that N-rich soils are also responsible (Maljanen et
al., 2013; Oswald et al., 2013; Scharko et al., 2015; Su et al., 2011). The study by Maljanen et al.
(2013) showed that large HONO emissions are linked to N-rich organic soils with low C/N ratio.
The hypothesis is that animal manure with high organic matter and N-content can also be a major
source of HONO as well as the other N-gases; NO and N2O. To our knowledge there are no published

data available on the gaseous N emissions (e.g. N2O, NO or HONO) from horse manure. There are



many studies available on N-gas emissions from cattle, sheep or poultry manure e.g.(Larios et al.,
2016). As the horse manure differ in terms of composition and structure than e.g. dairy cow manure,
the gaseous emissions may also differ significantly. These emissions are very important to consider
for environmental friendly way to handle horse manure. To study the effect of manure storage on

emission of N-gas emissions we compared fresh, short term stored and long term stored horse manure.



2 Literature Review

2.1 Nitrogen cycle

Nitrogen is the most abundant pure element, found on earth, making up around 78% of our
atmosphere (Fields, 2004). It is key component of many life processes, being a major constituent of
DNA and proteins, however as the atmospheric nitrogen is relatively inert therefore biologically
useful nitrogen is rarely available. To be of use biologically, in nature the triple covalent bond holding
nitrogen atoms must be broken, which require a massive amount of energy. This triple bond is broken
in nature through lightning strikes or specialized nitrogen fixing microbes a conversion called
nitrogen fixation, and the product is ammonia (NH3). Nitrogen fixation is the initial step of nitrogen
transformation and whole bunch of all transformations; nitrification, denitrification, anammox, and
ammonification via biologically facilitated and chemical processes, which may eventually lead back

to N> in the atmosphere, are collectively known as the nitrogen cycle.

The other sources of ammonia apart from nitrogen fixation are: wet nitrogen deposition via dissolved
in rain water and dry nitrogen deposition as a gas or particles or spreading as a synthetic fertilizer/
natural livestock manure on agricultural fields and mineralization (Fields, 2004; Pilegaard, 2013;

Xiao et al., 2013).

Mineralization is a microbially facilitated process of breakdown of organic nitrogenous products into
inorganic ammonia, which is the most dominant source of inorganic ammonia input in the soil (Fields,
2004; Xiao et al., 2013). Mineralization rates depend upon many factors, for example the every 10°C
increase in temperature double the mineralization rate in many recorded soils and similarly increase
of moisture content of soil increase the mineralization with optimum rate around 80% WHC (water
holding capacity) of soil (Guntifias et al., 2012). Another, perhaps the most dominant factor
contributing to mineralization rate in the soil is C:N ratio. The C:N ratio below 25:1 tend to favour
mineralization, while soils with a C:N ratio above 25:1 tend to favour immobilization, which is the

microbial assimilation of inorganic nitrogen into organic compounds (Xiao et al., 2013).

The fate of soil ammonia is carried out further by two processes nitrification and denitrification.
During the process of nitrification, the biological oxidation of ammonia (NH3) to nitrite (NO2), is
conducted by ammonia oxidizing microbes, and the further oxidation of NO»™ to NOs" is carried out

by nitrite-oxidizing microbes. Mainly during nitrification process autotrophic microorganisms, are



involved, however some heterotrophic microbes, such as Alcaligenes faecalis, also contribute to the
nitrification process (Bateman & Baggs, 2005). The other biogeochemical mechanism of nitrification
is oxidation of ammonium without oxygen, a process known as anammox (anaerobic ammonium
oxidation) which has nitrite as electron acceptor. Nitrification is followed by a reduction of nitrite or
nitrate, a process called denitrification. Denitrification is carried by both biological and chemical
processes. The one biological process where a step-wise reduction of (NO3™ = NO = N,O = N») by
heterotrophic microbes and fungi occur is known as heterotrophic denitrification. The other biological
process in O2 limiting conditions where nitrifying microbes use alternate substrates as electron
acceptors is known as nitrifier denitrification. In addition to biological process a chemical process
known as chemodenitrification is also involved in denitrification which causes chemical reduction of
nitrite or hydroxylamine in acidic conditions on contact with Feo® Mg, or Cuz")(Bateman & Baggs,

2005; Jones et al., 2015; Kool et al., 2011; Zhu et al., 2013).

2.2 Climatically important Nitrogen gases

2.2.1 Nitrous Oxide (N20)

Nitrous oxide (N20) is a powerful long-lived greenhouse (GHG) in the atmosphere, with an average
mixing ratio of 322.5 parts per billion by volume (ppbv) in the year 2009 (IPCC, 2014). It has global
warming potential of almost 300 times that of carbon dioxide (COz) and 12 times more potent than
methane (CH4) over a hundred year lifespan (Thomson et al., 2012). At present, nitrous oxide (N20)
is responsible for almost 6.5% of the global increase in radiative forcing making it the third largest
contributor (IPCC, 2013) as well as the key depleting substance of the stratospheric ozone layer (Zhu
etal. 2013). The concentrations of N>O in the atmosphere have increased by 19 % since pre-industrial

times, by an average increase of 0.77 ppbv yr'! with in the period of 2000-2009 (IPCC, 2014).

For a better understanding of N>O soil emissions it is necessary to understand the major processes
involved in N>O production, consumption and emissions. The key multiple pathways of N>O
formation and consumption include direct release during the first step of ammonia oxidation
(hydroxylamine oxidation), nitrifier denitrification (reduction of NO; to N>O, NO),nitrite oxidation,
heterotrophic denitrification, anaerobic ammonium oxidation (anammox), dissimilatory nitrate

reduction to ammonium (DNRA) or nitrate ammonification (Hu et al. 2015) and abiotic chemo-
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denitrification (on contact with Fe, Mn or Cu ions or at low pH <5.47). There is often uncertainty
about the process involved in N>O emissions with in each soil because of difficulties to distinguish

between them (Zhu et al. 2013).

Nitrification and denitrification are recognized as the principal N2O production pathways in soils and
they can occur simultaneously. However, denitrification process is generally attributed as a dominant
source of N>O emissions. The conditions favorable to denitrification often raised the magnitude of
N20 emissions (Qu et al. 2014). The major factors affecting denitrification process have been long
recognized e.g. low soil oxygen level, high water contents (70% WEFPS levels), pH ( 5-8), temperature
(25 to 30°C), availability of nitrogen and carbon. In peat soils a low C/N ratio from 15 to 25 are
optimum for high N>O emissions. Freeze- thaw events as can also trigger the nitrous oxide emissions.
Nitrous oxide can be accumulated in soil during winter and then rapidly released during thawing.
Hydrogen sulphide (H2S) concentrations which can alter the activity of heterotrophic denitrification
and lead to N>O emission (Harter et al. 2014; Hu et al. 2015). The other process that interact with
N20O emissions have been reported in the literature include: nitrate availability in soil,
ammonification, ammonia volatilization, plant nitrogen uptake and oxidation of volatilized ammonia

(NH3) to produce N>O on plant leaves (Hu et al. 2015).

The soil moisture is an important factor of N>O emissions because it can affect the oxygen availability
to soil microbes. At high moisture contents such as the soil water content measured by water filled
pore space (WFPS) which is around 70% was often reported to link with high soil N2O emissions
(Kool et al. 2011). WFPS along with soil physical properties are linked to determine soil porosity and
pore size distribution that affect the diffusion of oxygen (O2) in the soil (Butterbach-Bahl et al. 2013).
In nitrogen-fertilized soils, total cumulative N>O emissions were significantly correlated to soil water
filled pore space (WFPS) with maximum emissions at around 70% WEFPS. The authors speculated
that the high emissions at 70% WFPS were related to the nitrification process. As the ammonium
(NH4") contents were significantly higher at moisture levels (90 and 110% WEFPS) than at lower
moisture levels (30, 50 and 70% WEFPS), whereas their NO3™ contents were significantly lower. They
concluded that nitrification process might dominate N-transformation processes at or below 70%
WEPS but denitrification process might dominate N-transformation when the soil moisture level
exceeds 90% WEFPS. Further the application of nitrification inhibitors dicyandiamide (DCD) or 3, 4-
dimethylpyrazol phosphate (DMPP) reduced the cumulative N>O emissions by 99.2% and 97.1%
respectively (Huang et al. 2014). The effect of WFPS on the role of nitrification and denitrification

to N2O emissions is very complex because of the heterogeneity of the soil environment where both



aerobic and anaerobic conditions might exist with in the soil at the same time and thus cannot be
clearly correlated to oxygen (Hu et al. 2015). Soil moisture could become the crucial regulator for
N20 emission during freeze/thaw periods. As many soil microbes are active around 0 °C temperatures
and freeze/thaw processes lead to pulses of N2O emissions with significant contributions to the annual
N20 budget. This may be attributed to the release of stored carbon during the thaw (Butterbach-Bahl
etal. 2013).

The global meta-analysis of field experiments showed that the amounts of N2O increase
substantially in soils with lower pH values (Shcherbak et al. 2014). The smaller emissions of N>O
were observed at alkaline conditions as the N> was the end product of denitrification while at acidic
conditions more N>O production was observed. This variation in emission rates was attributed to the
enzymes reductases for nitrate, nitrite and nitric oxide. These enzymes are more active at pH < 7 and
their efficacy is reduced at low pH. The maximum nitrification occur between pH 7 and 8. Further,
N20 production increased with decreasing pH (pH < 7) (Richardson et al. 2009). Consequently, N2O
produced in nitrification and denitrification processes is released and not reduced to N> (Qu et al.
2014). Acidic conditions also increase the output of N>O via chemo-denitrification due to the
instability of nitrite (Zhu et al. 2013).

Apart from the above-mentioned factors affecting the N>O emissions, other factors such as soil
temperature, organic matter contents greatly affect the N,O emissions. In peat soils the organic C
availability and NOs™ concentration under anaerobic conditions can affect denitrification activity

(Maljanen et al., 2007).

2.2.2 N20 emissions from animal manure

Livestock manures are major sources of nutrients, to be used for the fertilization of cropland and
grassland. The N in manure is vulnerable to losses via nitrification and denitrification of N from
manure in the form of nitrous oxide (N20), nitrogen oxide (NOx) and dinitrogen (N2) into the
atmosphere (IPCC, 2014). The potential sources of nitrogen gas emissions could be housing, storage
and application of animal manure on agricultural fields as well as droppings of grazing animals on
soil (Camargo & Alonso, 2006). The one possible source of nitrogen loss in the form of N>O is
through storage of animal manure in the form of piles as this provide aerobic and anaerobic conditions

within close proximity (Hansen et al., 2006). Emissions of total N lost in the form of N2O in stored
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cattle and pig farmyard manure (FYM) heaps, was observed about 9.8% by Webb et al. (2004) and
from stored poultry manure heaps between 0.2 to 0.8% (Thorman et al., 2006).

As stated previously that animal manure application on agricultural fields could be a potential source
of nitrogen gas emissions. Chadwick et al. (2011) compared N>O emissions following application of
pig slurry and dairy cow slurry at the soil with the same NH4"-N application rate. Higher emissions
of N2O were observed from the dairy cow slurry (2.42% of applied NH4" N, 0.97% of total N applied)
as compared to the pig slurry (0.94% of NH4*-N applied, 0.44% of total N applied). According to the
author the higher N>O emissions from the dairy cow slurry might be due to two reasons, first
differences in the carbon content of the slurries as the carbon availability stimulate the denitrification
activity and oxygen consumption in the soil and second the presence of fine solids in the dairy cow

slurry that potentially block soil pores which favours the anaerobic soil conditions.

2.2.3 Nitric Oxide (NO)

Nitric oxide (NO) is a reactive gas, and it plays a crucial role in atmospheric chemistry by regulating
oxidizing agents e.g., hydroxyl radical (OH") and controlling the photochemical formation of
tropospheric ozone (O3), the third largest contributor to positive radiative forcing (Zhu et al. 2013).
Atmospheric NO quickly reaches photo equilibrium with nitrogen dioxide (NOz), and the two
chemicals are known collectively as NOx (Pilegaard, 2013). NOx can undergo a series of reaction in
the presence of sunlight to form O3, a precursor of urban photochemical smog (Zhu et al, 2013). The
end photochemical products of NO: nitric acid (HNOs) and NOs3™ cause the formation of secondary
aerosols, acid rain, and nitrogen deposition. The hydroxyl radicals (OH"), formed by NOx often react
with a great deal of chemicals in the atmosphere to control their atmospheric lifespan (Huang & Li,

2014).

The main processes involved in the emission of NO are microbial nitrification, denitrification and
chemo denitrification. There are several factors involved upon which the net emission of NO depends
such as nitrogen availability, organic matter content, oxygen status, soil moisture, pH and

temperature.



Aerobic nitrification is generally the major pathways of NO production. The soil water content play
an important role in the emission of NO as the soil water controls oxygen transport in the soil and
also transport of gaseous N out of the soil. Nitrification is the dominant process of NO emissions
from dry well-aerated soils, because NO can diffuse out of the soil before being consumed. On the
other hand, in wet soils, denitrification dominates, and much of the NO is consumed by denitrifiers
before it can leave the soil; thus, N2O is the dominating gas emitted from the soil. Generally, the
process of nitrification is dominant at values of water-filled pore space (WFPS) below 60 per cent
and denitrification dominates at values above 60 per cent. The ratio of NO: N>O is often close to 1,
at a WFPS of 60 per cent. At high soil moisture contents, NO is more readily consumed where the

residence time is longer.

Soil pH play an important role in the emission of NO as in neutral to alkaline soils the main source
of NO emissions is generally nitrification, while in acidic soils it’s often denitrification (Pilegaard,
2013; Simek & Cooper, 2002). Secondly in general, NO emissions from acidic soils are lower than
their alkaline/neutral counterparts (Simek & Cooper, 2002). NO undergoes chemodenitrification at
low pH (especially below pH 4). Availability of N in the form of NO3 and NH"; in the soil, are
another most important factor for NO emission in the soil. The availability of NO~3 and NH"4 depends
on N input to the ecosystem and N output. The factors involved in the nitrogen input are for example:
nitrogen fixation, use of fertilizer/ animal manure. The nitrogen output includes: gaseous emission
and leaching. Leaching is mostly in the form of NO 3 and to a lesser extent dissolved organic nitrogen

(Pilegaard, 2013).

2.2.4 Nitrous acid (HONO)

Nitrous acid (HONO) is the source of OH™ radicals and NO at the UV spectrum range (320 nm-400
nm) as shown in the Fig 1. HONO contribute to about 30% of OH radicals in the troposphere (Su,
Chang, et al., 2011). The OH radicals are highly reactive and short lived, however due to their
oxidizing properties, they act as an atmospheric detergent by reducing the level of methane Jardine

et al. (2004) and are linked to ozone formation (Lelieveld et al., 2004). On the hand the increased



concentration of OH" radicals in the environment favors formation of aerosol particles which can

cause air pollution and climates change (Kulmala & Petdjd, 2011) as shown in Fig 1.

Aerosol Air pollution and
particles climate change

H Concentration

320-400 nm
HONO OH - " NO
Ozone Methane
formation removal

Figure. 1 Decomposition of HONO and its effects

The mechanisms of HONO formation in the atmosphere and soil are not fully understood yet. The
soil NO» - in acidic soil, could be a potential source of elevated abiotic HONO emissions and also a
source of large abiotic NO emissions (Maljanen et al., 2013; Su et al., 2011). Maljanen et al. (2013)
showed the intrinsic HONO emissions from acidic soil collected from drained peatlands were higher
as compared to pristine peatlands with high water table. The pH range of those drained boreal peat
soil were between 3.65 to 5.05 and further C: N ratio organic matter was relatively lower than other
sites suggesting that acidic soil with lower C: N ratio allow higher HONO emissions. Similarly
Donaldson et al. (2014) showed high emissions of HONO from soils with surface acidity of soil
minerals implying that up to 70% of global soils are capable of emitting HONO due to their acidic
or close to neutral pH; suggest soil nitrite, whether microbial derived or deposited on soil might be

the source of HONO emissions. The acidic snow surfaces could also be the source of HONO
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emissions (Beine et al., 2008). The day time HONO sources are still under debate as photolytic
lifetime of HONO is only ~10 min (Young et al., 2012). Photolysis of adsorbed nitric acid Li et
al. (2012) or reduction of NO; on the surface of humic acid could be the source of HONO emissions
(Stemmler et al., 2006).

The biogenic sources of HONO emissions might be from nitrite producing bacteria in the biological
soil crust Weber et al. (2015), alkaline soil Oswald et al. (2013) as well as agricultural and urban soil

Scharko et al. (2015) as shown in the table 1.

Table 1: Source of HONO emissions

Sr # Sources Reference
1 Surface acidity of soil minerals (Donaldson et al., 2014)
2 Nitrite: source of HONO emissions in acidic soils (Su, Chang, et al., 2011)
3 Drained peatland with low C:N ratio and acidic pH (Maljanen et al., 2013)

emits HONO in significant amount than pristine

peatland and upland forest

4 Biological soil crusts (Weber et al., 2015)

5 Snow packs: Upon acidification (Beine et al., 2008)

6 Burning of biomass (Roberts et al., 2010)

7 Ammonia oxidizing bacteria in alkaline soil. (Oswald et al., 2013)

8 Agricultural and urban soil: Ammonia oxidizing (Scharko et al., 2015)
bacteria

9 Heterogeneous reactions: photolysis of HNO; (day) (Lietal., 2012)

The reaction of OH+NO (night)

10 Reduction of NO: ™ on surface of humic acid (Stemmler et al., 2006)

11 Emissions of atmospherically important nitrous acid (Bhattari et al., 2018)
(HONO) gas from northern grassland soil increases in
the presence of nitrite (NO, )
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Twigg et al. (2011) investigated the nitrogen containing trace gases (NH3, HNO;, HONO) and
aerosol (NO3") simultaneously after fertilizing the grassland with 164 Kg N ha"! with cattle slurry in
South-East Scotland by using state-of-the-art chemical analyzer’s (GRAEGOR, QCLAS, PTRMS).
The total ammonia loss (TAN) was estimated 33.5 % over a 5- day period after fertilization. A N
budget over the 5-day period after the fertilization was estimated 17.2 kg N ha! from the fertilized
field. The average trimethylamine flux in the first 31 h following the first slurry application amounted
to 0.38% of the NH3-N emissions. The small HONO emission was also observed following
fertilization (up to 1 ng m s*'), however the mechanism is still unclear. Further, the deposition of all
compounds was observed to the adjacent unfertilized grassland. The overall summary of N budget
over a 5- day period of cattle slurry application as described by Twigg et al. (2011) is shown in table
2.

Table 2. N budget over a 5-day period of cattle slurry applied above grassland (Twig et al., 2011).

Compound Emission (g N ha™") Deposition (g N ha™)
Ammonia 17.248 1.72

Nitric Acid 0.01 1.57

Nitrous Acid 0.18 0.08

Nitrate 1.57 0.68

Trimethylamine 16.38 -—-

Total 17.266 4.04

In the latest study by Bhattarai et al. (2018) in experiments with grassland (Phleum pratense L.),
showed that HONO emissions increased up to 14 ugNm™2 h™! in the plot receiving annually 450 kg
N ha! as mineral nitrogen fertilizer. These findings were strongly linked with soil nitrite (NO2")
concentration and pH. The author suggested that agricultural soils after N-fertilization could be an
important source of HONO and its emission. The HONO emissions in these agricultural soils are
primarily dependent soil NO>~ concentration. These findings are similar to previous studies by
Maljanen et al. (2013) and Donaldson et al. (2014) where they showed that acidic soils could be

potential source of HONO emissions in conjunction with higher soil nitrite concentration.
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2.3. Nitrogen gas emissions from agriculture

The main source of nitrogen includes: agricultural land, livestock and poultry operations atmospheric
precipitation, geological sources, and urban waste. The strong increase in agricultural emissions show
due to the application of N-fertilizer to agricultural soils, spreading of animal manure and grazing of
animals (Ghaly & Ramakrishnan, 2015).

In the EU states agricultural activities generated 470.6 million tons of CO> equivalent in 2012, about
10 % of total greenhouse gas. The agricultural EU member states tend to account the highest
greenhouse gas emissions. The France and Germany together contributed just over one third (33.7 %)
of the EU-28’s greenhouse gas emissions from agriculture in 2012. The combined emissions of the
United Kingdom (11.0 %), Italy (7.5 %), Spain (8.0 %) and Poland (7.8 %) accounted for more than
one third (34.3 %) of the total. The agriculture emissions were about 30.7 % of total greenhouse gas
emissions in Ireland in 2012 showed highest contribution among any of the EU Member States
(Eurostat, 2016).

In 2014, agricultural activities in United States were responsible for emissions 8.3 percent of total
U.S. greenhouse gas emissions. The primary greenhouse gases emitted by agricultural activities were
methane and nitrous oxide. The fertilizer uses and other cropping practices, were the largest source
of U.S. N2O emissions in 2014, accounting for 78.9 percent (USEPA, 2016). In Canada emissions
directly related to animal and crop production are about 8.0% of total 2014 GHG emissions

(Environment Canada, 2016).

Soil is a major source of nitrous oxide (N20), nitric oxide (NO) and molecular nitrogen (N2), and
human activities lead to an increase in emissions. From natural and agricultural soil nitrogen oxide
(NOx) emissions are estimated at 7.3 and 3.7 tera grams (TgN year '), respectively, amounting to

about 23% of total global NOx emissions (Ciais et al., 2013). The agricultural soil, has been identified
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as the major source of N2O, with an approximately 50-60% of global N2O emissions (USEPA, 2010).
The increase in global demand for food and use of synthetic and organic fertilizers will further

increase N>O emissions (Wuebbles, 2009).

N-fertilizer use, animal manure applications, might be the possible source of nitrite accumulation in
the soil as shown in Fig 2. N-Fertilization caused more NO," accumulation in the soil compared to
the natural conditions. Application of N-fertilizers such as urea might cause the large NOy
concentrations in the soil due to the formation of alkaline solution on hydrolysis. Alkaline conditions
promote dissociation of NH4" to NH3 (pKa = 9.3). The freer more NH3 and high soil pH adversely
affect the activity of Nitrobacter Spp and nitrite accumulate because of slow conversion of nitrite to

nitrate (Burns et al., 1996; Heil et al., 2016).

Nitrite
accumulation

l —

T Agriculture practise

Alkaline pH v
N-Fertilization
v

l Nitrification v

l Animal manure

Soil characeteristics

Organic matter content

v

Moisture content

Temperature

Figure. 2 Factors affecting the nitrite accumulation in the soil
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Microbial nitrification and denitrification are the key processes in regulating the emissions of NO
and N2O from agricultural soils. During nitrification NH4* oxidizing bacteria transform NH4" to
nitrite (NOy") which is further converted into NO3™ by Nitrobacter sp. and Nitrospira sp. bacteria.
Under oxygen-deficient conditions, nitrous oxide and nitric oxide (NO) are minor by-products of the
transformation from nitrite (NO7") when nitrifier bacteria’s use NO>™ as a terminal electron acceptor
(FAO/TFA, 2001).
Nitrification is used to determine the form of nitrogen present and its mechanism of absorption,
utilization, or emission into the environment. The nitrification converts immobile NH4™ to the highly
mobile NOs~. Conversion of NH4" to NOs strongly affects N utilization by plants, because is often
the major uptake form of nitrogen (Subbarao et al., 2006). During denitrification the NOj3™ is
transformed to dinitrogen (N2) gas as shown below.

NOs NO2 NO N20 N2
During the transformation of NO3™ to N», a small and variable portion of the N is emitted as N>O gas.
This occur especially when the well aerated soils got moistened or saturated with water (Robertsone
& Groffman, 2007). The microbial denitrification is studied well but the abiotic denitrification
knowledge is still lacking. The coupled biotic-abiotic processes are not well studies yet, although they
can occur over a wide range of soil properties. On the other hand, existing analytical methods are not
well enough to differentiate among biotic and abiotic sources and sinks satisfactorily ( Heil et al.,
2016).

The abiotic denitrification pathways for NO;™ loss from soil are known; such as nitrite self-
decomposition in the acidic condition, reactions with organic matter and chemo denitrification. Self-
decomposition appears to be the dominant process of NO>™ loss at pH < 5 as shown in the figure 3
below. At acidic conditions, NO2™ converts to nitrous acid, which then self-decomposes mainly to
NO. The NO further may be oxidized to NO» by atmospheric O» as shown in figure 3 (Merkved et

al., 2007). The other mechanism of abiotic denitrification can be direct oxidation of ammonium
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hydroxide (NH2OH) leading to nitrous oxide (N2O) emissions as described in the figure 3 (Udert et
al., 2005). The potential to oxidize NH2OH depends mainly on soil pH, and soil organic matter (SOM)

giving an evidence of coupled biotic—abiotic N2O production (Jannis et al., 2015).

Atmposphere
AAAA , AAAAA A A AAA
Soil N20 HONO (g NO
F Z*T 4
Ox1dat1(?r/1//// NO Ty +0,
AN ~ “\Eeer
Stable > 5.5 T~
NH:0H | —» NOy « FtH" | HNO: @ > NO2
-« —
\ -
}4 +H20

NOs «—

Figure.3 Schematic diagram of NO, self-decomposition, chemodenitrification and NH,OH oxidation
in the soil ( modified from Heil et al., 2016)

2.3 Uses of Horse manure and challenges

The horse manure consists of about 60% of solids and 40% of liquids portion and mainly consists of
faeces, urine, and used bedding material. Storage of manure causes emissions to air, soil, and water

Oenema et al.(2007) in the form of ammonia (NH3), nitrous oxide (N20O), carbon dioxide (CO;) and
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methane (CHa) (Garlipp et al., 2011). During storage, emissions to air occur from the pile of manure.
Storing manure without a proper cover for a long time permits losses of nutrients to soil and water
as shown in Fig 4.The improper manure storage caused environmental impacts mainly due to
nitrogen leaching to the subsoil, ground water and emissions to the air e.g. of CH4 and N2O (Oenema

etal., 2007).

Emissions to air

COs, CHg4, NH3, N2O, N2, NO, SO2, HsS, H,0

Horse Keeping

Feeding  Indoor housing  Outdoor keeping Manure Storage  Fertilization

Emissions to subsoil, ground water and surface water

NOs, NH3, NH4+, K, Cl, SOy4, POy, Ca, Mg, Na, Cu, Zn

Figure 4. Environmental impacts from horse keeping with focus on horse keeping (Hadin et al., 2016)

The possible uses of horse manure are to spread on the fields as a fertilizer or as an energy production.
The horse manure has a slow spontaneous decomposition as it is dry and has a low bulk density and
high carbon-nitrogen ratio due to a high proportion of bedding material. It is recommended to
compost the manure before to use as a fertilizer as it enhance nitrogen (N) availability to plants and
reduces the amount of manure, to spread (Hadin et al., 2016). The rate of decomposition of horse
manure depends on the type of bedding material used. The study by Airaksinen et al. (2001) showed,
the horse manure where peat was used as a bedding material was ready to spread after the composting
period. The use of composted horse manure as a fertilizer on arable land near horse stables is a viable
alternative for many of the horse stable owners. However, cereal farmer often not interested to use
composted horse manure as fertilizer since it may contain oat weeds that can put an extra burden on

the framer to weed the field manually. On the other hand, there is a rumor, the spreading of composted
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manure with wood shaving tend to restrain the plants growth because of its lignin and terpene contents
(Lundgren & Pettersson, 2009). In Finland, horse manure is a growing problem for horse stables, as
it is prohibited to spread or utilize on sloping fields at the beginning of 2016 (Paalanen, 2016).
Because of these issues as described above this is a huge problem for stable owners to manage horse
manure in Finland. However, there was news in media on behalf of Finland Maa- ja
metsidtalousministerio that regulations for burning horse manure at farm level will not be so strict
but there are still some rules, e.g. the burning temperature must be over 850°C for at least 2 seconds.
This is a good new for the horse farm owners in southern Finland where the number of horses is
high. However still, the major part of horse manure will be used as a fertilizer, if it is possible
(“Hevosenlannan poltto helpottuu — Suomesta 16ytyy jo monta sille soveltuvaa kaukolampokattilaa,”
2017 accessed date 21.11.2018).

The global need of alternative energy sources is getting momentum because of increasing energy
demand, rising fuel prices, decline in energy reservoirs, greenhouse gas emissions and global
warming (Nanda et al., 2015).The high ash fusibility (melting /sintering ash at lower temperature) is
the most common problem of non-wood biomass. To overcome this behavior, the temperature inside
the combustion bed should be limited. The incomplete combustion at low temperature leads to the
carbon monoxide (CO) emissions. On the other hand, the combustion of fuels with high ash contents
also shows high particle contents in the flue gas. Finally, the high particle level increases the fouling
on the heat exchanger surfaces. Further additional measures such as filter are required to fulfill the

emission limits (Edstrom et al., 2011).
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Aims

The aims of this study were

1. To study the nitrogen gas (N2O, NO, HONO) emissions from horse manure

2. To study the effect of storage on the emission of nitrogen gases

19



3 Material and Methods

The horse manure was sampled from a horse stable (Tapsan talli, Ranta-Toivala) which is located
in Eastern Finland (mean annual T 3.2. °C, annual precipitation 630 mm (Pirinen et al., 2012). Fresh
manure (F) samples (< 12 h) were collected in baskets directly from inside the stable. The short term
stored (about 1 month, M) and older samples (stored at least one year, Y) were collected from outdoor
stockpiles. The stockpiles have concrete floor and were covered with a roof. Wood chip pellets were
used as a bedding material. During sampling it was tried to remove bedding material as possible. The
samples were mixed manually. Four replicates of each sample were prepared as shown in Fig. 5
below. Four replicates of each type of manure (150 g dw) were placed in PVC rings (diameter 18
cm). The rings were sealed from the bottom with an aluminum foil as shown in Fig. 5 below. Cores
were incubated at room temperature (20 °C) before first flux measurements. Gas fluxes (N2O, NO
and HONO) were measured first at original moisture content (Table 2) and then after adjusting all
samples to same moisture level (2 g HO g dw™'). After moisture adjustment the fluxes were measured

after incubation of 13 days.

4 replicates

4 replicates

Figure. 5 Horse dung replicates
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pH and electric conductivity (EC) were measured from sample:water slurry (30: 50 v/v). Total C and
N were analysed with vario MAX elementar analyser (Elementar Analysensysteme GmbH,
Germany). For analysis of nitrate (NO3"), nitrite (NO2") and organic carbon (TOC) 30 ml sample and
100 ml milliQ-H20O were shaken at 175 rpm for one hour and then filtered and analyzed with an ion
chromatograph (DX 120, Dionex Corporation, USA) for NO3 and NO;™ and with Shimadzu TOC-
VCPH/CPN analyzer (Shimadzu, Japan) for DOC.

A sample of 30 ml manure and 100 ml 1M KCI was used to extract ammonium (NH4"). The
ammonium (NH4") was analyzed with spectrophotometer. The samples were dried for 24 h at 65 °C
to measure gravimetric moisture content. Loss on ignition was used to determine Organic matter
(OM) concentration at 550 °C. HONO fluxes were measured by dynamic flow chamber method
which was connected with a commercial HONO analyzer (LOPAP, QUMA Elektronik &
Analytik GmbH, Germany). NO emissions were also measured by dynamic chamber which was
connected with Thermo 421 NOx analyzer (Thermo Fisher Scientific). N2>O fluxes were measured
with a static chamber method. The samples were taken with syringes from the headspace of the
chamber at intervals of 5, 10, 15 and 20 min after closing the chamber. In addition to N>O also CH4
and CO; fluxes at initial moisture content were measured with the same method. Gas samples were
injected into 12 ml Exetainers (Labco, UK) and were analyzed with a gas chromatograph (Agilent

7890B, Agilent Technologies, USA).

4 Results

Samples properties were measured from each type of four replicates. The pH in all samples was above
7 and EC above 800 uS cm™' as shown in (Table 2). Organic matter (OM) content, carbon
concentration, and C/N ratio were significantly lower in older one-year (Y) samples as compared to

fresh (F) and one month (M) old samples. Dissolved organic carbon (DOC) concentration decreased
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with increasing age of manure as shown in table 2. The initial moisture content was higher in fresh

(F) and one month old (M) samples than in one year old (Y) sample, as expected.

Table 2. Sample properties (average + standard deviation) measured from 4 replicate samples. EC = electrical
conductivity (uS cm™), OM = organic matter concentration (%), C = total carbon concentration (%), N = total nitrogen
concentration (%), C/N = carbon and nitrogen ratio, DOC = water extractable dissolved organic carbon (mg g dw™'), GM

= initial and adjusted gravimetric moisture (g H.O g dw'), CHs = methane production rate (ug g dw™' h™') and CO, =

carbon dioxide production rate (mg g dw™! h'!') measured at initial moisture.

Fresh (F) One month old (M) One yearold (Y)  F-value
pH 7.5 7.9 7.7 1.64
EC 810 + 1807 1670 + 330P 1630 + 350° 10.43**
OM 90.1 £ 0.4° 90.6 +1.0? 65.7 £ 8.1° 36.42%+*
C 44 +0.12 43 £0.4° 31.8+4.6° 27.31%*
N 1.8£0.1 1.6+£0.1 1.8+£0.3 1.07
C/N 25.0+0.72 27.6 £0.8° 18.1 £1.5¢ 83.61**
DOC 18.8 +£0.6% 13.5+0.9° 11.3+1.8° 97.43%*
GMinitial 3.63+£0.122  3.05+0.15° 0.56 +£0.13% 12.29%*
GMadjusted 198 £0.10 1.94 +£0.05 1.58 +£0.40 1.85
CH4 20.8 £4.12 10.0 £3.3° 0.61 +2.4¢ 36.76**
COz 1140 £280* 1940 + 400° 120 + 540 41.61%*

The statistical difference between sample types were analyzed by One-Way ANOVA. Values with a

common letter as superscript do not differ as a statistical significance of p < 0.05 in Tukey’s test.
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HONO and NO were emitted from fresh (F), one-month (M) and one-year old (Y) samples. The
nitrous oxide was emitted only from fresh (F) and one-year old (Y) samples. The emission rates of
HONO and NO were statistically different among fresh (F), one-month old (M) and one-year old (Y)
samples as shown in (Fig. 6). The emissions of HONO and NO were dependent on the age of
manure as shown in (Fig. 6). HONO emissions were five times and NO emissions 60 times higher in
one-year old sample in comparison to fresh manure (F) at original moisture level. After adjusting
moisture 30 and 500 times, respectively. Fresh (F) and one-year old (Y) samples also emitted N»O.
The one-month (M) samples had negative mean N>O emission (uptake). The mean N>O uptake rate
in one-month (M) samples was 0.80 + 5.2 and 0.59 + 0.39 ug N kg dw ! at original and adjusted
moisture levels, respectively (not shown in Fig. 6 with log-scale in y-axis). The mean N2O emission

from one-year old (Y) samples were from 40 to 50 times as compared to fresh (F) samples.

NOs™ concentration was observed to be dependent on the age of the manure at initial moisture content
as shown in (Fig. 6). At the adjusted moisture content and after incubation of 13 days concentrations
of NO3~ were lower than the detection limit (0.01 pg g') in fresh (F) and one-month (M) samples.
NO; was detectable (> 0.01 ug g"') only from one-year old (Y) samples as shown in (Fig. 6).
Ammonium (NH4") concentration was lower in fresh (F) samples in comparison to one month (M) or
one year old (Y) at original moisture content but also there was not significant difference after

adjusting the moisture.

Methane emissions were observed to be decreased with the age of manure as shown in (Table 2).
Some of the one-year old (Y) samples even consumed some methane (CH4). CO2 emissions were
significantly higher from fresh (F) and one month (M) samples as compared to one year old (Y =

samples as shown in (Table 2).
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Figure 6. HONO, NO and N,O emissions and mineral nitrogen concentrations from samples in a) original moisture
content and b) adjusted moisture content. *) The average N>O emission from M sample was negative (mean N.O
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Whitney U-test).
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5 Discussion

NO and HONO were emitted from all samples types (fresh, one month old, one year old). The
emissions were observed to be dependent on the age of manure. Fresh (F) and one-year old (Y)
samples emitted N2O. From one-month old (M) net N>O uptake was measured despite emissions.
This was surprising for us. The reason behind net uptake measured in one-month old (M) samples
was not clear. As the samples were collected in the winter with temperature range (2°C-15 °C), the
storage of dung at low temperature might had decreased nitrogen mineralization. We assumed that
higher emissions from one-year old (Y) samples is a result of increased N mineralization/ nitrification
rate during storage in stockpiles. When manure is stored in stockpile, a portion of the organic N is
converted by soil microbes to ammonium (NHj4 ¥). NH4 * is then nitrified by different microbes to
nitrate which is then converted to gaseous N (including N>, N2O, NO and possibly HONO) in
denitrification. It was observed that ammonium (NHs *) was not accumulating in the one-year old
manure samples. This observation indicated that it was being used rapidly in nitrification. Detectable
amounts on NO>-was found only from one-year old (Y) manure. The higher HONO emission can be
linked to nitrite concentration as previous study by Su et al. (2011) showed that NO; can be a

potential source of HONO emission chemically.

There is no published data available about direct greenhouse gas (GHG) emissions from horse
manure. However, there are some studies Borhan et al. (2014); Garlipp et al. (2011) showing that
horse manure emitted N>O but the emission fluxes were not reported. If we compare the one year
(Y) horse manure emissions calculated per area (300 ug N2O-N m?2 h' and 52 ug NO-N m~2 h™") with
those from dairy cow manure patches measured with similar chamber and analyzer systems in the
field in Eastern Finland (110 + 20 pg N2O-N m?2 h'and 15 + 2 pg NO-N m h'') by Maljanen et al.

(2007) ) it can be seen that NO and N,O emissions from horse manure are almost three and ten times
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higher as compared to the mean emissions from dairy cow manure. However, our study was
conducted in laboratory conditions with controlled temperature and humidity. The realistic result of
N-gas emission from horse dung, potentially can be get by conducting experiments in the agricultural
fields where the manure is spread as a fertilizer. It seems that horse manure is very potential source
of the N-gases, including still rather unknown HONO gas. The mean HONO-N emissions were only
0.3% of the mean N2O-N emissions and therefore there the positive climate effect of HONO cannot
compensate the warming effect of N>O from horse manure. However, the HONO emissions measured
here from the one-year-old manure were among the highest “soil” related HONO sources published

so far.

6 Conclusion

e Horse manure is a source of nitrous acid (HONO) as well as nitric oxide (NO) and nitrous
oxide (N20)
e Storage in an outdoor pile increases nitrification, nitrate accumulation and emissions of

HONO, NO and N2O

e Accumulation of nitrite was found after one-year storage of manure could be associated to

enhanced emissions of HONO
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