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Abstract

Addition of fertiliser nitrogen (N) in crop production increases yields and protein contents, but all
is not taken up by the crop. Instead, some of the N is lost to air and waters, contributing e.g. to
climate change, stratospheric ozone depletion, eutrophication and acidification. There is a need for
a holistic perspective on different types of N losses, and also to include yield quantity and quality
in the assessment of different mitigation options and treatments. This thesis combined the study of
nitrous oxide emissions and N leaching with measurements and analysis of yields in five fertiliser
treatments in cereal production. The fertiliser treatments were control (no fertiliser N added), mineral
N as ammonium nitrates at two different rates (recommended and 50 % higher than recommended) and
two organic N sources (biogas digestate and pig slurry). The plant available N input in organic fertilisers
was between the two mineral N input rates. In the three years studied, the gap between N input and N
in yield was always larger in the higher mineral N treatment, biogas digestate and pig slurry treatments
than in the recommended mineral N treatment. Still, it was only the higher mineral N treatment that
had significantly greater N leaching than the control, in two of the three years studied. The relatively
low leaching in the organic fertiliser treatments, despite high N surpluses, appears to be an effect of
ammonium fixation and adsorption to negatively charged clay particles. Emissions of nitrous oxide
from the recommended mineral N treatment were close to the control, while all the three treatments
with larger N surpluses had significantly higher emissions than the control. In the higher mineral
N treatment, the great nitrous oxide emissions were associated with high nitrate concentrations in
the drainage water. This was not the case in the biogas digestate and pig slurry treatments, and it
could not be concluded whether the high emissions were driven by the addition of N, of degradable
organic matter or a combination of both. However, a laboratory study on freeze-thaw related nitrous
oxide emissions in the treatments with recommended mineral N rates and pig slurry indicated that
the organic matter had a stimulating effect on nitrous oxide fluxes. For both N leaching and nitrous
oxide emissions, post-season N losses dominated the annual budget. In relation to yield, N leaching
was approximately equal from all fertilised treatments, while nitrous oxide emissions were lowest from
the recommended mineral N treatment and greater for the higher mineral N, biogas digestate and pig
slurry treatments. This study illustrates that, even if some circumstances, like high N access and wet
conditions, in general increase the risks of both N leaching and nitrous oxide emissions, these two
pathways of losses do not always go hand in hand. In this study, the discrepancy in responses was
mostly an effect of ammonium fixation/adsorption and input of organic matter influencing the two
pathways differently.

Keywords: nitrogen, fertilisers, soil, nitrous oxide, nitrogen leaching, 15N, nitrogen use efficiency, nitrogen

budget, agriculture, Sweden
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Sammanfattning

Användningen av kväve i växtodlingen höjer skördarna och ökar proteinhalten i den aktuella
grödan, men allt tas inte upp. Istället förloras en del av kvävet till omgivningen, framför
allt genom utlakning av nitrat och genom förluster av ammoniak, lustgas, kvävemonoxid och
kvävgas till luften. Detta kväve på avvägar kan få stora konsekvenser för miljön och även
påverka vår hälsa. Så bidrar t.ex. nitrat och ammoniak till övergödning av vattenmiljöer, och
för ammoniaks del även till försurning, medan lustgas bidrar till klimatförändringar och till
nedbrytning av ozon i stratosfären.

För att komma till rätta med jordbrukets kväveförluster behöver man ett helhetsperspektiv på
förlustvägarna, så att inte en åtgärd för att minska en typ av förluster leder till ökade förluster
av ett annat slag. Man behöver dessutom sätta förlusterna i relation till skördens storlek och
kvalitet, så att inte åtgärderna ger en ineffektiv produktion. Det är ont om studier som par-
allellt belyser lustgasutsläpp och kväveutlakning från samma försök. Den här avhandlingen
tar ett helhetsgrepp på kväveflödena under en treårig spannmålsväxtföljd (höstvete-vårkorn-
havre) i fem olika gödselbehandlingar vid Lanna försöksstation i Västergötland. Fokus ligger
på utlakning och lustgasförluster, som sätts i relation till gödsling och skörd. De fem olika
gödselbehandlingarna var a) kontroll utan kvävegödsel, b) gödsling med mineralkväve enligt
Jordbruksverkets rekommendationer (normalgödslat), c) gödsling med en 50 % högre miner-
alkvävegiva än rekommenderat (höggödslat), d) gödsling med biogasrötrest och e) gödsling
med svinflytgödsel. Gödseln tillfördes som delad giva i april och maj i samtliga fall. Behan-
dlingarna med organiska gödselmedel fickmineralkväve i första givan och sedan biogasrötrest
respektive svinflytgödsel i andra givan. Mängden växttillgängligt kväve som tillfördes i dessa
behandlingar hamnade mellan den rekommenderade och den höga mineralgödselgivan.

Kväveutlakningen var relativt låg från behandlingarna normalgödslat, biogasrötrest och svin-
flytgödsel (41-44 kg kväve per hektar för alla tre åren, vilket är nära kontrollen, 37 kg), medan
utlakningen tenderade att vara högre från höggödslat (54 kg kväve per hektar för hela växtfölj-
den). I tidigare studier har ofta gödsling med organiska kvävekällor givit större utlakning än
gödsling medmineralkväve bl.a. på grund av att det är svårare attmatcha kvävetillförseln med
grödans behov när en del av kvävet tillförs i organisk form. Det organiskt bundna kvävet tar
tid på sig att mineraliseras och kan frigöras utanför växtsäsongen, vilket innebär stor risk för
förluster. Orsaken till att våra resultat blev annorlunda är framför allt att försöken gjordes på
en lerjord, där en stor del av ammoniumkvävet i gödseln bands till lerpartiklar och på så vis
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skyddades från att lakas ut. Dessutom var kvävet i de organiska gödselmedel som användes
till största delen (67-85 %) i växttillgänglig form och kol/kväve-kvoten låg, vilket innebär att
bara en mindre del riskerade frigöras utanför växtsäsongen.

Lustgasutsläppen, som mättes under drygt 13 månader, var låga från normalgödslat, även här
nära kontrollen (0,77 respektive 0,53 kg kväve per hektar för hela mätperioden). Från höggöd-
slat, biogasrötrest och svinflytgödsel tenderade lustgasemissionerna att vara högre (1,7-1,8 kg
kväve per hektar). De huvudsakliga processer som bidrar till lustgasutsläpp från åkermark är
nitrifikation (omvandling av ammonium till nitrat), denitrifikation (omvandling från nitrat till
lustgas eller kvävgas) och denitrifikation utförd av nitrifierare (omvandling av ammonium via
nitrit till lustgas eller kvävgas).

För både utlakning och lustgasutsläpp skedde en stor del av utsläppen under höst, vinter och
tidig vår. Detta beror på blöta förhållanden i kombinationmed lågt kväveupptag under den de-
len av året. För lustgasutsläppens del bidrog även det faktum att jorden frös och tinade, vilket
stimulerade lustgasproduktionen i jorden. En laboratoriebaserad studie av effekterna av frys-
ning och tining på lustgas- och kvävgasemissioner från jord hämtad från den normalgödslade
och den svinflytgödslade behandlingen visade också den att lustgasutsläppen i samband med
frysning och tining var högre från den svinflytgödslade behandlingen. Även utsläppen av
kvävgas var i många fall högre från jorden behandlad med svinflytgödsel. Både totala lust-
gasutsläpp och lustgasutsläpp från enbart denitrifikation av tillfört isotopmärkt nitratkväve
var högre från svinflytgödselbehandlingen. Detta tyder på att det organiska materialet som
tillförts med svinflytgödseln hade en effekt.

I den här studien ser vi att höga restkvävemängder i behandlingarna med biogasrötrest och
svinflytgödsel har hindrats från utlakning genom att ammoniumjoner binds till lermineral,
samtidigt som kväve har varit tillgängligt för lustgasutsläpp. I den höggödslade behandlingen
kombinerades höga lustgastutsläpp med höga halter av nitrat i dräneringsvattnet, vilket tyder
på att tillgången på nitrat var god, och detta gynnar denitrifikationen. I behandlingarna med
organiska gödselmedel däremot, var koncentrationen av nitrat i dräneringsvattnet låg, mellan
nivåerna i normalgödslat och kontrollen. Det är alltså troligen inte tillgången på nitrat i första
hand som har stimulerat bildning och utsläpp av lustgas i dessa fall. I stället kan den goda
tillgången på ammonium ha ökat nitrifikationen, samtidigt som det organiska material som
tillförts med biogasrötrest och svinflytgödsel stimulerat även denitrifikationen. Fritt nitrat
verkar inte ha uppehållit sig länge i jorden, eftersom dräneringsvattnet under hela försöket
visade på låga halter.

I relation till skörd var utlakningen ungefär densamma från alla de gödslade behandlingarna,
medan lustgasutsläppen var som lägst för normalgödslat och högre för övriga behandlingar.
Den här studien belyser att, även om vissa omständigheter, såsom god kvävetillgång och blöta
förhållanden, ökar förutsättningarna för både utlakning och lustgasutsläpp, så går dessa två
förlustvägar inte alltid hand i hand.
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1 Introduction

1.1 Nitrogen - an element of life

Nitrogen (N) is essential to all life as part of all nucleic acids and amino acids. In crop pro-
duction, N is of major importance; N, phosphorus (P) and potassium (K) constitute the macro-
nutrients, i.e. elements needed in large amounts to attain high yields. Until a few generations
ago, N supplywas severely limited and farmers had to use local N sources such as crop residues,
manure and biological N fixation, or in some cases the few N sources available on the market,
e.g. guano, mined sodium nitrate or ammonia (NH3) produced as a by-product from coking
(Smil 2001; Galloway et al. 2002; Sutton et al. 2011).

Industrial fixation of nitrogen gas (N2) to ammonia (NH3) was first developed in the early
20th century. It is called the Haber-Bosch process after the men who developed the process
(Fritz Haber) and made it industrially applicable (Carl Bosch) (Smil 2001). Oxidation of NH3

to nitrate (NO3
– ) at an industrial scale was then also developed. The use of mineral N for

fertilisers slowly increased in the first decades following the development of the technical N
fixation method - most of the product was then used for munition - but increased rapidly after
World War II (Smil 2001). As a result, yields increased dramatically, and the world population
rose from 2.5 billion in 1950 to 7.7 billion in 2019, as more people could be better fed (Erisman
et al. 2008; United Nations 2019).

1.1.1 Fertilisers in crop production

Arable land contains large amounts of organic nitrogen, estimated to 5000-15000 kg N ha−1

in the root zone, but only a tiny share (1-2 %) becomes available each cropping season (Jarvis
et al. 2011). On top of that, it can contain large amounts as fixed ammonium (NH4

+). In a study
compiling results from five Swedish locations, 5-300 kg N ha−1 in this form was found in the
top soil (Röing et al. 2006). Results for 14 out of 16 top soils in a German study were within
that range (Scherer et al. 1994).

Since large amounts of N is removed from the fields at harvest, and mineralisation of N in soil
organic matter (SOM), and release of NH4

+ fixed to clay particles is mostly slow and limited,
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N input is needed each season to maintain the productivity of agricultural land. The period of
crop uptake is usually rather short, and available N easily lost, so the timing of the N addition
is also important. TheN sources can be either mineral, i.e. based on industrially fixed nitrogen,
or organic, i.e. based on either recycled N, e.g. manure or on biologically fixed N in legumes
as green manure. The globally most common types of mineral N fertilisers are urea and NH4

+

based products (FAOSTAT 2021). In Sweden, 14 % of plant available N input in crop production
was from manure in 2019, and the rest from mineral N and treated organic fertilisers such as
digestate, sewage sludge and pelleted organic N sources (Statistics Sweden 2020). In spite of
the small contribution from manure to total plant available N input, as much as one third of
the arable land had input of manure, in many cases in combination with mineral fertilisers
(Statistics Sweden 2020).

Crop yields increase with application of N up to a certain point, over which yields drop. At
which N input rate the yield peaks depends on e.g. crop type, timing of application, soil
N delivery and weather. The economic optimum is the point where the cost of adding one
extra unit of N equals the economic benefit in terms of yield increase from that extra N; at
higher N rates costs of the yield increase outweigh the benefits (Jarvis et al. 2011). Mineral
fertilisers based on NO3

– are highly available for crop uptake, while NH4
+ and urea based

fertilisers generally are slightly slower. Organic fertilisers contain N as NH4
+ (plant available)

and organic N (most of it not directly available for uptake by plants). There is a great variation
in the relative proportions of NH4

+ and organic N between different organic inputs; usually
the plant available share of N is high in urine (about 90 %) and slurry (50-70 %), but lower for
farmyard manure (about 25 %) (Delin et al. 2012; Andersson et al. 2020).

The amount of N that will be available from organic fertilisers in the year of application will
depend on the relation between C and N contents of the fertiliser (Gutser et al. 2005; Bhogal et
al. 2016; Delin et al. 2021). In organic fertilisers with low C:N ratios, excess N will be released
as the organic material is consumed by microbes. In organic fertilisers with high C:N-ratios
(>15) there will be no excess release of N, and no fertilisation effect on crop (Gutser et al.
2005). Higher C:N-ratios than that could even have a reverse effect due to immobilisation of
soil mineral N.

A prerequisite for both good yields and harmful N losses to the environment from agricultural
land is the presence of available N in soil. Thus, it is desirable to maximise the proportion of
fertiliser N as that goes into the yield, while minimising the share that risks being lost to the
environment. The relation of output to input of N in can be used as a measure of the efficiency
of the use of N as a resource, N use efficiency (NUE) (Dobermann 2005).

In this thesis, ”fertilisers” include both mineral and organic nutrient sources. When only one
of these categories is referred to, it will be specified. Organic amendments, organic N sources,
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organic N input and organic fertilisers are here used as synonyms in the context of types of N
input.

1.1.2 Nitrogen and soil mineralogy

A small fraction of the total soil N content is in mineral form, as NO3
– or NH4

+ (Ashman
et al. 2002). While NO3

– is very mobile, NH4
+ can be adsorbed to negatively charged clay

particles (Jarvis et al. 2011). In soils containing vermiculite, illite, smectite or some types of
montmorillonite, NH4

+ can become fixed between mineral layers, and fixation starts imme-
diately after application (Dittert et al. 1998). Fixed ion pools are connected to exchangeable
pools via diffusion (Scherer et al. 1994).

When fertilisers containing NH4
+, either mineral or organic, are applied to soils containing

clay minerals with the capacity to fix NH4
+ (so-called 2:1 minerals), part of the NH4

+ is fixed.
In a pot experiment on illite-dominated soil, 7-100 % of NH4

+ added with slurry to top soil (0-
30 cm) was fixed, while the corresponding figure for subsoil (30-60 cm) was 49-100 % (Scherer
et al. 1994). Some of the pots in that experiment were planted with crops, and it was found
that NH4

+ fixation decreased during the growth of the crop, which indicates that fixed NH4
+

had become released and available to crops, which is also supported by a 15N experiment
(Scherer 1984; Scherer et al. 1994). However, the strength of the fixation of NH4

+ and thus
also the availability to crops varies depending on soil type (Scherer et al. 1986). Fixed NH4

+

appears to be protected from soil microbes e.g. nitrifiers, but as soon as NH4
+ diffuses out

from the clay inter-layers, nitrification may occur (Guo et al. 1983). Recently added NH4
+

which has become fixed between mineral layers has a greater chance of becoming released
(and successively nitrified and/or taken up by plants) than native NH4

+, since newly fixed
NH4

+ is located closer to the edges of the mineral (Guo et al. 1983).

1.1.3 The concept of reactive nitrogen

Reactive N (Nr) is N that readily takes part in chemical reactions or biological processes, and
includes all N forms except N2 (Galloway et al. 2002). The creation of new Nr was kept very
low before industrialisation. Combustion of fossil fuels, increase in biological nitrogen fixation
and, most of all, the Haber-Bosch process have since then contributed to a large rise; between
1860 and 2000, the anthropogenic creation of new Nr increased eleven-fold (Galloway et al.
2003). Crop production, through biological N fixation and mineral fertilizer production, now
represents 74 % of the annual anthropogenic Nr creation (Fowler et al. 2013). Anthropogenic
and natural contribution to new Nr is currently of equal size, which illustrates the enormous
changes that humans have made to the global N cycle (Fowler et al. 2013).
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Denitrification and anaerobic NH4
+ oxidation (anammox) are the currently known processes

which remove Nr from the biosphere by returning Nr to N2, and denitrification is the domi-
nating one in soils (Canfield et al. 2010; Butterbach-Bahl et al. 2011). The conversion of Nr to
N2 is slow, and Nr emitted in one form can be transformed multiple times, and have harmful
effects in terms of i.a. health effects, eutrophication and climate change before going back to
the atmosphere as N2 (Galloway et al. 2003; Fowler et al. 2013; Bodirsky et al. 2014). There is an
accumulation of Nr in the atmosphere, hydrosphere and biosphere, with vast environmental
implications (Bodirsky et al. 2014). The presence of these Nr cascade effects means that the
effect of Nr lost from agriculture is not restricted to direct impacts. Of all Nr emitted to the
environment, 1.0 % of Nr in gases and and 1.1 % of Nr in solutes is estimated to subsequently
be transformed to nitrous oxide (N2O) (Hergoualc’h et al. 2019). These emissions are called
indirect N2O emissions.

1.2 Environmental effects of emitted nitrogen

As N is often a limiting factor to primary production in natural ecosystems, agricultural losses
of N reaching these systems can have severe consequences (Vitousek et al. 2002; Erisman et
al. 2008). The most important forms of direct Nr emissions from arable fields and associated
environmental concerns include (Butterbach-Bahl et al. 2011; Erisman et al. 2013):

• N2O emissions, which contribute to climate change and stratospheric ozone depletion.

• Leaching of NO3
– , which contributes to eutrophication of aquatic ecosystems and con-

tamination of ground water.

• NH3 emissions, which contribute to acidification and eutrophication of terrestrial and
aquatic ecosystems.

• Nitric oxide (NO) emissions, which contribute to formation of tropospheric ozone (O3)
and nitrogen dioxide (NO2).

There are also secondary effects of these losses, e.g. reduced biodiversity (Vitousek et al. 2002).
In the following three sections, three of the mentioned N loss pathways (N2O emissions, N
leaching and NH3 emissions) will be described, covering a) current status of the emissions, b)
contribution to environmental problems, c) agricultural land’s share of the emissions, and d)
how and why it is emitted from arable fields. Emissions of NO are primarily associated with
effects on health rather than on the environment, and is therefore excluded from the compila-
tion below. Even though it represents N losses from agricultural fields of similar magnitude as
N2O, agriculture is not a major contributor to anthropogenic NO emissions; instead, burning
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of fossil fuel make up approximately 95 % of those (Butterbach-Bahl et al. 2011; Erisman et al.
2013; Liu et al. 2017).

Emissions of N2O have global effects, while the effects of N leaching and NH3 emissions are
most apparent on a regional level. Therefore, N2O emissions are described with a global
perspective below, while leaching and NH3 losses are discussed mainly in a Swedish con-
text.

1.2.1 Emissions of nitrous oxide

The concentration of N2O in the atmosphere has increased from pre-industrial estimated 270
ppm to 332 ppm in 2019, and is still rising (World Meteorological Organization 2020; NOAA
Global Monitoring Laboratory 2021). Much of this growth is related to cropland, where emis-
sions have increased eleven-fold between 1861 and 2011, according to terrestrial biosphere
models (Tian et al. 2018). Nitrous oxide is a strong greenhouse gas; 1 kg of N2O has a global
warming potential 265 times that of 1 kg carbon dioxide (CO2) in a 100 year perspective
(climate-carbon feed-backs not included) (Ciais et al. 2013). Between 1960 and 2019, N2O rep-
resents 6 % of the total effective radiative forcing resulting from human activities (Canadell
et al. 2021). Since the large reductions in the use of chloro-flouro-carbons in the 1990s, N2O
is also the substance for which current emissions contribute the most to global stratospheric
ozone depletion (Ravishankara et al. 2009). Agriculture’s share (including aquaculture, which
represents a only a small part of the sector’s N2O emissions) of the anthropogenic N2O emis-
sions is 52 % (Canadell et al. 2021).

There are several processes in soil which produce N2O, the three main processes in agricultural
soil being nitrification, denitrification and nitrifier denitrification (Butterbach-Bahl et al. 2013;
Van Groenigen et al. 2015). Nitrification is an aerobic process where ammonium (NH4

+) is
oxidised by a) autotrophic bacteria or archaea or by heterotrophic bacteria or b) organic N
(R–NH2) is oxidised by heterotrophic bacteria and fungi, in both cases via hydroxylamine
(NH2OH) and nitrite NO2

– to the end product NO3
– (Robertson et al. 2007). Autotrophic

nitrification is probably the most important type of nitrification in most soils, and is enhanced
by high NH4

+ concentrations in soil (eq. 1.1) (Robertson et al. 2007). The step in the reaction
where N2O can be produced is from the intermediate product NH2OH.

NH4
+ −−→ NH2OH −−→ NO2

− −−→ NO3
− (1.1)

Denitrification is an anaerobic or sub-aerobic process where NO3
– is reduced to N2O or N2 by

bacteria, archaea or fungi (eq. 1.2) (Butterbach-Bahl et al. 2011; Van Groenigen et al. 2015).
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of fossil fuel make up approximately 95 % of those (Butterbach-Bahl et al. 2011; Erisman et al.
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sumed, or both, in the denitrification process. The process is performed by heterotrophic
bacteria and fungi (Chen et al. 2014). Lack of oxygen (O2) is the strongest trigger of the den-
itrification process (Robertson et al. 2007). Availability of N and carbon (C) and low pH are
other conditions which enhance denitrification (Stehfest et al. 2006). Freezing and thawing of
soil can also trigger large emissions (Risk et al. 2013).

NO3
− −−→ NO2

− −−→ NO −−→ N2O −−→ N2 (1.2)

LowO2 levels in soil can be a consequence of high soil water content, as water instead of air fills
the pores in the soil. Anaerobic conditions can also occur as an effect of high soil respiration,
e.g. when easily degradable C is abundant or when soil is warm, or as a consequence of soil
compaction, i.e. where porosity is low (Butterbach-Bahl et al. 2013). Furthermore, even in
a soil which is well aerated, there can be anaerobic micro-sites within soil aggregates, when
microbial O2 consumption exceeds O2 diffusion into the aggregates (Sexstone et al. 1985; Kay
et al. 2006). Apart from the indirect contribution of organic amendments to denitrification
by increased respiration rates, organic matter added to the soil can also directly stimulate
denitrification by constituting a C source for denitrifiers and other heterotrophic organisms
(Robertson et al. 2007).

Some nitrifiers can also denitrify; this process is called nitrifier denitrification (eq 1.3) (Braker
et al. 2011). It appears that nitrifiers have the capacity to denitrify at slightly higher O2 avail-
ability than denitrifiers, although it is stimulated by sub-oxic conditions (Kool et al. 2011;
Wrage-Mönnig et al. 2018).

NH4
+ −−→ NH2OH −−→ NO2

− −−→ NO −−→ N2O −−→ N2 (1.3)

The emissions of N2O from arable fields normally represent a small loss of N (Butterbach-Bahl
et al. 2011). However, denitrification may still represent large N losses, as the process also
leads to N2 emissions. Because of the difficulties to distinguish emitted N2 from N2 in the
surrounding air, the scale and variation of N2 emissions are still little known (Van Groenigen
et al. 2015).

1.2.2 Leaching of nitrogen

Leaching of N, mainly as NO3
– , to surface waters contribute to eutrophication, i.e. enrichment

of nutrients in the sea, lakes and watercourses. Nitrate can leach to groundwater as well, and
thereby degrade its quality. Beside N, excess of P also contributes to eutrophication. The losses
of both P and N from Swedish land to coastal waters is decreasing, and N load is below or close
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above its recommended maximum in all Swedish sea basins (Swedish Agency for Marine and
Water Management 2019). However, anoxic and hypoxic conditions are still common in the
Baltic Sea, and there are also several marine regions in similar status globally (World Resources
Institute 2011). In 2014, leaching from arable soils was responsible for 44 % of all anthropogenic
emissions of N to Swedish surface waters (Ejhed et al. 2016).

Precipitation exceeding evapotranspiration in combination with high NO3
– concentrations in

soil implies a risk of N leaching. In humid temperate regions, most leached N is lost in winter,
when low temperature combined with no or slow crop growth cause low evapotranspiration,
and in addition crop N uptake is low or absent (Di et al. 2002). Leaching of N is often higher
on coarse-grained than on fine-textured soils (Bergström et al. 1991), lower if a catch-crop
is grown (Di et al. 2002; Constantin et al. 2010) and lower if split-application of fertiliser N is
practiced tomatch the needs of the crop (Di et al. 2002; Goulding 2000). Application of fertilizer
N exceeding economic optimum increases the risk of NO3

– leaching, since a smaller share of
every extra kg of N above optimum is likely to end up in the yield (Delin et al. 2014).

While NO3
– is very soluble and can be readily leached out, NH4

+ can stay in the soil as it
is electrostatically attracted to soil particles, which mostly have negatively charged surfaces,
at least in young soils with some clay content (Ashman et al. 2002). However, if available to
soil microbes, and if soil aeration is sufficient, NH4

+ will be nitrified. Compared to optimised
use of mineral N, long-term use of solid manure can result in increased leaching (Goulding
2000). When organic N sources are applied for many years, organic N accumulates in soil and
successively N from this pool becomes mineralised and plant available (Hansen et al. 2019). If
it becomes available at a time when crop uptake is low or crop is absent, it could be leached
out (Bergström et al. 1999). Liquid manure usually contains a smaller proportion of organic
N in relation to plant available N than solid manure, and also less C (Andersson et al. 2020).
This makes liquid manure more similar to mineral NH4

+ fertilisers, with a higher proportion
of N available immediately after application and a lower share becoming mineralised later
(Andersson et al. 2020).

1.2.3 Ammonia emissions

Emissions of NH3 contribute to acidification and eutrophication. Swedish emissions of all of
the main acidifying substances (nitrogen oxides, sulfur oxides and NH3) were reduced by 14 %
between 1999 and 2016, and NH3 emissions are expected to decrease further due to a shrinking
livestock sector (Naturvårdsverket 2019). Ammonia’s share of acidificationwas approximately
20 % in 2016, and agriculture (including stables, manure storage and field), was responsible for
88 % of NH3 emissions in Sweden that year, which means that agriculture contributed by 18 %
to the total Swedish anthropogenic acidifying emissions (Naturvårdsverket 2019).
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Globally, median NH3 emissions from organic N sources applied to agricultural land are esti-
mated to 23 % of N input (Bouwman et al. 2002). Emissions of NH3 from application of manure
(and other organic fertilizers) are higher if manure is left on the soil surface after application,
particularly if broadcast spreading is used (Rodhe et al. 2006; Hafner et al. 2019). Warm and
windy conditions while manure is applied contribute to higher emissions, while moist soil
reduces emissions (Ferm et al. 1999; Hafner et al. 2019). Reductions can also be achieved if
manure is applied in a growing crop, e.g. with a trailing hose. Volatilisation of NH3 can be
abated if manure is acidified before application, since the equilibrium between NH3 and NH4

+

is then shifted towards NH4
+ (Kavanagh et al. 2019).

After application of mineral NH4NO3 fertilisers, NH3 emissions are in general low, about a few
per cent of N input (Sommer et al. 2004); the emission factor recommended by the IPCC (for
subsequent calculation of indirect N2O emissions) is 5 % of the amount of fertiliser N added as
NH4NO3 (Hergoualc’h et al. 2019). Mineral N sources based purely on NH4

+ or urea generally
have higher emissions, approximately 25 % for urea (Sommer et al. 2004). Many of the actions
mentioned to reduce NH3 volatilisation after spreading of manure can be used successfully
also after application of mineral fertilisers (Sommer et al. 2004). Crops as well as crop residues
also emit NH3, particularly if grown with high N input; measurements of such NH3 emissions
in the 1980’s and 1990’s showed losses of 0.5-15 kg NH3-N ha−1 (Sommer et al. 2004).

1.3 Overall aim and objectives

To reduce agricultural N losses, one needs a holistic perspective on N loss pathways to avoid
that measures to combat one type of losses have adverse effects on other losses. Losses also
must be related to size and quality of yields so that taken measures do not result in an inef-
ficient production. There are several examples where multiple gaseous emissions have been
measured concurrently, e.g. N2O and NO, or N2O and NH3 (Ferm et al. 1999; Rodhe et al. 2006;
Zhu et al. 2013; Webb et al. 2010; Wolf et al. 2014; Liu et al. 2017; Kavanagh et al. 2019). In
contrast, there are only few studies which considered N2O emissions and leaching of nitrogen
in parallel (Pappa et al. 2011). There is a need for studies involving both these types of losses,
in combination with crop N offtake (N in harvested product), soil N processes, NH3 emissions
and preferably also N2 losses, to improve our understanding of N dynamics in arable fields,
which in turn is a prerequisite for effective mitigation strategies.

There is a large number of studies of N2O emissions from agriculture. Still, there are many
aspects which remain unclear, debated or are insufficiently understood, e.g. temporal N2O
emission dynamics, including full-year dynamics in relation to fertiliser input, the effects of
organic compared to mineral N input, freeze-thaw emissions, the importance of nitrifier deni-
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trification relative to nitrification and classic denitrification, and the relative magnitude of the
denitrification products N2O and N2 (Henault et al. 2012; Kim et al. 2012; Van Groenigen et al.
2015; Chantigny et al. 2017; Wagner-Riddle et al. 2017; Jungkunst et al. 2018; Wrage-Mönnig
et al. 2018).

The overall aim of this project was to understand the effect of contrasting fertiliser treatments
on N dynamics and emissions in a cereal crop rotation. To achieve this, we studied offtake
and emissions of N in five fertiliser treatments on a research farm in a cereal district in south-
western Sweden during three years. The following objectives were set up:

• To estimate how N amount and fertilizer type affect N2O emissions and N leaching.

• To trace 15N added with fertilisers in solid compartments after one cropping season.

• To make an in-depth analysis of the denitrification process after freezing and thawing,
with the use of a 15N tracer, in soil treated with contrasting N sources.
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2 Materials and methods

2.1 The site

The field site for this project was Lanna Research Station in south-western Sweden (58°20’
N, 13°7’ E, 80 m a.s.l., fig. 2.1). The station belongs to Swedish University of Agricultural
Sciences and has been a research farm since 1929. The area where the station is located is an
agricultural plain, where grain is the dominating crop type. Mean annual air temperature at
the site was 6.9℃ and mean annual precipitation 583 mm (1991-2020). In the three agronomic
years studied (1 April 2014 - 31 March 2017) annual precipitation was 640, 548 and 399 mm,
respectively (fig. 2.2). Atmospheric deposition of N was estimated to be 6 kg N ha−1 yr−1,
based on measurements in open fields in the county of Västra Götaland and on modelling
for Linköping municipality (Pihl Karlsson et al. 2010). The soil at the site is classified as a
Cambisol (Greve et al. 2000). Soil texture is silty clay, containing 40-46 % clay and 2.3-3.5 %
organic matter in the top soil, where pH is 6.6-7.2. Dry bulk density (DBD) varied between
seasons, but was usually around 1.25 g cm−3 at 0-20 cm depth, and 1.50 g cm−3 below 20
cm.

Figure 2.1: Location of Lanna Research Station.
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Figure 2.2: Monthly precipitation 1 April 2014 - 31 March 2017, and the reference period 1991-
2020. Figure modified from paper II.

Three facilities at Lanna Research Station were utilised for this study: the leaching plots, the
lysimeter facility and the ICOS station (fig. 2.3). Air temperature and precipitation were mea-
sured close to the lysimeter station. Soil temperature and soil water content were measured
at the ICOS station, 1.3 km from the leaching plots.

Figure 2.3: Lanna Research Station with 1) the lysimeter facility, 2) the leaching plots and 3)
the ICOS station.

2.2 Agronomic year and seasons

In this thesis, some of the results are presented per agronomic year, from 1 April to 31 March.
This is done in order to roughly cover the effects from one year’s fertiliser input. Losses of N
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during winter and early spring partly depend on N input in the previous season. Each agro-
nomic year consists of a crop season, defined as the time between 1 April and 30 September,
and a no-crop season, from 1 October until 31 March.

2.3 Leaching plots

There were 20 leaching plots, each 20 m by 21 m. Before our experiments started in 2014, the
leaching plots had been used for grain production with equal mineral fertiliser input in all
plots since 2011. The crop sequence in our project was winter wheat - spring barley - spring
oats. In autumn 2016, winter wheat was sown again. The field with the leaching plots was
managed with conventional field operations (tab. 2.1).

In spring 2014, mineral N in soil in the leaching plots was measured before the first fertiliser
application. At 0-30 cm depth, there was 7.9 kg NH4-N and 3.1 kg NO3-N ha-1, while at 30-60
cm depth, the corresponding figures were 7.1 and 5.5, respectively.

2.3.1 Fertiliser treatments

There were five fertiliser treatments in our study:

1. Control, no fertiliser N added (CL)
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These treatments were arranged in a randomised block design (fig. 2.4). The NM treatment
was based on mineral fertiliser N application according to recommendations by the Swedish
Board of Agriculture for specific crops (Albertsson 2013) (tab. 2.2). The recommended rates
reflect expected economic optimum. The HM treatment represents mineral N application at
50 % higher rates than NM. The aim was that the BD and PS treatments would have the same
plant available N input per year as NM, but preliminary analyses of the organic amendments
before field application turned out not to be representative, and plant available N input in the
field ended up between NM and HM for these treatments in all three years (tab. 2.2). Input
of N with pig slurry in 2014 exceeded the regulations in the EU nitrate directive (European
Council 1991).
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Figure 2.4: Principal layout of the tile-drained field. The black lines represent the drainage
tiles. Each plot is drained separately. The three small squares in ten of the plots represent the
possible chamber positions for N2O measurements. Numbers indicate the blocks. Fertiliser
treatments: dotted plots = control, checked plots = normal mineral N, filled plots = high min-
eral N, vertically striped plots = biogas digestate and plots with slanted stripes = pig slurry.
Each plot measures 20 m by 21 m. Note that proportions are not exact. Figure modified from
paper II.
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Table 2.1: Field operations from sowing of winter wheat in 2013 to first application of fertilisers
in 2017. Table modified from paper I.
Date Event
6 September 2013 Sowing of winter wheat
16 April 2014 Mineral fertiliser application
16 May 2014 Application of mineral fertiliser, pig slurry and biogas digestate
7 August 2014 Harvest
22-23 October 2014 Ploughing
10-11 April 2015 Harrowing, mineral fertiliser application and sowing of barley
18 May 2015 Application of mineral fertiliser, pig slurry and biogas digestate
9 June 2015 Herbicide application
20 August 2015 Harvest
21 October 2015 Ploughing
21-22 April 2016 Harrowing, mineral fertiliser application and sowing of oats
26 May 2016 Application of mineral fertiliser, pig slurry and biogas digestate
16 June 2016 Herbicide application
19 August 2016 Harvest
31 August - 1 September 2016 Ploughing and harrowing
2 September 2016 Sowing of winter wheat
28 March 2017 Fertiliser application

Pig slurry for the PS treatment was obtained from fattening pig production, which was also the
case for the pig slurry being the rawmaterial for the biogas digestion used in the BD treatment.
The slurries for the two treatments came from different farms. Analysed properties show that
the pig slurry and the biogas digestate were rather similar, except that the pig slurry in 2014
had higher dry matter (DM) content and higher C:N ratio (tab. 2.3). pH of the biogas digestate
was slightly higher than the pig slurry pH in 2014 and 2015 (not measured in 2016). In most
cases, the C content was similar for the two amendments, but we have no insight in the quality
of the C compounds, e.g. their degradability.

2.3.2 Measurements of nitrogen leaching (paper II)

In the leaching plots, tile drains were separated plot-wise to allow for individual measurements
of drainage volumes and N concentrations in the drainage water from each plot (fig. 2.4). The
plots were drained at 1.0-1.4 m depth, and drainage pipes were installed at 7 m horisontal
distance. For each plot, there was automated registration of drained water at every 0.75 L, and
when 7.5 L was collected, 15 mL samples were transferred to another container. There sub-
samples for N concentration measurements were collected to be analysed every two weeks.
The combustion method (SS-EN 12260:2004) was used to determine concentrations of total
N in the drainage water, which were mostly very close to the combined NO3

– and NO2
–

concentrations.
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Table 2.2: Fertilisers applied 2014-2016. Crops grown in these years were winter wheat, spring
barley and spring oats, respectively. The first application was with mineral N in all fertilised
treatments, all years. The type of fertiliser applied and the proportions of NH4-N and NO3-N
in mineral fertilisers are given in the ”Type” columns. Example: AN 61/39 means a NH4NO3
source with 61 % of its N as NH4

+ and 39 % as NO3
– . Treatments: CL = control, NM = normal

mineral N, HM = high mineral N, BD = biogas digestate, PS = pig slurry. Other abbreviations:
appl. = application, pl. avail. = plant available, tot-N = total N (the sum of organic and plant
available N), AN = ammonium nitrate, CN = calcium nitrate, biog. dig. = biogas digestate.
Table modified from paper I and II.
Year Treatment First appl. Second appl. Total

kg N ha−1 Type kg pl. avail. N ha−1

(kg tot-N ha−1) Type kg pl. avail. N ha−1

(kg tot-N ha−1)

2014 CL 0 0 0
NM 80 AN 50/50 80 CN 7/93 160
HM 120 AN 50/50 120 CN 7/93 240
BD 80 AN 50/50 91 (122) biog. dig. 171 (202)
PS 80 AN 50/50 160 (238) pig slurry 240 (318)

2015 CL 0 0 0
NM 55 AN 61/39 65 AN 50/50 120
HM 80 AN 61/39 100 AN 50/50 180
BD 55 AN 61/39 108 (127) biog. dig. 163 (182)
PS 55 AN 61/39 70 (86) pig slurry 125 (141)

2016 CL 0 0 0
NM 55 AN 61/39 65 AN 50/50 120
HM 80 AN 61/39 100 AN 50/50 180
BD 55 AN 61/39 70 (92) biog. dig. 125 (147)
PS 55 AN 61/39 86 (112) pig slurry 141 (167)

Table 2.3: Physical and chemical properties of the biogas digestate and pig slurry applied 2014-
2016. Abbreviations: BD = biogas digestate, PS = pig slurry, DM = dry matter.
Year Treatment Applied amount DM NH4-N content Total N content C:N pH

Mg ha−1 g kg−1 g kg−1

2014 BD 24 4.0 % 3.8 5.1 3.0 8.1
PS 39 8.6 % 4.1 6.1 6.1 7.2

2015 BD 27 3.0 % 4.0 4.7 1.7 8.0
PS 18 3.0 % 3.9 4.8 2.0 7.4

2016 BD 20 2.9 % 3.5 4.6 - -
PS 20 3.1 % 4.3 5.6 - -
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2.3.3 Measurements of nitrous oxide emissions (paper I)

From 19 May 2015 to 30 June 2016, automated chamber measurements of N2O concentrations
were conducted in 10 of the leaching plots. Each chamber was placed on a collar measuring
0.19 m2, and the total height of the collar and the chamber was 1.08 m, i.e. high enough to
host a mature cereal crop (fig. 2.5). There were three collars in each plot and the chamber
was moved between these collars twice a week, weekly or biweekly, depending on season
(positions of the collars are marked in fig. 2.4).

Chambers were permanently placed in the field, and only temporarily removed during field
operations. Theywere closed for 20min h−1 to allow accumulation of N2O for flux calculations
and were, under normal operation, running 24 h d−1. Concentrations of N2O (as ppmv) were
measured automatically on site with a trace gas analyser, which was linked to a data logger.
Fluxes of N2O were calculated with the use of linear regression.

2.3.4 Ammonia emission measurements

In all three years 2014-2016, NH3 emissions were measured the first 24-48 hours after applica-
tion of pig slurry and biogas digestate (tab. 2.1). In general, the majority of the NH3 emissions
happen in the first couple of days after application (Ferm et al. 1999; Rodhe et al. 2006; Evans
et al. 2018). No measurements were conducted after mineral N application. The NH3 emis-
sions were measured with passive diffusion samplers in dynamic chambers (fig. 2.6) (Svens-
son 1994). Measurements were conducted in three plots per treatment. The pig slurry pH was
just above 7, while pH in the digestate was approximately 8 (tab. 2.3). Mean air temperature
during measurements was 20.4℃ in 2014, 10.4℃ in 2015 and 12.6℃ in 2016. Mean wind dur-
ing measurements each of the three years was 2.2-3.1 m s−1. The passive diffusion samplers
were analysed by the Swedish Environmental Research Institute (IVL). The replication of the
ammonia measurements was uneven (2-4 replicates per treatment) and the measuring inter-
vals varied between both treatments and replicates. Results should therefore be considered as
indicative, and a statistical analysis of the results was not performed.

2.3.5 Yield measurements and analysis (papers I, II and III)

At harvest, crop residues were returned to the field; only the grains were removed. Three 20
m2 squares per leaching plot were harvested separately in order to measure the grain yield.
To determine moisture and N content, one grain sample from each square was analysed with
near infrared transmission (NIT).
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Figure 2.5: Chamber used for automated N2O concentration measurements.

Figure 2.6: Manual NH3 concentration measurements in chamber. The yellow frisbee in the
background was a rain cover for reference measurements outside the chamber.
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2.3.6 Analysis of N use efficiency (paper III)

With the use of data on N offtake and N input in the leaching plots from all three years, two
NUE measures were calculated and compared, namely the NUE indicator (NUEi, eq. 2.1) and
recovery efficiency of fertiliser N, the difference method, (RENG, eq. 2.2) (Ladha et al. 2005; EU
Nitrogen Expert Panel 2015).

NUEi = Nprod/Nin (2.1)

In eq. 2.1, Nprod represents N in all harvested products, and Nin all N inputs. Since crop
residues were returned to the field at harvest in this study, only N in grain (N offtake) was
included in Nprod. In Nin, mineral and organic fertiliser N input, atmospheric N deposition
and seed N were included.

RENG = (UN − U0)/FN (2.2)

The terms UN and U0 in eq. 2.2 represent N offtake in a N-fertilised treatment and a treatment
where no N is added, respectively, while FN is the fertiliser N input.

2.4 Lysimeters

The lysimeter facility was installed in August 2013. Intact soil profiles down to 80 cm depth
were collected from the field surrounding the leaching plots and placed in PVC containers
(fig. 2.7) (paper II). For this project 15 lysimeters were used, distributed in three blocks in a
randomised block design. The inner diameter of each lysimeter was 29.5 cm. In 2014, yields
in the lysimeters were not measured due to severe grazing damage on the crop, but in 2015
the lysimeters were harvested and yields measured. However, one lysimeter each from the
NM and PS treatment was excluded from yield analysis because the crop was eaten by moles
or hares just before harvest. The remaining yield from those two lysimeters were also not
included in the mean yield per treatment.

The outdoor part of the lysimeter experiment was terminated in September 2015, when all 15
lysimeters used in this study were taken to the laboratory for analysis of their solid compart-
ments. Lysimeters were there stored in room temperature (20 ℃) for a couple of weeks, while
samples were taken and analysed. During storage, lysimeters were covered with plastic sheets
to reduce gas exchange. Subsequently, soil top layers 1-10 cm and 10-25 cm were moved to
plastic boxes and sealed with lids.
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Figure 2.7: The lysimeter facility. a) Lysimeters in April 2014, before surrounding grass was
sown. The three rows to the right were included in the project presented in this thesis. b)
Lysimeter after uptake in September 2015, to be transported to the laboratory. c) Lysimeters
in June 2015, some with chambers for N2O measurements.
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2.4.1 Lysimeter fertiliser treatments and application of 15N tracer

The fertiliser treatments were roughly the same as in the leaching plots, but we failed to make
the second input of mineral fertilisers in NM and HM in 2014, which halved the N input to
these treatments that year (tab. 2.4). For the second fertiliser application on 25 May 2015,
15N was mixed with regular N fertilisers for each treatment, except CL, where pure (99 %)
15N was added. The N included in the regular fertilisers before enrichment will be referred
to as ”normal N”, i.e. N with an isotopic composition close to that of air and thus with an
average molar N mass of 14.01 g. In the NM and HM treatments, both the regular granulated
fertiliser (NH4NO3) and the additional 15NH4

15NO3 (99 % 15N fraction) was dissolved in de-
ionised water and poured onto the lysimeter soil surface in a striped pattern. The 15N to
normal N ratio in the solution was nearly 20 % (tab. 2.4). In the BD and PS treatments, a
solution of 15NH4

+ in de-ionised water was added to the biogas digestate and to the pig slurry,
so that the ratio of 15N to normal plant available N of the blend was 6-10 % (tab. 2.4). In the
CL treatment, 15NH4

15NO3 dissolved in de-ionised water was added to the lysimeters. The
reason why different 15N compounds were used for mineral and organic treatments was that
we wanted to add 15N in the same form as the plant available N contained in the normal N
fertilisers used in each treatment.

2.4.2 Lysimeter measurements of N leaching (paper II)

FromMay 2014 until September 2015, N leachingwasmeasured in the lysimeter facility (in par-
allel to the leaching plots). Drainage discharge was measured automatically every 15 minutes,
while samples for determination of N concentrations were collected every other week when
there was enough drainage water, or weekly in periods of high drainage discharge. There was
no drainage from the lysimeters between fertiliser application on 25 May and termination of
the lysimeter experiment on 16 September 2015.

2.4.3 Analysis of 15N and total N in plant and soil materials

In grain, straw, weeds, roots and soil, 15N was analysed in a mass spectrometer (Sercon, 20-22
Stable Isotope Ratio Mass Spectrometer and Europa EA-GSL Sample Preparation System). For
grain and straw there were two samples per lysimeter, while for roots and weeds one sample
per lysimeter was analysed. Soil was split into three depth categories, 0-10 cm, 10-25 cm and
25-80 cm, and two samples per depth per lysimeter were analysed. Because of the fine texture
of the soil, the total amount of roots could not be extracted. Instead, the total amount was
estimated from the yield in each lysimeter with the use of equations specified by the IPCC
(Hergoualc’h et al. 2019).
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Table 2.4: Fertilisers applied to lysimeters 2014-2015. The first application was with mineral N
in all fertilised treatments. In 2015, a 15N tracer was added at the second fertiliser application.
The mass of N for this share of the input was recalculated with the molecular mass of 14.01 g
mol−1 for this table, for the two years 2014 and 2015 to be comparable. Abbreviations: CL =
control, NM = normal mineral N, HM = high mineral N, BD = biogas digestate, PS = pig slurry,
org. = organic, tot-N = total N (the sum of organic and plant available N).
Year Treatment 1st appl. 2nd appl. Enrichment 15N 2nd appl. Total

kg N ha−1 kg pl. avail. N ha−1

(kg tot-N ha−1 )
15N fraction of pl. avail. N kg pl. avail. N ha−1

(kg tot-N ha−1 )

2014 CL 0 0 0 0
NM 80 0 0 80
HM 120 0 0 120
BD 80 91 (122) 0 171 (202)
PS 80 167 (247) 0 247 (327)

2015 CL 0 10 99 % 10
NM 55 60 19.4 % 115
HM 80 92 19.4 % 172
BD 55 94 (109) 6.7 % 149 (164)
PS 55 65 (77) 9.5 % 120 (132)

As for the yield from the leaching plots, NIT spectroscopy was used for the analysis of total
N content in grain and straw. For weeds and roots, total N content according to the mass
spectrometer analysis was used.

Dry mass loss on ignition (LOI, a measure of soil organic matter (SOM) content) and DBDwere
measured individually for each lysimeter at three different depth intervals. At 0-10 cm depth,
mean DBD was 0.93 g cm−3 and mean LOI 5.9 %, at 10-25 cm mean DBD was 1.22 g cm−3 and
mean LOI 5.9 %, and at 25-80 cm mean DBD was 1.51 g cm−3 and mean LOI 3.8 %.

2.5 Soil cores (paper IV)

In late autumn 2016, intact soil cores were collected from the NM and the PS treatments in the
leaching plots. The soil cores were contained in steel cylinders, 10 cm high, 7.2 cm in diameter
(fig. 2.8). The soil cores were used for an experiment investigating N2O and N2 emissions at
contrasting water filled pore space (WFPS) rates after freezing by using 15N. Denitrification
product ratios (DPR, eq. 2.3) were calculated per WFPS category and per sampling. Soil cores
were labelled with 15N directly before freezing, and they were kept in the freezer for 29 or 41
days (NM and PS soil cores, respectively). TheWFPS range among the soil cores was 40-100 %.

DPR = N2O-15N/(N2O-15N +N2-15N) (2.3)
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average molar N mass of 14.01 g. In the NM and HM treatments, both the regular granulated
fertiliser (NH4NO3) and the additional 15NH4

15NO3 (99 % 15N fraction) was dissolved in de-
ionised water and poured onto the lysimeter soil surface in a striped pattern. The 15N to
normal N ratio in the solution was nearly 20 % (tab. 2.4). In the BD and PS treatments, a
solution of 15NH4

+ in de-ionised water was added to the biogas digestate and to the pig slurry,
so that the ratio of 15N to normal plant available N of the blend was 6-10 % (tab. 2.4). In the
CL treatment, 15NH4

15NO3 dissolved in de-ionised water was added to the lysimeters. The
reason why different 15N compounds were used for mineral and organic treatments was that
we wanted to add 15N in the same form as the plant available N contained in the normal N
fertilisers used in each treatment.

2.4.2 Lysimeter measurements of N leaching (paper II)

FromMay 2014 until September 2015, N leachingwasmeasured in the lysimeter facility (in par-
allel to the leaching plots). Drainage discharge was measured automatically every 15 minutes,
while samples for determination of N concentrations were collected every other week when
there was enough drainage water, or weekly in periods of high drainage discharge. There was
no drainage from the lysimeters between fertiliser application on 25 May and termination of
the lysimeter experiment on 16 September 2015.

2.4.3 Analysis of 15N and total N in plant and soil materials

In grain, straw, weeds, roots and soil, 15N was analysed in a mass spectrometer (Sercon, 20-22
Stable Isotope Ratio Mass Spectrometer and Europa EA-GSL Sample Preparation System). For
grain and straw there were two samples per lysimeter, while for roots and weeds one sample
per lysimeter was analysed. Soil was split into three depth categories, 0-10 cm, 10-25 cm and
25-80 cm, and two samples per depth per lysimeter were analysed. Because of the fine texture
of the soil, the total amount of roots could not be extracted. Instead, the total amount was
estimated from the yield in each lysimeter with the use of equations specified by the IPCC
(Hergoualc’h et al. 2019).
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Table 2.4: Fertilisers applied to lysimeters 2014-2015. The first application was with mineral N
in all fertilised treatments. In 2015, a 15N tracer was added at the second fertiliser application.
The mass of N for this share of the input was recalculated with the molecular mass of 14.01 g
mol−1 for this table, for the two years 2014 and 2015 to be comparable. Abbreviations: CL =
control, NM = normal mineral N, HM = high mineral N, BD = biogas digestate, PS = pig slurry,
org. = organic, tot-N = total N (the sum of organic and plant available N).
Year Treatment 1st appl. 2nd appl. Enrichment 15N 2nd appl. Total

kg N ha−1 kg pl. avail. N ha−1

(kg tot-N ha−1 )
15N fraction of pl. avail. N kg pl. avail. N ha−1

(kg tot-N ha−1 )

2014 CL 0 0 0 0
NM 80 0 0 80
HM 120 0 0 120
BD 80 91 (122) 0 171 (202)
PS 80 167 (247) 0 247 (327)

2015 CL 0 10 99 % 10
NM 55 60 19.4 % 115
HM 80 92 19.4 % 172
BD 55 94 (109) 6.7 % 149 (164)
PS 55 65 (77) 9.5 % 120 (132)

As for the yield from the leaching plots, NIT spectroscopy was used for the analysis of total
N content in grain and straw. For weeds and roots, total N content according to the mass
spectrometer analysis was used.

Dry mass loss on ignition (LOI, a measure of soil organic matter (SOM) content) and DBDwere
measured individually for each lysimeter at three different depth intervals. At 0-10 cm depth,
mean DBD was 0.93 g cm−3 and mean LOI 5.9 %, at 10-25 cm mean DBD was 1.22 g cm−3 and
mean LOI 5.9 %, and at 25-80 cm mean DBD was 1.51 g cm−3 and mean LOI 3.8 %.

2.5 Soil cores (paper IV)

In late autumn 2016, intact soil cores were collected from the NM and the PS treatments in the
leaching plots. The soil cores were contained in steel cylinders, 10 cm high, 7.2 cm in diameter
(fig. 2.8). The soil cores were used for an experiment investigating N2O and N2 emissions at
contrasting water filled pore space (WFPS) rates after freezing by using 15N. Denitrification
product ratios (DPR, eq. 2.3) were calculated per WFPS category and per sampling. Soil cores
were labelled with 15N directly before freezing, and they were kept in the freezer for 29 or 41
days (NM and PS soil cores, respectively). TheWFPS range among the soil cores was 40-100 %.

DPR = N2O-15N/(N2O-15N +N2-15N) (2.3)
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Figure 2.8: Soil core partly wrapped in parafilm. The steel cylinder was 10 cm high, and the
inner diameter 7.2 cm.

2.6 Statistics

In general, linear mixed models were used for pairwise comparisons of fertiliser treatments
in cases where either repeated measurements on the same object were subject to statistical
analysis or the number of replicates were not the same for all treatments (unbalanced design),
e.g. when replicates were removed due to low data quality. In cases with balanced design
where the statistical analysis dealt with only one (cumulative) measurement per object, Anova
was used, followed by Tukey’s HSD test. Statistics are described in more detail in each of the
papers. All significance tests were made at the α = 0.05 level.

2.7 Software

The R software was used for calculations, statistical analyses and graphical illustrations (R
Core Team 2021). The following packages were used: tidyverse (Wickham et al. 2019), gridEx-
tra (Auguie 2017), ggpubr (Kassambara 2020), egg (Auguie 2019), pracma (Borchers 2021),
hrbrthemes (Rudis 2020), viridis (Garnier et al. 2021), nlme (Pinheiro et al. 2021) and emmeans
(Lenth 2021).
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3 Results and discussion

3.1 Yields, N offtake, N surplus and N use efficiency

3.1.1 Yields and N offtake (paper I, II, III)

Yields and N offtake in the leaching plots were highest in the HM treatment, as expected,
although the differences in yield between HM and the other fertiliser treatments were not
always significant (tab. 3.1). Lysimeter yields were measured only in 2015, and then they were
about as high as in the leaching plots, except in the BD treatment, where all three replicates
had very low yield, probably due to grazing (tab. 3.2).

3.1.2 N surplus (paper I)

Surplus of N per treatment in the leaching plots, defined as total fertiliser N input minus N
offtake, was significantly lower in the NM treatment than in the other fertilised treatments
in all three years (tab. 3.1). Two of the years each, BD and PS treatments had also signifi-
cantly higher surplus than HM. It was expected that surpluses would be higher in the organic
treatments, since they contain organic N, which is not so available as mineral N. Total N in
biogas digestate and pig slurry has approximately 50-70 % of the effect of mineral fertilisers on
crop production in the year of application (Gutser et al. 2005; Delin et al. 2012). Calculations
indicate that the digestate and slurry used in our study were in the upper end of that spectrum
and sometimes above (data not shown), but for 2015 and 2016 there was an effect of possible
mineralisation of previous years’ organic N included. The high fertiliser effects of the organic
amendments used in this study are most likely due to the generally very low C:N ratios of the
amendments (tab. 2.3) (Gutser et al. 2005; Bhogal et al. 2016; Delin et al. 2021).

Another way of expressing the surplus is the proportion of fertiliser N input that is balanced
by N offtake. Harvested N represented 53-85 % of plant available N applied per year in the
fertilised treatments in the leaching plots (tab. 3.3). As a total for the whole crop rotation
2014-2016, the NM treatment had the highest utilisation of N; N offtake there represented 75 %
of fertiliser N. For HM, BD and PS, total N offtake over the rotation was 60-65 % of the plant
available fertiliser N input.
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amendments used in this study are most likely due to the generally very low C:N ratios of the
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Another way of expressing the surplus is the proportion of fertiliser N input that is balanced
by N offtake. Harvested N represented 53-85 % of plant available N applied per year in the
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2014-2016, the NM treatment had the highest utilisation of N; N offtake there represented 75 %
of fertiliser N. For HM, BD and PS, total N offtake over the rotation was 60-65 % of the plant
available fertiliser N input.
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Table 3.1: Yield of barley (14 % water content), N offtake and N surplus per hectare 2014-2016.
Surplus of N was calculated as total fertiliser N input minus N offtake. Presence of the same
superscript letter (a, b, c, d, e) indicate no significant differences between treatments (α = 5 %);
comparisons made only within years. Treatments: CL = control, NM = normal mineral N, HM
= high mineral N, BD = biogas digestate, PS = pig slurry. Table modified from paper I.

Year Treatment Yield N offtake N surplus
Mg ha−1 kg N ha−1 kg N ha−1

2014 CL 3.5a 43a -43a
NM 7.7bc 136b 24b
HM 8.0c 168c 72c
BD 7.0d 110d 92d
PS 7.4bd 128b 190e

2015 CL 2.5a 28a -28a
NM 7.0b 88b 32b
HM 7.9c 120c 60c
BD 7.3bc 96b 86d
PS 7.5bc 95b 46e

2016 CL 2.5a 28a -28a
NM 6.1b 76b 44b
HM 6.8c 102c 78c
BD 6.4bc 83b 64d
PS 6.7c 83b 84c

Rotation CL 0 99 -99
NM 400 301 99
HM 600 389 211
BD 531 289 242
PS 626 306 320

Table 3.2: Lysimeter yields (86 % dry matter), N offtake (N in yield) and N surplus, 2015. Sur-
plus of N was calculated as total fertiliser N input minus N offtake. In NM and PS only two
lysimeters were included in the treatment means because of consumption of the crop by hares
and moles before harvest. Presence of the same superscript letter (a, b, c, d) indicate no sig-
nificant differences between treatments (α = 5 %). Treatments: CL = control, NM = normal
mineral N, HM = high mineral N, BD = biogas digestate, PS = pig slurry.

Treatment Yield (Mg ha−1) N offtake (kg N ha−1) N surplus (kg N ha−1)
CL 4.3a 39a -29a
NM 9.1bc 92b 23b
HM 9.8b 108c 64c
BD 4.8a 46a 118d
PS 8.3ac 82b 50c
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Table 3.3: N offtake in relation to N fertiliser input in fertilised treatment. For BD and PS, the
calculation was made both based on plant available N input (pl.av.N) and total N input (tot.N),
including organic N. Treatments: NM = normal mineral N, HM = high mineral N, BD = biogas
digestate, PS = pig slurry.

Year NM HM BD PS
pl.av.N tot.N pl.av.N tot.N

2014 85 % 70 % 64 % 53 % 54 % 40 %
2015 73 % 67 % 59 % 76 % 53 % 67 %
2016 63 % 57 % 66 % 59 % 56 % 50 %
Rotation 75 % 65 % 63 % 60 % 54 % 49 %

3.1.3 A comparison of estimates of NUE (paper III)

A standardised way of putting N offtake in relation to yields is by calculating NUE. We did this
in paper III, where we also compared two NUE estimates, NUEi and RENG. The two estimates
gave fairly consistent results in the comparison of fertiliser treatments, even though absolute
NUE numbers differed. Both estimates showed mostly higher efficiencies for the mineral fer-
tiliser treatments compared with the organic ones, which was expected (fig. 3.1). One of the
NUE estimates, NUEi, characterised NM as more efficient than HM.
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Figure 3.1: Mean nitrogen use efficiency (NUE) per treatment, calculated as NUE indicator
(NUEi) and recovery efficiency (RENG) per year 2014-2016, and total for the rotation. Error
bars represent standard error. Figure modified from paper III.
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Table 3.3: N offtake in relation to N fertiliser input in fertilised treatment. For BD and PS, the
calculation was made both based on plant available N input (pl.av.N) and total N input (tot.N),
including organic N. Treatments: NM = normal mineral N, HM = high mineral N, BD = biogas
digestate, PS = pig slurry.
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2014 85 % 70 % 64 % 53 % 54 % 40 %
2015 73 % 67 % 59 % 76 % 53 % 67 %
2016 63 % 57 % 66 % 59 % 56 % 50 %
Rotation 75 % 65 % 63 % 60 % 54 % 49 %

3.1.3 A comparison of estimates of NUE (paper III)

A standardised way of putting N offtake in relation to yields is by calculating NUE. We did this
in paper III, where we also compared two NUE estimates, NUEi and RENG. The two estimates
gave fairly consistent results in the comparison of fertiliser treatments, even though absolute
NUE numbers differed. Both estimates showed mostly higher efficiencies for the mineral fer-
tiliser treatments compared with the organic ones, which was expected (fig. 3.1). One of the
NUE estimates, NUEi, characterised NM as more efficient than HM.
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Figure 3.1: Mean nitrogen use efficiency (NUE) per treatment, calculated as NUE indicator
(NUEi) and recovery efficiency (RENG) per year 2014-2016, and total for the rotation. Error
bars represent standard error. Figure modified from paper III.

33



3.2 Losses of N per treatment

3.2.1 Leaching of N (paper II)

Over the crop rotation of three agronomic years, April 2014 - March 2017, the HM treatment
tended to have larger N leaching per unit area than the other fertilised treatments (fig. 3.2).
Leaching per year in all treatments was 19-25, 14-22 and 4-6 kg N ha−1 yr−1 for 2014-2015,
2015-2016 and 2016-2017, respectively. This was in the range of previous studies on arable
land, considering N input and precipitation (Bergström et al. 1986; Bertilsson 1988; Meissner
et al. 1995; Goulding et al. 2000; Di et al. 2002). In relation to yield and N offtake, emissions
were similar in all four fertilised treatments (fig. 3.3).

Seasonal variation

The no-crop season represented 80-85 % of N leaching in all treatments in the agronomic years
2014-2015 and 2015-2016. In 2016-2017, the no-crop season share was lower (60 %) due to
sparse precipitation in autumn and winter that year. It is common that no-crop season losses
dominate the N leaching from agricultural land in humid temperate regions, as a result of
residual N left in soil, low evapotranspiration and low or no cropN uptake (Di et al. 2002).

3.2.2 Emissions of nitrous oxide (paper I)

Emissions of N2O per unit area tended to be higher for HM, BD and PS than for NM (fig.
3.4). Overall, N2O emissions were low to average compared to other studies (Flessa et al. 1995;
Kaiser et al. 2000; Wagner-Riddle et al. 2007; Pelster et al. 2012; Lebender et al. 2014; Cardenas
et al. 2019). In a comparison of emissions related to yield and N offtake 19 May 2015 - 19 May
2016, outcome was similar to the area-scaled results, except that emissions per unit yield and
N offtake from the CL treatment were very high (fig. 3.3).

Seasonal variation

In the first year of the N2O emission measurements, between 19 May 2015 and 19 May 2016,
the no-crop season contributed by 75 % to the annual emissions. Of these no-crop season
emissions, 65-80 % happened under periods of freezing and thawing. This puts the propor-
tion of annual emissions that were emitted in freeze-thaw periods in the middle of the range
found in a long-term two-site study in Canada (7-93 %) (Wagner-Riddle et al. 2017), in which
one of the sites had similar temperatures as Lanna, although more precipitation. The main
conditions that trigger N2O emissions in connection to freezing and thawing are: a) enhanced
denitrification due to both wetting following thawing and release of available N and C from

34

10

20

30

40

50

20
14

−0
4

20
14

−0
6

20
14

−0
8

20
14

−1
0

20
14

−1
2

20
15

−0
2

20
15

−0
4

20
15

−0
6

20
15

−0
8

20
15

−1
0

20
15

−1
2

20
16

−0
2

20
16

−0
4

20
16

−0
6

20
16

−0
8

20
16

−1
0

20
16

−1
2

20
17

−0
2

20
17

−0
4

Time (year−month)

C
um

ul
at

ive
 N

 le
ac

hi
ng

 (k
g 

N
 h

a−1
)

Treatment
CL
NM
HM
BD
PS

Figure 3.2: Cumulative leaching of N per treatment in the field 1 April 2014 - 31 March 2017.
Figure modified from paper II.
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Figure 3.3: Losses of N per treatment in relation to area, yield and N offtake, respectively.
All emissions are set in relation to the normal mineral N treatment (100). Treatments: CL =
control, NM = normal mineral N, HM = high mineral N, BD = biogas digestate, PS = pig slurry.
a) Leaching of N. The figure was based on cumulative N leaching and total yield and N offtake
for all three agronomic years 1 April 2014 - 31 March 2017. b) Emissions of N2O. The figure
was based on cumulative N2O emissions 19 may 2015 - 19 May 2016 and barley yields as well
as N offtake in 2015. Figure modified from paper II.
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Figure 3.4: Cumulative N2O emissions per treatment in the field 19 May 2015 - 30 June 2016.

dead microbes and from soil aggregates disrupted by freezing (Risk et al. 2013; Congreves
et al. 2018) and b) release of N2O produced during the period of freezing, but trapped under
ice and snow (Risk et al. 2013; Congreves et al. 2018). The latter was of minor importance in
our study, since freezing periods were short and the snow layer, if existing, was thin in the
winter of 2015-2016. In NH4

+ fixing clay soils, as the soil in our study, there can be a greater
risk of freeze-thaw related N2O emissions due to fixed NH4

+ becoming available to microbes
after aggregate disruption following from the freezing (Müller et al. 2002). Furthermore, there
have also been indications that N2O reductase, the enzyme catalysing the reduction of N2O to
N2, would be more sensitive to low temperatures than enzymes involved in N2O production,
which would increase the DPR (Holtan-Hartwig et al. 2002). However, that theory has later
been contested (Mørkved et al. 2006; Tenuta et al. 2011). Also, in our soil core study (paper
IV), we found no support for the N2O reductase being particularly sensitive, as N2 was the
dominating denitrification product in most samplings after freezing (fig. 3.7).

3.2.3 Ammonia emissions

Ammonia emissions were less than 10 kg N ha−1, representing less than 10 % of the NH4-
N applied. In the 2014 PS treatment, emissions were higher due to the large input of NH4-
N that year in combination with warm weather (tab. 3.4). Emissions of NH3 from organic
fertilisers applied to agricultural soil are highly variable, depending on e.g. NH4

+ dose, dry
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matter content of the amendment, application technique, pH, crop type and weather, and our
results are within the range of previously reported measurements after application in growing
crops (Malgeryd 1998; Ferm et al. 1999; Wolf et al. 2014; Hafner et al. 2019), although much
higher emissions and emission factors have also been observed (Rodhe et al. 2015).

Table 3.4: Ammonia emissions and emission factors in the organic fertiliser treatments 2014-
2016. Presented figures aremedians ofmeasurements in three plots per treatment. Treatments:
BD = biogas digestate, PS = pig slurry. Other abbreviations: org. = organic, fert. = fertilisers.

Year Treatment NH3 emissions Emission factor
kg NH3-N ha−1 % of NH4-N in org. fert.

2014 BD 8.9 10 %
PS 25.9 16 %

2015 BD 3.2 3 %
PS 1.2 2 %

2016 BD 5.9 8 %
PS 4.4 5 %

3.3 Losses of N in the light of N input and output

In the three years studied, total losses of N through leaching and emissions of NH3 and N2O
represented up to 20 % of plant available N input (emissions of CL not subtracted) (fig. 3.5).
Leaching of NO3

– dominated the losses of reactive N, even though NH3 emissions in one case
caused greater losses (PS treatment in 2014). Emissions of N2O were included only for the
agronomic year 2015-2016, because reliable measurements were not available for the other
years.

During the three years of contrasting fertiliser treatments, the BD and the PS treatments re-
ceived plant available N at rates between the NM and HM treatments (tab. 2.2). While HM
had significantly higher N offtake than NM in all three years, the effect of N input on N offtake
was not as clear in individual years for the organic amendments. There were indications of
delayed fertiliser effects on N dynamics in BD and PS, most importantly the mixed response
in N offtake to input of N.

3.3.1 The agronomic year 2014-2015 (paper I, II)

In 2014, both BD and PS had significantly lower N offtake than the closest corresponding
mineral N treatment (NM and HM, respectively) (tab. 3.1). Emissions of NH3 in connection
with application of digestate and pig slurry (tab. 3.4) do not fully explain the gap. Precipitation
in the agronomic year 2014-2015 was slightly above average, but even so, the high N surpluses
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in the BD and PS treatments did not result in increased N leaching compared to NM (or CL),
which it did in the HM treatment (paper II). This means that a large share of the N input from
organic sources appears to have been unavailable to crops at their peak of N demand as well
as to leaching in 2014, while in the following years the discrepancy in N availability to crops
between mineral and organic N sources was smaller or insignificant. One way to interpret this
is that part of the plant available N input was immobilised, but subsequently mineralised and
supporting increased yields and N offtake in the following year(s). However, the C:N ratios of
both the digestate and the slurry were too low for immobilisation to be limiting N availability
(tab. 2.2) (Gutser et al. 2005).

A more plausible explanation is that part of the NH4
+ in the digestate and slurry was quickly

fixed in clay mineral inter-layers (Scherer et al. 1994; Dittert et al. 1998). A dominant clay
mineral in the Lanna soil is illite, which is particularly prone to fixation of NH4

+ (Dittert et al.
1998). Difficulties to extract fertiliser N from Lanna soil right after application of 15NH4

+ had
been encountered in previous lab experiments (unpublished), which suggests a quick fixation
of NH4

+ in this soil. Fixation of NH4
+ to mineral inter-layers protects the N from microorgan-

isms, and nitrification is thus depending on the rates of NH4
+ diffusion (Guo et al. 1983; Dittert

et al. 1998). The NM and HM treatments in 2014 were not sensitive to this, since N application
in May that year was calcium nitrate, with nearly all of its N content as NO3

– . The plan had
been to use NH4NO3, but this was changed because of the winter wheat crop’s need of the fast
N boost offered by NO3

– fertilisers. The differences in well timed N availability was probably
the main reason for the large discrepancy in N offtake relative to N input between mineral and
organic fertiliser treatments observed in 2014. In the PS treatment, the low N offtake cannot
be assigned only to the N type, but also to the timing of N input. The plant available N input
in the PS treatment was as high as in the HM treatment, but a larger proportion (two thirds)
of it was provided in the May application in the PS treatment (tab. 2.2).

3.3.2 The agronomic years 2015-2016 and 2016-2017

Fixation of NH4
+ most likely occurred also in 2015 and 2016, but there appears to have been

enough available N in time for crop uptake anyway, possibly due to a combination of a more
protracted or later crop demand and residual N from 2014, resulting in tendencies of slightly
higher N offtake than in NM, which was the mineral N treatment with closest plant available
N input rate to PS in 2015, and to both BD and PS in 2016. In 2015 and 2016, N was added as
NH4NO3 in the NM and HM treatments in May, which gave the prerequisites for some NH4

+

fixation in the mineral treatments as well. There was probably also a mineralisation of organic
N applied in previous years, an effect which was absent in 2014, since that was the first year
with organic amendments.
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3.4 A closer look at nitrous oxide and denitrification

Denitrification is probably the major process responsible for differences in N2O emissions be-
tween fertiliser treatments in our field N2O study, perhaps sharing its place with nitrifier den-
itrification, considering soil water contents at periods of peaks and elevated emissions (Linn
et al. 1984; Weier et al. 1993; Webster et al. 1996; Bateman et al. 2005; Kool et al. 2011).

3.4.1 Effects of organic matter (paper I, IV)

In the field N2O study with automated chamber measurements, we saw that N2O emissions in
the PS treatment over one year were higher (crop season: p = 0.06; no-crop season p = 0.04)
than those of NM. The effects of organic matter added with PS could unfortunately not be
separated from the remaining effects of a very high N input with slurry in the year preceding
the measurements (2014). However, for freeze-thaw emissions, we could see in the soil core
study that organic matter apparently did play a role in increasing N2O emissions from the PS
relative to the NM treatment (p = 0.014) (fig. 3.6). We also found that total denitrification was
greater in the PS treatment (fig. 3.7). Total denitrification has been observed to increase in
soils treated with organic matter also in previous studies (Weier et al. 1993; Mathieu et al. 2006;
Miller et al. 2009; Senbayram et al. 2012). Whether the increased rates of denitrification also
mean increased N2O emissions depends i.a. on the availability of NO3

– . Since denitrification
is a reduction process, the DPR is dependent on the relation between electron (e−) donors, i.e.
organic C, and e− acceptors, i.e. NO3

– and N2O, where NO3
– is the e− acceptor most preferred

by the denitrifiers (Cho et al. 1997). This means that, if available NO3
– is scarce, most N2O will

be reduced to N2, and DPR as well as N2O emissions will be low.

In the soil core study, there was a rapid increase in DPR in the first day after return of the soil
cores from the freezer to the cooling room, but it subsided three to four days after removal
from the freezer (fig. 3.8). The PS soil cores maintained a high DPR for a slightly longer time
than the NM soil cores, which resulted in significantly higher ratios for PS soil cores on day
three and four in the soil core study, i.e. it appears that the availability of 15NO3

– was greater
in the PS than in the NM soil cores during those days. The higher DPR in the PS treated soil
was in contrast to our expectations, as the NM and PS soil cores had received the same amount
of 15NO3

– , they were similar in water content, and the high denitrification rates in the PS soil
were expected to use up the 15NO3

– available faster and thus have to use another e− acceptor
at an earlier stage than would be the case in the NM soil. There could be 14NO3

– released
from dead microbes (a pool which could be expected to be larger in the PS treatment than in
NM) that would increase the total NO3

– concentration in the PS treatment and thus reduce
the use of N2O as e− acceptor, but if so, that contribution from 14NO3

– ought to manifest as
lower 15N fractions in N2O. However, 15N fractions were higher in PS than in NM. The more
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sustained high DPR in the PS treatment could also be caused by conditions not analysed in
this study, conditions which influence the activity and amount of N2O reductase in the two
fertiliser treatments, e.g. differences in soil microbial communities or differences in soil pH
(Bakken et al. 2012; Domeignoz-Horta et al. 2015).

There have been contrasting results regarding the effects of organic compared to mineral fer-
tilisers on N2O emissions in general. Addition of organic N sources to soils with low content
of organic C can increase the risk of N2O emissions compared to mineral N sources (Rochette
et al. 2000; Pelster et al. 2012). In a laboratory study of different mineral and organic fertilisers
added to a sandy soil with low C content, Velthof et al. 2003 found that manures with a high
content of plant available N and easily degradable C (pig slurry) gave higher N2O emissions
than mineral fertilisers (NH4NO3 and (NH4)2SO4), while other types of manure (e.g. layer ma-
nure and young cattle slurry) gave lower emissions. There may thus be contrasting effects on
N2O emissions from organic compared to mineral fertilisers at a given rate of total N input;
while the C content can stimulate higher denitrification rates, the organically bound N is not
easily available tomicroorganisms and therefore not likely to be emitted as N2O in a short-term
perspective (Rochette et al. 2008). In soils with a high C content, N2O emissions may not be
stimulated by organic matter added, i.e. the denitrification process is there limited by N rather
than by C (Petersen et al. 2008; Pelster et al. 2012). Whether mineral or organic N sources
have the highest N2O emissions depends on the characteristics of the fertilisers involved in
the comparison, which N2O producing process that dominates under the actual study condi-
tions, N input rates, climate, weather and soil properties (Velthof et al. 2003; Rochette et al.
2008).

Comparison of biogas digestate and pig slurry

There were no consistent differences between the BD and PS treatments in this study, neither
in N leaching, N2O emissions, NH3 losses nor in yields. Baral et al. 2017 observed tendencies of
lower N2O emissions from digestate than from untreated pig slurry, and Chantigny et al. 2007
found significant differences in the same direction. Results from a meta-study gave further
support for such a difference (Möller 2015). We had expected to see some effects on N2O
emissions of lower degradability of the remaining C in the anaerobically digested pig slurry
compared to untreated slurry (Gutser et al. 2005; Möller 2015). Our study may have been too
short, or involved too few replicates for potential differences to come to light, but the similarity
of the two amendments in measured physical and chemical properties (tab. 2.3) probably also
contributed to the similar outcome.
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Figure 3.7: Median excess 15N in N2O and N2 fluxes per sampling in the soil core study, from
soil treated with either normal mineral N (NM) or pig slurry (PS). Day zero represents the
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Figure 3.8: Denitrification product ratio (DPR) in 15N-labelled soil cores per sampling. The
differences between the two fertiliser treatments were significant in the first sampling on day
3 and on day 4 (p < 0.0001 and p = 0.02, respectively). Figure from paper IV.

3.4.2 Indirect nitrous oxide emissions

Indirect N2O emissions from NH3 and N leaching losses, calculated according to the IPCC
guidelines for national greenhouse gas inventories (Hergoualc’h et al. 2019) were 0.05-0.47 kg
N2O-N ha−1 yr−1 in the three years when NH3 emissions and N leaching were measured. In
2015, the indirect emissions were 13-32 % of the direct N2O losses. For NH3, only measured
emissions were included in the calculations, i.e. only emissions in the first 1-2 days after
organic fertiliser application were counted. Inclusion of NH3 from soil and crop all year round
and for all treatments would have given higher numbers. Still, the present results are in the
same range as the estimates from a modelling study at the watershed level, where indirect
N2O emissions were estimated to be 20 % of direct emissions from surrounding agricultural
soils (Billen et al. 2020).

3.5 Total N and 15N in the lysimeters

Recovery of 15N in soil

On average 36 % of the 15N that ended up in the solid compartments of the lysimeters (grain,
straw, weeds, roots and soil) was found in the top 10 cm of the soil. Corresponding share of
total N in this soil layerwas 1.3 % (fig. 3.9). Here again fixation inmineral layers and adsorption
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to clay particles of 15NH4
+ may have contributed to the large share of of 15N staying in soil,

and this applies to all fertiliser treatments, since the CL, NM and HM treatments had half of
their of 15N input as NH4

+, while the BD and PS treatments had all of their 15N in that form.
The total share of 15N input recovered in soil 0-80 cm, including roots, averaged 24 %. This
was close to the recovery of 23 %, most of it incorporated in organic matter, at 0-100 cm depth
found after harvest of winter wheat in a British study (Macdonald et al. 1997). In that study,
four contrasting soil textures were represented, including heavy clay, but no differences in soil
15N recovery between the soil types were reported, i.e. fixation did not seem to be o major
importance there. Even in a long-term perspective, a considerable share of fertiliser N may
stay in soil. In a 30-year study of the fate of 15N applied as NO3

– , 61-65 % was taken up by
plants, 8-12 % had leached out and 12-15 % was still in soil, incorporated in organic matter; the
15N unaccounted for was assumed to be gaseous losses (Sebilo et al. 2013).

Grain 15N recovery

The share of fertiliser 15N ending up in the grain was on average 20 %, but the differences
between treatments were substantial, with lower shares in the organic fertiliser treatments
(fig. 3.10). For the mineral fertiliser treatments, grain 15N recovery was approximately 30 %
of 15N input, which is similar to the 32 % that were reported in winter wheat production by
Macdonald et al. 1997 where 15NH4

15NO3 was added, i.e. the same forms of 15N as used in our
mineral N treatments. In contrast, 15N recovery in grain in the organic fertiliser treatments
was only about 10 % of 15N input.

The main cause for a lower share of 15N input recovered in the N offtake in BD was the very
low N offtake, probably caused by grazing (tab. 3.2). Organic N from the BD and PS treatments
in 2014 may have been mineralised and further diluted the 2015 15N portion for plant uptake;
the PS lysimeters had a very large input of pig slurry in 2014 and mineralisation could have
made a substantial contribution to plant available N in 2015. For both BD and PS, the low
share of 15N could also be due to more 15N staying in soil as a result of exchange of N in the
SOM pool as well as in the pool of fixed and adsorbed NH4

+.

Fertiliser 15N unaccounted for

In the lysimeter 15N experiment, 27-69 % of excess 15N added was found in soil, roots, weeds,
straw and grain (fig. 3.10). There was no drainage water to be collected, which means that no
15N left the lysimeters that way.

The 15N unaccounted for in our analysis could have been a) emitted as NH3, NO, N2O or N2

when lysimeterswere still in place outdoors, b) included in crop andweed parts thatwere eaten
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Figure 3.9: Share of 15N and total N, respectively, found in solid compartments within 114 days
after 15N and fertiliser N input. Results shown are means per treatment. Treatments: CL =
control, NM = normal mineral N, HM = high mineral N, BD = biogas digestate, PS = pig slurry.
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Figure 3.10: Share of 15N input found as excess 15N in different compartments within 114 days
after 15N input. ”Other” represents excess 15N added with fertilisers which was unaccounted
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bymoles, hares and other herbivores and thus gone from the system studied (we observed crop
damage caused by animals in several lysimeters), or c) emitted as NH3, NO, N2O or N2 in the
laboratory after the lysimeters were moved indoors.

Emissions of N2O when the lysimeters were still outdoors are not likely to account for more
than a marginal share of the total 15N added, as the high-frequency N2O measurements from
the proximate leaching plots with similar fertiliser treatments (paper I) had no high flux peaks
during summer 2015. Neither are NH3 emissions expected to account for more than an in-
significant share of the 15N unaccounted for, since field measurements indicated that only 2-
3 % of applied NH4

+ was emitted as NH3 in the BD and PS treatment in 2015 (fig. 3.4). Weather
conditions were no more favourable at the time of N application in the lysimeters on 25 May,
than they had been one week before when fertilisers were applied in the field. Emissions of N2

may have been considerable in connection to rainfall, when volumetric water content could
reach as high as 30 % in the field (paper I), but in general soil moisture was much lower, ren-
dering full denitrification to N2 less likely (Nommik 1956; Gillam et al. 2008). Indoor emissions
after lysimeters were brought to lab may have contributed to substantial 15N losses, in spite of
our efforts to cover lysimeters and soil buckets. Lysimeters were kept in room temperature in
the weeks of sampling, which stimulates soil microbial processes such as nitrification and den-
itrification directly and contributes to higher soil respiration, thereby consuming O2, which
indirectly stimulates denitrification (Groffman et al. 1991; Saad et al. 1993; Butterbach-Bahl
et al. 2013). That probably reduced the 15N concentrations in roots, weeds and soil found in
the analysis. Grain and straw were not affected, since these parts were harvested when the
lysimeters were still outdoors.

3.6 Representativity

Crop production in this study was carried out in a conventional manner. The NM treatment
was fairly representative of the production region (northern plains of Götaland); it had slightly
higher yields than the regional average, and also slightly higher N inputs than the regional
average in spring barley and oats, while N input to winter wheat was similar to the national
average (regional data was not available at crop resolution) (Statistics Sweden 2014; Statistics
Sweden 2015; Statistics Sweden 2016; Statistics Sweden 2017). Illite, which is the dominat-
ing mineral at Lanna Research station, is also a very common clay mineral in Swedish soils
(Eriksson et al. 2011).

The N dynamics in cereal production discussed in this thesis are also relevant in an interna-
tional perspective. In many parts of the world, conditions similar to those in our study occur,
in terms of yields, mineral fertiliser input, average temperatures, annual precipitation, SOM
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content, texture and type of soil, e.g. in temperate regions in Europe, Asia, the Americas and
New Zealand (ArcGIS 2014; ArcGIS 2017; FAOSTAT 2020a; FAOSTAT 2020b; Land Data As-
similation System, LDAS, at NASA 2021; Food and Agriculture Organization of the United
Nations, FAO 2021). The results are therefore relevant not only to south-western Sweden, but
to many parts of the world with similar climates, soils and crop rotations.

47



bymoles, hares and other herbivores and thus gone from the system studied (we observed crop
damage caused by animals in several lysimeters), or c) emitted as NH3, NO, N2O or N2 in the
laboratory after the lysimeters were moved indoors.

Emissions of N2O when the lysimeters were still outdoors are not likely to account for more
than a marginal share of the total 15N added, as the high-frequency N2O measurements from
the proximate leaching plots with similar fertiliser treatments (paper I) had no high flux peaks
during summer 2015. Neither are NH3 emissions expected to account for more than an in-
significant share of the 15N unaccounted for, since field measurements indicated that only 2-
3 % of applied NH4

+ was emitted as NH3 in the BD and PS treatment in 2015 (fig. 3.4). Weather
conditions were no more favourable at the time of N application in the lysimeters on 25 May,
than they had been one week before when fertilisers were applied in the field. Emissions of N2

may have been considerable in connection to rainfall, when volumetric water content could
reach as high as 30 % in the field (paper I), but in general soil moisture was much lower, ren-
dering full denitrification to N2 less likely (Nommik 1956; Gillam et al. 2008). Indoor emissions
after lysimeters were brought to lab may have contributed to substantial 15N losses, in spite of
our efforts to cover lysimeters and soil buckets. Lysimeters were kept in room temperature in
the weeks of sampling, which stimulates soil microbial processes such as nitrification and den-
itrification directly and contributes to higher soil respiration, thereby consuming O2, which
indirectly stimulates denitrification (Groffman et al. 1991; Saad et al. 1993; Butterbach-Bahl
et al. 2013). That probably reduced the 15N concentrations in roots, weeds and soil found in
the analysis. Grain and straw were not affected, since these parts were harvested when the
lysimeters were still outdoors.

3.6 Representativity

Crop production in this study was carried out in a conventional manner. The NM treatment
was fairly representative of the production region (northern plains of Götaland); it had slightly
higher yields than the regional average, and also slightly higher N inputs than the regional
average in spring barley and oats, while N input to winter wheat was similar to the national
average (regional data was not available at crop resolution) (Statistics Sweden 2014; Statistics
Sweden 2015; Statistics Sweden 2016; Statistics Sweden 2017). Illite, which is the dominat-
ing mineral at Lanna Research station, is also a very common clay mineral in Swedish soils
(Eriksson et al. 2011).

The N dynamics in cereal production discussed in this thesis are also relevant in an interna-
tional perspective. In many parts of the world, conditions similar to those in our study occur,
in terms of yields, mineral fertiliser input, average temperatures, annual precipitation, SOM

46

content, texture and type of soil, e.g. in temperate regions in Europe, Asia, the Americas and
New Zealand (ArcGIS 2014; ArcGIS 2017; FAOSTAT 2020a; FAOSTAT 2020b; Land Data As-
similation System, LDAS, at NASA 2021; Food and Agriculture Organization of the United
Nations, FAO 2021). The results are therefore relevant not only to south-western Sweden, but
to many parts of the world with similar climates, soils and crop rotations.

47



4 Conclusions

This thesis supports the results of previous studies showing that N application rates well ad-
justed to a the needs of a crop give lower soil N2O emissions than excessive N input (paper
I). Furthermore, it adds to the group of studies finding higher N2O emissions from organic
N sources compared to mineral N sources, which is debated (paper I, IV). It also shows that
fertilisers applied in spring - via N surplus and/or organic matter - can affect off-season N2O
emissions, most clearly freeze-thaw related peaks. We can also conclude that N2O reductase
was well functioning after freezing, resulting in higher cumulative N2 than N2O emissions in
the first 10 days after freezing, which has been an area of sparse evidence (paper IV).

In parallel to the results regarding N2O emissions, N leaching was found to be higher at min-
eral N input above recommended rates (paper II), which has also been shown by other studies.
Use of organic N sources have in previous studies often been found to increase N leaching
relative to mineral fertilisers, but in this thesis, they were found to give similar or lower leach-
ing. This was probably mainly a result of adsorption and fixation of NH4

+ to clay particles
(paper II, although the soil NH4

+ attraction perspective is largely missing in the paper, since
its importance became evident only after publication). While NO3

– and NH4NO3 added at
high rates resulted in larger N leaching than the unfertilised control, high rates of NH4

+ added
with organic N sources did not result in elevated leaching, despite being to a lesser degree
taken up by the crop.

Both N leaching and N2O emissions are triggered by large precipitation and high N input, and
thus they sometimes go hand in hand. However, since these types of N losses are governed by
different processes, there can also be cases where they behave very differently. While N leach-
ing is a physical process influenced by weather, climate, soil properties, crop rotation and N
input (although also influenced by soil chemistry and biological N processing), N2O emissions
are a result from multiple biological processes at interplay with environmental factors. This
thesis illustrates that, even in a case of considerable fixation of NH4

+ in clay inter-layers and
adsorption to clay particles, and low NO3

– concentrations in the drainage water, there can
be high N2O emissions, likely to result from denitrification (paper I, IV). For both N leaching
and N2O emissions, differences between fertiliser treatments were not smaller in the no-crop
season compared to the crop season (paper I, II). The importance of the no-crop season losses
for the annual budgets and for the evaluation of fertiliser treatments underline the importance
of continuous and long-term measurements.
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5 Outlook

From historically being a problem of scarcity in food production and still being so in parts of
the world, N has also become a problem of abundance in natural environments. The need for
food will persist with a global population projected to approach 10.9 billion by 2100 (United
Nations, Population Division 2019), but the N load in natural ecosystems must be reduced. The
N load from agriculture to the environment can be reduced either by removal of the nutrient af-
ter it has been emitted, e.g. by denitrification in wetlands or harvest of N-rich organic material
from waters, or by curbing the emissions from the sources; we probably need a combination
of both. The results of this thesis illustrate that cutting the N input can be a successful way to
reduce N losses from agricultural fields if the initial N input is high, but they also show little
to gain from reducing N input below economic optimum, at least with the current price ratio
of grain to N fertilisers. Continued efforts are needed to reduce N losses, while maintaining
recommended N inputs and high productivity.

This thesis has generated some ideas of future research to further increase the understanding
of N dynamics, which is important in order to findmitigation options. First, more studies of the
effects of cover crops on freeze-thawN2O emissions would be useful. In this thesis, the steadily
high NO3

– concentrations in drainage water from the high mineral N treatment paired with
the high N2O emissions and the large N leaching between harvest and sowing, suggests that
the use of cover crops may have a potential to reduce the annual N losses from this treatment,
as they take up N during this time of year and thus reduce soil NO3

– concentrations. Cover
crops is a frequently used measure to reduce N leaching (its effects reported e.g. by Constantin
et al. 2010), and it has also been found to reduce freeze-thaw N2O emissions (Wagner-Riddle
et al. 1998; Foltz et al. 2021). Given the results of our study, with high N2O emissions in the no-
crop season both in a treatment with elevated NO3

– concentrations (HM) and in treatments
with low NO3

– concentrations (BD and PS) in the drainage water, it would be interesting to
compare the effect of cover crops on N2O emissions in mineral fertiliser treatments with high
N input rates, with the effect in organic fertiliser treatments. Also, effects on N2O emission
from the termination of the cover crop should be included in such a study, as event can start
the mineralisation of large amounts of organic N.
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the use of cover crops may have a potential to reduce the annual N losses from this treatment,
as they take up N during this time of year and thus reduce soil NO3

– concentrations. Cover
crops is a frequently used measure to reduce N leaching (its effects reported e.g. by Constantin
et al. 2010), and it has also been found to reduce freeze-thaw N2O emissions (Wagner-Riddle
et al. 1998; Foltz et al. 2021). Given the results of our study, with high N2O emissions in the no-
crop season both in a treatment with elevated NO3

– concentrations (HM) and in treatments
with low NO3

– concentrations (BD and PS) in the drainage water, it would be interesting to
compare the effect of cover crops on N2O emissions in mineral fertiliser treatments with high
N input rates, with the effect in organic fertiliser treatments. Also, effects on N2O emission
from the termination of the cover crop should be included in such a study, as event can start
the mineralisation of large amounts of organic N.
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Second, the interaction between soil mineralogy and gaseous losses needs more research.
While it has long been well known that fixation and adhesion to clay particles can save NH4

+

from leaching, the influence of mineralogy on N2O emissions is to my knowledge not much
studied, although there are short-term examples (Singurindy et al. 2008). In a wider perspec-
tive, temporal dynamics of microbial oxidation of adsorbed NH4

+ and its effects on the con-
nected pool of fixed NH4

+ should be closely examined, preferably also following the potentially
subsequent reduction of NO3

– /NO2
– reduction and N losses. Finally, the interaction between

all of these processes and crop N uptake needs to be clarified to increase the understanding of
the N dynamics of clay soils with NH4

+ fixing capacity.

Third, it is desirable to make further efforts to make a complete N budget of an agricultural
crop production unit, e.g. by using stable isotope tracing methods. In this thesis, lysimeters
with intact soil monoliths proved to give results comparable to those from the field regarding
N leaching and yields, although design andmanagement can be further refined. This is promis-
ing for future studies, since lysimeters are particularly well suited for 15N tracing studies under
field-like conditions, as they constitute a semi-closed environment. Gas measurements per-
formed within the current project were not successful, however it would be interesting to try
again to measure N2O and N2 fluxes from organic and mineral N fertiliser treatments with
higher 15N input with fertilisers and more frequent gas sampling, preferably with an auto-
mated approach. This could improve our understanding of N processes during crop season
and allow us to estimate N2 emissions in relation to other fates of fertiliser N.
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Abbreviations and chemical formulae

BD biogas digestate (treatment)
C carbon
CL control (treatment)
CO2 carbon dioxide
DBD dry bulk density
DPR denitrification product ratio
HM high mineral N rate (treatment)
ICOS Integrated Carbon Observation System
IPCC Intergovernmental Panel on Climate Change
IVL Swedish Environmental Research Institute
K potassium
LOI loss on ignition
N nitrogen
N2 nitrogen gas
15N stable isotope of nitrogen with 8 neutrons
Nr reactive nitrogen
NH3 ammonia
NH4

+ ammonium
NH4NO3 ammonium nitrate
NH2OH hydroxylamine
NIT near infrared transmission
NM normal mineral N rate (treatment)
NO nitric oxide
N2O nitrous oxide
NO2

– nitrite
NO3

– nitrate
NUE nitrogen use efficiency
NUEi nitrogen use efficiency indicator
O2 oxygen gas
O3 ozone
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P phosphorus
PS pig slurry (treatment)
ppmv parts per million volume
R-NH2 amino group
RENG recovery efficiency of fertiliser N in grain
SOM soil organic matter
SLU Swedish University of Agricultural Sciences
WFPS water filled pore space
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