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Nitrous oxide (N2O) is the dominant contributor to anthropogenic ozone depletion in the 

stratosphere. It is also the third most important anthropogenic greenhouse gas (GHG) 

with its atmospheric concentration still on the rise. This twofold impact makes it 

necessary to identify and assess N2O mitigation strategies. Currently, the agricultural 

sector contributes between 56 and 81% of the anthropogenic N2O emissions, mainly due 

to fertilizers. N2O is emitted as a consequence of mineral and organic fertilizer 

application to soils, and during storage of organic fertilizers. Thus, N2O originating from 

nitrogen (N) fertilizers needs to be addressed for N2O mitigation. 

Grasslands extend on one fourth of the terrestrial surface and contribute 70% of 

agricultural lands. Grassland soils can sequester carbon (C) and accumulate large C 

stocks over time. However, C and N exchange in grasslands largely depend on 

management practices such as ploughing and the application of mineral and organic 

fertilizers. Intensive agricultural practices reduce C sink strength when considering on 

and off-site emissions and increase N2O emissions, resulting in a net GHG source to the 

atmosphere. Therefore, as introduced in Chapter 1, this doctoral thesis focuses on the 

mitigation of GHGs from grassland soils. 

A potential mitigation strategy for N2O emissions from intensively managed grasslands 

is the partial replacement of fertilizer N with biologically fixed nitrogen (BFN) from 

legumes. The use of BFN is likely to provide a N supply for plants that is more 

synchronous to plant demand compared to occasional fertilizer N amendments. 

However, little is known about the effect of increased legume proportions on N2O 

emissions in grasslands which potentially offsets emissions spared by fertilizer 

reductions. The goal of Chapter 2 was therefore to investigate the overall effect of this 

mitigation strategy on permanent grassland in an in-situ experiment at the ecosystem 

scale. Besides quantifying the net N2O exchange and biomass yields (in the following 
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only addressed as yield) in two differently managed grass-clover mixtures, I related the 

measured N2O fluxes to management and environmental drivers. The tested mitigation 

management reduced N2O emissions by 54 and 39% in 2015 and 2016, respectively, 

corresponding to 1.0 and 1.6 t CO2-equivalents ha! 1 yr! 1. Still, annual yields were similar 

under the mitigation management and control, resulting in a reduction of N2O emission 

intensity from 0.42 to 0.28 g N2O-N kg! 1 DM over the two-year observation period. 

Thus, N2O emissions from fertilized grasslands were reduced without yield losses by 

increasing the clover proportion and reducing fertilization. 

Conducting experiments across a range of potential combinations of legume proportions 

and fertilizer N input over a period of several years is difficult due to the large costs 

involved, the labor necessary to maintain such experiments as well as the time needed to 

evaluate long-term effects. These experimental constraints can be overcome by the use 

of biogeochemical process-based models that can easily vary legume-fertilizer 

combinations. These models further might be used for upscaling (spatially and 

temporally) GHG emissions for national inventories. However, simulating GHG fluxes, 

especially non-CO2 GHG fluxes, challenges individual models and involves considerable 

uncertainties, raising the necessity for thorough evaluation. Thus, my objective in 

Chapter 3 was to evaluate the performance of three process-based biogeochemical 

models (APSIM, DayCent, PaSim) for simulating N2O emissions using the site data 

gathered during the experiment described in Chapter 2. Every individual model predicted 

more accurate annual N2O emissions than the IPCC (Tier 1) estimate which was used as 

a baseline. The multi-model ensemble average reduced the error in predicted annual N2O 

emissions (annual RMSE) by more than 60% compared to the baseline. Best-performing 

models for the prediction of annual N2O emissions (DayCent; two versions) showed 

weaknesses in the prediction of daily N2O emissions whereas other models (APSIM; two 

versions) showed exactly the opposite pattern. In general, daily predictions challenged 

all individual models leading to both, overÐ and underprediction of N2O emissions. 

However, the ensemble average of all models performed much better and reduced the 

error in predicted daily N2O emissions by 24Ð46% (comparing the RMSE of the 
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ensemble to RMSE across models). Therefore, using multi-model ensembles could be a 

defensible approach for the upscaling of N2O emissions, while single-model predictions 

should be interpreted with caution as they comprise large uncertainties. 

The legume-based N2O mitigation strategy requires effects of grass-legume mixtures 

with varying legume proportions and N fertilizer amounts on yields and BFN to be 

adequately reflected in models in order to assure valid conclusions about yield changes. 

However, state-of-the-art grassland models (i.e. DayCent, PaSim) poorly represent the 

effects of grass-legume mixtures on yields and BFN. Thus, further validation was 

necessary for enabling reliable simulations of the effects of various legume proportions 

and fertilizer amounts on yields, N2O emissions and the respective N2O emission 

intensities (unit N2O emissions per unit yield). Therefore, the study presented in Chapter 

4 validates the representation of yields and BFN in grass-legume mixtures for two 

specific process-based biogeochemical models, APSIM and DayCent, against a plot-

scale experimental dataset. Moreover, a novel scheme to enable DayCent to represent 

key aspects of the grass-legume mixtures was developed and implemented. This interim 

step was necessary, as DayCent, without using such a scheme, was unable to adequately 

represent yields and BFN of grass-legume mixtures beyond 30% legume proportion. 

Using the enhancement scheme presented in Chapter 4, in Chapter 5 the process-based 

biogeochemical models APSIM and DayCent were applied in order to systematically 

assess the impact of mitigation management practices on yields and GHG emissions. The 

N2O mitigation strategy which was tested experimentally (Chapter 2 Ð partial substitution 

of fertilizer N with BFN from legumes), was investigated conducting a scenario 

modeling across the range of potential combinations of legume proportion and fertilizer 

N input. We ran the models not only for organic fertilizer, as in the experiment, but 

further included a set of mineral fertilizer scenarios. Two process-based biogeochemical 

models (APSIM and DayCent, each in two variants) were used to simulate the N2O 

mitigation potential and productivity of combinations of legume proportion and N 

fertilizer rate for five temperate grassland sites across the globe. ÒGolden datasetsÓ from 

these sites were used for a previous model intercomparison and calibrated to the site data, 
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providing the basis for the scenario modeling (Chapter 5 and 6). All the models showed 

that partial substitution of fertilizer N by legumes could mitigate N2O emissions without 

losses in yield across a wide range of fertilizer-legume combinations. Models were 

relatively consistent in the magnitude of relative reductions in both, N2O emissions and 

N2O emission intensities. However, the models showed large variability of absolute N2O 

emissions and N2O emissions reductions. This indicates that absolute values of 

mitigation potentials entail large uncertainties, but that the overall relative reductions are 

more reliable. The overall agreement in the pattern of N2O emissions reductions under 

mitigation management, and the absence of evidence for increased N2O emissions at 

increased clover proportions provide enhanced confidence in the effectiveness of using 

legumes as a GHG mitigation strategy. 

Another mitigation strategy for GHG emissions in grasslands is to decrease the livestock 

density in grazed pastures, separately as well as in combination with fertilizer reductions. 

In order to test this mitigation strategy, in Chapter 6 we investigated the effects of 

reduced animal density alone as well as in combination with reduced N fertilization on 

the full GHG budget at the same five permanent grassland sites that were investigated in 

Chapter 5. The multi-model ensemble median predicted an increased C sink strength 

(negative net ecosystem C exchange) at reduced animal density and at reduced animal 

density combined with fertilizer N (! 64 ± 74 and ! 81 ± 74 g C m! 2 yr! 1, respectively) 

compared to the baseline of ! 31 ± 70 g C m! 2 yr! 1. Reduced N fertilization diminished 

N2O-N emissions from 0.34 ± 0.22 (baseline) to 0.10 ± 0.05 g N m! 2 yr! 1 (no N 

fertilization). Grazing intensity effects on the N balance were minor. 

As synthesized in Chapter 7, this doctoral thesis combined state-of-the-art eddy 

covariance flux measurements and model outputs in order to investigate overall GHG 

budgets and in particular N2O mitigation in intensively managed grasslands. N2O 

emissions were consistently reduced for the Swiss experiment and the model outputs. 

The results of this doctoral thesis contribute to tackle the urgent challenge of developing 

suitable measures for climate change mitigation in the agricultural sector. 
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Die vom Menschen verursachten Lachgasemissionen (N2O-Emissionen) stamen zum 

Grossteil aus der Landwirtschaft. Lachgas ist nicht nur ein wichtiges Treibhausgas 

(THG), sondern fŸhrt auch zum Abbau der Ozonschicht. Aufgrund dieser beiden 

Umweltwirkungen ist es notwendig, Strategien zur Reduzierung von N2O-Emissionen 

zu identifizieren und zu evaluieren. Derzeit verursacht der Agrarsektor rund 56 bis 81% 

der anthropogenen N2O-Emissionen. Der Gro§teil ist dabei auf DŸngemittel 

zurŸckzufŸhren. N2O wird sowohl nach der Ausbringung mineralischer und organischer 

DŸnger aus Bšden emittiert, als auch bei der Lagerung von HofdŸngern. Daher spielen 

bei der Reduktion von landwirtschaftlichen N2O-Emissionen Stickstoff (N)-DŸnger eine 

ma§gebliche Rolle. 

GrŸnlandbšden erstrecken sich Ÿber ein Viertel der ErdoberflŠche und bedecken etwa 

70% der landwirtschaftlichen FlŠchen. GrŸnlandbšden kšnnen Kohlenstoff (C) binden 

und im Laufe der Zeit gro§e KohlenstoffvorrŠte akkumulieren. Der C- und N-Kreislauf 

im GrŸnland hŠngt jedoch weitgehend von landwirtschaftlichen Bewirtschaftungs-

praktiken wie dem PflŸgen und der Ausbringung von mineralischen und organischen 

DŸngemitteln ab. Intensive landwirtschaftliche Praktiken reduzieren die C-Senke und 

erhšhen die N2O-Emissionen, wodurch diese effektiv zu Quellen von Treibhausgasen 

fŸr die AtmosphŠre werden. Aus diesem Grunde legt die vorliegende Arbeit ihren Fokus 

auf die Minderung von Treibhausgas-Emissionen aus GrŸnlandbšden (siehe Kapitel 1). 

Eine mšgliche N2O-Minderungsstrategie fŸr intensiv bewirtschaftete GrŸnlandbšden ist 

der Ersatz von DŸngerstickstoff durch biologisch fixierten Stickstoff (BFN) mithilfe von 

Leguminosen. Die Nutzung von BFN dŸrfte zu einer Stickstoffversorgung fŸhren, die 

zeitlich synchron zum Stickstoffbedarf der Pflanzen passiert. Im Vergleich dazu 

entsprechen die gelegentlichen, hohen Stickstoffgaben durch DŸngerapplikation einer 

weniger kontinuierlichen Versorgung der Pflanzen mit Stickstoff. Es ist jedoch wenig 

Ÿber die Auswirkungen von erhšhten Leguminosenanteilen im Bestand auf N2O-
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Emissionen in GrŸnland bekannt. Erhšhte N2O-Emissionen aufgrund eines 

StickstoffŸberschusses durch BFN kšnnten die N2O-Emissionen, die durch 

DŸngemittelreduktionen vermieden werden, mšglicherweise wieder ausgleichen. 

Kapitel 2 untersucht daher die Gesamtwirkung dieser N2O-Minderungsstrategie auf 

DauergrŸnland mittels eines Feldexperimentes auf der …kosystemebene.  

Netto-N2O-FlŸsse und BiomasseertrŠge in zwei unterschiedlich bewirtschafteten Gras-

Klee-Mischungen wurden verglichen. Zudem wurden die gemessenen N2O-FlŸsse mit 

Management- und Umweltfaktoren in Bezug gesetzt. Die getestete N2O-

Minderungsstrategie reduzierte die N2O-Emissionen in den Jahren 2015 und 2016 um 54 

bzw. 39%, was 1,0 und 1,6 t CO2-€quivalenten pro ha und Jahr entspricht. Der jŠhrliche 

Ertrag war jedoch vergleichbar hoch zwischen der Experiment- und der KontrollflŠche, 

was Ÿber den betrachteten zweijŠhrigen Zeitraum zu einer Reduktion der N2O-

EmmisionsintensitŠt (N2O-Emission pro Ertrag) von 0.42 auf 0.28 g N2O-N kg-1 DM 

fŸhrte. Es konnte also eine N2O-Reduktion ohne Ertragseinbu§en durch Erhšhung des 

Kleeanteils und Verminderung der DŸngung erzielt werden. 

Die DurchfŸhrung von Experimenten Ÿber einen weiten Bereich an mšglichen Klee-

Anteilen und DŸngermengen hinweg sowie Ÿber einen Zeitraum von mehreren Jahren 

gestaltet sich schwierig aufgrund der damit verbundenen Kosten, des immensen 

Arbeitspensums und aufgrund der grossen Zeitskalen die betrachtet werden mŸssen um 

Langzeiteffekte zu charakterisieren. Diese EinschrŠnkungen kšnnen durch die 

Verwendung von biogeochemischen prozessbasierten Modellen Ÿberwunden werden, da 

in den Modellen Leguminosen-DŸnger-Kombinationen leicht variiert werden kšnnen. 

Diese Modelle kšnnten darŸber hinaus dazu genutzt werden, Treibhausgasemissionen 

fŸr nationale Inventare (rŠumlich und zeitlich) hochzurechnen.  

Jedoch stellt die Simulation von TreibhausgasflŸssen einzelne Modelle vor grosse 

Herausforderungen und ist bisher mit erheblichen Unsicherheiten in den simulierten 

Variablen verbunden, sodass eine umfassende Validierung nštig ist.  
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Daher war das Ziel in Kapitel 3, die Vorhersagegenauigkeit von drei prozessbasierten 

biogeochemischen Modellen (APSIM, DayCent, PaSim) fŸr die Simulation von N2O-

Emissionen anhand der Messdaten des in Kapitel 2 beschriebenen Experiments zu 

bewerten. Jedes einzelne Modell prognostizierte genauere jŠhrliche N2O-Emissionen als 

die IPCC (Tier 1) SchŠtzung, die als Referenz verwendet wurde. Der Ensemble-

Mittelwert reduzierte den Fehler in den prognostizierten jŠhrlichen N2O-Emissionen 

(jŠhrlicher RMSE) um mehr als 60% im Vergleich zur Referenz. Die genauesten Modelle 

fŸr die Vorhersage der jŠhrlichen N2O-Emissionen (DayCent in zwei Versionen) zeigten 

SchwŠchen bei der Vorhersage der tŠglichen N2O-Emissionen, wŠhrend andere Modelle 

(APSIM in zwei Versionen) das genau umgekehrte Verhalten zeigten. Im Allgemeinen 

stellten tŠgliche Vorhersagen alle Einzelmodelle vor Herausforderungen, und fŸhrten 

sowohl zu †ber- als auch zu UnterschŠtzungen der gemessenen N2O-Emissionen. Der 

Ensemblemittelwert aller Modelle hingegen zeigte auf Tagesbasis eine wesentlich 

hšhere Vorhersagekraft und reduzierte die Unsicherheit in der Vorhersage tagesbasierter 

N2O-Emissionen um 24-46% (Vergleich des RSME des Ensemblemittelwertes mit dem 

RSME einzelner Modelle). Daher kšnnte die Verwendung von Ensemble-Mittelwerten 

ein vertretbarer Ansatz fŸr das Hochskalieren von N2O-Emissionen sein. Vorhersagen 

einzelner Modelle hingegen sollten mit Vorsicht interpretiert werden, da sie gro§e 

Unsicherheiten aufweisen. 

Die Strategie zur Reduktion von N2O-Emissionen durch Leguminosen soll mithilfe von 

prozess-basierten Modellen untersucht werden. Dies erfordert jedoch, dass die 

Auswirkungen von Gras-Leguminosen-Mischungen auf ErtrŠge und BFN in den 

Modellen angemessen reprŠsentiert sind, damit gŸltige SchlŸsse auf ErtragsŠnderungen 

bei variierenden Leguminosenanteilen und DŸngermengen gezogen werden kšnnen. 

Einige Graslandmodelle (z. B. DayCent, PaSim) reprŠsentieren jedoch bisher die 

Auswirkungen von Gras-Leguminosen-Mischungen auf ErtrŠge und BFN unzureichend.  

Darum war es notwendig, weitere Validierungen durchzufŸhren um, um die 

Auswirkungen verschiedener Leguminosenanteile und DŸngermengen auf den Ertrag, 

die N2O-Emissionen und die jeweiligen N2O -EmissionsintensitŠten zuverlŠssig 
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simulieren zu kšnnen. Die in Kapitel 4 vorgestellte Studie validiert die Simulation von 

Ertrag und BFN in Gras-Leguminosen-Mischungen fŸr die zwei prozessbasierten 

biogeochemischen Modelle, APSIM und DayCent, gegen einen experimentellen 

Datensatz. DarŸber hinaus wurde ein neues Schema entwickelt und implementiert, mit 

dem DayCent SchlŸsselaspekte der Gras-Leguminosen-Mischungen reprŠsentieren 

kann. Dieser Zwischenschritt war notwendig, da DayCent ohne einen solchen Ansatz 

nicht in der Lage war, ErtrŠge und BFN von Gras-Leguminosen-Mischungen Ÿber 30% 

Leguminosenanteil angemessen zu reprŠsentieren. 

Unter Verwendung dieses in Kapitel 4 vorgestellten Schemas wurden in Kapitel 5 die 

beiden prozessbasierten biogeochemischen Modelle APSIM und DayCent eingesetzt, 

um die Auswirkungen von Klimaschutzma§nahmen auf Ertrag und 

Treibhausgasemissionen systematisch zu untersuchen. Die N2O-Mitigationsstrategie, die 

experimentell getestet wurde (Kapitel 2 - partielle Substitution von DŸnger N mit BFN 

durch Leguminosen), wurde mittels Modellierung Ÿber die mšglichen Kombinationen 

von Leguminosenanteilen und DŸngermenge untersucht, sowohl fŸr mineralische als 

auch fŸr organische DŸnger. Zwei prozessbasierte biogeochemische Modelle (APSIM 

und DayCent, jeweils in zwei Varianten) wurden verwendet, um das N2O-

Minderungspotential und die ProduktivitŠt von Kombinationen aus 

Leguminosenanteilen und N-DŸngermenge fŸr fŸnf weltweit verteilte GrŸnlandstandorte 

zu simulieren. Die Modelle wurden in einer vorhergehenden Studie mithilfe der 

jeweiligen Standortdaten kalibriert, was die Grundlage fŸr die Szenario-Modellierung in 

Kapitel 5 und 6 lieferte. Alle Modelle zeigten, dass eine Substitution von 

DŸngerstickstoff durch Leguminosen die N2O-Emissionen ohne Ertragsverluste Ÿber 

einen weiten Bereich von DŸnger-Leguminosen-Kombinationen reduzieren kšnnte. Die 

relative Reduzierung der N2O-Emissionen und der N2O-EmissionsintensitŠten war 

verhŠltnismŠ§ig konsistent, die absoluten N2O-Emissionen und N2O-Emissions-

reduktionen zeigten jedoch eine gro§e VariabilitŠt zwischen verschiedenen Modellen. 

Das zeigt, dass absolute Minderungspotentiale gro§e Unsicherheiten mit sich bringen, 

die relativen Reduktionen hingegen zuverlŠssiger sind. Die allgemeine 
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†bereinstimmung hinsichtlich des Trends der N2O-Emissionsreduktionen durch die 

N2O-Minderungsstrategie und das Ergebnis unverŠnderter N2O-Emissionen bei erhšhten 

Kleeblattanteilen deuten auf die Wirksamkeit der Verwendung von Leguminosen als 

eine THG-Minderungsstrategie hin. 

Eine weitere THG-Minderungsstrategie fŸr GrŸnland ist eine Verringerung der 

Tierdichte auf beweideten FlŠchen, sowohl als alleinige Massnahme als in Kombination 

mit der Reduktion von DŸngemitteln. Um diese Strategie zu testen untersucht Kapitel 6 

die Auswirkungen verringerter Tierdichten (allein und in Kombination mit 

DŸngemittelreduktion) auf das gesamte Treibhausgasbudget, auf den gleichen fŸnf 

DauergrŸnlandstandorten wie in Kapitel 5. Der Modell Ensemble-Median prognostiziert 

eine erhšhte C Senke bei reduzierter Tierdichte alleine und kombiniert mit DŸnger N (-

64 ± 74 bzw. -81 ± 74 g C m-2 yr-1) im Vergleich zur Referenz (ohne THG-Reduktion) 

von -31 ± 70 g C m-2 yr-1. Die reduzierte DŸngung verringerte die N2O-N-Emissionen 

von 0.34 ± 0.22 (Referenz) auf 0.10 ± 0.05 g m-2 yr-1 (ohne DŸngung). Die Auswirkungen 

der Tierdichte auf die Sticksoffbilanz waren gering. 

Wie in Kapitel 7 zusammengefasst, kombiniert dies Dissertation Treibhausgas-

flussmessungen und Modellergebnisse, um die gesamten THG-Budgets und 

insbesondere die N2O-Minderung von intensiv bewirtschafteten GrŸnlandbšden zu 

untersuchen. Sowohl im Schweizer Experiment als auch in den Modellsimulationen 

wurde gezeigt, dass die N2O-Emissionen effektiv reduziert wurden. Die Ergebnisse 

dieser Dissertation tragen dazu bei, die drŠngenden Herausforderungen im 

landwirtschaftlichen Sektor anzugehen, die sich uns bei der Entwicklung geeigneter 

Methoden zur Verminderung des Klimawandels stellen. 
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Nitrous oxide (N2O) is the third most important anthropogenic greenhouse gas, and the 

most important contributor to anthropogenic ozone depletion in the stratosphere (IPCC, 

2013; Ravishankara et al., 2009; UNEP, 2013). Atmospheric N2O concentrations 

increased from pre-industrial concentrations of 270 parts per billion (ppb) to currently 

331 ppb (March, 2018 (NOAA Earth System Research Laboratory, 2018), and are 

projected to increase further. N2O is only a minor component in terms of mass in the 

atmosphere, but has a large global warming potential of 298 on a 100 year basis including 

climate-carbon feedbacks (IPCC, 2013). Due to the long atmospheric lifetime of 131 ±10 

years (Prather et al., 2012), even after the successful implementation of N2O mitigation 

strategies the legacy of current emissions will remain for more than a century (IPCC, 

2013). Agriculture contributes 56Ð81% of anthropogenic N2O emissions, these were 

estimated to raise from 4.1 (3.8Ð6.8) Tg in 2010 to 7.5 Tg N2O-N yr! 1 by 2050 assuming 

the business-as-usual scenario (Tubiello et al., 2015; UNEP, 2013). Sources of 

agricultural N2O comprise biomass burning, crop residues and cultivation (i.e. tillage) of 

organic soils due to increased soil organic matter (SOM) mineralization, and more 

importantly, manure management as well as mineral and organic fertilizer applied to soils 

(UNEP, 2013). 

Since 1860, human impacts on nitrogen (N) cycling via soil and manure management 

strongly increased, contributing largely to the increase in atmospheric N2O 

concentrations and simultaneously higher N2O emissions. Besides the use of manures, 

the increased synthetic fixation of N2 using the Haber-Bosch process and subsequent 

application of N fertilizers to soils during the last century (N2 fixed synthetically 

increased from zero in 1900 to current 120 Tg N yr-1) was accompanied by increased 

N2O emissions (Galloway et al., 2013).  
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Grasslands play an important role globally. In particular, they provide forage for 

livestock thus contributing to the livelihoods of more than 800 million people, they 

contribute to global biodiversity, and they largely contribute to carbon storage with 34% 

of the terrestrial carbon stock (White et al., 2000). Grasslands in general cover 31Ð43% 

of the terrestrial surface, while temperate grasslands cover 7.0Ð9.7% of the terrestrial 

surface (Antarctica and Greenland excluded; White et al., 2000), corresponding to about 

70% of agricultural lands (FAO, 2013).  

Grasslands can act as a potent GHG sink via C sequestration, reflected in large C stocks 

accumulated in grasslands soils (Conant et al., 2017, 2005). However, the C and N fluxes 

largely depend on grassland management (Soussana et al., 2010), e.g. the application of 

fertilizers and manures on grassland and grassland restoration. As a response to 

agricultural practices, European grasslands are no significant sink in terms of total GHGs 

(Ð14 ±18 g C m! 2 yr! 1; Schulze et al., 2009), because intensively managed cut sites act 

as a source to the atmosphere (Soussana et al., 2010). Thus, N2O emissions from 

grassland soils depend largely on management intensity, i.e. intensively managed fields 

receiving high amounts of N fertilizer are associated with highest N2O emissions 

(Flechard et al., 2007; Hšrtnagl et al., 2018). As management plays the key role for 

anthropogenic GHG emissions from agricultural fields, grassland soils under varying 

management practices and their N2O emissions are addressed in this thesis. 
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The main N cycling processes in the context of N2O production and consumption are the 

fixation of dinitrogen gas (N2) to ammonium (NH4+) and its assimilation to organic N (to 

plant or microbial biomass). Further, the ammonification of organic nitrogen also 

delivers ammonium (Norg "  NH4
+). During nitrification, ammonium is oxidized to 

nitrate and N2O as a by-product via several intermediates, requiring aerobic conditions 
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in microhabitats (NH4+"  NO2
- "  NO3

-). Nitrate can be reduced during denitrification 

via the intermediates nitrous monoxide and nitrous oxide under anaerobic conditions. 

Under complete anoxic conditions, N2O can be reduced further to N2 (NO3
- "  NO2

!  "  

NO "  N2O "  N2). Nitrite can also be reduced via anaerobic ammonium oxidation, 

anammox (NO2- + NH4
+"  N2) to dinitrogen. Besides these processes, dissimilatory 

nitrate reduction to ammonia (DNRA) converts nitrate to ammonia (NO3
- "  NH4

+), 

providing more NH4
+ for nitrification. Other processes such as nitrifier denitrification 

contribute to N2O production (Baggs, 2011; Butterbach-Bahl et al., 2013; Wrage-Mšnnig 

et al., 2018). The potentially large role of nitrifier denitrification in different soils and 

under various conditions has only recently received attention (Wrage-Mšnnig et al., 

2018). Consumption of N2O under wet conditions can lead to soils being a net sink 

(Groenigen et al., 2015), although the overall sink potential generally observed in 

grasslands is low. Many new discoveries (pathways, enzymes) occurred only in the last 

few decades and N cycling in soils is far from being well understood. Several possible 

reactions in N cycling theoretically described via the laws of thermodynamics have not 

been demonstrated in the lab nor in the environment (Kuypers et al., 2018).  

If we measure gross N2O exchange, this measurement does not reveal the source process 

unless specific methods (e.g. stable isotopes) are applied (Baggs, 2008). Abiotic drivers 

of N2O production in soils are available substrate (NH4+ for nitrification; NO3
- and labile 

organic C as substrate for heterotrophic denitrifiers), soil temperature, soil water content 

and soil oxygen concentration, as well as soil pH (Baggs et al., 2010; Ball, 2013; 

Butterbach-Bahl et al., 2013). Further, N2O production is affected by meteorological 

(precipitation, air temperature) and site conditions (soil type, texture, C content). 

Additionally, N2O emissions are affected by the preconditions for transport to the 

atmosphere which depend on soil texture/pore size distribution and soil water content 

(Ball, 2013; Blagodatsky and Smith, 2012; Butterbach-Bahl et al., 2013). N2O 

production exceeds soil surface fluxes as the produced N2O is partly consumed during 

its way diffusing to the surface. Driver variables of nitrifier denitrification are 

particularly unknown and likely to be very different from factors controlling classical 
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denitrification as nitrifiers are chemoautotrophs (Groenigen et al., 2015). For 

understanding N2O fluxes in grassland systems, it is essential to not only measure fluxes 

but also the driver variables of N2O fluxes.  
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Nitrous oxide mitigation strategies receiving scientific attention can be mostly attributed 

to two major categories. The first category of strategies addresses an optimization of the 

N use efficiency. These mitigation strategies aim at adjusting the amount of fertilizer N 

to optimal levels or at increasing the synchronicity of N availability and plant N uptake, 

for example by adjusted type and timing of fertilizer N input (Bolan et al., 2004; de Klein 

and Eckard, 2008; Eckard et al., 2010; Li et al., 2013; Luo et al., 2010; Saggar et al., 

2013; Smith et al., 1997). The second category of N2O mitigation strategies focuses on 

manipulating soil conditions to reduce microbial production or increase microbial 

consumption of N2O. These include, for instance, nitrification inhibitors and liming of 

acid soils (Cahalan et al., 2015; Galbally et al., 2010; Lam et al., 2017). 

Targeting an optimized N used efficiency (see first category), the use of legumes has 

been raised as a potential N2O mitigation strategy (Jensen et al., 2012; Rochette and 

Janzen, 2005). Legumes can use biologically fixed N from the atmosphere and thus 

substitute artificial fertilizer which has high GHG costs in its manufacture (Brentrup and 

Palli•re, 2008). Moreover, biologically fixed N is better synchronized with plant demand 

compared to N in fertilizer applications. Furthermore, mixtures of legumes and grasses 

achieve higher productivity than monocultures of either legume or grass 

(ÒoveryieldingÓ); (Finn et al., 2013; Kirwan et al., 2007; LŸscher et al., 2014), a highly 

beneficial characteristic of any mitigation strategy. Therefore, using legumes as a 

mitigation strategy seems to be promising in terms of both, N2O reductions and 

maintained productivity and is thus a particular focus of the doctoral thesis.  
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Species of the legume family (Fabaceae) are diverse with 16,000 to 17,000 species in 

750 genera (Allen and Allen, 1981) and widespread globally in natural habitats (Phelan 

et al., 2015). Legumes are an important source of protein, contributing 20% to global 

food protein (Phelan et al., 2015). Legumes modify the microbial community in their 

proximity by exudating organic carbon. They live in symbiosis with specific bacteria, 

Rhizobia (e.g. Rhizobium, Bradyrhizobium, Azorhizobium, Mesorhizobium, 

Sinorhizobium), which are able to perform biological N fixation. Biological N fixation 

takes place in the root nodules, where Rhizobia build bacteroids and use the enzyme 

nitrogenase to split the double-bounds of atmospheric nitrogen and reduce it to 

ammonium. Ammonium is then converted to amino acids which are used by the plant 

(Phelan et al., 2015). In return, the plant supplies the bacteria with carbohydrates (from 

photosynthesis) and satisfies their energy demand, which is called the Òmetabolic cost of 

biological N fixationÓ. Ammonium leaking out to the soil can stimulate nitrification, and 

Ð if the produced nitrate is reaching anaerobic zones Ð subsequent nitrogen-transforming 

processes. 

" ?&+.$22@>'2$,">)+8$+.0$4).'("4+,$(2 "

Process-based models dynamically simulate C and N cycling in agroecosystems by 

representing the most important biogeochemical processes. These include processes for 

plant growth and maintenance (photosynthesis and respirations, allocation of matter to 

different plant organs), SOM turnover (decomposition, immobilization), soil water 

dynamics, as well as nutrient cycling and trace gas production and transport (Del Grosso 

et al., 2001; Holzworth et al., 2014; Parton et al., 2001, 1998; Snow et al., 2014). Models 

are useful to compare the impact of different scenarios of climate change or climate 

change mitigation on yields, GHG exchange, and C stocks, and can be used to simulate 

long-term changes far beyond the timescales of field experiments. Moreover, process-

based biogeochemical models can be used to up-scale fluxes, based on soil characteristics 

and driven by meteorology and management inputs. 
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In biogeochemical models, N transport and transformations in the soil profile are 

simulated as N pools, fluxes and transformation processes of NO3
-, NH4

+ and plant N 

(i.e. mineralization, immobilization, assimilation, plant uptake, nitrification, 

denitrification, volatilization, leaching and biological N fixation; Brilli et al., 2017; Del 

Grosso et al., 2001; Holzworth et al., 2014; Parton et al., 2001). The most important 

processes, nitrification and denitrification are represented as rates functionally dependent 

on soil temperature, labile organic C (in case of denitrification) as well as soil water 

content. Amounts of N cycling through the system depend on NH4
+ and NO3

- 

concentrations in the soil. The impact of common management practices (harvest, 

fertilization, grazing, tillage) on biogeochemical cycling is simulated according to 

management schedules prescribed by the model input.  

" A,,6".+9'&)'%.$"4$'2-&$4$%*2 "

The eddy covariance technique is a powerful tool to measure the exchange of trace gas 

and energy fluxes at the soil-plant-atmosphere interface (Baldocchi and Meyers, 1998). 

Eddy covariance measurements provide a continuous spatial aggregate of fluxes in high 

temporal resolution. The method has become widespread during the last decades, and 

has become the key method for experimentally researching GHG exchange on the 

ecosystem-scale (Aubinet et al., 2012; Baldocchi, 2014; Eugster and Merbold, 2015; 

Foken, 2008). CO2 exchange has been widely investigated using the eddy covariance 

method, and is now monitored via international monitoring networks such as the 

Integrated Carbon Observation System (ICOS), FLUXNET, and AmeriFlux. However, 

N2O and CH4 have not yet received the same attention and far less ecosystems have been 

observed in terms of these non-CO2 GHGs, also due to higher experimental costs and 

workload of applying the required measurement devices in the field. High frequency 

measurements (5Ð20 Hz) of 3D wind speed and the respective trace gas are needed. The 

application of the eddy covariance method is based on several assumptions, which need 

to be fulfilled in order to minimize biases in measurements (Aubinet et al., 2012; Foken, 

2008; Foken et al., 2004; Foken and Wichura, 1996). These include stationarity of the 

data, homogeneity of the underlying surface, fully developed turbulence, and negligible 
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density fluctuations. Quality assessment and quality control are thus applied in order to 

reject flux measurement of minor quality. Further, the flux footprint (area of flux origin) 

needs to cover the area of interest and be representative for the investigated ecosystem. 

The footprint location and size vary according to wind directions and stability conditions 

(Foken et al., 2004). 

" /0$2)2"+>B$.*)9$2"

To tackle the challenges of N2O mitigation in grassland systems, this doctoral thesis 

focuses particularly on the use of legumes as a N2O mitigation strategy in grasslands. 

The overarching goal of this doctoral thesis is to assess N2O exchange under different 

management strategies, in particular increased amount of biologically fixed nitrogen and 

reduced fertilization. Changes in N2O exchange caused by different management 

strategies were studied in the context of soil-climatic and driver variables as well as 

substrate availability. Experimental and modelling approaches were combined in order 

to address the following research objectives: 

1) Test the N2O mitigation strategy of substituting N fertilizer with BFN by 

quantifying N2O fluxes and yields of two differently managed Swiss grasslands. 

Increase the understanding of soil meteorological and soil chemical driver 

variables for N2O emissions in these systems (Chapter 2). 

2) Validate process-based models against observed N2O flux measurements and 

driver variables of N2O fluxes in order to provide guidance on potential model 

improvements (Chapter 3). 

3) Implement and validate a simplified scheme for modeling biological nitrogen 

fixation in grass-clover mixtures in process-based biogeochemical models in 

order to enable the models to adequately represent the mixture effects on BNF 

and yields of grass-clover mixtures (Chapter 4). 

4) Assess the potential of legumes for N2O mitigation, and systematically 

investigate the effects of a range of combinations of clover proportions and N 
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fertilizer inputs on yields, N2O emissions and N2O emission intensities across 

five globally distributed grassland sites using biogeochemical models (Chapter 

5). 

5) Assess the potential of extensification (reduced N fertilization and reduced 

grazing) for mitigating GHGs across five globally distributed grassland sites 

using biogeochemical models (Chapter 6). 

 

" /0$2)2" +-*()%$"

This thesis was carried out within the Models4Pastures project, an international project 

which aims at assessing GHG emissions from permanent grasslands. The thesis includes 

findings from experimental and modeling work addressing GHG mitigation in 

intensively managed grasslands, particularly focusing on mitigation of N2O using 

legumes. Following up on the introduction in Chapter 1, the N2O mitigation experiment 

at the Chamau research site is described in Chapter 2. There we present the results of 

two years of field work, including changes in N2O fluxes under varied management and 

measured biologically fixed N. Using these comprehensive measurements, Chapter 3 

evaluates process-based models against field observations in a multi-model validation. 

The subsequent Chapter 4 addresses the challenge to enable singleÐspecies models to 

realistically simulate biologically fixed N in grass-clover mixtures, and provides a 

validation for the outcomes. This was necessary in order to set up the scenarios for the 

modeling presented in Chapter 5. Chapter 5 which was the main outcome of the 

Models4Pastures consortium, presents an assessment of legumes as a mitigation strategy 

based on modeled results. Models agreed that N2O emission intensities were reduced 

across sites, but also revealed considerable uncertainties. Chapter 6 adds another 

strategy for N2O mitigation: the reduction of livestock density and fertilizer. It addresses 

a broad range of variables, especially N2O and CH4 fluxes and the components of the net 

CO2 fluxes. Chapter 7 synthesizes the findings of all previous chapters, derives main 

conclusions and closes with an outlook, highlighting future research potentials.  
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Replacing fertilizer nitrogen with biologically fixed nitrogen (BFN) through legumes has 

been suggested as a strategy for nitrous oxide (N2O) mitigation from intensively managed 

grasslands. While current literature provides evidence for an N2O emission reduction 

effect due to reduced fertilizer input, little is known about the effect of increased legume 

proportions potentially offsetting these reductions, i.e. by increased N2O emissions from 

plant residues and root exudates. In order to assess the overall effect of this mitigation 

strategy on permanent grassland, we performed an in-situ experiment and quantified net 

N2O fluxes and biomass yields in two differently managed grass-clover mixtures. We 

measured N2O fluxes in an unfertilized parcel with high clover proportions vs. an 

organically fertilized control parcel with low clover proportions using the eddyÐ

covariance (EC) technique over two years. Furthermore, we related the measured N2O 

fluxes to management and environmental drivers. To assess the effect of the mitigation 

strategy, we measured biomass yields and quantified biologically fixed nitrogen using 

the 15N natural abundance method. 

The amount of BFN was similar in both parcels in 2015, (control: 55 ± 5 kg N ha-1 yr-1 

and clover parcel: 72 ± 5 kg N ha-1 yr-1) due to similar clover proportions (control: 15% 

and clover parcel: 21%), whereas in 2016 BFN was substantially higher in the clover 

parcel compared to the much lower control (control: 14 ± 2 kg N ha-1 yr-1 with 4% clover 

in DM and clover parcel: 130 ± 8 kg N ha-1 yr-1 and 44% clover). The mitigation 

management effectively reduced N2O emissions by 54% and 39% in 2015 and 2016, 

respectively, corresponding to 1.0 and 1.6 t ha-1 yr-1 CO2-equivalents. These reductions 

in N2O emissions can be attributed to the absence of fertilization on the clover parcel. 

Differences in clover proportions during periods with no recent management showed no 

measurable effect on N2O emissions, indicating that decomposition of plant residues and 

rhizodeposition did not compensate the effect of fertilizer reduction on N2O emissions. 

Annual biomass yields were similar under mitigation management, resulting in a 

reduction of N2O emission intensities from 0.42 g N2O-N kg-1 DM (control) to 0.28 g 
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N2O-N kg-1 DM (clover parcel) over the two years observation period. We conclude that 

N2O emissions from fertilized grasslands can be effectively reduced without losses in 

yield by increasing the clover proportion and reducing fertilization. 

" G%*&+,-.*)+%"

Agricultural practices contribute 5.4 Gt CO2-eq. yr-1 (range 11Ð12%) to global 

greenhouse gas (GHG) emissions (IPCC, 2014; Tubiello et al., 2015). The technical 

potential to mitigate GHG emissions from agriculture ranges between 5.5 and 6.0 Gt 

CO2-eq. yr-1 by 2030 (Smith et al., 2008), exceeding current agricultural GHG emissions. 

The three major anthropogenic GHGs comprise carbon dioxide (CO2), methane (CH4) 

and nitrous oxide (N2O). The agricultural sector is responsible for 84% of global 

anthropogenic N2O emissions (Smith et al., 2008). N2O emissions are primarily 

attributed to mineral and organic fertilizer applied to soils, manure left on pastures, 

biomass burning, crop residues and increased mineralization of soil organic matter 

(SOM) caused by the cultivation of soils (IPCC, 2014; Tubiello et al., 2015). Due to the 

high global warming potentials of CH4 and N2O (GWP, factor 34 and 298, respectively, 

on a per mass basis compared to CO2 based on a 100-year time horizon) (IPCC, 2013a), 

these gases are more important than the CO2 fluxes from the agricultural sector. 

However, they remain far less understood than CO2 fluxes because of interactions 

between multiple underlying processes that are largely unexplored. In particular, data 

resolving the dynamics of N2O fluxes from soils are still scarce, as advances in 

instruments capable of high-frequency continuous N2O concentration measurements and 

steadily deployable in the field have only become available in recent years (Eugster and 

Merbold, 2015). 

Here we test a potential mitigation strategy for nitrous oxide emissions, namely the 

substitution of fertilizer with biologically fixed nitrogen (BFN) via clover on intensively 

managed grassland. Processes producing and consuming N2O are numerous and their 

complex interactions and dependencies on biotic and abiotic factors are generally known 

but not yet fully understood (Butterbach-Bahl et al., 2013). Nevertheless, it is known that 
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N2O emissions in grasslands strongly depend on management practices (L Hšrtnagl et 

al., 2018; Li et al., 2013; Snyder et al., 2009) and reducing N2O emissions while 

maintaining yields can thus contribute to climate smart agriculture (CSA) (Lipper et al., 

2014). For mitigating N2O emissions from soils, a range of options (e.g. nitrification 

inhibitors, liming of acid soils, precision fertilizer use, legumes) are available (Bell et al., 

2015; de Klein and Eckard, 2008; Flessa, 2012; Li et al., 2013; Luo et al., 2010; Paustian 

et al., 2016; Smith et al., 2008). The most important strategies focus on increasing the 

nitrogen use efficiency (NUE) of plants by adjusting the rate, type, timing and placement 

of organic and inorganic nitrogen fertilizers. With such approaches, the surplus of 

nitrogen (N) as the substrate for microbial communities producing N2O, can be reduced 

or avoided (Flessa, 2012; Galloway et al., 2003; Snyder et al., 2009). Reducing N surplus 

comes along with other environmental benefits such as reduced ammonia emissions 

(NH3) and nitrate (NO3-) leaching, both potential sources of indirect (off-site) N2O 

emissions. Similar to these mitigation strategies, forage legume species of the Fabaceae 

family (e.g. white clover, red clover, lucerne, also called alfalfa) grown in grass-legume 

mixtures have the potential to reduce N2O emissions as a cost-effective mitigation 

strategy (Jensen et al., 2012). In legume-rich systems, large parts of the plantsÕ nitrogen 

(N) demand can be provided from the atmosphere via biological nitrogen fixation (BNF) 

instead of using fertilizer amendments (Ledgard et al., 2001; Suter et al., 2015). Hence, 

N input via BNF instead of fertilizers has the potential to avoid large N surpluses by 

provisioning N in a manner synchronous to plant needs following their growth pattern 

(Crews and Peoples, 2005). Furthermore, BNF is down-regulated by the plant when 

demand is low and fixed N is located in the nodules and thus not freely available to 

microbiota in the soil (LŸscher et al., 2014; Nyfeler et al., 2011). 

Our mitigation approach investigated the potential for reductions in slurry application 

accompanied with increased clover proportion in the pasture to reduce N2O emissions at 

the field-scale. Farmers currently use a combination of home-produced slurries and 

bought in mineral fertilizer. Our suggestion is to apply the slurry to the fields which are 
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amended with mineral fertilizer. This would have an additional benefit of reducing the 

indirect GHG emissions i.e. those during the manufacture of mineral fertilizers. 

Besides the obvious advantage of lower fertilizer amendments, grassÐlegume mixtures 

typically achieve higher yields than average grass and legume monocultures 

(Òoveryielding effectÓ) and often also higher yields than the best performing monoculture 

(Òtransgressive overyieldingÓ), with legume proportions of 40Ð70% resulting in highest 

yields (Finn et al., 2013; LŸscher et al., 2014; Nyfeler et al., 2009). In addition, growing 

selected legumes in mixtures with non-legumes could improve resistance and resilience 

of forage swards against climatic extremes such as severe drought events (Hofer et al., 

2017). Moreover, grass-legume mixtures are beneficial to fodder composition as they are 

characterized by higher protein contents than grass swards, and show well-balanced 

feeding values (Phelan et al., 2015). Legume-rich fodder has high crude protein (CP) 

contents and was shown to increase voluntary intake by 10Ð20% (Dewhurst et al., 2003), 

and to increase milk production (Dewhurst et al., 2003; Huhtanen et al., 2007). 

Despite the known advantages, introducing legumes causes some challenges for farmers. 

For instance, maintaining a persistent optimal legume proportion of 30Ð60% (30Ð50%, 

LŸscher et al., 2014; 40Ð60%, Nyfeler et al., 2011) is not trivial (Guckert and Hay, 2001). 

Conservation of legumes as hay or silage can be more difficult than for grasses due to 

lower contents of water-soluble carbohydrates (WSC) and higher pH buffering capacities 

(Phelan et al., 2015). When protein-rich forage is fed without sufficient WSC, N cannot 

be used efficiently by livestock and N excretion from the animals increases (Phelan et 

al., 2015). However, the balance between CP and WSC can be provided by carbohydrates 

from other plant species in mixtures (LŸscher et al., 2014). Furthermore, exceptionally 

high legume proportions (> 80%) and legume monocultures can lead to similar N surplus 

due to high levels of BFN as found in fertilized fields, and consequently to high soil 

nitrate concentrations (Weisser et al., 2017) which can subsequently lead to enhanced 

N2O emissions (Jensen et al., 2012). So far, relatively few in situ measurements at plot 

scale have been carried out to investigate the effect of legumes and grass-legume 

mixtures on N2O emissions (e.g. studies by Klumpp et al., 2011; VirkajŠrvi et al., 2010; 
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Schmeer et al., 2014; Niklaus et al., 2016; Li et al., 2011). The contribution of legumes 

to total field-scale N2O emissions was attributed to decomposition of N-rich plant 

residues and N from root exudates (Millar et al., 2004; Rochette and Janzen, 2005). 

Although it was shown that some Rhizobium species are able to produce N2O via 

rhizobial denitrification (OÕHara and Daniel, 1985; Rosen and Ljunggren, 1996), direct 

N2O emissions from BNF are negligible compared to N2O from denitrification rates for 

most investigated species and hence result in no significant effect on field-scale N2O 

emissions (Garcia-Plazaola et al., 1993; Rochette and Janzen, 2005). 

To date, experimental studies investigating year-round N2O exchange in grassland 

systems are scarce (Skinner et al., 2014), and measurements of high temporal resolution 

in grassland relying on fertilizer input versus grassland based on BFN are missing. Thus, 

the aim of this study was to test the N2O mitigation strategy of substituting N fertilizer 

with BFN by increasing the clover proportion in grassland. Therefore, we measured N2O 

exchange and productivity in two adjacent grassland parcels, one with an intensive 

Òbusiness as usualÓ management compared to a parcel where fertilizer amendments were 

substituted by over-sowing clover. Our specific objectives were (1) to quantify N2O 

emissions from both parcels, (2) to identify the meteorological and soil chemical drivers 

of N2O emissions, (3) to assess if substituting N fertilizer with BFN was an effective N2O 

mitigation strategy. We hypothesized considerably lower N2O emissions in the clover 

parcel, lower soil nutrient availability in the clover parcel and thus no effect of legume 

proportions on N2O emissions, and hypothesized fertilization to play the dominant role 

in driving N2O emissions in the control parcel. We further expected minor differences in 

grassland yield between the two parcels, and as a consequence, reduced N2O emission 

intensities in the clover parcel. 
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The experiment was set up at the Swiss FluxNet site Chamau (CH-Cha), located in the 

valley of the Reuss river on the Swiss plateau, approximately 30 km southwest of Zurich 

(47¡12$36.8% N 8¡24$37.6% E, 393 m a.s.l.). The site has been well investigated in terms 

of CO2 exchange (Burri et al., 2014 using static chambers (SC); Zeeman et al., 2010 

using EC), as well as for N2O and CH4 exchange under management that is typical for 

Swiss grasslands located on the Swiss Plateau (Imer et al., 2013 using SC for N2O and 

CH4 and EC for CO2; Merbold et al., 2014 using EC for all three gases; Wolf et al., 2015 

using EC and SC for N2O). Two grassland parcels of 2.2 and 2.7 ha, are located adjacent 

to each other and have a similar management history, i.e. permanent grassland since at 

least 2002 with a restoration year in 2012 (Merbold et al., 2014). The most abundant 

species are English ryegrass (Lolium perenne) (a mixture of early and late varieties), 

common meadow-grass (Poa pratensis), red fescue (Festuca rubra), timothy (Phleum 

pratense), white clover (Trifolium repens; small leaf varieties PEPSI, HEBE and big leaf 

varieties FIONA, BOMBUS), red clover (Trifolium pratense; variety BONUS) sown in 

2012, complemented by the volunteer species dandelion (Taraxacum officinale) and 

rough meadow-grass (Poa trivialis). Each parcel is usually mown four to six times per 

year for silage or hay production (Table 2.1). Each harvest is commonly followed by a 

fertilizer amendment, predominantly in the form of liquid slurry (average ± SD over 11 

years (2003Ð2014) 266 ± 75 kg N ha-1 yr-1).  

The meteorological conditions at the site are characterized by an average annual 

temperature of 9.1 ¡C and an average annual precipitation sum of 1151 mm (Sieber et 

al., 2011). The soil is a gleysol/cambisol, with bulk densities in 0-0.2 m depth ranging 

between 0.9 and 1.3 g cm-3 (Roth, 2006) and a soil pH of about 6.5 (Labor Ins AG, 

Kerzers, Switzerland, in 2014). 
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The field experiment comprised a control and a clover treatment parcel (Figure 2.1). The 

control parcel was managed similarly to previous years, including the common 

management activities described above (harvest, fertilizer application and occasional 

Table 2.1: Management activities carried out at the control and clover parcels during the experimental 
years 2015 and 2016 according to the field book entries of the farmer. For organic fertilizer amendments, 
the results of laboratory analyses (slurry composition) are given. 

Year Parcel Start End Management Specification 
Dry 

matter 
Organic 
matter 

Organic 
C pH 

total 
N 

NH4-
N 

NO3-
N 

Total 
DM 

Total 
N 

      (%) (%) 
(g kg-1 
DM)  

(g 
kg-1 
DM) 

(g 
kg-1 
DM) 

(g kg-1 
DM) 

(kg 
ha-1) 

(kg 
ha-1) 

2015 Clover 2015-03-13 2015-03-13 Oversowing, rolling 
Seed 

mixture* 
         

  2015-04-21 2015-04-22 Mowing, swathing, bringing in silage Grass silage          
  2015-06-02 2015-06-03 Mowing, swathing, put hay on wagon Hay          
  

 

2015-06-15 2015-06-19 Grazing Sheep          

 
2015-06-30 

2015-07-01 

2015-06-30 

2015-07-06 

Drainage grubber 

Grazing 

          

  Sheep          
  2015-08-20 2015-08-21 Mowing, swathing, spinning, bringing in silage Grass silage          
  2015-09-28 2015-09-28 Mowing, swathing, put hay on wagon Hay          
 Control 2015-03-11 2015-03-11 Organic fertilizer, trail hose Liquid slurry 2.2 67.6 392.1 7.8 82.3 49.3 0.3 474.0 39.0 
  2015-04-21 2015-04-22 Mowing, swathing, bringing in silage Grass silage          
 

 

 2015-04-29 2015-04-29 Organic fertilizer Liquid slurry 2.6 71.5 414.5 7.7 61.2 37.1 <0.001 744.5 45.6 

 
2015-06-02 

2015-06-09 

2015-06-03 

2015-06-09 

Mowing, swathing, 

Organic fertilizer, trail hose 

Hay 

Liquid slurry 

 

1.7 

 

66.6 

 

386.2 

 

7.5 

 

69.4 

 

47.8 

 

<0.001 

 

517.7 

 

35.9   
  2015-06-30 2015-06-30 Drainage grubber           
  2015-07-06 2015-07-06 Mowing, swathing, spinning, bringing in silage Grass silage          
  

 

2015-07-09 2015-07-09 Organic fertilizer, trail hose Liquid slurry 2.6 65.8 381.2 8.0 74.5 47.7 <0.001 921.8 68.7 

 
2015-08-20 

2015-08-25 

2015-08-21 

2015-08-25 

Mowing, swathing, spinning, 

Organic fertilizer, trail hose 

Grass silage 

Liquid slurry 

         

  2.6 65.8 381.5 8.0 87.9 55.8 5.7 709.1 62.3 
  2015-09-28 2015-09-28 Mowing, swathing, Hay          
  2015-10-08 2015-10-08 Organic fertilizer, trail hose Liquid slurry 2.0 63.8 370.1 8.1 79.0 45.7 3.5 563.6 44.5 

2016 Clover 2016-01-26 2016-02-10 Grazing Sheep          

  2016-04-06 2016-04-06 Oversowing, rolling Seed 
mixture* 

         

  2016-05-25 2016-05-27 Mowing, swathing, spinning, bringing in hay Hay          
  2016-07-04 2016-07-04 Mowing, swathing, spinning, bringing in silage Grass silage          
  2016-08-13 2016-08-14 Mowing, swathing, spinning, bringing in silage Grass silage          
  2016-09-22 2016-09-24 Mowing, swathing, spinning, silage bales Grass silage          
  2016-11-22 2016-11-30 Grazing Sheep          
 Control 2016-01-26 2016-02-10 Grazing Sheep          
  2016-03-23 2016-03-23 Organic fertilizer, trail hose Liquid slurry 1.6 66.9 387.6 8.0 72.8 43.4 1.0 343.7 25.0 
  2016-05-25 2016-05-27 Mowing, swathing, spinning, bringing in hay Hay          
  2016-06-01 2016-06-01 Organic fertilizer, trail hose Liquid slurry 1.6 65.3 378.8 8.0 80.6 45.9 1.5 407.3 32.8 
 

 

 2016-07-04 2016-07-04 Mowing, swathing, spinning, bringing in silage Grass silage          

 
2016-07-16 

2016-08-13 

2016-07-16 

2016-08-14 

Organic fertilizer, trail hose 

Mowing, swathing, spinning, bringing in silage 

Liquid slurry 

Grass silage 

2.8 68.8 398.9 8.2 71.2 49.8 <0.001 687.3 48.9 

           
  2016-08-17 2016-08-17 Organic fertilizer, trail hose Liquid slurry 1.6 67.0 388.4 8.0 110.0 60.3 <0.001 370.9 40.8 
  2016-09-22 2016-09-24 Mowing, swathing, spinning, silage bales Grass silage          
  2016-09-30 2016-09-30 Organic fertilizer, trail hose Liquid slurry 1.2 66.5 385.3 8.0 103.0 55.0 <0.001 321.8 33.1 
  2016-11-22 2016-11-30 Grazing Sheep          
               

*Two varieties of Trifolium repens L., variety HEBE, FIONA, and one variety of Trifolium pratense L. 
TEDI; 20 kg seeds ha-1; & of each sort, identical mixture and amounts in both years; aquired from UFA 
Samen, fenaco Genossenschaft, Winterthur, Switzerland. 
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grazing, Table 2.1). The eddy covariance tower, including meteorological sensors, was 

located at the border between the two parcels (Figure 2.1). We used the two years 2013 

and 2014 as reference years (no treatment). In order to test the N2O mitigation option, 

the treatment parcel was over-sown in March 2015 and April 2016 with clover (Trifolium 

pratense L. and two varieties of Trifolium repens L.) to increase the clover proportion of 

the sward in the clover parcel. In contrast to the control parcel on which 296 and 181 kg 

N ha-1were added in 2015 and 2016, respectively (Table 2.1), no fertilizer was applied 

on the clover parcel during the experiment. To assist clover establishment and increase 

the clover proportion in the clover parcel, the parcel was grazed with sheep after over-

sowing in mid-June and beginning of July 2015 to keep the grass species short and thus 

reduce competition during the clover establishment phase. The control parcel was mown 

once instead of being grazed during this time (beginning of July). All other harvests took 

place at the same day on both parcels (see Table 2.1 for specific management data 

including dates, slurry composition and sowing rate). 

Management activities comprised the regular harvest activities (mowing, swathering, and 

subsequent biomass removal) on both parcels, with subsequent slurry applications in the 

control parcel, besides occasional grazing, plus the over-sowing of the clover parcel. 

During our reference years 2013 and 2014, management was identical in both parcels in 

2013, while in 2014 instead of mowing, cattle were grazing in the control parcel whereas 

the clover parcel was mown, resulting in similar reference fluxes from both parcels. 

Yields and exports of C and N were quantified by analysing biomass, sampled 

destructively during each harvest event (see Sect. 2.7 on vegetation samples), for C and 

N contents in the years 2015Ð2016. The fraction of N originating from BNF in the 

harvested biomass (2015Ð2016) was quantified via the 15N natural abundance method 

(Unkovich, 2008). Combined with the legume biomass obtained by destructive biomass 

sampling at all harvest dates, we were able to calculate total amounts of BFN in the 

harvested biomass. Beyond our own observations, detailed management information for 

the years 2001Ð2016 were recorded by the farm staff in a field book. The overall amount 

of organic and mineral fertilizer applied to the field was documented, subsamples of the 
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applied slurry were taken on the day of application (since 2007) and analysed in an 

external laboratory (LBU, Eric Schweizer AG, Thun, Switzerland). Slurry applied to the 

control parcel was digested cattle and pig slurry obtained from a local biogas plant (for 

chemical composition, see Table 2.1). Records in the field book also included 

information on herbicide application, harrowing, rolling and over-sowing (for details, see 

Table 2.1). 

" #&$$%0+-2$"8'2"1(-3"4$'2-&$4$%*2 "

Greenhouse gas exchange (CO2, N2O, CH4, H2O) was continuously measured at the site 

using the eddy covariance (EC) technique, using a mast located at the boundary between 

the two parcels (Figure 2.1). The choice of the EC tower location resulted in the fetch 

being located most of the time either in one or the other parcel, taking advantage of the 

 

Figure 2.1: (a) Experimental setup and measured variables at the experimental research site Chamau (CH-
Cha). The clover parcel (north) is managed to increase nitrogen inputs from the atmosphere via increased 
biologically fixed nitrogen (BFN). This was achieved by over-sowing with clover in March 2015 and April 
2016. In contrast, the control parcel under conventional management (south) obtains most N in form of 
organic fertilizer (i.e. slurry) and only small N inputs via BNF. Blue dots represent soil sampling locations. 
(b) Footprint climatology of the years 2013Ð2016 with footprint contour lines of 10% to 90% in 10% steps 
using the Kljun et al. (2015) footprint model (source for background picture: Swisstopo 
(https://map.geo.admin.ch/). The prevailing wind direction was from the north. 
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two prevailing wind directions. The flux measurement setup consisted of a 3-D sonic 

anemometer (Solent R3, Gill Instruments, Lymington, UK), an open-path infrared gas 

analyser for CO2 and H2O concentrations (LI-7500, LiCor Biosciences, Lincoln, NE, 

USA) and a quantum cascade laser absorption spectrometer (QCLAS) capable to 

measure N2O, CH4 and H2O concentrations (mini-QCLAS, Aerodyne Research Inc., 

Billerica, MA, USA) (Merbold et al., 2014) at 10 Hz resolution. The air inlet for the laser 

absorption spectrometer was located at a height of 2.1 m, just below the sonic 

anemometer head. The air was pulled through a 6 m long tube to the QCLAS located in 

a temperature-controlled weather proof box. Data acquisition and data storage were 

conducted according to the setup described in (Eugster and PlŸss, 2010). From the high 

frequency measurements of these sensors, 10 and 30 min flux averages of the respective 

trace gases were calculated. The basic EC system, measuring CO2 and H2O exchange, 

has been running since 2005 (Eugster and Zeeman, 2006; Zeeman et al., 2010) and was 

complemented with the field-suitable QCLAS for high frequency (10 Hz) N2O 

concentration measurements in 2012 (Merbold et al., 2014). Thus, more than two years 

of reference fluxes from both parcels under similar management regimes were collected 

before the beginning of the study presented here. 

" <$*$+&+(+8).'("'%,"2+)("4).&+.()4'*$"4$'2-&$4$%*2 "

Meteorological variables measured at the Chamau site included air temperature and 

relative humidity (2 m height; Hydroclip S3 sensor, Rotronic AG, Switzerland), all 

components of the radiation balance (2 m height; CNR1, Kipp & Zonen B.V., Delft, The 

Netherlands), incoming and reflected photosynthetic active radiation (2 m height; 

PARlite sensor, Kipp and Zonen, Delft, the Netherlands) and precipitation (1 m height; 

tipping bucket rain gauge model 10116, Toss GmbH, Potsdam, Germany) (Figure 2.1). 

Less than two meters from the tower, basic soil microclimate measurements were carried 

out. These measurements included volumetric soil water content (at 0.04 and 0.15 m 

depth; ML2x sensors, Delta-T Devices Ltd., Cambridge, UK) and soil temperature (at 

0.01, 0.02, 0.05, 0.10, and 0.15 m depth; TL107 sensors, Markasub AG, Olten, 

Switzerland). In addition to the sensors close to the tower, each parcel was equipped with 
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a similar set of soil sensors in 2015 (see soil plots, Figure 2.1) to compare potential 

differences in soil microclimatic conditions and subsequent effects on GHG fluxes. Soil 

pH (at 0.1 m depth) and soil oxygen (O2) concentration (at 0.1, 0.2 m depth) were 

automatically measured using in-house custom-made sensors (based on ISFET pH-

sensor kit, Sentron, Roden, Netherlands and EC410 Oxygen sensors, SGX Sensortech, 

Chelmsford, UK). In addition, soil water content (at 0.05, 0.1, 0.2, 0.5, 0.8 m soil depth; 

EC-5, Decagon, Pullman, WA, USA), soil temperature (at 0.05, 0.1, 0.2, 0.5, 0.8 m soil 

depth; T109, Campbell Scientific Inc., Logan, UT, USA), matrix potential (at 0.1, 0.2 m 

soil depth; Tensiometer T8, UMS GmbH, Munich, Germany) and soil heat flux (at 0.02 

m soil depth; HFP01, Hukseflux B.V., Delft, Netherlands) were recorded. Some of the 

soil water content sensors stopped functioning on 18th June 2015 (at 0.05, 0.1, 0.2 m) and 

were thus replaced on 6th August 2015 (Decagon 5TM, Pullman, WA, USA). Signals of 

these sensors were sampled at 10 s intervals and stored as 10 min averages on a data 

logger (CR1000; Campbell Scientific Inc., Logan, USA). Sensors at the tower and in its 

vicinity were previously connected to a CR10X model (Campbell Scientific Inc., Logan, 

USA), and since March 2016 to a newer data logger (CR1000; Campbell Scientific Inc., 

Logan, USA). 

" H+)("%-*&)$%*"'9')('>)()*6"

For determining ammonium (NH4+), nitrate (NO3
-) and dissolved organic carbon (DOC) 

concentrations in the soil, topsoil samples were taken down to 0.2 m depth. The 

nominally-biweekly sampling was intensified to daily intervals for seven consecutive 

days following slurry application (see also Wolf et al., 2015). Five samples per parcel 

were taken along a transect within the average footprint of the EC measurements. 

Extraction of NH4
+, NO3

- and DOC was achieved by shaking 15 g of fresh soil with 50 

mL 0.5 M K2SO4 for 1 h and subsequent filtering (Whatman no. 42 ashless filter paper, 

150 mm diameter, GE Healthcare AG, Glattbrugg, Switzerland) into centrifuge tubes (50 

mL tubes, PP, Greiner Bio-One GmbH, St. Gallen, Switzerland). From the extract, a 

subsample was acidified for the measurement of DOC by combustion in a total organic 

C and N analyser (multi N/C TOC analyser 2100S, Analytik Jena AG, Jena, Germany). 
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NH4
+ and NO3

- were analysed colorimetrically (Vis v-1200, VWR International, Radnor, 

PA, USA). Thereafter, the remaining soil samples were dried for one week at 105 ¡C and 

weighed before and after drying in order to determine the gravimetric soil water content. 

" I$8$*'*)+%" 2'45()%8" '%," ,$*$&4)%'*)+%" +1" >)+(+8).'(" %)*&+8$%"

1)3'*)+%"

Vegetation samples were taken from each parcel at each harvest date by destructive 

sampling using harvest frames (0.1 m2; n = 10 for each parcel per date randomly sampled 

within the EC footprint, clipped at mowing height of 0.05 m). Vegetation was separated 

into legumes and non-legumes (grasses and forbs) to assess the legume proportion in the 

dry biomass. The only legume species found on site were the sown clover species 

Trifolium pratense L. and Trifolium repens L.. Vegetation samples were dried at 70 ¡C 

for one week and weighed before and after drying to estimate the water content. Milling 

of dry biomass samples was done separately for legumes and non-legumes, and a 

subsample of 5 mg was weighed into tin capsules for further analyses of total C and N, 

' 13C and ' 15N (n = 5 for each parcel per date). C and N concentrations, as well as ' 13C 

and ' 15N values were analysed with a Flash EA 1112 Series elemental analyser (Thermo 

Italy, former CE Instruments, Rhodano, Italy) coupled to an isotope ratio mass 

spectrometer (DeltaplusXP, Finnigan MAT, Bremen, Germany). Estimates of BFN were 

based on the ' 15N measurement. The percentage of shoot N derived from BNF (%Ndfa, 

nitrogen derived from atmosphere) in legume biomass was calculated with the 15N 

natural abundance method, (Boddey et al., 2000; Unkovich, 2008), following Eq 2.1: 

 ! " #$% &
' ( )* + ,-. /0 /( )* + 1-234- 5

' ( )* + ,-. /6/7 5
8 9:: ;/ 2.1/ 

where %Ndfa is the percentage of legume shoot N derived from atmosphere, ' 15Nref is the 

' 15N value of a non-fixing reference plant (i.e. grass species) growing in the proximity 

of the legume and ' 15Nlegume is the ' 15N value of the legume shoot. The B value is the 

' 15N signature of the legume species growing without N available from soil. B was 

estimated as the weighted mean of B values of Trifolium repens L. reported in the 
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literature (Ð1.48 (  ) ) and Trifolium pratense L. (Ð0.94 (  &) (B values from Unkovich, 

2008, Appendix 4). Weights were chosen according to the sown legume species 

composition of )  white clover and & red clover. The %Ndfa in legume shoots was 

calculated for each legume biomass sample taken. The non-legumes cut within the same 

harvest frame as the legumes were used as reference delivering the ' 15Nref value 

(Carlsson and Huss-Danell, 2014). For annual values, harvests and their components, 

uncertainty estimates were calculated with the Gauss uncertainty propagation (Table 

2.1). Vegetation development was tracked via leaf area index (LAI) measurements (LAI-

2000, LiCor Biosciences, Lincoln, NE, USA) carried out on both parcels biweekly as 

well as before and after mowing or grazing activities. Vegetation height and plant 

development as well as grazing activities within the footprint were further monitored via 

standard webcams (IN-5907HD, INSTAR Deutschland GmbH, Huenstetten, Germany). 

" A,,6".+9'&)'%.$"1(-3"5+2* @5&+.$22)%8""

Net ecosystem fluxes of CO2, N2O and CH4 were quantified by the eddy covariance (EC) 

method as the covariance between turbulent fluctuations calculated by Reynolds 

averaging of 10-min blocks of data of vertical wind speeds and trace gas molar densities 

(CO2) or mixing ratios (N2O, CH4). Molar densities of CO2 were corrected for water 

vapour transfer effects (Webb et al., 1980). Frequency response corrections applied to 

raw fluxes accounted for high-pass (Moncrieff et al., 2004) and low-pass filtering (CO2: 

(Horst, 1997); N2O and CH4: (Fratini et al., 2012). N2O and CH4 fluxes were additionally 

corrected for spectral losses due to instrument separation (Horst and Lenschow, 2009). 

All fluxes were calculated using the EddyPro software (v6.1.0, LI-COR Inc., Lincoln, 

NE, USA). 



2.2 Material and methods 29 

Before flux calculations, the statistical quality of the raw time series was checked 

(Vickers and Mahrt, 1997). Raw high-frequency data used in flux calculations were 

rejected (1) if raw measurements were outside a physically plausible range (vertical wind 

speed: ± 5 m s-1; CO2: 200 to 900 ppm, N2O: below 250 ppb, CH4: below 1700 ppb), (2) 

if spikes, defined as data points outside pre-defined sigma (* ) plausibility ranges (vertical 

wind speed: ± 5* , CO2: ± 3.5* , N2O and CH4: ± 8* ), accounted for more than 1% of the 

Table 2.2: Data availability of the GHG flux measurements over the two years experimental period (a) 
before quality assessment and quality control (QAQC) (flagged 0, 1 and 2; after Foken et al., 2004) and 
(b) after QAQC (acceptable quality flagged 0 and 1; after Foken et al., 2004). The reference for 100% is a 
year without data gaps. 

(a)   
Acquired measurement hours before QAQC 

(h)  
Data coverage before QAQC (%)  

    CO2 Flux N2O Flux CH4 Flux CO2 Flux N2O Flux CH4 Flux 

2015 

Both Parcels 6958 7969 7964 79 91 91 

Control Parcel 4089 4826 4823 47 55 55 

Clover Parcel 2869 3143 3141 33 36 36 

2016 

Both Parcels 7456 7734 7734 85 88 88 

Control Parcel 3911 4485 4485 45 51 51 

Clover Parcel 2302 2518 2518 26 29 29 

(b)   
Acquired measurement hours after QAQC 

(h)  
Data coverage after QAQC (%) 

    CO2 Flux N2O Flux CH4 Flux CO2 Flux N2O Flux CH4 Flux 

2015 

Both Parcels 4930 5984 5223 56 68 60 

Control Parcel 1418 2120 1837 16 24 21 

Clover Parcel 2298 2395 2091 26 27 24 

2016 

Both Parcels 3787 5040 4250 43 58 49 

Control Parcel 1081 1895 1581 12 22 18 

Clover Parcel 1548 1921 1615 18 22 18 
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respective raw time series, or (3) if more than 10% of available raw data were statistically 

different from the overall trend in a specific 10-min period. Raw CO2 measurements were 

only used for flux calculations if the window dirtiness signal from the open-path infrared 

gas analyser did not exceed 80% on average per 10-min data block. Half-hourly fluxes 

were rejected, (1) if fluxes were outside pre-defined ranges (CO2: ± 50 umol m-2 s-1; N2O: 

between Ð50 and 100 nmol m-2 s-1; CH4: between Ð400 and 800 nmol m-2 s-1), (2) if the 

steady state test (Foken and Wichura, 1996) was outside ± 30%, or (3) if the test on 

developed turbulent conditions was outside ± 30% (Foken et al., 2004; Foken and 

Wichura, 1996). The analytical flux footprint model by Kljun et al. (2015) was used for 

footprint calculations. 

The boundary between the two parcels is oriented approximately in East-West direction 

(75¡ degrees from north, Figure 2.1). Each 10-min flux average was attributed to a parcel 

only if a minimum of 80% of the flux footprint was in the direction of the respective 

parcel (i.e. footprint weights from the direction of the respective parcel divided by the 

total of all flux footprint weights > 80%). Similar methods with EC fluxes from one setup 

being attributed to certain land use categories according to the respective footprint area 

were successfully used before (e.g. Biermann et al., 2014; Gourlez de la Motte et al., 

2018; Neftel et al., 2008; Rogiers et al., 2005; Sintermann et al., 2011). After quality 

control, data coverage for N2O exchange for both years was 62% of the entire period 

(details in Table 2.2). We observed moderate diurnal variations in flux origin from the 

two parcels. Nevertheless, a similar share of quality-controlled N2O fluxes was obtained 

from the control (48%) and the clover parcel (52%) during the observation period. The 

net effect in N2O emission differences represents a conservative estimate, as N2O 

emissions from the clover parcel are more likely to be overestimated and fluxes from the 

control parcel are more likely to be slightly underestimated. Our aim was to analyse flux 

data originating from either one or the other parcel and avoid mixed GHG fluxes due to 

wind direction changes during the flux-averaging interval. As the standard 30-min 

averaging interval often resulted in mixed flux signals, we reduced the averaging period 

to 10 min, which resulted in a clearer representation of the temporal dynamics of GHG 
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fluxes from each individual parcel. On grassland systems in flat terrain (as the Chamau 

site), eddies with a time scale of 1Ð5 minutes are dominating, and thus fluxes based on a 

10-min averaging interval adequately represent the atmospheric exchange of GHGs 

(Lenschow et al., 1994). Our comparison of flux data (full time series) based on 10 and 

30 minutes averaging intervals showed that the average of 10-min N2O fluxes was only 

2.3% lower than the 30-min N2O fluxes. Daily averages were calculated based on all data 

points per parcel that fulfilled quality criteria 0 (best quality fluxes) or 1 (fluxes suitable 

for general analysis such as annual budgets) (Mauder and Foken, 2004). 

" J+45'&)2+%"+1"7 : ;"1(-3$2">$*K$$%"5'&.$(2 "

We applied non-parametric bootstrapping in order to estimate the mean annual N2O 

fluxes from both parcels and their respective confidence intervals. From all available 10-

min fluxes, we took 1000 bootstrapping samples of each day per parcel. Averaging over 

time results in the bootstrapping estimate of the average annual flux, while the 0.025 and 

0.975 percentiles of the bootstrapping distribution reveal the 95% confidence intervals 

for the mean flux per parcel. 

Relative flux differences between parcels were defined as the difference of daily averages 

between clover and control parcels with respect to the average flux from the control, 

calculated based on all days for which data from both parcels were available. This was 

done to minimize potential biases associated with periods of unequal coverage of both 

parcels. Calculations were done following Eq. 2.2: 

 < = => &
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=EFGHIJ and =EGKLJGF are daily average fluxes from the clover and the control parcels, 

respectively. Before being able to identify differences in N2O exchange during the 

experimental periods, two years of flux data (2013 and 2014) were used to quantify how 

much the fluxes and the productivity from the two parcels deviated under exactly the 

same (2013) and similar (2014) management practice. For the calculation of CO2 
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equivalents (CO2-eq) we used factor 298, which is the current IPCC global warming 

potential including climate-carbon feedbacks on a 100 year basis (IPCC, 2013b). 

" <'%'8$4$%*"'%,"&')%"$9$%*"25$.)1)."7 : ;"$3.0'%8$ "

Three management event types and one natural event type were analysed in more detail. 

These included organic fertilizer application, harvesting (mowing), sheep grazing, and 

rain events following dry weeks. When fertilization took place less than seven days after 

harvest, days after fertilization were classified as fertilization and thus not associated 

with the harvest event. If days after harvest overlapped with days before fertilization, 

these days were excluded from the fertilization class. In this case, the data displayed and 

analysed only refer to days after harvest but not to days before fertilization in order to 

avoid misleading references. A rain event was defined with > 4 mm precipitation 

following a dry period with < 1.5 mm collected during the 7 days preceding the rain 

event. When a fertilization event took place at the same time as the rain event (9th August 

2015 and 16th July 2016), the event was classified as fertilization event but not as rain 

event. Grazing overlapped with a rain event on 15th June 2015 and 1st July 2015, thus 

these days were excluded from the rain event analysis. A pre-analysis was conducted for 

all these events, comparing N2O emissions during seven days before the event to seven 

days after the start of the event (incl. starting date). Grazing showed no significant 

differences between emissions before and during grazing, nor did rain events. These 

categories were therefore not considered in the generalized additive model (GAM, see 

Sect. 2.11). 

"H*'*)2*).'("'%'(62)2 "

In order to assess the influence of management and environmental drivers of N2O fluxes, 

we used semi-parametric generalized additive modelling (Wood, 2006). We expected 

non-linear effects of some predictor variables on N2O emissions, such as soil water 

content and oxygen concentration. The GAM model is adequate for including these non-

linear effects because it prescribes no parametric relationship between predictors and 

response variable. Instead, the model fits smoothing splines (piecewise defined 
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polynomials) to the relationship between each predictor and the response variable, 

allowing highly flexible curves if needed (i.e. if improving the goodness of fit), but 

resulting in the smoothest possible relationship (i.e. linear relationship) if suitable. The 

response variable was predicted by the sum of all these smooth functions (ÒadditiveÓ). 

The degree of smoothing for each additive function was determined using generalized 

cross-validation (GCV).  

The response variable was the log-transformed N2O flux in order to better meet the 

assumptions of normally distributed residuals. The additive model with a log-

transformed response corresponds to a model with multiplicative effects in the original 

scale. Thus, the predictorsÕ effects influence N2O fluxes multiplicatively. The influence 

of management (i.e. fertilization and harvest) and environmental driver variables (e.g. 

soil meteorological variables, soil chemical variables) on N2O emissions was 

investigated based on daily averages of measured 10-min flux data and corresponding 

environmental variables. For introducing management influence in the regression 

analysis, dates were labelled according to three a priori selected management categories 

only: post-fertilization (F), post-harvest (H) and no management (here defined as no 

management during the previous week) (0) in combination with the treatment clover 

(Clo) or control (Ctr). Thus, five management categories existed (Ctr-F, Ctr-H, Ctr-0, 

Clo-H, Clo-0). The control parcel without recent management activity (Ctr-0) served as 

the reference level in comparison to all other management categories. As grazing 

intensity is low at the site, and grazing did not show any influence on N2O exchange, we 

did not include grazing in the GAM analysis. The full set of predictors included soil 

temperature, soil water content, oxygen concentration, NH4
-, NO3

+ and DOC 

concentration for substrate availability, net ecosystem exchange (NEE) of CO2 as a proxy 

for plant activity, and the categorical variable for management activity. 

All predictors were included as non-linear terms in the first step, and the basic GAM was 

fitted using generalized cross-validation as the criterion for the parameter choice 

resulting in the best fit. This method resulted in several terms being included in the GAM 

as linear predictors (empirical degrees of freedom, edf = 1). These were finally treated 
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as linear terms in order to obtain their effect sizes. For linear predictors such as soil 

temperatures, effect sizes can be interpreted as in linear regression models. Soil water 

content and oxygen concentration showed a non-linear influence on log-N2O emissions 

(reverse U-shape), as estimated by the GAM to require more degrees of freedom (edf > 

1). These were kept as (nonlinear) smooth terms in the GAM. Stepwise backward 

elimination was applied for model selection, whereby the number of predictors was 

reduced until the local minimum value of the Akaike Information Criterion (AIC) was 

found. Residual analysis showed that the final model residuals were in line with the 

assumptions of a Gaussian distributed, homoscedastic error term with a mean of zero.  

Due to focusing the analysis on in situ measured data only, models that included the soil 

sampling variables are limited to the observational days on which manually sampled data 

were available (full model and optimized model). To check consistency of these results 

(i.e. effect sizes) with results from a wider range of observations (year-round continuous 

measurements) we built a model (Òsimple modelÓ) based on only the major driver 

variables soil temperatures, SWC and management as predictors, with the advantage of 

including more observations due to the wide coverage of these variables. Negative N2O 

fluxes were analysed separately, but no significant effects of the same set of predictors 

on N2O uptake were found. For auto-correlated time series (i.e. soil microclimatic 

variables) the t-test on the differences was corrected for autocorrelation by calculating 

the effective sample sizes according to (Wilks, 2011:147) and using the effective sample 

sizes in the tests, resulting in adjusted standard errors and p values (seadj; padj). All 

statistical analyses were performed with the open source software R (R Core Team, 

2016), using the ÒmgcvÓ package (Wood, 2011) for generalized additive modelling. 
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Mean annual temperatures in 2015 and 2016 were 10.3 ¡C and 9.7 ¡C, respectively 

(Figure 2.2a). Thereby 2015 was 0.2 ¡C warmer and 2016 was 0.4 ¡C colder than the 

previous five years which averaged 10.1 ¡C. Daily photosynthetically active radiation 

(PAR) followed the typical seasonal pattern (Figure 2.2b). Annual precipitation was 1029 

mm in 2015 and 1202 mm in 2016, which is 7% lower and 9% higher, respectively 

(Figure 2.2c), than the 5-year mean annual precipitation (1101 mm). While both years 

were characterized by a typical wet beginning of the growing season (MAM with 376 

mm in 2015 and 379 mm in 2016), similar to the five years prior to our period of analysis, 

the peak growing season (JJA) in 2015 was considerably drier (260 mm precipitation) 

 

Figure 2.2: Meteorological conditions during 2015 and 2016. (a) Average daily air temperature (2 m), (b) 
average daily photosynthetically active radiation (2 m). The grey bars indicate the sub-daily variability 
(quartiles based on 10 min values). (c) Daily precipitation sums during 2015 and 2016 (1 m). 
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than in 2016 (396 mm, Figure 2.2c). Growing season, defined by Tair exceeding 5 ¡C for 

at least five subsequent days, started on 17th March 2015 and 30th January 2016. Starting 

dates of net CO2 uptake for at least ten subsequent days, an alternative indicator for start 

of the growing season, were 27th February 2015 and 8th March 2016, similar to previous 

years. 

" H+)("4).&+.()4'*$ "

An important precondition for the N2O mitigation experiment is to check for 

approximately equal soil microclimatic conditions in both parcels, i.e. to exclude the 

possibility that soil microclimatic variables did act as confounders in the experiment. Soil 

temperatures were similar in the control (mean 14.5 ¡C) and the clover parcel (13.6 ¡C) 

with measured differences being smaller than the sensor accuracy of ± 1¡C. While air 

temperature fell below 0 ¡C, soil temperature at 0.1 m depth never fell below 0 ¡C during 

the course of the experiment (Figure 2.3a). This was also the case for the two reference 

years 2013 and 2014. Volumetric soil water content (at 0.1 m depth) were similar in the 

control (33 ± 4%) and the clover parcel (31 ± 5%). The difference between treatments 

was within the sensor accuracy of ± 3% (Figure 2.3b). Oxygen concentration (at 0.1 m 

depth) ranged between 15 and 21% during three quarters of the measurement period and 

decreased consistently to 0% during spring in both years (Figure 2.3c). Moreover, 

temporal patterns seen in O2 concentration were not significantly different in both parcels 

(measured difference 0.3 ± 0.2% se.adj; p.adj = 0.075). Oxygen concentration during 

summer (JJA) 2015 was higher compared to 2016 (t = 2.64; p.adj = 0.03), as a 

consequence of less rainfall compared to summer 2016 (Figure 2.2c). Soil oxygen 

concentration was inversely related to soil water content. 
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Ammonium (NH4
+) concentration in the soil peaked on each day of slurry application in 

the control parcel and declined during the following few days (Figure 2.4a). NH4
+-N 

concentration measured in the topsoil ranged between 0.4 and 19.2 mg NH4
+-N kg-1 dry 

soil in the control parcel during the two years of observations. Significantly lower NH4
+-

N concentration was measured in the clover parcel (0.6Ð11.1 mg NH4
+-N kg-1 dry soil; 

paired Wilcoxon-test, p < 0.01). While NH4+-N concentration peaked after fertilization 

events in the control parcel, no consistent patterns were observed in the clover parcel 

where no fertilizer was applied. Soil nitrate (NO3
-) concentration ranged between 1.7 and 

27.7 mg NO3
--N kg-1 dry soil in the control parcel (Figure 2.4b). Similar to the 

observations found for NH4+-N, significantly lower soil nitrate levels (0.6Ð18.9 mg NO3
-

-N kg-1 dry soil) were found in the clover parcel (paired Wilcoxon-test, p < 0.01). NO3--

 

Figure 2.3: Soil climatic conditions during 2015 and 2016. (a) Average daily soil temperature (0.1 m 
depth), (b) average daily soil water content (0.1 m depth), (c) average daily soil oxygen concentration (0.1 
m depth) at the control (left, red) and clover parcel (right, blue). The bars indicate the sub-daily variability 
(ranges of 10 min values). 
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N concentration significantly increased over the course of the season in the control parcel 

(Mann-Kendall-test, 2015 tau = 0.50, p < 0.001; 2016 tau = 0.40, p < 0.001). Such trend 

was not observed in the clover parcel in 2015, while it was significant in 2016 (Mann-

Kendall-test, 2015: tau = 0.15, p > 0.05; 2016: tau = 0.35, p < 0.01) (Figure 2.4b). 

Dissolved organic carbon (DOC) measured regularly from soil samples resulted in a 

range of 42Ð234 mg C kg-1 dry soil in the control parcel (Figure 2.4c). Again, 

significantly lower values were measured for DOC in the clover parcel (0.6Ð160 mg C 

kg-1 dry soil) (paired Wilcoxon-test, p < 0.01) compared to the control. As observed for 

NO3
--N, DOC concentration significantly increased with the growing season in the 

control parcel in both years and in the clover parcel in 2016 (Mann-Kendall-test, control 

parcel 2015: tau = 0.25, p < 0.01, 2016: tau = 0.23, p < 0.05; clover parcel 2015: tau = 

0.14, p > 0.5, 2016: tau = 0.26, p < 0.05) (Figure 2.4bc). Overall, soil mineral N and 

DOC concentrations were lower in the clover parcel. 

 

 

Figure 2.4: (a) Ammonium-N concentration, (b) nitrate-N concentration, (c) dissolved organic carbon 
concentration per unit of dry soil at the control (left, red) and clover parcel (right, blue) during 2015 and 
2016. Black arrows indicate slurry applications, which only took place in the control parcel. Numbers 
above the arrows indicate the amount of N (kg ha-1) added to the parcel. 
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Total annual yields (mean ± SE) of the control parcel were 12.8 ± 0.5 t dry matter (DM) 

ha-1 in 2015 and 11.9 ± 0.4 t DM ha-1 in 2016, while yields of the clover parcel were 10.4 

± 0.7 t DM ha-1 and 11.0 ± 0.5 t DM ha-1 in 2015 and 2016, respectively (Table 2.3). 

Previous yearsÕ yields of both parcels were 9.3 ± 3.2 t DM ha-1 yr-1 in the control and 6.6 

± 2.3 t ha-1 yr-1 in the parcel which was transformed into the experimental parcel during 

the years 2015 and 2016, based on data of all years with complete records between 2007 

and 2013 (mean difference between parcels 2007Ð2013 of Ð2.7 t ha-1 yr-1; experiment 

difference 2015/16 Ð2.4 and Ð0.9 t ha-1). Thus, yield differences between the two parcels 

in 2015 and 2016 were in the range of yield differences observed during previous years, 

with yields being 19% (2015) and 9% (2016) lower at the clover parcel compared to the 

control parcel (Figure 2.5a). The living aboveground biomass remaining on the parcel 

Table 2.3: Characteristics of the exported biomass from the control and clover parcels in 2015 and 2016 
for legumes, non-legumes and total biomass (legumes and non-legumes). Numbers in brackets give the 
respective standard errors. The legume proportion is based on the annual biomass exported. C and N 
content and ' 15N values refer to mean values across all samples. BFN refers to N derived from the 
atmosphere in harvested clover biomass. Means sharing the same superscript (per row) are not significantly 
different from each other (Tukey's HSD, p < 0.05); No significance tests were applied for percentages and 
ratios. 

   2015  2016 
Variable (Unit)   Control Clover  Control Clover 

Biomass export (DM t ha-1) Total  12.8 (± 0.5)a 10.4 (± 0.7)b  11.9 (± 0.4)ab 11.0 (± 0.5)ab 

Biomass export (DM kg ha-1) Legumes  1860 (± 176)a 2240 (± 141)b  503 (± 80)ab 4840 (± 355)ab 

Non-Legumes  11000 (± 541)a 8170 (± 666)b  11400 (± 462)a 6150 (± 493)b 

Legume proportion (%) Total  15 (± 12) 21 (± 8)  4 (± 5) 44 (± 20) 

C content (%) Legumes  45.3 (± 1.1) 45.6 (± 0.3)  42.9 (± 0.9) 43.8 (± 0.6) 

Non-Legumes  45.1 (± 1.4) 45.2 (± 0.4)  43.0 (± 1.0) 43.0 (± 1.0) 

N content (%) Legumes  3.36 (± 0.24) 3.56 (± 0.14)  3.30 (± 0.14) 3.08 (± 0.18) 

Non-Legumes  2.18 (± 0.12) 2.25 (± 0.16)  1.94 (± 0.19) 1.85 (± 0.17) 

! 15N (ä)  Legumes  -0.47 (± 0.54) -0.72 (± 0.21)  -0.37 (± 0.55) -0.76 (± 0.24) 

Non-Legumes  4.77 (± 0.83) 4.48 (± 0.42)  5.10 (± 0.94) 3.45 (± 0.55) 

C (kg ha-1) 
Total  5780 (± 222)a 4720 (± 289)b  5120 (± 221)ab 4760 (± 228)b 

Legumes  843 (± 78)a 1020 (± 70)a  216 (± 24)b 2120 (± 123)c 

Non-Legumes  4940 (± 235)a 3700 (± 295)b  4900 (± 220)a 2640 (± 275)c 

N (kg ha-1) 
Total  301 (± 10)a 264 (± 13)b  238 (± 13)ab 262 (± 8)b 

Legumes  63 (± 6)a 80 (± 5)a  17 (± 2)b 149 (± 9)c 

Non-Legumes  238 (± 9)a 184 (± 13)a  221 (± 11)a 113 (± 9)a 

BFN (kg ha-1) Legumes  55 (± 5)a 72 (± 5)a  14 (± 2)b 130 (± 8)c 
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after mowing was 1.0 ± 0.3 t DM ha-1 on the control parcel and 0.8 ± 0.4 t DM ha-1 on 

the clover parcel (measured on 21st April 2015; Figure 2.5b). Average clover proportion 

in harvested biomass in 2015 was 14.5% in the control parcel and 21.4% in the clover 

parcel. The difference in clover proportion between the two parcels was more visible in 

2016, with 4.1% clover proportion in the control parcel and 44.2% in the clover parcel. 

When analysing individual sampling dates, differences in clover proportion between the 

control and clover parcel were highly variable in 2015, with substantially higher values 

for the clover parcel in the months April and June and slightly lower clover proportion 

in August when compared to the control parcel. In 2016, clover proportions increased 

and stabilized in the clover parcel, while they decreased in the control parcel with 

progress of the growing season (Figure 2.5c). Leaf area index (LAI) ranged between 0.4 

and 5.9, with a maximum at the first harvest each year (Figure 2.5d). Average C 

concentrations in the biomass of all harvests were similar across parcels and plant 

functional types (legumes 42.9Ð 45.6%, non-legumes 43.0Ð45.2% C in biomass across 

parcels and years, Table 2.3; Figure 2.5e). Average N concentrations in the biomass were 

always higher in legumes (3.3 ± 0.2%) compared to non-legumes (2.1 ± 0.2%) (Figure 

2.5f). C/N ratios (data not shown) of total annual yields were slightly higher in the control 

(19.2 ± 1.7 and 19.8 ± 2.8) than in the clover parcel (17.1 ± 1.0 and 16.7 ± 2.1) for both 

years, respectively. Vegetation height reflected the vegetation dynamics and reached 

similar maxima on the control parcel (41 cm and 59 cm) and the clover parcel (44 and 

60 cm) in 2015 and 2016, respectively (Figure 2.5g). C in annual yields at the control 

parcel was higher (5.8 ± 0.2 t ha-1) compared to the clover parcel (4.7 ± 0.3 t ha-1) in 

2015, while C in biomass was similar for the control parcel (5.1 ± 0.3 t ha-1) and the 

clover parcel (4.8 ± 0.2 t ha-1 yr-1) in 2016 (Table 2.3). N exported was similar across 

parcels in the second year (control: 238 ± 13 kg ha-1 yr-1; clover: 262 ± 8 kg ha-1 yr-1; 

Table 2.3). Biological nitrogen fixation via rhizobia associated with clover (N derived 

from the atmosphere Ð Ndfa) resulted in BFN in harvested biomass of 55.6 ± 5.3 kg N ha-

1 yr-1 and 14.2 ± 1.7 kg N ha-1 yr-1 in the control parcel and 71.6 ± 5.0 kg N ha-1 yr-1 and 

130 ± 8.0 kg N ha-1 yr-1 in the clover parcel during the first and the second year of the 

experiment, respectively (Table 2.3, Figure 2.5h). 
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Figure 2.5: (a) Yields and intake by grazing at the control (left, red) and clover parcel (right, blue), (b) 
total aboveground biomass. Circles represent the total biomass (legumes and non-legumes), filled triangles 
are displaying the remaining biomass after harvest (stubble), which was measured once (sampling date 21st 
April 2015) and assumed to be approximately similar during subsequent harvests. (c) Clover proportion in 
dry biomass, (d) leaf area index (LAI), (e) C content, and (f) N content in biomass. Diamonds represent 
the legumes and triangles non-legumes. (g) Vegetation heights derived from webcam images, (h) amounts 
of total N removal at harvest (semi-transparent), including total amount of BFN in the removed biomass 
(saturated). 
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Average N2O fluxes (with 95% confidence interval CI from the bootstrapping given in 

parentheses) in the control parcel in 2015 were 4.1 kg N2O-N ha-1 yr-1 (CI 3.8Ð4.2 kg 

N2O-N ha-1 yr-1) and 1.9 kg N2O-N ha-1 yr-1 (CI 1.8Ð2.0 kg N2O-N ha-1 yr-1) in the clover 

parcel. In 2016, average N2O fluxes were higher for both parcels (6.3 kg N2O-N ha-1 yr-

1, CI 6.0Ð6.5 kg N2O-N ha-1 yr-1 in the control and 3.8 kg N2O-N ha-1 yr-1, CI 3.7Ð3.9 kg 

N2O-N ha-1 yr-1 in the clover parcel) (Figure 2.6a). Annual N2O fluxes in the clover parcel 

were 54% (51Ð57% as 95% confidence intervals) and 39% (36Ð42%) lower than at the 

control parcel in 2015 and 2016, respectively (Figure 2.6b). During the reference year 

2013, average N2O fluxes in the control parcel were 4.7 kg N2O-N ha-1 yr-1 (4.6Ð4.8 kg 

N2O-N ha-1 yr-1) and in the clover parcel 4.8 kg N2O-N ha-1 yr-1 (4.6Ð4.9 kg N2O-N ha-1 

yr-1) and did thus not differ significantly. N2O emission intensities (yield-scaled N2O 

emissions) during the experiment were 0.31g N2O-N kg-1 DM in the control parcel and 

thus higher than the 0.18 g N2O-N kg-1 DM observed in the clover parcel in 2015. A 

similar pattern was observed in 2016, with N2O emission intensities of 0.53 g N2O-N kg-

1 DM versus 0.37 g N2O-N kg-1 DM in 2016 for control and clover parcel, respectively. 

 

Figure 2.6: (a) Annual N2O exchange at control (red) and clover parcels (blue) for the reference years 
2013Ð2014 and the experimental years 2015Ð2016. (b) Relative differences between N2O exchange in the 
control and clover parcels for the reference years (grey) and the experimental years (white). Boxes indicate 
the inter-quartile range based on nonparametric bootstrapping; bold black lines within boxes indicate the 
medians. 
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We observed increased N2O fluxes after fertilization in the control parcel, with maximum 

daily N2O fluxes reaching 17.4 mg N2O-N m-2 d-1 on 25th August 2015, a day of slurry 

amendment. The effect of fertilizer amendment on N2O fluxes depended on the 

environmental conditions during and after the fertilization event. While several events 

(e.g. 10th June 2015, 25th August 2015, 16th July 2016 and 17th August 2016) were 

followed by increased N2O emissions, other events (e.g. 1st June 2016) did not show such 

an effect (inter-quartile range displayed in Figure 2.7). N2O fluxes decreased to 

background levels within a few (3Ð7) days after fertilizer application. Harvest had a 

moderate influence on N2O emissions on both parcels (Figure 2.7c). Maximum daily 

N2O fluxes after harvest were 7.0 mg N2O-N m-2 d-1 on 5th July 2016. Average N2O fluxes 

on both parcels were significantly higher the weeks after harvest (average of both parcels: 

2.0 mg N2O-N m-2 d-1) compared to average fluxes during the pre-harvest weeks (1.4 mg 

 

Figure 2.7: N2O fluxes (bold lines: average; color bands: inter-quartile range of daily means across all 
events in 2015 and 2016) in the control and the clover parcels from one week before to two weeks after 
management events: after (a) organic fertilizer application, (b) harvests, (c) grazing events, and (d) rain 
events. The black dashed line indicates the start of an event. 



44 2 Field experiment for testing nitrous oxide mitigation 
 

N2O-N m-2 d-1) (Figure 2.7). Neither grazing nor rain events significantly affected N2O 

exchange (Figure 2.7cd). 
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Nitrous oxide emissions significantly increased after fertilizer application (Ctr-F 

compared to Ctr-0, p < 0.05) when compared to N2O fluxes during periods of no 

management on the same (control) parcel (Figure 2.8a, Table 2.4). The effect size 

showed 2.5-fold N2O emissions during the seven days following slurry amendment 

compared to no management (resulting from applying the back-transformation to the 

fertilization effect: 100.4 = 2.5; Table 2.4). The effects of management influence N2O 

fluxes jointly with other measured driver variables, such as soil moisture, soil 

temperature, NH4
+-N, NO3

--N and DOC concentration in the soil. After mowing no 

significant increase in N2O emissions was found for the optimized model in either of the 

parcels (Table 2.4b). In contrast a difference in N2O emissions after harvest was observed 

for the simple model on the control parcel (Table 2.4c). If the difference in sward 

composition itself affected N2O emissions (e.g. via plant residues or rhizodeposition), 

we expected a significant effect of the clover treatment compared to the control during 

times without management (Ctr-0 which was the reference compared to Clo-0, Table 

2.4). Due to the absence of such an effect, we deduce that the increased clover 

proportions at the clover parcel did not affect N2O emissions. 

Soil microclimate affected N2O emissions in both parcels. Soil temperature significantly 

influenced N2O emissions (p < 0.05), indicating a 7% (± 2%) increase in N2O per ¡C 

temperature increase (p < 0.05, Table 2.4, Figure 2.8b). Soil temperature had the highest 

explanatory power (r2 = 0.17) for the prediction of log-transformed N2O flux as a single 

explanatory variable (data not shown). Besides soil temperature, volumetric soil water 

content showed a significant non-linear effect on N2O emissions (p < 0.05, Figure 2.8c). 

The humpback-shaped functional relationship between volumetric soil water content and 

log-transformed N2O emissions (Figure 2.8c) shows an increase until 34% and a decrease 

above 36% volumetric soil water content. Similarly, oxygen concentration significantly 
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affected N2O emissions (p < 0.05, Figure 2.8d). Oxygen concentration was non-linearly 

related to N2O emissions, showing lowest N2O emissions (10-4 +mol m-2 s-1) at 0% 

oxygen concentration. N2O emissions increased until a maximum was reached at 17Ð

19% oxygen concentration, and then decreased with further increasing oxygen 

concentration to atmospheric concentrations of 20.9% (Figure 2.8d). Net ecosystem 

exchange of CO2, which was used here as a proxy for plant activity, affected N2O 

emissions (p < 0.05, Figure 2.8e) with a 4% (± 2%) decrease of N2O emissions per +mol 

m-2 s-1 net carbon dioxide uptake. Inclusion of NH4
+-N concentration improved the 

prediction of N2O emissions (Table 2.4, Figure 2.8f), leading to an emission increase of 

5% (± 3%) per +mol m-2 s-1. Note that large NH4
+-N concentrations only occurred after 

fertilization, thus the NH4+-N effect was mainly influenced by these dates, while it did 

not play a role for the other management categories. In contrast, NO3
--N concentration 

did not improve the prediction of N2O emissions (Table 2.4, Figure 2.8g). Also, DOC 

concentrations showed no effect on N2O emissions (Table 2.4, Figure 2.8h). The slopes 

of the relationship between drivers and predicted N2O emission are flatter than expected 

from visual inspection of the observed values (Figure 2.8), as the predictions here depict 

the dependency of N2O emissions on the respective driver alone (based on averages of 

all other drivers), in contrast to observations, which depict combinations of effects of 

several drivers. The effects of soil temperature, soil water content and management in 

the full and the optimized model (Table 2.4a and 4b) were consistent with the simple 

model (Table 2.4c) that included only these three variables and therefore more 

observations (n = 891 versus n = 93). Including additional variables (O2, NH4
+-N, NEE 

of CO2) besides soil temperature and soil water content increased the explained variance 

in N2O emissions from 26.3% in the simple model (Table 2.4c) to 54.5% in the optimized 

model (Table 2.4b). 
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Figure 2.8: Influence of management and environmental variables on N2O emissions as predicted by the 
generalized additive model (GAM). Significant effects were found for (a) management, (b) soil 
temperature (TS, 0.1 m depth), (c) soil water content (SWC, 0.1 m depth), (d) oxygen concentration (O2, 
0.1 m depth), (e) carbon dioxide (CO2) flux and, while not significant (f) ammonium-N concentration 
(NH4-N, 0Ð0.2 m depth) still improved the model (lowered the AIC). No significant influence was found 
for (g) nitrate-N concentration (NO3-N, 0Ð0.2 m depth) and (h) dissolved organic carbon concentration 
(DOC, 0Ð0.2 m depth). Measurements are displayed as squares for Òno managementÓ, upward triangles 
for harvests at the control (red) and clover (blue) parcels, and downward triangles (red) for fertilization 
(control). Predictions are displayed if lowering AIC as solid lines for the category Òno managementÓ, as 
dashed lines for harvests, and as dot-dashed line for fertilization based on average values for all other 
drivers, respectively. 
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Table 2.4: Results of generalized additive models (GAM) (a) including all variables (full model), (b) 
reduced after stepwise backward elimination, dismissing DOC and nitrate (optimized model); (c) 
simplified including only management, soil temperature (TS) and volumetric soil water content (SWC). 
The control parcel without recent management (Ctr-0) was used as the reference level for the categorical 
variable management, thus the constant represents predictions for Ctr-0 and the effect sizes of all other 
management categories depict differences compared to Ctr-0. The effect sizes are displayed with their 
standard errors and p values for all linear terms. For the non-linear terms soil water content and oxygen 
concentration, the respective empirical degrees of freedom (edf) and p values are shown. The effect sizes 
are direct model outputs, while the values used in the text were back-transformed to increase 
comprehensibility. 

Dependent variable: log N2O Flux (a) full model (b) optimized model (c) simple model 

Covariates 
effect size (± 

se) 
p-value 

effect size (± 
se) 

p-value 
effect size (± 

se) 
p-value 

Parametric coefficients:       

Control after harvest (Ctr-H) 0.30 (± 0.24) 0.223 0.13 (± 0.22) 0.567 0.17 (± 0.07) 0.012* 

Control after fertilization (Ctr-F) 0.46 (± 0.19) 0.016* 0.40 (± 0.17) 0.025* 0.31 (± 0.06) <0.0001***  

Clover no management (Clo-0) 0.14 (± 0.18) 0.432 0.11 (± 0.18) 0.529 -0.02 (± 0.03) 0.567 

Clover after harvest (Clo-H) 0.24 (± 0.22) 0.269 0.20 (± 0.22) 0.359 0.10 (± 0.07) 0.129 

TS (¡C) 0.03 (± 0.01) 0.023* 0.03 (± 0.01) 0.004** 0.03 (± 0.002) <0.0001***  

CO2 Flux (+mol m-2 s-1) 0.02 (± 0.01) 0.018* 0.02 (± 0.01) 0.025*   

NH4-N (+g g-1) 0.02 (± 0.01) 0.167 0.02 (± 0.01) 0.074   

NO3-N (+g g-1) -0.01 (± 0.01) 0.231     

DOC (+g g-1) 0.002 (± 0.001) 0.303     

Constant -4.22 (± 0.25) <0.0001***  -4.17 (± 0.23) <0.0001***  -3.97 (± 0.04) <0.0001***  

Approximate significance of smooth terms:      

 edf p-value edf p-value edf p-value 

SWC 2.33 0.119 1.87 0.048* 1.98 <0.0001***  

O2 concentration 2.81 0.0001***  2.72 0.0003***    

Observations 90  93  891  

Adjusted r2 53.5%  54.5%  26.3%  

Explained deviance 60.9%  60.2%  26.9%  

GCV score 0.1183  0.1152  0.1761  

 
*p<0.05 ** p<0.01 *** p<0.001 
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We quantified ecosystem N2O exchange at a fertilized control parcel (Òbusiness as 

usualÓ) and an unfertilized clover parcel where we increased the clover proportion 

(Òmitigation managementÓ). The mitigation management was composed of two major 

changes compared to the Òbusiness as usualÓ practice; (1) omitted fertilization and (2) 

over-sowing clover, leading to an increased clover proportion in the experimental sward 

(i.e. 21% versus 15 % in 2015, 44% versus 4% in 2016). Our analysis showed that the 

difference in N2O emissions between both parcels can be attributed to the absence of 

fertilization on the clover parcel. Increased clover proportion could still have increased 

N2O emissions in the clover parcel due to N-rich clover residues and N from root 

exudates (Rochette and Janzen, 2005), and thereby offset the effect of reduced 

fertilization. However, we measured similar N2O fluxes originating from the two parcels 

of different clover proportion during periods without management, indicating that 

differences in clover proportion alone (i.e. excluding recent management effects) resulted 

in unchanged N2O emissions (i.e. plant residues and root exudates affected N2O 

emissions similarly on the clover and the control parcel). We quantified the effects of 

environmental drivers on N2O emissions and identified soil temperature, soil oxygen 

concentration, soil water content and NEE of CO2 as main environmental drivers of N2O 

emissions. The assessment of the mitigation strategy revealed reductions in N2O 

emissions, an increase in BFN and stable yields under mitigation management. 

This study covered two years and did not include potential effects of incorporation of 

clover into the soil during ploughing (which takes place every 8Ð10 years). Long-term 

effects of the mitigation strategy on the N budget of the site, as well as implications on 

the farm level, (e.g. the feasibility to use the slurry to replace mineral fertilizer elsewhere, 

fodder composition) should be investigated in future studies. In summary, our results 

indicate that N2O emissions can be effectively reduced at ecosystem scale through 

enhancing the clover proportion (and BFN) in permanent grassland while reducing 

organic fertilizer inputs and still meeting the N requirements of plants. 
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N2O emissions in the control parcel summed up to 4.1 and 6.3 kg N2O-N ha-1 yr-1 for 

the two years, respectively, corresponding to 1.4 and 3.5% of the applied fertilizer N. 

Annual N2O emissions are of the same order of magnitude as the values reported from 

the site in previous years (2010 and 2011) by (Imer et al., 2013), who estimated 2.2Ð7.4 

kg N2O-N ha-1 yr-1 based on manual N2O measurements using static GHG chambers. 

Similar N2O emissions of 4.5 kg N2O-N ha-1 yr-1 (0.3Ð18.2 kg N2O-N ha-1 yr-1) from 

other fertilized grassland sites were reported by Jensen et al. (2012) in a synthesis paper 

covering 19 site-years. Fertilized grassland sites in Central Europe, and particularly 

grasslands at higher altitudes, typically gave lower N2O emissions (0.19Ð5.28 kg N2O-

N ha-1 yr-1 across site-years, or 0.1Ð2.5% of fertilizer input) compared to our site, which 

showed the highest emissions with respect to both absolute N2O emissions as well as 

emissions as a percentage of fertilizer N input (2.55Ð7.89 kg N2O-N ha-1 yr-1 or 1.1Ð

3.6% of fertilizer N input across site-years 2010Ð2013) as reported by Hšrtnagl et al. 

2018, compared to 1.4Ð3.5% of fertilizer N in our study (2015 and 2016). For a more 

targeted comparison, here we considered only the non-restoration site-years and 

excluded the 2012 which showed high N2O emissions particularly related to grasslands 

restoration. The Hšrtnagl et al. (2018) study covered years 2010Ð2013 of our site but 

used a different gap-filling method. The high emissions from our site were explained 

by warm temperatures (~20¡C) combined with moist to wet soil moisture conditions 

after fertilizer events, and therefore particularly favourable conditions for N2O 

production compared to conditions at other sites. Hšrtnagl et al. (2018) used a 

conservative method to estimate fluxes during periods without measurement (running-

median gap filling, resulting in low estimates when gaps are filled during emission 

peaks). In this study, gaps for annual estimates were filled with the arithmetic average 

because this method appropriately represents an average of peak and background 

emissions, rather than predominantly representing background emissions as with the 

running median method. In summary, our year-round measurements of N2O emissions 
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are higher than the multi-site averages due to its fertilizer regime and site conditions, 

but within plausible ranges compared to other sites. 
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N2O emissions in the clover parcel during our two-year observation period summed up 

to 1.9 and 3.8 kg N2O-N ha-1 yr-1 in 2015 and 2016, respectively. These N2O emissions 

were clearly lower than the values observed in the control parcel during both years. In 

2015, the difference can be attributed to the difference in fertilization between parcels, 

as the clover proportion was still similar in both parcels (control parcel: 15%; clover 

parcel: 21% clover). In 2016, large differences in clover proportion (control parcel: 4%; 

clover parcel: 44% clover) resulted in similarly lower N2O emissions on the clover parcel 

as in 2015. However, N2O emissions in the clover parcel were high compared to other 

unfertilized grassÐclover mixtures with zero or low fertilizer inputs (< 50 kg N) for which 

average emissions of 0.54 kg N2O-N ha-1 yr-1 (0.10Ð1.30 kg N2O-N ha-1 yr-1) were 

reported by Jensen et al. (2012) based on eight site-years. Further non-fertilized grass-

clover mixtures showed annual N2O emissions of up to 2.5 kg N2O-N ha-1 yr-1 (Li et al. 

2011, Table 2.5). Thus, our measurements exceeded the typical range of values in the 

second year by 50%. Regular N amendments at the Chamau site in the past might have 

led to immobilization of N via microbes and subsequent enrichment of the soil organic 

N (SON) pool (Conant et al., 2005; Ledgard et al., 1998). This in turn is known to lead 

to higher background N2O emissions in relation to N2O emissions observed from sites 

under long-term extensive management. In addition, high total N deposition (NH3, NO3, 

HNO3, NO2) in the study area (in total 33.8 kg N ha-1 yr-1in 2015; Rihm and Achermann, 

2016) might foster background N2O emissions due to increased NH4
-+ and NO3

- 

availability (Butterbach-Bahl et al., 2013). Additionally, NH3 deposition on the clover 

parcel originating from NH3 emissions from the adjacent control parcel is likely to be the 

cause of increased soil NH4
-+ concentrations after the event on 17th August 2016. 

Furthermore, a possible explanation for the relatively high N2O emissions from our 

clover parcel in 2016 were the meteorological conditions which were wetter during 

summer and therefore more favourable for N2O production than during 2015. High 
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background N2O emissions in the clover parcel in 2016 were reflected by similarly high 

background N2O emissions in the control parcel, indicating that these were mainly driven 

by other factors (favourable meteorological conditions, sufficient N substrate 

availability) and not by the sward composition itself. 

 

Table 2.5: Summary of studies investigating N2O emissions simultaneously in permanent grasslands of at 
least two different clover proportions. We included studies with > 200 days temporal coverage and at least 
biweekly sampling of N2O emissions, or if discontinuously sampled included a sensible strategy used by 
the authors in order to estimate annual fluxes. 

Source Treatment 
Nfert  

(kg N ha-1 yr-1) 
Clover 

% 
N2O flux 

(kg N2O-N ha-1 yr-1) 
Ammann et al. 2009 low clover 230 21 1.60 
Ammann et al. 2009 high clover 0 32 -0.10 
Jensen et al. 2012 fertilized pasture NA 0 4.49 
Jensen et al. 2012 unfertilized grass 0 0 1.20 
Jensen et al. 2012 grass-clover 0 NA 0.54 
Jensen et al. 2012 pure clover 0 100 0.79 

Klumpp et al. 2012 low clover 157 19 1.72 
Klumpp et al. 2012 high clover 157 35 1.52 

Li et al. 2011 rhyegrass grazed 226 0 7.82 

Li et al. 2011 
fertilized rhyegrass-white 

clover grazed 
58 20-25 6.35 

Li et al. 2011 
unfertilized rhyegrass-white 

clover grazed 
0 20-25 6.54 

Li et al. 2011 rhyegrass-background 0 0 2.38 
Li et al. 2011 grass-clover background 0 20-25 2.45 

Schmeer et al. 2014 uncompacted grass 360 15 8.74 
Schmeer et al. 2014 compacted grass 360 15 13.31 
Schmeer et al. 2014 uncompacted lucerne-grass 0 70 2.46 
Schmeer et al. 2014 compacted lucerne-grass 0 70 2.22 
Simek et al. 2004 no clover 210 0 2.28 
Simek et al. 2004 high clover 20 60 1.50 
Simek et al. 2004 pure clover 20 100 1.50 
This study 2015 low clover 296 15 3.82 
This study 2016 low clover 181 4 6.27 
This study 2015 high clover 0 21 1.89 
This study 2016 high clover 0 44 4.07 

VirkajŠrvi et al. 2010 no clover 220 0 3.65 

VirkajŠrvi et al. 2010 high clover 0 75 7.00 
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Our aim was to identify the main drivers of N2O emissions and therefore we investigated 

the effects of management (fertilization, harvest, grazing, over-sowing leading to 

increased clover proportion) and environmental variables on N2O emissions. 

Fertilization of the control parcel had the largest effect on N2O emissions. Increased N 

availability due to fertilization is widely known as a main driver of N2O emissions, which 

makes it a key factor for mitigating N2O emissions (Bouwman et al., 2002; Smith et al., 

1997). Nevertheless, effects of fertilization on N2O emissions vary widely across 

grassland sites and years (0.01Ð3.56% in Flechard et al., 2007; 0.1Ð8.6% in Hšrtnagl et 

al., 2018, 1.4 and 3.5% of fertilizer N across years in this study), indicating that 

fertilization alone is insufficient for explaining N2O emissions and highlighting the need 

to take additional drivers into account. We further observed increased N2O emissions 

following harvest events on the control parcel, which may be explained as a consequence 

of increased rhizodeposition (Bolan et al., 2004; Butenschoen et al., 2008). Subsequently, 

greater availability of labile C compounds can lead to increased microbial activity, 

accompanied with increased production of N2O (Rudaz et al., 1999). Higher N2O fluxes 

following cutting were similarly observed on a pasture in Central France (up to 3.7 mg 

N2O-N m-2 d-1in Klumpp et al., 2011; up to 7.0 mg N2O-N m-2 d-1 in this study). Grazing 

had only a minor influence on the overall N2O budget of the Chamau site with 3.71% of 

N2O-N emitted during grazing periods and data analysis showed that N2O fluxes did not 

significantly respond to the presence of animals (Figure 2.7c). We attribute this 

observation to low stocking densities and short duration of grazing (Table 2.1). Other 

studies with higher stocking densities have shown that more intensive grazing led to 

increased N2O emissions (Oenema et al., 1997; van Groenigen et al., 2005). These were 

attributed to C and N from animal excreta and to soil compaction by treading and 

trampling animals, creating anaerobic soil conditions (Flechard et al., 2007; Lampe et 

al., 2006; Oenema et al., 1997).  

An important finding from this study is that increased clover proportion, and 

subsequently increased BFN, did not increase N2O emissions, as shown by comparing 
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N2O emissions between both parcels during periods without management (Table 2.4c, 

Clo-0). In other words, substrate from decomposition of plant residues and from root 

exudates may affect N2O emissions, but this effect was similar on both parcels, 

independent of the higher clover proportion and BFN in the clover parcel. This is in 

contrast to a study on a boreal grass-clover mixture in which significant N2O emissions 

were observed in spring, largely exceeding the fertilized grassland control (VirkajŠrvi et 

al., 2010). These higher emissions were explained by increased substrate available to 

microbial communities producing N2O in the surface layer after spring thaw (Wagner-

Riddle et al., 2008). Nitrous oxide emissions from BNF itself (rhizobial denitrification) 

have been shown to be possible (OÕHara and Daniel, 1985). Nevertheless, due to its small 

magnitude the contribution to field-scale N2O emissions is negligible (Rochette and 

Janzen, 2005). Previous results from a laboratory incubation by Carter and Ambus 

(2006), who investigated N2O emissions from unfertilized soils for up to 36 weeks, 

showed that recently fixed N2 in a white clover-ryegrass mixture contributed as little as 

2.1 ± 0.5% to total N2O emissions. In agreement with our result, measurements from 

permanent grasslands in Ireland, where winter freeze-thaw cycles are very rare, showed 

that annual N2O emissions in unfertilized ryegrass (2.38 ± 0.12 kg N2O-N ha-1 yr-1) were 

not significantly different from an unfertilized grassÐclover sward (2.45 ± 0.85 kg N2O-

N ha-1 yr-1) with clover proportions of 20Ð25%, hence providing evidence that N2O 

emission due to BNF itself and clover residual decomposition were negligible (Li et al., 

2011). Our findings are in line with these observations and add the insight that clover 

proportions of up to 44%, as found in our study, will not result in increased N2O 

emissions.  

The effects of temperature and soil water content on N2O emissions as found in our study 

are in line with established knowledge (Butterbach-Bahl et al., 2013; Flechard et al., 

2007). Furthermore, directly measured soil oxygen concentrations, which have hardly 

been used in field-scale studies before, improved the prediction of N2O emissions (Table 

2.4). Our data showed that larger plant C uptake (negative NEE) of CO2 as proxy for 

plant activity was associated with reduced N2O emissions, which supports the hypothesis 
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that plant roots are in competition for available N with microbes and often reduce the N 

availability to microbes (Merbold et al., 2014). Thus, we observed lower N2O emissions 

at higher levels of photosynthesis. Our analysis showed that inclusion of NH4
+-N 

concentration in the statistical analysis improved the prediction of N2O emissions, while 

NO3
--N and DOC were of less importance for the prediction of N2O emissions. 

Comparable results for the influence of NH4
+ and NO3

- were found at an Irish grassland 

(Rafique et al., 2012). In summary, fertilization was the dominant predictor of N2O 

emissions, while soil temperature, soil water content, soil oxygen concentration and NEE 

of CO2 were significant environmental drivers. Concluding from all management effects, 

the decrease in annual N2O emissions under the mitigation strategy was primarily caused 

by the absence of fertilization, while a potential effect of the increase in clover proportion 

and increased BFN offsetting these emission reductions was absent. 
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An important precondition for the acceptance of any climate change mitigation strategy 

is that yields need to be maintained at similar levels as under conventional management. 

Differences in biomass yields between the control and clover parcels were only minor 

(19% and 9% lower in the clover parcel in 2015 and 2016, respectively), and comparable 

to the observed differences between the two parcels prior to the mitigation experiment. 

Maintaining high yields without fertilization can be explained by the increased BFN in 

the clover parcel and positive interactions between clover and grass (Òoveryielding 

effectÓ) (LŸscher et al., 2014; Nyfeler et al., 2009). Additionally, high SON content due 

to previous yearÕs fertilizer amendments are expected to contribute to the persistently 

high production levels (Table 2.3). Similar productivity levels of an unfertilized grass-

clover mixture (three cuts, 9% less DM) compared to an adjacent intensive grass-clover 

mixture (230 kg N fertilizer, 4Ð5 cuts) were also found at a site 50 km from the Chamau 

field site in the past (Ammann et al., 2009). Furthermore, our findings are consistent with 

findings from the more comprehensive study by Nyfeler et al. (2009), who found large 
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overyielding effects in comparable Swiss grassland systems, i.e. grass-clover yields at 

50 kg N ha-1 yr-1 and 50 to 70% clover were as productive as grass monocultures fertilized 

with 450 kg N ha-1 yr-1. The overyielding effect has been reported across a wide range of 

climates and soil types (Finn et al., 2013; Kirwan et al., 2007), indicating that our result 

of maintained productivity levels under the mitigation strategy is likely to be 

reproducible across a wider range of site conditions. 

Biologically fixed nitrogen found in shoot biomass was slightly higher in the clover 

parcel (72 kg N ha-1 yr-1) compared to the control parcel (55 kg N ha-1 yr-1) in 2015 due 

to only small differences in clover proportion between both parcels. During the second 

year, the over-sowing was more effective and BFN found in shoot biomass in the clover 

parcel summed up to 130 kg N ha-1 yr-1 while only 14 kg N ha-1 yr-1 were measured in 

the control parcel. Previous studies reported similar amounts of BFN for mown and 

grazed pasture systems (Ledgard and Steele, 1992; Nyfeler et al., 2011), with maxima 

being as high as 323 kg N ha-1 yr-1 as observed in a comparable grass-clover mixture 

(Nyfeler et al., 2011). This indicates that biologically fixed nitrogen at the Chamau could 

reach higher amounts than observed during our experiment. Clover proportions at our 

site varied seasonally, with a minimum in spring and maximum in summer in both 

parcels. Such seasonal cycles in clover proportions occur due to speciesÕ developmental 

cycles, but also competitive advantages/disadvantages of the respective species. Drier 

conditions, observed for instance in summer (JJA), result in competitive advantages of 

the clover compared to grasses, as N2 fixation is less sensitive to dry conditions than 

uptake of mineral N (Hofer et al., 2017; LŸscher et al., 2005). Furthermore, inter-annual 

variability of clover proportions can be an additional management challenge for farmers 

whose aim is to keep a persistent sward composition (LŸscher et al., 2014).  

Lower SON content (3490 kg N ha-1) in a grass-clover mixture compared to a 200 kg ha-

1 yr-1 fertilized grassland (4350 kg N ha-1) was observed after 13 years of management 

comparable to our experiment (Ledgard et al., 1998). It is well-known that N exports 

exceeding inputs lead to a decreasing SON pool. Potential losses in SON were shown to 

be closely linked to losses in soil organic C (SOC) (Ammann et al., 2009; Conant et al., 
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2005) and can therefore compromise the soilÕs CO2 sink strength. Thus, detailed 

investigations on the effect of the clover treatment on SON, SOC content and CO2 

exchange are recommended to comprehensively evaluate the mitigation strategy in the 

long term. 
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We found that the mitigation strategy effectively reduced both N2O emissions by 54% 

(51Ð57%) and 39% (36Ð42%) in 2015 and 2016 as well as N2O emission intensities by 

41% and 30% in 2015 and 2016, respectively. Past studies carried out in temperate 

grasslands consistently found reductions in N2O emissions when reducing fertilizer and 

increasing BFN through legumes (Table 2.5). The magnitude of relative N2O emission 

reductions ranged from 34% (, imek et al., 2004) to 100% (Ammann et al., 2009), with 

absolute N2O emission reductions of 0.8 kg N ha-1 yr-1 (, imek et al., 2004) to 11.1 kg N 

ha-1 yr-1 (Schmeer et al., 2014). The variability across studies can be attributed to 

differences in meteorological and soil conditions as well as variations in the experimental 

setup (i.e. fertilizer rates applied, realized legume proportions, grass and legume species, 

Table 2.5). Much higher N2O emissions from an unfertilized grass-clover mixture (92% 

increase) compared to N2O emissions from a grass sward fertilized with 220 kg N ha-1 

yr-1 were observed under boreal climate conditions in eastern Finland, due to large 

springtime emissions associated with freeze-thaw cycles (VirkajŠrvi et al., 2010). Such 

an effect could not be found at our site, although soils also freeze occasionally during the 

cold season, but at most in the top few centimeters. Although our tested mitigation 

strategy seems to be beneficial for permanent grasslands, Basche et al. (2014) and Lugato 

et al. (2018) have shown that incorporation of clover into the soil may lead to increased 

N2O fluxes and thus may not be the best mitigation strategy for croplands and temporary 

grasslands, where ploughing is done much more frequently.  

In summary, the implementation of the mitigation option tested here was found to be 

effective at permanent grassland in the temperate zone, and is cheap and simple as it 
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requires few management activities, which would favour farmers willingness for 

implementation (Vellinga et al., 2011). 
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Process-based models are useful tools to assess the impact of management practices on 

biomass yields and greenhouse gas (GHGs) emissions of croplands and grasslands. 

Moreover, these models could be used for assessing national GHG inventories. However, 

accurate simulations of GHG exchange, in particular N2O fluxes, are still a challenge to 

individual models, resulting in considerable uncertainties in model predictions. In order 

to improve model performance, thorough evaluation against in-situ measurements are 

needed. Recently acquired eddy covariance measurements of N2O fluxes provide a 

unique opportunity to test and evaluate state-of-the-art biogeochemical models at 

ecosystem scale. We conducted a multi-model validation exercise with individual 

versions of three commonly used biogeochemical models (DayCent, PaSim and 

APSIM). We compared four years of modelled N2O fluxes with in-situ observations from 

an intensively managed Swiss grassland. In detail, we addressed the inter- and intra-

annual variability in N2O fluxes as well as key driver variables of N2O exchange. We 

hypothesized that ensemble averaging might potentially reduce the error in N2O 

predictions in comparison to individual models and subsequently achieve sensible 

predictions. We found that all models predicted more accurate annual N2O emissions 

than the IPCC (Tier 1) estimate. The multi-model ensemble average reduced the error in 

predicted annual fluxes by 66% compared to the IPCC estimate. Models that performed 

best (minimized root mean square error RMSE) in the prediction of annual aggregates 

(DayCent in two variants) were outperformed on the prediction of daily N2O emissions 

by other models (APSIM in two variants). Daily predictions were a challenge to all 

individual models (Nash-Sutcliffe Efficiency NSE < 0), while the ensemble average 

achieved considerably better performance (NSE = 0.41) than individual models. The 

validation performed on the site suggests that the use of multi-model ensembles could be 

a defensible approach for up-scaling of N2O emissions.  
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Nitrous oxide (N2O) impacts the EarthÕs system twofold, firstly by its global warming 

effect as the third most important greenhouse gas (IPCC, 2013) and secondly as the most 

important substance contributing to stratospheric ozone depletion during the 21st century 

(Ravishankara et al., 2009; UNEP, 2013). Consequently, besides other greenhouse gases 

(GHGs), N2O emissions need to be mitigated in order to reach climate targets and to 

avoid undermining the achievements of the Montreal protocol (UNEP, 1987), which did 

not take into account N2O. About 66% of the global anthropogenic N2O emissions 

originate from agriculture, corresponding to 4.1 (3.8Ð6.8) Tg N2O-N yr-1 (UNEP, 2013). 

Agricultural N2O emissions mainly originate from N in mineral and organic fertilizers, 

crop residues and soil cultivation (tillage) (Davidson, 2009; Mosier et al., 1998; UNEP, 

2013).  

Approximately 70% of agricultural lands are grasslands, covering more than one quarter 

of the terrestrial surface and (FAO, 2013; White et al., 2000). Grasslands can act as a 

potent GHG sink via C sequestration, reflected in large C stocks accumulated in 

grasslands soils (Conant et al., 2017, 2005). However, the C and N fluxes largely depend 

on grassland management (Soussana et al., 2010), e.g. the application of mineral 

fertilizers and manures on grassland and grassland restoration. As a response to 

agricultural practices, European grasslands are no significant sink in terms of total GHGs 

(Ð14 ±18 g C m-2 yr-1; Schulze et al., 2009), and intensively managed cut sites have been 

identified to act as a source of GHGs to the atmosphere when accounting for on- and off-

site emissions (Soussana et al., 2010).  

Grassland management largely affects N2O emissions in agricultural soils by influencing 

soil microbial processes. N2O is produced during microbial processes, most importantly 

nitrification and denitrification. Nitrification is the oxidation of ammonium (NH4
+) to 

nitrate (NO3
-) via several intermediates under aerobic conditions with N2O as a by-

product, and denitrification is the reduction of NO3
- to dinitrogen (N2) under anaerobic 

conditions, with N2O as an intermediate substance, which only under complete anoxic 
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conditions is further reduced to N2. Known drivers of these processes are available NH4
+ 

and NO3
-, labile organic C as substrate for heterotrophs, soil temperature, soil water 

content and soil oxygen concentration, as well as soil pH (Ball, 2013; Blagodatsky and 

Smith, 2012; Butterbach-Bahl et al., 2013), but usually these can only partly explain the 

variability in N2O fluxes, reflecting our limited understanding of the full set of N cycling 

processes, of their drivers and interactions. 

Due to the lack of evidently reliable alternatives, national N2O emission inventories are 

mostly based on simple emission factors suggested by the Intergovernmental Panel on 

Climate Change (IPCC) Tier 1 approach. However, this approach neglects any influences 

of soil properties and soil climatic conditions and can thus lead to large deviations from 

the actual N2O fluxes. Particularly the high temporal and spatial variability of N2O fluxes 

makes it difficult to simply upscale N2O flux observations (Cowan et al., 2015; Groffman 

et al., 2009). As more sophisticated approaches, models could be used to simulate 

influencing factors that are then used to indirectly determine N2O emissions (Tier 2) or 

to directly simulate N2O emissions (Tier 3). 

However, it remains a challenge for state-of-art process-based biogeochemical models 

to well-represent temporal (inter-annual and intra-annual patterns) and spatial variability 

in N2O emissions (Ehrhardt et al., 2018; Zimmermann et al., 2018). This challenge might 

be tackled by using multi-model ensembles. Multi-model ensembles of biogeochemical 

models have been suggested to reduce the uncertainties in predictions (Asseng et al., 

2013; Ehrhardt et al., 2018). To know how to best use the models, and how reliable they 

are, is important for objective science communication and effective decision-making 

(e.g. for the implementation of measures). For a comprehensive and robust assessment 

of model performance, model validation is essential. In particular, few validation 

exercises were performed at the ecosystem scale covering a time-span of several growing 

seasons entailing a wide variability in meteorological conditions and management 

actions (such as fertilization, harvest, grazing, re-sowing). 
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Dynamics in N2O emissions, particularly the sporadic nature of peak emissions, require 

high-resolution flux data in order to well-represent emission peaks (Òhot momentsÓ), 

induced by management and environmental conditions (Barton et al., 2015; Groffman et 

al., 2009; Hšrtnagl et al., 2018). Eddy covariance (EC) measurements are continuous in 

time and measure a spatial average at the ecosystem scale and allow for high confidence 

that the measurements well-represent the fluxes at the soil-atmosphere interface (Rannik 

et al., 2016). New N2O flux measurements covering four years were acquired with the 

EC technique at an intensively managed Swiss grassland site (Fuchs et al., 2018) and 

provide an opportunity to validate process-based models both, on the daily and annual 

time scale. Here we applied three types of process-based models (DayCent, PaSim and 

APSIM) with some variants to give five sets of outputs in total and compared the model 

outputs against in-situ observations. 

Consequently, the overall objective of our study was to provide insights into model 

performance (1) in order to evaluate whether multi-model ensembles could potentially 

be used as a suitable Tier 3 approach, and (2) to serve as a basis for model improvement. 

We aimed specifically at resolving the temporal patterns in N2O fluxes by addressing 

periods of high and low model performance. We investigated inter-annual variability in 

N2O fluxes, and further evaluated the intra-annual dynamics of N2O fluxes (Òpeak fluxÓ), 

as even short time periods can have large effects in the annual budget of N2O fluxes. 

Our objectives addressed in this work are: (1) Quantify differences between modelled 

and measured N2O emissions with respect to cumulative daily/weekly/monthly/annual 

fluxes. (2) Identify periods (i.e. management events, meteorological conditions) of 

coherences and periods of discrepancies between modelled and measured N2O 

emissions. (3) Assess the performance of each model in representing key variables 

driving N2O emissions (i.e. soil temperature, soil water content, NH4
+ and NO3

- 

concentrations). (4) Reveal the dependence of performance in N2O emissions on the 

driversÕ performances. Our findings will assist in diagnosing potential causes of 

discrepancies and to specify conditions for which improvements in the models and/or 

data collection are needed. 
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The Chamau field site (Swiss FluxNet site CH-Cha) is a temperate grassland located on 

the Swiss Plateau 30 km southwest of Zurich (47¡12$36.8% N 8¡24$37.6% E, 393 m a.s.l.). 

Average temperatures are 9.1 ¡C an annual precipitation 1151 mm (Sieber et al., 2011). 

The soil is a Cambisol/Gleysol with densities in 0-0.2 m depth between 0.9 and 1.3 g cm-

3 (Roth, 2006), and pH of 6.5 (Labor Ins AG, Kerzers, Switzerland, in 2014). The site 

was permanent grassland since at least 2002, with the latest restoration in 2012 (Merbold 

et al., 2014), when it was resown with English ryegrass (Lolium perenne), common 

meadow-grass (Poa pratensis), red fescue (Festuca rubra), timothy (Phleum pratense), 

white clover (Trifolium repens), red clover (Trifolium pratense), and besides these 

species contains dandelion (Taraxacum officinale) and rough meadow-grass (Poa 

trivialis). The site is divided into two adjacent grassland parcels (see Fuchs et al., (2018); 

Parcel A of 2.2; Parcel B of 2.7 ha), where meteorological data and eddy GHG fluxes are 

measured at a mast at the border between both parcels. N2O fluxes under management 

that is typical for grasslands on the Swiss plateau were measured in both parcels during 

2013Ð2014. The conventional management (Control treatment: Ctr) consists of four to 

six harvests (mown, used as silage or hay), and a subsequent application of fertilizer in 

form of liquid slurry three to seven days after mowing. Typical annual slurry applications 

at the site were 266 ± 75 kg N ha-1 yr-1 (average ± SD over the 11 years 2003Ð2014). 

In the years 2015 and 2016, an N2O mitigation option was tested in Parcel B (Clover 

treatment: Clo). The mitigation management comprised increased BFN via over-sowing 

of clover whilst omitting fertilization (Fuchs et al., 2018). Over-sowing with Trifolium 

pratense L. and two varieties of Trifolium repens L. was carried out in spring each year 

to achieve an increased clover proportion. At over-sowing the farmer was harrowing at 

0.01 m depth and sowing on top of the existing vegetation with the purpose of removing 

herbs and shifting species composition to the desired grass-clover mixtures. In contrast, 

on Parcel A the Òbusiness-as-usualÓ management was continued as a control treatment 
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(Ctr) during the experiment (2015/2016), including fertilization. Furthermore, the parcels 

were occasional grazed, mostly during winter. 
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We continuously measured greenhouse gas exchange (CO2, N2O, CH4, H2O) at a mast 

located at the boundary between the two parcels using the eddy covariance (EC) 

technique during the four years presented in this study. Due to the mast location at the 

parcel boundary, the two prevailing wind directions cause the fetch of the EC 

measurements being most of the time either in one or the other parcel. Further details of 

the eddy covariance measurements and flux post-processing, as well as the attribution of 

the flux to the two parcels are described in Fuchs et al. (2018). 

Observations of air temperature and relative humidity (2 m height; Hydroclip S3 sensor, 

Rotronic AG, Switzerland), components of the radiation balance (2 m height; CNR1, 

Kipp & Zonen B.V., Delft, The Netherlands) and precipitation (1 m height; tipping 

bucket rain gauge model 10116, Toss GmbH, Potsdam, Germany) were acquired from 

the station located between both parcels. Soil microclimatic variables were continuously 

measured next to the tower, including volumetric soil water content (at 0.04 and 0.15 m 

depth; ML2x sensors, Delta-T Devices Ltd., Cambridge, UK) and soil temperature (at 

0.05, 0.10, and 0.15 m depth; TL107 sensors, Markasub AG, Olten, Switzerland). Soil 

temperature and soil water content from the measurements near the mast were used for 

both parcels. While soil temperature at 0.1 m depth was available for the study period, 

soil water content in 0.1 m depth was not continuously available, and therefore the 

average from sensors in 0.04 and 0.15 m depth was used for this analysis. 

" <+,$(")%5-*",'*'"'%,"4+,$("2$*-5 "

Modelers received management data (amount of N, type of management) for the 

complete observation period, as well as the site history, since 2002, including the 

information of restoration in 2012 (tillage depth etc.). Models were previously calibrated 

according to the modelling intercomparison steps described in (Ehrhardt et al., 2018) 
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using site data from 2010-2012. Climate data from the field site were used as model input 

for 2010Ð2016, while historical data before 2010 were used from AgMERRA (Ruane et 

al., 2015) in case of spin-up of models. Input data in daily time step were mean, minimum 

and maximum air temperature, total precipitation, average wind speed, average global 

radiation, average relative humidity and average dewpoint temperature. These were 

mainly directly measured at the station (74Ð95% of the days, depending on the variable). 

Data from the proximate meteorological station Cham was used for gap-filling if 

available. For the rare cases when neither the original value from the Chamau nor a value 

from Cham were available, the mean value over all years at the day of the year (DOY) 

was used, which was only the case on 12 days for short-wave radiation and on 36 days 

for relative humidity. 

" H*'*)2*).'("'%'(62)2 "

We use the term Òbackground fluxesÓ for N2O fluxes beneath the threshold of 1.2 mg m2 

d-1. This threshold corresponds to the mean of N2O fluxes during the months October 

and March at Chamau, reflecting N2O fluxes at the start and end of the growing season 

(see Fuchs et al., 2018) when no management events took place. The threshold 

corresponds well with the background fluxes measured at another Swiss grassland site 

(Neftel et al., 2007). 

We here define an N2O emission ÒpeakÓ as N2O emissions exceeding background 

emissions for at least two subsequent days and seven-days moving average exceeding 

background emissions. We distinguish Òpeaks after managementÓ, which are defined as 

peaks starting within two weeks after a management event (e.g. fertilizer application, 

harvest, grazing) and Òpeaks not directly linked to managementÓ. 

As a measure of the error in predicted values, the root mean squared error was used. 
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OU denotes the simulated value an WU the observed value at index [;/and \  is the number 

of observed values. With the same notation, the bias is defined as 

 ][^_ &
Q

K
` TOUV WUX

K

UZQ
 3.2 

A positive bias indicates an overestimation, a negative bias indicates an underestimation 

by the model simulations. Relative RMSE and relative bias are calculated by further 

dividing by the mean of all observations Wa. 

The NashÐSutcliffe model efficiency (NSE) is defined as 
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Whereby, the closer the values are to 1 the better the fit. An NSE of 1 would result for 

identical simulated and observed values, a positive NSE implies that the simulated values 

are better predictors than the mean of all observations. 

In order to assess potential time-offsets, i.e. a delayed response to observed peak N2O 

emissions by models, we tested if the RMSE was lower for lagged model outputs. The 

RMSE at lag j  is calculated as the RMSE of observations with a delayed version of the 

timeseries by lag j : 
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If the modeled variable lagged behind the observed variable, the RMSE will be lower at 

any lag > 0 (lag 0 corresponds to the unshifted time-series). Negative lags, which reveal 

the RMSE for too early model responses following N fertilizer amendments are 

unimportant here because no model showed such characteristics in N2O emissions. 

We investigated all fertilization events during the four-year observation period looking 

at the development of cumulative N2O fluxes of observations and simulations for 14 

consecutive days after the fertilizer amendment. The two-week period has previously 
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been identified as the time span until when N2O emissions latest returned to pre-

fertilization values (e.g. Bowatte et al., 2018). On the Chamau site N2O fluxes typically 

decayed within less than a week (Fuchs et al., 2018; Hšrtnagl et al., 2018), thus the 

chosen time interval was a conservative choice to include potentially lagged simulated 

N2O emission peaks. 

For the analysis of potential effects of model performance in simulating driver variables 

on the performance of simulating N2O fluxes the average deviations of the simulations 

from the observed values (bias: / SWC, / TS) were calculated per model for each 14 days 

post-fertilization period. Similarly, the deviation of observed and simulated cumulative 

N2O emissions (/  N2O) for 14 days after fertilizer application was calculated per model 

and event. The deviations in the different driver variables are potentially affecting 

deviations in cumulative N2O emissions. Thus, in order to assess the relationship between 

deviations in driver variables and deviations in N2O emissions, we performed a multiple 

linear regression analysis. A systematic effect of overpredicted SWC or Tsoil and their 

interaction on N2O overprediction (and underprediction) will be detected in this way. For 

giving reference to the actual soil climatic conditions, the driver variables soil 

temperature and soil water contents were classified according to the following scheme: 

For soil temperatures, average values <10 ¡C were classified as cold, 10Ð15 ¡C as fresh, 

15Ð20¡C mild, and >20¡C as warm. For soil water content, conditions <40% SWC were 

classified as dry, 40Ð45% as medium, 45Ð50% as moist and >50% as extremely moist. 
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Measured annual N2O emissions for fertilized treatment-years (Ctr) were always higher 

compared to unfertilized treatment-years, with highest observations in the year 2016 in 



3.3 Results 79 

parcel A (0.594 g N2O-N m-2 yr-1; 18.1 kg N m-2 yr-1) and lowest observations in the year 

2015 (0.393 g N2O-N m-2 yr-1; dry summer; 29.5 kg N m-2 yr-1) in Parcel A (Table 2.1). 

For the non-fertilized clover treatment-years (Clo), (i.e. parcel B in 2015Ð2016, not 

2013Ð2014), lower N2O emissions were observed, with minimum in annual fluxes (0.217 

g N2O-N m-2 yr-1) in the relatively dry year 2015, but almost twofold this magnitude 

(0.385 g N2O-N m-2 yr-1) in 2016 under similar management (no fertilization, clover over-

sowing; warm and moist summer) (Fuchs et al., 2018, Table 3.1). The general pattern of 

higher fluxes in Ctr treatment-years compared to Clo treatment-years due to the 

difference in fertilization was depicted well in all models. However, annual N2O 

emissions across models (E-mean) were underpredicted particularly during the year with 

cattle grazing (2014 in A) and during the moist year 2016 on both parcels, while in dryer 

summer 2015 N2O emissions were consistently overpredicted. 

Annual model predictions of N2O emissions mostly outperformed the IPCC (Tier 1) 

estimate, indicated by a comparably lower RMSE of most models compared to the 

Table 3.1: Annual aggregates of measured and simulated N2O fluxes from DayCent (two variants DC1, 
DC2), PaSim, APSIM (two variants AP1, AP2), as well as the IPCC Tier 1 estimate, the ensemble mean 
and the ensemble median. The average of all measurements was taken as gap-filling value for the observed 
timeseries. Parcel A was fertilized in all years 2013Ð16, while Parcel B was fertilized only in 2013Ð2014 
(referred to as fertilized control treatment-years Ctr), and was subject to unfertilized clover treatment (Clo) 
during 2015Ð2016. 

Parcel Year Treatment Measured DC1 DC2 PaSim AP1 AP2 IPCC E-Median E-Mean 

   (g N2O-N m-2 yr-1) 

A 2013 Ctr 0.535 0.316 0.610 0.858 0.292 0.365 0.213 0.373 0.477 

A*  2014 Ctr 0.559 0.461 0.634 0.397 0.183 0.149 0.121 0.269 0.378 

A 2015 Ctr 0.393 0.473 0.430 1.001 0.437 0.447 0.310 0.434 0.517 

A 2016 Ctr 0.594 0.428 0.572 0.851 0.265 0.305 0.245 0.370 0.476 

  

B 2013 Ctr 0.492 0.573 0.601 0.991 0.352 0.421 0.292 0.436 0.554 

B 2014 Ctr 0.492 0.661 0.596 0.684 0.188 0.178 0.183 0.354 0.451 

B**  2015 Clo 0.217 0.244 0.319 0.335 0.153 0.148 0 0.200 0.230 

B 2016 Clo 0.385 0.102 0.402 0.259 0.066 0.069 0 0.138 0.195 

* parcel was grazed with cattle for 36 days during the season, replacing two cuts, **parcel was grazed with 
sheep for eleven days during the growing season, replacing one cut. 
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RMSEIPCC (Table 3.2; exception: PaSim). While some models (PaSim, DC2) 

overestimated N2O emissions at annual timescales, others (AP1, AP2, DC1) 

underestimated N2O emissions. DayCent performed particularly well in simulating 

annual N2O emissions, indicated by a low RMSE (RMSEDC1 = 0.16 g N2O-N m-2 yr-1; 

RMSEDC2 = 0.08 g N2O-N m-2 yr-1). DC1 underpredicted N2O emissions slightly (-11%), 

while DC2 slightly overpredicted annual N2O emissions (+14%; Table 3.2). DayCent 

showed a regression slope of observed versus simulated values close to the 1:1 line 

(slopeDC1 = 0.9; slopeDC2 = 0.7), reflecting an accurate representation of the inter-annual 

variability in N2O emissions (Figure 3.1). Inter-annual variability was also simulated 

with a comparably well-represented 1:1 slope by PaSim (slopePaSim = 1.1); however, 

PaSim was considerably overpredicting annual N2O emissions (+47%) and predictions 

were widely scattered (RMSEPaSim = 0.33 g N2O-N m-2 yr-1; Table 3.2, Figure 3.1). In 

contrast, APSIM generally underpredicted annual N2O emissions (bias: Ð43% and Ð47% 

for both variants). However, APSIM was more accurate than the IPCC (Tier 1) estimate 

which underpredicted annual N2O emissions by 64% (Table 2). In summary, all models 

besides PaSim showed a higher accuracy in predicting annual N2O emissions compared 

to the IPCC estimate (highest accuracy in DayCent with RMSEDC1 = 0.16 and RMSEDC2 

= 0.08 compared to RMSEIPCC = 0.31 g N2O-N m-2 yr-1, Table 3.2). The E-mean largely 

improved the accuracy in predicted annual N2O emissions, with the error of the predicted 

values being 63% lower than the error in the IPCC (Tier1) estimate (RMSEE-Mean = 0.12 

versus RMSEIPCC = 0.31). 
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Fluxes were characterized by low winter (DJF) emissions (0.6 mg N2O-N m-2 d-1) and 

significantly higher emissions during the growing season (MAM: 1.2 mg N2O-N m-2 d-

1; JJA: 2.6 mg N2O-N m-2 d-1; SON: 1.2 mg N2O-N m-2 d-1 in fertilized Ctr site-years). 

This pattern coincided with N inputs via fertilization which are bound to the season 

(Figure 3.2), as well as with higher temperatures during these months. In the non-

fertilized (Clo) treatment-years (B 2015Ð16), N2O emissions were generally lower (0.4 

 

Figure 3.1: Annual values of observed (horizontal axis) versus simulated N2O emissions (vertical axis) 
for models DC1, DC2, PaSim, AP1, AP2, the ensemble median (E-Median), the ensemble mean (E-Mean), 
and for the IPCC estimate in parcel A (circles) and parcel B (triangles). The dashed lines indicate the 1:1-
lines, and the solid lines display the linear regression line between observed and simulated N2O emissions. 
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mg N2O-N m-2 d-1 DJF; MAM: 0.4 mg N2O-N m-2 d-1; SON: 0.7 mg N2O-N m-2 d-1), 

while still reaching up to 1.6 mg N2O-N m-2 d-1 on average during summer months (JJA). 

Winter N2O fluxes (DJF) were consistently underestimated by all models (Figure 3.3). 

Still, winter N2O fluxes were generally better simulated in absolute terms compared to 

all other seasons, due to generally low N2O emissions, and the absence of emissions 

associated with freeze-thaw cycles (exception winter 2013/2014). In contrast, springtime 

N2O fluxes were less accurately simulated compared to winter N2O fluxes, and 

underestimated by most models, with the exception of PaSim (Figure 3.3). Fertilizer 

events in springtime were often not depicted. For instance, no model picked up the peak 

after the first fertilizer amendment in 2013 (Figure 3.3). In summer and autumn, PaSim 

and DC2 overpredicted N2O emissions, while all other models underpredicted them 

(Figure 3.3). These biases compensated each other, resulting in a quite accurate ensemble 

mean in summer and autumn. 

Monthly to daily time scales are necessary to reveal how well peak N2O emissions were 

simulated. A good performance in N2O cumulative emission per year in several models 

(DC1, DC2) did not necessarily coincide with a good representation on the weekly and 

daily timescale. Peak N2O emissions were not necessarily occurring at the same time as 

given by the observations (Figure 3.2), leading to higher errors (RMSE and RRMSE) in 

monthly, weekly and daily predictions compared to annual predictions (Table 3.2). For 

instance, DayCent performed well for annual cumulative N2O fluxes, but often failed to 

pick up the measured peak emissions at the time they occurred (Figure 3.2), but instead 

predicted rather steady N2O emissions, which then cumulated to reasonably accurate 

monthly and annual sums. 

PaSim yielded large RMSEs across timescales, however, the low performance was 

largely caused by the bias (almost 50% overpredicted), whilst the slope of observed 

versus simulated values seems comparably close to the 1:1 line across time scales (Table 

3.2). Cumulative N2O fluxes show that PaSim depicted increased N2O emissions after 

fertilization in an adequate magnitude, even though the duration of the enhanced N2O 
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emissions was consistently longer than in the actual observations (Figure 3.2). The two 

APSIM variants performed best across models for weekly and daily N2O fluxes 

(Minimum RMSE, Table 3.2), and performed comparably to DayCent on the monthly 

aggregates. Thus, the daily and weekly variability was best reflected in APSIM.  

We looked at time offsets to investigate the potential effect that peak N2O emissions were 

delayed and therefor the overall performance on the daily basis would be reduced. 

However, we found no significant systematic time offsets for shifted model response by 

1Ð10 days. APSIM variants were in most cases predicting the peaks at the correct time, 

i.e. showed in most cases the lowest RMSE at the timeseries lag of 0 days, while the 

other models neither predicted the peak at the right time nor showed systematic time 

offsets of a certain fixed number of days, i.e. they showed no clear minimum across 

RMSE at any of the time lags 0Ð10 days.  
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Figure 3.2: Cumulative daily time-series of simulated (black) and observed (grey) N2O fluxes for Parcel 
A (left) and Parcel B (right); Dashed lines indicate fertilization; usually in form of liquid slurry, except for 
Parcel A in 2014 after both grazing events when mineral fertilizer (in form of Calcium-Ammonium-
Nitrate) was applied.). Upward arrows indicate harvest and downward arrows indicate over-sowing. 
Grazing periods are depicted by the green background. 
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Figure 3.3: Weekly averages of simulated (black) and observed (grey) N2O fluxes for Parcel A (left) and 
Parcel B (right) by several models and the multi-model ensemble (top to bottom); Upward arrows indicate 
harvest and downward arrows indicate over-sowing. Grazing periods are shown as black bars. The weekly 
bias in N2O fluxes (/ N2O) is displayed as the colored bar, with red indicating an overestimation, blue an 
underestimation by the respective model, and yellow a bias close to zero (see legend). A grey colored bar 
indicates periods of missing data. 
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Table 3.2: Model performance statistics of the comparison of simulated versus observed N2O fluxes based 
on annual, monthly, weekly and daily averages for different models as well as for estimates using the IPCC 
Tier 1 approach (% of fertilizer input released via N2O). 

 Model Bias  
(g N m-2) 

Rbias  
(%) 

RMSE 
(g N m-2) 

RRMSE  
(%) 

slope NSE r2 

annual 
(g N m-2 yr-1) 
 

DC1 -0.05113 -11 0.16089 35 0.70 -0.98 0.22 

DC2 0.06215 14 0.07624 17 0.90 0.56 0.85 

PaSim 0.21371 47 0.33207 72 1.07 -7.44 0.19 

AP1 -0.21637 -47 0.25686 56 0.24 -4.05 0.06 

AP2 -0.19817 -43 0.24784 54 0.33 -3.70 0.08 

 E-
Median -0.13656 -30 0.17513 38 0.44 -1.35 0.24 

 E-
Mean -0.04866 -11 0.11560 25 0.66 -0.02 0.38 

 IPCC -0.29427 -64 0.31183 68 0.53 -6.44 0.32 

monthly 
(g N m-2 d-1) 
 

DC1 -0.00011 -10 0.00091 83 0.50 0.12 0.29 

DC2 0.00013 12 0.00105 95 0.93 -0.17 0.43 

PaSim 0.00041 37 0.00167 151 1.23 -1.95 0.36 

AP1 -0.00056 -50 0.00100 90 0.61 -0.04 0.40 

AP2 -0.00052 -47 0.00096 87 0.66 0.03 0.43 

weekly 
(g N m-2 d-1) 
 

DC1 -0.00015 -12 0.00152 121 0.25 -0.06 0.11 

DC2 0.00018 14 0.00160 127 0.50 -0.18 0.21 

PaSim 0.00063 49 0.00259 204 0.96 -2.05 0.24 

AP1 -0.00056 -45 0.00148 118 0.51 -0.01 0.29 

AP2 -0.00052 -41 0.00150 119 0.55 -0.03 0.30 

daily  
(g N m-2 d-1) 
 

DC1 -0.00009 -7 0.00211 168 0.14 -0.15 0.05 

DC2 0.00021 17 0.00216 173 0.26 -0.21 0.10 

PaSim 0.00061 49 0.00277 221 0.54 -0.98 0.15 

AP1 -0.00058 -46 0.00198 158 0.34 -0.01 0.19 

AP2 -0.00053 -42 0.00202 161 0.37 -0.06 0.19 

 
E-
Median -0.00035 -28 0.00160 127 0.38 0.34 0.37 

 E-
Mean -0.00010 -8 0.00151 120 0.43 0.41 0.42 
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In order to reveal if well-represented N2O fluxes coincides with well-represented driver 

variables we want to address model performance regarding key driver variables of N2O 

fluxes, such as soil temperature, soil water content, NH4
+ and NO3

- concentrations in the 

following sub-sections. 

Soil temperatures were simulated with high accuracy and were slightly underestimated 

by all models, ranging from a bias of -1.6 ¡C (in AP1) to -3.2¡ C (in PaSim; Table 3.3). 

Periods of underestimated soil temperatures (0.1 m depth) were particularly observed in 

winter for DC2 and PaSim, where models predicted frozen soils at 0.1 m depth while 

observed soil temperatures at the same depth were consistently above zero. Soil water 

content was underestimated by both DayCent variants (by 9Ð12%, expressed as Vol-% 

 

Figure 3.4: N2O fluxes after fertilizer applications which took place at day 0. The black line depicts the 
median across all fertilizer events, the lightest grey shadow depicts the range, the medium grey shadow 
includes 90% of observations (5% to 95% percentile) and the dark grey shadow includes 50% of the 
observations (25% to 75% percentile). 
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SWC), and less by PaSim (-4.3%). In contrast, both APSIM variants simulated soil water 

content well with a slight positive bias of 2.4Ð3.5% (Table 3.3). 

Soil NH4
+ concentrations were accurately simulated in DC1 (bias = 0, RMSE = 7.6 kg N 

ha-1; Table 3.3). PaSim NH4
+ concentrations were only minorly overpredicted (bias = 1.0 

kg N ha-1). APSIM, in contrast underpredicted NH4
+ (bias = -5.6 kg N ha-1). Soil NO3

- 

concentrations showed larger RMSE compared to NH4
+ concentrations (13.8 kg N ha-1 

in both DayCent variants up to 19.3 in both APSIM variants). While DC1 underestimated 

NO3
- concentrations by 8.8 kg N ha-1, all other models showed a minor bias (< 3.5 kg N 

ha-1), following the same patterns of overÐ or underprediction as the predictions of NH4
+ 

concentrations. 

" H6%*0$2)2E" A11$.*" +1" 4+,$(" 5$&1+&4'%.$" )%" 2)4-('*)%8" ,&)9$&"
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In this subsection we want to reveal if timespans of high accuracy in N2O flux predictions 

coincide with timespans of high accuracy in simulated driver variables of N2O fluxes. In 

contrast, for N2O fluxes that were predicted inaccurately, we are interested if this may be 

attributed to weak performance in (at least one of) the previously identified N2O flux 

driver variables. 

Table 3.3: Model performance in simulating drivers of N2O emissions (mg N m-2 d-1) based on daily 
averages during the full observation period. 

 TS (¡C) SWC (%) NH4
+ (kg N ha-1) NO3

- (kg N ha-1) 

Model bias RMSE bias RMSE bias RMSE bias RMSE 

DC1 -1.7 2.5 -9.0 13.1 0.0 7.8 -8.8 13.8 

DC2 -1.8 3.9 -12.3 15.8 - - 3.4 13.8 

PaSim -3.2 4.8 -4.3 6.3 1.0 11.4 1.3 15.1 

AP1 -1.6 2.0 3.5 6.0 -5.6 9.0 -1.6 19.8 

AP2 -1.6 2.0 3.5 6.0 -5.6 9.0 -1.6 19.8 
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In order to achieve this, we first focused on timespans that are well-known for potential 

high emissions Ð i.e. the days after fertilizer applications. Our goal was to assess if these 

over- or underpredictions of cumulative N2O fluxes after events systematically depended 

on driversÕ biases. The bias in cumulative N2O fluxes of the 14 days post-fertilization 

period (/ N2O) was therefore set into relation to the bias in mean soil temperatures and 

soil water contents (Figure 3.5).  

When analyzed across models, the bias in soil temperatures (/ TS) affected the bias in 

cumulative N2O fluxes (/ N2O) 14 days after fertilization (p < 0.001). Similarly, larger 

bias in mean SWC (/ SWC), were associated with an enlarged bias in cumulative N2O 

fluxes (/ N2O) 14 days after fertilization (p < 0.05). In contrast, no significant 

relationship between bias in NH4
+ concentrations and bias in N2O emissions was found. 

 

 

Figure 3.5: Biases in simulated cumulative N2O fluxes (/ N2O) during 14 days after fertilizer applications 
per model and event in relation to (a) biases in simulated soil temperatures (/ Tsoil) and (b) biases in 
simulated soil water content / SWC. For soil temperatures (a), averages of observations <10 ¡C were 
classified as cold, 10Ð15 ¡C as fresh, 15Ð20¡C mild, and >20¡C as warm. For soil water content (b) 
averages of observations <40% SWC were classified as dry, 40Ð45% as medium, 45Ð50% as moist and 
>50% as extremely moist. 
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Still, a larger bias in NO3- concentrations was significantly increasing the bias in N2O 

emissions (p < 0.001). 

However, these findings did not hold when the analysis was performed separately per 

model, indicating that it was only important to get the overall magnitude of NO3
- as 

unbiased as possible, while an accurate representation of the NO3
- variability across 

events did not lead to improved N2O predictions. For instance, events at which model 

simulations showed a larger bias in NO3
- showed a similar bias in N2O emissions as 

events with accurately predicted NO3
- concentrations. Similarly, biases in simulated 

NH4
+ concentrations did not explain biases in N2O fluxes for any of the models (not 

shown), or in other words, a more accurate simulation of NH4
+ concentrations did not 

increase the accuracy in N2O predictions. 

In contrast, some patterns were found regarding the performance in simulating soil 

climatic conditions. Biases in soil temperature had a significant effect on / N2O for 

PaSim. Per 1¡C of overestimation in soil temperature, N2O flux in PaSim was 

overestimated by 0.0117 g N2O-N m-2, or reversely the general overestimation in N2O 

flux was reduced accordingly per ¡C of temperature underestimation during the two 

weeks after fertilization (p<0.05). Underpredicted soil temperatures were associated with 

underpredicted N2O fluxes (0.0047 g N2O-N m-2; p<0.05) in DC2, but / TS was not 

affecting / N2O in DC1. Similarly, in both APSIM variants the accuracy in cumulative 

N2O fluxes 14 days after fertilization was unaffected by / TS.  

Underestimations of SWC were not affecting / N2O in both DayCent variants (DC1, 

DC2; Figure 3.5). Overestimated N2O fluxes by PaSim under dry conditions coincided 

with overestimated soil water content. APSIM overestimated N2O fluxes under dry 

conditions in some cases, but accuracy in associated SWC predictions was similar to 

other events. A general positive bias in PaSim N2O emissions of g 0.0651 N2O-N m-2 

(sum of 14 days) was not explained by biases in microclimate and nor systematically 

related to particular microclimatic conditions. Still, the higher / SWC the more the N2O 

flux was overestimated (0.0036 g N2O-N m-2, p<0.05). In other words, the N2O flux in 
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PaSim was generally overpredicted independent of the investigated driver variables, but 

at the events coinciding with an underprediction of SWC the overprediction is lower, as 

the SWC effect might compensate and reduced the overprediction in N2O flux (Figure 

3.5). 

In summary, multivariate regression showed that biased N2O predictions coincide with 

biased temperature and or soil water content in several cases (e.g. PaSim). However, in 

most cases (APSIM) biases in N2O emissions were unaffected by the biases in soil water 

content and soil temperature. 
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Pastures comprising grass-legume mixtures provide a substitute for nitrogen fertiliser 

through biological nitrogen fixation (BNF) and offer the opportunity to reduce nitrous 

oxide emissions directly from soils without negative impacts on productivity. Models are 

able to test how legumes can be used to meet environmental and production goals but 

many models used to simulate greenhouse gas (GHG) emissions from grasslands have 

either a poor representation of grass-legume mixtures and BNF, or poor validation of 

these features. Our objective is to examine how such systems are currently represented 

in two process-based biogeochemical models, APSIM and DayCent, when compared 

against an experimental dataset with different grass-legume mixtures at three nitrogen 

(N) fertiliser rates. Furthermore, we propose a novel approach for coupling DayCent to 

APSIM to increase the capability of DayCent when representing a range of grass-legume 

fractions. The approach here uses parameters derived from APSIM simulations for 

adapting the DayCent outputs in order to account for the effects of species interactions 

on BNF and yields from grass-legume mixtures. While dependent on specific 

assumptions, both models can capture the key aspects of the grass-legume growth to 

correctly simulate the interactions between changing legume and grass fractions, 

particularly mixtures with a high clover fraction. Our work suggests that single species 

models such as DayCent should not be used for grass-legume mixtures beyond about 

30% legume content, unless using a similar approach to that adopted here. 
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Biological nitrogen fixation (BNF) is the source of large annual additions of nitrogen (N) 

to the terrestrial biosphere. Despite the importance of manufactured fertilisers in crop 

production, inputs of N by BNF to the terrestrial environment (combined agricultural and 

natural environments) have been estimated to be more than double that from fertiliser 

inputs (Fowler et al., 2015; Galloway et al., 2004). It is also predicted that by the end of 

the current century, BNF in agricultural systems will increase from 33 to 65 Tg N y-1 as 

a consequence of increased demand for product and climate change (Fowler et al., 2015). 

This is partly credited to a likely deliberate attempt to increase the utilisation of BNF by 

agricultural systems due to a perceived benefit in environmental outcomes. For example, 

there is evidence that greenhouse gas (GHG) emissions from N derived from BNF are 

lower than those associated with manufactured fertilisers, particularly as a consequence 

of lower nitrous oxide (N2O) emissions (Jensen et al., 2012; Rochette & Janzen 2005). 

This is of particular importance in grasslands where legumes can be used to replace or 

supplement mineral N applications.  

Nitrous oxide is a powerful greenhouse gas; the concentration of which has risen by 20% 

since the industrial revolution (Bates et al., 2008). Efforts to increase grassland 

productivity through intensification often involve greater use of N fertiliser (mineral and 

organic) and, in livestock systems, increased stocking densities leading to higher rates of 

recycling of N through dung and urine. These changes have led to an increase in the rate 

of N2O emissions (Davidson 2009) to a point where now it is estimated that direct and 

indirect emissions of N2O caused by mineral fertiliser in agriculture alone account for 

35Ð54% of total N2O emissions (Davidson, 2009; EPA, 2006). While nitrous oxide 

emissions account for a small portion of the total amount of greenhouse gas (GHG) 

emissions, it has a global warming potential 298 times that of carbon dioxide (CO2) over 

a 100-year time horizon (IPCC, 2014). Consequently, increases in the concentration of 

N2O in the atmosphere can have serious consequences for climate change.  
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A number of mitigation scenarios for grasslands have been proposed as a way of reducing 

N2O emissions (Smith et al., 2008; de Klein and Eckard, 2008). These include the use of 

legumes, which purportedly provide a better match of N supply to plant N uptake (tighter 

N cycling) and thus reduce the requirement for N fertiliser applications. In a meta-

analysis, Jensen et al., (2012) have shown that N2O emissions across a number of sites 

were reduced as the fraction of legumes increased and the N fertiliser use declined. It is 

not clear from this meta-analysis whether the reduced N2O emissions were associated 

with a loss of productivity, i.e. the inclusion of legumes and reduced N fertiliser were 

simply resulting in systems operating at lower fertility level. However, it is still possible 

to reduce N2O emissions, as fertiliser application increases the amount of available N 

within the soil leading to Òhot spotsÓ which characterise N2O emissions (Butterbach-Bahl 

et al., 2013). The presence of legumes could improve the balance between N supply and 

plant N uptake due to the presence of legumes. Therefore, the most desirable mitigation 

strategy is one that reduces N2O emissions without compromising agricultural 

production. 

LŸscher et al., (2014) argue that legume-based grassland systems can have higher 

productivity at lower cost and lower N2O emissions than grass-only systems using N 

fertilisers. They suggest that this can be best achieved with a sward containing 30-50% 

legumes. Models provide a potentially valuable tool to test this kind of prediction and to 

explore the best ways in which legumes can be used to meet environmental and 

production goals. Unfortunately, many models that are widely used to simulate GHG 

emissions from grasslands have either a poor representation of grass-legume mixtures 

and BNF, or poor validation of these features (Snow et al., 2014; Kipling et al., 2016). 

These include widely used models such as DayCent (Parton et al., 1998) and APSIM 

(Holzworth et al., 2014), which are commonly used to estimate GHG emissions and 

mitigation options (e.g. Ehrhardt et al., 2017). Given the lack of validation and poor 

implementation of legume-grass systems in models, our objective was to examine how 

such systems are currently represented in two process-based biogeochemical models, 

APSIM and DayCent, and improve their capability where required. Our approach was to 
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compare the general response patterns in the models to a comprehensive experimental 

dataset which included measurements of biomass yields (Nyfeler et al., 2009) and BNF 

(Nyfeler et al., 2011) and manipulated legume-grass proportions and rates of N fertiliser 

over a wide range. We were particularly interested in how well the two models simulated 

BNF and N yield as these are critical factors in the potential benefits of grass-legume 

mixtures and how they depend on legume proportion and fertilizer N input.  
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A previously-published experimental dataset was used to test the ability of two models 

to reproduce yield, N uptake and BNF in mixed grass-legume swards. Details of the 

experiment can be found in Nyfeler et al., (2011). In summary, the study aimed to 

quantify the changes in N uptake, BNF and biomass production as affected by varying N 

fertiliser application rates and legume fraction in the sward. The experimental site was 

located near ZŸrich, Switzerland and the experimental design consisted of monocultures 

and a range of sown combinations of two temperate C3 grass species, Lolium perenne L. 

and Dactylis glomerata L., and/or two legume species, Trifolium repens L. and Trifolium 

pratense L. (see Nyfeler et al., 2011). Replicate plots were sown in August 2002 and 

fertili sed with N at rates (F), of 50, 150 or 450 kg N ha-1 yr-1, starting in 2003. The 

fertiliser was applied in the form of ammonium nitrate which was enriched with 15N to 

enable measuring BNF by isotope dilution. Fertiliser was applied in April, May, June, 

August and September and followed by biomass harvest approximately 30 days after 

each fertilizer amendment. After harvest, dry matter yields of each species in the sward 

were recorded and an analysis of the 15N and N content was made. The experiment 

continued through to 2005, albeit with a reduced number of treatments in the final year 

of observations (Nyfeler et al., 2011).  
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APSIM (v7.8 r3972, Holzworth et al., 2014) is a process-oriented simulation framework 

comprising many task-oriented modules. The model primarily operates on a daily time-

step, but individual models may have a shorter internal time discretisation. Soil water 

was simulated with RichardsÕ equation and solute movement with the convection-

dispersion equation using SWIM3 (Huth et al., 2012). Soil organic matter and nitrogen 

transformations were simulated with SoilN (Probert et al., 1998) with the addition of a 

DayCent-inspired algorithm to calculate the split between denitrification as N2 vs N2O 

(Thorburn et al., 2010) and a simple routine to calculate volatilisation losses (Vogeler et 

al., 2010). A L. perenne Ð T. repens (ryegrass-white clover) pasture was simulated with 

the AgPasture module (Li et al., 2011) with recent additions to model reallocation of N 

reserves (Vogeler and Cichota, 2016), and an implementation of the Penman-Monteith 

equation designed for intermingled canopies (Snow and Huth, 2004).  

Growth of each species in AgPasture is initially calculated from gross potential 

photosynthesis which is a function of intercepted radiation, CO2 concentration, N 

concentration in the leaves/lamina, and air temperature. This gross potential 

photosynthesis is then sequentially discounted for heat/cold stresses, losses via growth 

and maintenance respiration, water stress, nitrogen stress and finally tissue turnover. The 

calculations include a partitioning of assimilate between above- and belowground tissues 

and this partitioning responds dynamically to water and N stress by allocating more 

assimilate to the roots as the degree of water or N stress increases. Plant N demand is 

calculated at the step just after the effects of water stress are considered. AgPasture 

explicitly allows for multiple co-existing species in a single simulation. The balance of 

species in the simulation is dynamic and is a result of the competition between species 

for light, water and nutrients. 

Nitrogen fixation in leguminous species is calculated using a general linear function, 

defined by two user-specified parameters, that relates fixation to the plant N demand. 
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The first parameter is an obligate fixation which is set at a fixed proportion of plant N 

demand and that amount of N must be symbiotically fixed (thus sparing demands on the 

soil mineral N) regardless of the mineral N available in the root zone. The second 

parameter is the maximum proportion of plant N demand that can possibly be supplied 

by N fixation. There is no direct account taken of the metabolic costs of N fixation to the 

plant, but if mineral N is low in the soil and the maximum fixation proportion is less than 

unity there is a growth penalty arising from there being insufficient N for the post-water 

stress growth potential. 
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DayCent is a daily time-step, process-based model, which simulates the flows of C and 

N between the atmosphere, soil and vegetation and has evolved from the Century Soil 

Organic Matter Model (Del Grosso et al., 2005, 2010; Parton et al., 1998). Plant residues 

and above- and below-ground organic material from animal excreta are separately 

partitioned into structural and metabolic pools, defined as a function of a ratio of lignin 

content to N. Organic nitrogen flow between pools follows that of C, via C:N ratios, 

which vary in the metabolic pools depending on the N content of plant residues, but is 

fixed for the structural pools. The N sub-model also estimates emissions of N2O based 

on nitrification and denitrification. 

Plant production is simulated as a function of solar radiation, available soil water and 

soil N. Like many other biogeochemical models, DayCent does not allow users to 

simulate multiple coexisting species. However, for each individual plant type simulated, 

including C3 grasses, legumes and crops, DayCent allows for BNF via the SNFXMX 

crop parameter (SNFXMX for symbiotic N fixation at maximal C fixation). This 

parameter represents the maximum amount of N fixed per gram of C fixed via net 

primary production. In this approach, BNF only occurs if there is insufficient mineral N 

within the soil.  
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DayCent and APSIM are biogeochemical models that have some process descriptions in 

common but separate evolutionary histories. This includes a difference in the level of 

complexity represented in the simulation chain particularly for grassland systems. Details 

on how each model implemented the varying legume fractions are detailed below, 

however, for consistency, modelling rules pertaining to the soil and climate and 

management inputs were developed from a previous study (Ehrhardt et al., 2017) initially 

drawn up for both models based on a combination of the Chamau grassland site (Merbold 

et al., 2014) and the GrassÐlegume mixtures experimental design (Nyfeler et al., 2009, 

2011). Both of the models faced some difficulty matching directly the experimental 

management of the GrassÐlegume mixtures experiment. Chief of these difficulties was 

that the models were designed for permanent grassland and neither currently has a robust 

description of sowing and germination processes. A direct comparison with the data 

presented from the Nyfeler experimental site (most of which was from the two years after 

sowing) was therefore unrealistic for the models. Rather than attempting to replicate in 

detail the results from the necessarily limited-duration, site-specific, experiment, we 

Table 4.1: Soil properties of the Chamau, Roth, 2006) experimental site used to parameterise each of the 
grassland models. 

 Soil layer (m) 
Soil Properties 0 Ð 0.25 0.25 Ð 0.50 0.50 Ð 0.75 0.75 Ð 1.05 

Sand (%) 35.8 32.2 68.8 92 
Silt (%) 45.2 42.4 21.3 6.4 
Clay (%) 19 25.4 9.9 1.6 

Soil bulk density (g cm-3) 1.1 1.5 1.6 1.2 
Saturated water content (m3 m-3) 0.556 0.412 0.391 0.516 

Field capacity (m3 m-3) 0.47 0.47 0.34 0.20 
Permanent wilting point (m3 m-3) 0.17 0.17 0.12 0.07 

Saturated hydraulic conductivity (mm d-1) 1000 1000 1000 1000 
Total organic C (%) 2.82 0.81 0.40 0.21 
Total organic N (%) 0.31 0.10 0.05 0.03 

Soil pH 5.3 5.3 5.5 6.7 
Cation Exchange Capacity (cmol.kg-1) 9.6 12.7 5.0 0.8 
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focused the modelling exercise on reproducing the general patterns (response to 

treatments) of yield and BNF as observed by Nyfeler et al., (2011, 2009). Our ultimate 

intent was to gain confidence in the models and then to apply them at the nearby Chamau 

grassland site (Merbold et al., 2014) where a GHG mitigation experiment using legumes 

is in progress. Given this, we decided to test both models using soil (Table 4.1) and long-

term weather data (1980 to 2013) from Chamau grassland. Changes in the grass Ð legume 

fraction were then simulated over this period and the general patterns of different inputs 

from these simulations were then contrasted with key outcomes from the GrassÐlegume 

mixtures experiment (Nyfeler et al 2011) experiment. 

Building on the initial calibration work of both models, in line with the methodology 

described in Ehrhardt et al., (2017), climate information (1980 Ð 2009), sourced from 

from AgMERRA (A. Ruane, personal communication, 2015; Ruane et al., 2015) was 

used to supplement the measured weather data at the Chamau site (2010 to 2013). Each 

model was used to describe each of the three experimental fertiliser application rates (50, 

150, and 450 kg N ha-1) with legume contents varying at 5% intervals from 0 to 100%. 

This allows an analysis of the response of the sward mixture to encompass a full suite of 

legume fractions in a sward while also including those of the Nyfeler experiment. APSIM 

was also run with a zero-fertiliser rate to assist with the determination of the SNFXMX 

parameter for DayCent. Each model tackled this in a different way that was consistent 

with the modelÕs strengths and weaknesses as described below. During the simulations, 

fertiliser was applied every year in five equal splits from April to September and the 

biomass was harvested between May and October to a residual of 50 mm height or 900 

kg DM ha-1 biomass (Table 4.2). Since neither model has the capability of simulating the 

precise species or cultivars used in the experiment, general ryegrass and white clover 

parameterisations were used and compared to the experimental data categorised as grass 

or legume only. 
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The ryegrass-legume balance simulated by APSIM is an emergent property based on 

growth of the pasture components combined with competition above-ground for light 

energy and below-ground for water and nutrients. In general, higher N fertiliser 

applications favour grass over the legume. In their mixture experiment Nyfeler et al., 

(2009, 2011) manipulated the grass-legume fraction by sowing the species in varying 

ratios. The AgPasture module is designed for a permanent pasture system and does not 

properly model the establishment of a sown pasture therefore to achieve the same effect 

as the varying sowing ratios two steps were taken. First, in individual simulations, the 

species were initialised on 21-October-1980 at a range of ratios between 0 and 100% 

legume; the species were then re-initialised, at the same ratio, every third year on 21-

October using an APSIM Manager component (Moore et al., 2014). Second, after each 

harvest event, the amount of each species harvested was calculated to achieve the desired 

legume fraction in the remaining un-harvested pasture. For example, if the target legume 

was 50 % but the pre-harvest pasture contained 46 % legume, then proportionately 

slightly more grass was harvested than legume to achieve the desired 50 % ratio post-

harvest.  

In between the interventions described above, the grass-legume ratios were free to vary 

as a function of the normal competition processes and at times diverged substantially 

from the desired or target legume content. The data from harvests where the proportion 

of legume in the pasture just prior to harvest deviated from the target legume content by 

Table 4.2: Grassland management information used by both single and multispecies models 

Management details 

Fertiliser application rates and splits 

0 kg N ha-1 yr-1 (APSIM only) 
50 kg N ha-1 yr-1 in 5 equal splits 

150 kg N ha-1 yr-1: in 5 equal splits 
450 kg N ha-1 yr-1: in 5 equal splits 

Fertiliser application dates 15th April, 25th May, 25th June, 4th August 
and 15th September 

Harvest dates 20th May, 20th June, 30th July, 10th September 
and 20th October 

Legume fraction 0.0, 0.05, 0.10, 0.15, 0.20, É 0.95, 0.10 
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more than five percentage points was excluded from the analyses. For the analyses 

involving annual values, if any harvest in a year was rejected then the whole year of 

simulated results was discarded. The percentage of rejected simulation years varied 

depending on the conditions (e.g. attempting to maintain a high clover content while also 

applying large amounts of fertiliser) and averaged about 35% and this was compensated 

for by running more increments of target clover content than was done for DayCent. 

Analysis of the data was done using either the legume content calculated just prior to 

harvest or the target legume content depending on the purpose of the analysis. 

The simulation was set up to provide a report after each harvest event. Key outputs 

included the amount and N concentration of grass and legume harvested, N concentration 

in the standing biomass post-harvest, the proportion of legume in the harvested biomass 

and in the post-harvest pasture, N uptake by the grass and legume, and BNF by the 

legume.  

Nyfeler et al., (2011) separately calculated ÔtransferredÕ N as a component of the N 

balance. This transferred N was defined as that fixed via BNF in the legume, 

subsequently returned to the soil through tissue turnover, and then taken up by the grass 

component. APSIM cannot trace N in the soil-plant system to that level of detail, so the 

uptake of N by the grass component inevitably included some transferred N and this will 

have the effect of inflating the apparent amount of N supplied by the soil compared to 

that measured by Nyfeler et al., (2011).  
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DayCent simulates only a single species in any one simulation. While the maximal N 

fixation rate of a grass or crop can be modified within DayCent via the SNFXMX 

parameter, this value is user-defined rather than being an emergent property of the 

simulation (in contrast to APSIM). It is sensible that the parameter value should vary 

with legume content of the pasture. Therefore, to ensure that a realistic rate of BNF was 

simulated, SNFXMX was set at a function (L) and is denoted as SNFXMX-L, where here 

L refers to the legume fraction of the sward. The units of this parameter are g of BNF-N 
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/ g C net primary productivity (NPP; gross photosynthesis minus respiration). SNFXMX-

L was set for any given value of L based on outputs from APSIM. APSIM-derived values 

of SNFXMX-L were plotted against L for each valid (see above) simulated harvest from 

1980 to 2013 and for each fertiliser level including the zero-fertiliser input simulation. 

Individual-harvest values of SNFXMX-L were binned into increments of 0.05 legume 

fraction (L) and a second-order polynomial equation with zero intercept being fitted to 

the maximum value in each bin. The resulting equation was used to calculate the value 

of SNFXMX for DayCent for each value of L. 
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Although the SNFXMX parameter, described above, can be adjusted for each level of L 

(i.e. legume fraction from 0 to 1), this parameter represents only the maximum rate at 

which plant BNF can occur. The actual fixation will be generally lower as in DayCent 

the plants consider soil N uptake before BNF is calculated. The plant input parameters 

must represent a single vegetation type. Therefore, to reflect the diversity of species 

within the sward, two parallel simulations were made; one each of C3 grass and legume 

monocultures each with a value of SNFXMX-L as described above. Finally, the 

contribution of each plant type to the total yield and harvested plant N, was calculated 

based on the weighted average of each output with the weighting factor based on the 

fraction of legume (L) or C3 grass (1-L).  
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With respect to calculations of biomass yields across the changing legume fractions, 

overyielding and transgressive overyielding from the observed dataset, a different 

methodology was adopted here than described in Nyfeler et al., (2011). A detailed 

description of the comprehensive data analysis is given in those papers however, here, a 

more simplified approach was deliberately undertaken (i.e. grass and clover). This is 

because the aim of this study is to create a methodology that is sufficiently generic to be 

applicable to multiple sites. Therefore, as neither APSIM nor DayCent can distinguish 
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between the two clover types when calculating biomass yields the observed data is 

treated as either as legume or grass and grouped together and plotted accordingly. 

Overyielding (O) is defined as being present when biomass production of a sward with 

multiple species has a higher productivity than would be expected if the yield was simply 

the weighted average of the two monocultures of the constituting species. Transgressive 

overyielding (T) is present when the biomass production of the mixed-species sward is 

greater than the maximum productivity of either the highest yielding monoculture 

(Schmid et al., 2008; Trenbath, 1974). We define OF as the maximum amount of 

overyielding at any fertiliser rate (F) and LO as the value of L at which OF occurs. 

Equivalent values for transgressive overyielding, TF and LT, were also determined. These 

quantities were found individually for each level of F by the procedure described below. 

(1) The median of the yield (kg DM ha-1) in each 5% - L (proportion of the sward) bin 

was found and a quadratic equation was fitted to the medians. The medians were used 

because there was significant variation in the values of yield data with respect to L. The 

quadratic equation had the form: 

 l TmX& ^mY n omn p/ 4.1 

where Y is the fitted yield and a, b and c are fitted parameters and so that: 

 l q & l Tm& : X& p// 4.2/ 

and 

 l Q & l Tm& 9X& ^ n o n p 4.3 

(2) The transgressive overyield (TF, kg DM ha-1) is the difference between Y(L) at its 

maximum value and the largest of Y0 or Y1; this occurs at LT, where the first derivative 

of Y(L) is zero. Therefore, 

 r l TmX r m> & s^mn o//tu/vwxv/my & Vo s^>  4.4 

 z? & ^my
Y n omy n p V {x| Tl q; l QX/ 4.5 
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(3) The overyield (kg DM ha-1) for any fertiliser level (OF) is the maximum difference 

between the mixing ratio yield of Y0 and Y1 (i.e. the straight line from Y0 to Y1). OF and 

LO are found by subtracting the mixing ratio (YMR) from Y and finding where the 

derivative equals zero. Therefore: 

 l }~ & l q n m/Tl Q V l qX/ / • €• /

 r Tl V l }~ X r m> &

r ' ^mY n omn p V l q V m/Tl QV l qX5 r m& s^mn o V l Q V l q> / / • €‚ /

mg & Tl q n l Q V oX s^> //xƒr //W? & ^mg
Y n omg n p V l q V mg /Tl QV l qX/ / • €„ /

The above equations were implemented in Microsoft Excel and evaluated for each level 

of F.  
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For each N fertiliser rate, the ratio of BNF (g N) and plant NPP (g C) of the whole sward 

i.e. grass and legume combined, increased as L increased (Figure 4.1); and at any value 

of L, as N applied increased there was a decrease in the ratio of BNF. This is due to the 

increased availability of mineral N within the soil for use by the legume, which then 

suppresses N fixation. A second order polynomial equation with zero intercept was fitted 

to the maximum values of each level of N, including simulations where no fertiliser was 

applied and the resulting equation (Figure 4.1) and used to calculate the SNXFMX-L. 

This was then used for each legume fraction simulated by DayCent. 
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Simulations were made for each model and outputs of dry matter yields, total above 

ground plant N and BNF were compared with observed values. APSIM tended to 

underestimate observed average annual yields, particularly when 150 kg N ha-1 was 

applied, although the differences were not statistically significant (Figure 4.2a). For 

DayCent, at the lowest N application rate, there was an overestimation of yield but 

otherwise there was a good comparison with the measurements. Both models showed a 

greater N response when the fertiliser rate increased from 150 to 450 kg N ha-1 when 

compared to the measured data (Figure 4.2a). However, when we consider the variability 

of measured and simulated values, there was always a considerable overlap in the range 

of values. In addition, for all three data sources the average yield across all swards 

increased as N fertiliser rate increased. The highest yields were always those taken after 

the first harvest in May, and lowest yields were taken at the end of the growing season 

in October (Figure 4.2b). For the intervening months, in the observed values and 

DayCent, the fractions harvested decreased gradually from May to October. For APSIM, 

 

 

Figure 4.1: The APSIM-predicted grams of nitrogen fixed for every gram of carbon fixed net primary 

production for four fertiliser application rates (see the key) and eleven legume fractions (L) within the 

sward. The dashed line indicates the fitted values (see equation) of SNFXMX-L. Model outputs are based 

on long term simulations (1980 to 2010) from the APSIM model. 
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though, a higher fraction of biomass yield was harvested in July compared to June or 

October (Figure 4.2b) suggesting a seasonal influence not evident in the measurements. 

Both, the observed and simulated yields changed in relation to the rate of fertiliser 

applied, F, and legume fraction, L, of the sward (Figure 3). Across each of the three 

datasets, yields particularly at low values of L, tended to increase with a corresponding 

increase in fertiliser application. However, where the swards were entirely comprised of 

legume the yields did not vary significantly across the different rates of fertiliser applied. 

This was not true of the grass only or grass-dominated swards (L =0) which increased in 

line with increased fertiliser application rates. However, as the rate of fertiliser increased 

the legume fraction at which overyielding, or legume fraction at which maximum 

mixture yields were achieved changed. DayCent and APSIM simulated lower yields at 

L=0 when 50 and 150 kg N ha-1 of fertiliser was applied (Figure 3). While trends in 

APSIM and the observed yields are based on legume fractions that vary within each bin, 

DayCent results had a degree of rigidity in the simulated yields. More specifically, for 

each value of L, the variability in predicted yields was due to inter-annual variation 

 

 

Figure 4.2: (a) The observed and predicted annual dry matter harvested (t DM ha-1 yr-1) averaged across 
all experimental plots as affected by N application rate (kg N ha-1 yr-1), (b) the observed and predicted dry 
matter (t DM ha-1 yr-1) for each month of harvest throughout the year. For DayCent the dry matter harvested 
represents the weighted mean of the parallel grass and legume simulations. Whiskers represent the standard 
deviation in the range of values measured or simulated. For both APSIM and DayCent, model outputs are 
calculated based on long term results (1980 to 2010). 
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driven by inter-annual climate variation rather than a variation in legume fraction. This 

was because fixing the amount of BNF to the SNFXMX parameter the legume fraction 

of the sward remained constant each year (Figure 4.3). The change in dry matter yields 

for the parallel runs of grass and legume swards prior to calculating the weighted average 

is detailed in the supplementary information (S.I. 1). 

 

 

Figure 4.3: The observed and dry matter harvested (t DM ha-1 yr-1) in relation to an incremental increase 
in the legume fraction with an increasing N application rate (kg N ha-1 yr-1) from the experimental plot, 
APSIM and DayCent. For DayCent the dry matter harvested represents the weighted mean of the parallel 
grass and legume simulations. For both APSIM and DayCent, model outputs are based on long term 
simulations (1980 to 2010). 



112 4 Modelling biological N fixation and grass-legume dynamics 
 

For all data sources, at an N application rate of 150 kg N ha-1, as L initially increased, 

the amount of N harvested also increased (Figure 4.4a). However, as L exceeded 

approximately 0.4, the harvested plant N remained relatively constant. Neither model 

replicated the noticeable peak (albeit with high scatter) in N harvested at approximately 

L = 0.5 seen in the experimental data (Nyfeler et al., 2011). With regard to non-BNF-N 

in plants, only APSIM outputs were compared with the observed values, since DayCent 

does not report the individual N sources (Figure 4.4b). The observed values were lower 

than the corresponding APSIM outputs, indicating that in terms of the total N harvested, 

a higher proportion could come from the soil. It should be noted that APSIMÕs 

 

Figure 4.4: (a) The observed and predicted harvested nitrogen content in the plant material (kg N ha-1 yr-

1) averaged across all experimental plots with an N application rate of 150 kg N ha-1 yr-1 plotted against an 
increasing legume proportion. Here for DayCent the harvested N represents the weighted mean of the 
parallel grass and legume simulations; (b) The observed and predicted nitrogen content, due to non- 
symbiotic N fixation, of dry matter harvested (kg N ha-1 yr-1) averaged across all experimental plots with 
and N application rate of 150 kg N ha-1 yr-1 plotted against an increasing legume proportion. DayCent 
cannot provide estimates of non Ð BNF N. For both a) and b) model outputs are calculated based on long 
term simulations (1980 to 2010). 
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calculation of soil-derived N includes transferred BNF while the observed values do not 

(see Methodology). This difference might also be partly explained by the input data used 

to drive the model. More specifically, soil properties from the Chamau grassland site 

were used instead of the specific conditions at the experimental site leading subsequently 

to differences in the total organic N available when calibrating the models. This can be 

propagated through to the long-term simulations provided by APSIM. Despite the offset 

between the observed and simulated values of nonÐBNF-N, the trends were consistent in 

that for both, there was a gradual decline in non-BNF-N as L increased. 

A more interesting comparison is the proportion of total N originating from BNF in 

relation to L as affected by fertilizer inputs (F). For both datasets there was a strong 

relationship between the proportion harvested N derived from BNF and L (Figure 4.5). 

In addition, as F increased the fraction of BNF-N decreased, which is due to the increased 

amount of mineral N being available in the soil. 

 

 

Figure 4.5: The observed (a) and APSIM-predicted (b) proportion of total N harvested originating from 
BNF as affected by legume fraction and fertiliser rate. DayCent cannot provide estimates of the proportion 
of N from BNF. Model outputs are based on long term simulations (1980 to 2010). 
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For each dataset, and regardless of the N application rate, the point at which maximum 

overyielding occurs tended be when there was approximately a 50:50 mixture of grass 

and legume within the sward (Table 4.3). With regards to transgressive overyielding, 

which is related essentially to the legume fraction at which the sward mixture has the 

highest yield, the legume fraction, L, at which the maximum transgressive overyield 

occurred was also dependent on the rate of fertiliser applied. All data sources showed 

that the legume content for the greatest transgressive overyielding decreased with 

increasing fertiliser application. 

" L)2.-22)+%" "

The principal aim of this study was to test the capacity of structurally different 

biogeochemical process models to simulate the effect of grass-legume mixtures in 

relation to changing fertiliser application rates and the legume fraction within the sward. 

Using an existing experimental dataset, a grass - legume model, APSIM, was used to 

provide a BNF parameter for the single species model DayCent. This approach 

subsequently allowed for an understanding of the different methodological approaches 

that could be adopted to reconstruct the relatively complex interactions of grass - legume 

swards. Finally, if trends in for example biomass yields could be replicated, the 

methodology applied here could be used to in further modelling studies to evaluate the 

Table 4.3: Estimates of the maximum clover fraction at which (a) overyielding and (b) transgressive 
overyielding occurs as determined from observed, APSIM, and DDC data. Values here are estimated based 
a polynomial fit between the dry matter harvested and the legume fraction 

 Observed APSIM DayCent 
Overyielding    

50 kg N 0.5 0.5 0.5 
150 kg N 0.5 0.4 0.5 
450 kg N 0.5 0.5 0.5 

Transgressive overyielding    
50 kg N 0.6 0.6 0.6 
150 kg N 0.5 0.4 0.5 
450 kg N 0.3 0.3 0.3 
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potential advantages of grass-legume swards for meeting production and environmental 

targets. 

APSIM is a biogeochemical model that can simulate productivity and greenhouse gas 

emissions, particularly N2O, from grass-legume mixtures that are normally associated 

with most grassland ecosystems (Snow et al., 2014). APSIM uses a scheme inspired by 

DayCent to calculate the fraction of total nitrification and denitrification that is emitted 

as N2O (Thorburn et al., 2010). Here we used a synthesis of outputs from APSIM to 

parameterise the potential BNF in DayCent. Other than these points, the models have 

quite divergent histories and process representations (Parton et al., 1998; Holzworth et 

al., 2014). 

A strength of APSIM for the work here is the in-built ability to model interactions 

between grasses and legumes and the flow-on effect on BNF. In general, APSIM is 

expected to run at any site without calibration. Here, we found it necessary to adjust 

downwards the growth penalty (a proxy for the carbon cost of N fixation) when legumes 

were totally dependent on BNF for growth. This was accomplished by increasing the 

maximum fixation from the default value of 0.6 to a value of 1.0. While lower values 

closer to the default might have been possible this would have required a full calibration 

exercise, which was not attempted. However, without increasing the value of that 

parameter, it was not possible to achieve the measured legume yields at high legume 

content and low fertiliser application. More consideration of an appropriate value for the 

cost of N fixation is needed to better set the global default parameter. The other 

significant pattern was that APSIM over-predicted the amount of non-BNF N harvested 

from the sward. This may have been affected by possible differences in the soil properties 

between the Nyfeler et al., (2011) site compared to the Chamau grassland site (although 

they are only about 30 km apart) site, but also because APSIM expresses BNF transferred 

N as being soil-derived. Reanalysis of the Nyfeler data showed that redefining transferred 

N as Ôsoil derivedÕ would add about 15% to the non-BNF N so that would explain some 

of the differences. 
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A well calibrated model, regardless of ecosystem structure, should exhibit a sensitivity 

to changes in fertiliser application rates. When nitrogen fertilisers are applied directly to 

the soil, nitrogen becomes readily available for plant uptake, and most modelling or 

experimental studies have shown a linear relationship between pure grass yields and N 

application rates, over the range of rates used in this study (Fitton et al., 2014, 2017).  

A more difficult and complex relationship to simulate is the amount of BNF and the 

presence of legumes in the sward at varying fractions, especially for single species 

models like DayCent. Previous modelling studies that have focused on grass-legume 

mixtures have tended to consider changes in yield or GHG emissions in relation to a 

control site versus an experimental site of grass sown with legume. For example, Li et 

al., (2011), using the De-Nitrification De-Composition (DNDC) model, compared N2O 

emissions from fertilised grass-only swards and grass-legume swards. While the legume 

fraction of the sward was not made clear in the study of Li et al., (2011), the authors did 

not attempt to include in their simulations the differing physiological properties of 

legumes compared to grasses. Such differences include: (i) higher N contents in legume 

dry matter; (ii) differing temperature and water sensitivities; and (iii) yields (Nyfeler et 

al., 2009, 2011, Hofer et al., 2017, 2016). While this approach might be defensible when 

only considering a narrow range in grass-legume contents, such a simplification would 

be problematic in this study, where the experimental work covered the entire range of 

legume fractions. Grass-legume models, such as APSIM, already account for 

competition and other interactive effects of multiple species within a sward with 

changing composition as well as seasonal dynamics. Therefore, using the BNF outputs 

from APSIM as an input parameter allows for DayCent simulations to be based on an 

estimation of changes in N fixation of the whole sward with changing legume fractions. 

Initial tests, where the N uptake of a grass were modified based on the APSIM 

simulations, showed that the grass and legume yields consistently plateaued when the 

legume fraction reached 0.5 and beyond. This plateau was reached at a lower legume 

fraction with a higher N application rate, indicating that maximal yields were consistently 

reached as maximum N uptake is consistently achieved for plant growth. As seen with 
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APSIM, and to a limited extent, the observed data, the presence of legumes alters the 

yield response and N offtake of each fraction. Therefore, by making parallel DayCent 

runs of a grass sward and a legume separately, and mixing the weighted contribution of 

each to the total post hoc, a more realistic growth pattern and plant N representation was 

achieved than could be otherwise done if only a single simulation was used. 

There are, however, a number of caveats to this approach. These include, of course, that 

the DayCent simulations provided here do not account for species competition on plant 

N uptake or grass/legume growth nor potentially synergistic species interactions. 

Simulated yields from DayCent also do not have the ability to represent the inter-annual 

variability of the legume fraction within the sward. In APSIM the legume fractions of 

the sward is a target and was not always achieved due to, for example, climate limitations, 

which in turn affected growth rates. For DayCent, any impediment to growth only leads 

to a yield reduction of the entire grass and legume sward, but the maximal BNF capability 

of the whole sward remains stable. This over-simplification, combined with a lack of 

competition, can result in higher yields being simulated. Subsequently, this can also 

mean that there could be an overestimation of the net benefits of grass Ð legume mixtures, 

such as reduction in N2O emissions, change in soil C stocks and reduction in fertiliser 

dependence. 

The presence of two or more species within a sward may lead to productivity gains due 

to enhanced N availability and increased plant C translocations (DeDeyn et al., 2012; 

Finn et al., 2013). Overyielding and transgressive overyielding represent the points at 

which a sward comprised of two or more species, has a higher yield than the weighted 

average of the constituent species or the highest yielding monoculture respectively. 

Evidence of overyielding in grassland ecosystems has been described in Balvaner et al., 

(2006) and Cardinale (2007). However, evidence for transgressive overyielding is mixed 

(Cardinale, 2006, Schmid et al., 2008, Kirwan et al., 2007, Nyfeler et al., 2009). 

Therefore, as both, experimental and modelled datasets were available, both were 

calculated as they allow for a further test of modelled outputs in representing the 

interactions when species are mixed. Each of the data sources agree that overyielding 
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occurs when there is a 50:50 species mixture. However, with regard to transgressive 

overyielding, the results are less clear. Both, observed values and APSIM results indicate 

that a grass-legume mixture has the potential to be more productive than either 

monocultures. This was clearly reflected in the experimental datasets (Nyfeler et al., 

2009) and over a wide range of growth conditions (Finn et al., 2013; Brophy et al., 2017; 

Suter et al; 2015). 

While model performance and the more realistic ecosystem response patterns simulated 

by APSIM indicate that as a stand-alone model it has a clear advantage when simulating 

grassÐlegume mixtures because it can represent multiple species mixtures. However, a 

recent study by Ehrhardt et al., (2017) have demonstrated that for use in predictive mode, 

a model ensemble consistently provided a more accurate representation of the N2O 

emissions and productivity from a range of experimental sites than any single model. As 

a consequence, future modelling protocols may increasingly adopt this ensemble 

approach for emission simulation studies. DayCent is widely used model that has been 

successfully tested against nitrous oxide emissions and productivity in a range of 

different regions and ecosystem types and a good description of soil processes (Parton et 

al., 1998, Del Grosso et al., 2010 and Fitton et al., 2014). It is therefore well placed for 

use in ensemble modelling, however to be more applicable in grass Ð legume mixtures it 

is important that future model development, particularly for single species models, 

considers incorporating the dynamism of these types of production systems.  

" J+%.(-2)+%2"'%,"1-&*0$&"K+&N"

The methodology adopted here describes a novel approach to using DayCent, a single 

species model, to predict biomass yields, N uptake and BNF from mixed swards. Both 

APSIM and DayCent captured the key aspects of the Nyfeler et al., (2011) experiment. 

APSIM was problematic in that the user could not directly control the clover content. For 

DayCent, the methodology adopted here, which required two simulations and post-

processing of results, is cumbersome to use. This would be exacerbated for studies that 

required a large number of simulations.  
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A potential strategy for mitigating nitrous oxide (N2O) emissions from permanent 

grasslands is the partial substitution of fertilizer nitrogen (Nfert) with symbiotically fixed 

nitrogen (Nsymb) from legumes. The input of Nsymb reduces the energy costs of producing 

fertilizer and is likely to provide a supply of nitrogen (N) for plants that is more 

synchronous to plant demand than occasional fertilizer applications. Legumes have been 

promoted as a potential mitigation strategy for N2O from grassland but evidence to 

support their efficacy is limited partly due to the difficulty in conducting experiments 

across the range of potential combinations of legumes proportion and fertilizer N input. 

These experimental constraints can be overcome, and targeted experiments designed, by 

the use of biogeochemical models that can ÔexperimentallyÕ vary legume/fertilizer 

combinations with ease. Using two variants of two process-based biogeochemical 

models (APSIM and DayCent) we tested the N2O mitigation potential and pasture 

production of full factorial combinations of legume proportion and fertilizer rate for five 

temperate grassland sites across the globe. All the models showed that replacing fertilizer 

with legumes could reduce N2O emissions without reducing biomass yield across a broad 

range of fertilizer-legume combinations. Although the models were consistent in the 

relative changes in N2O emissions to a baseline scenario (300 kg N-1 yr-1 with no legume) 

they predicted different levels of absolute N2O emissions and N2O emissions reductions; 

these were greater in DayCent than in APSIM. 
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Nitrous oxide (N2O) is the third most important greenhouse gas (GHG) in terms of its 

global warming effect (IPCC, 2014) and will likely play the dominant role in 

stratospheric ozone depletion over the next century (Ravishankara et al., 2009). 

Agriculture contributes 58%Ð84% of global anthropogenic N2O emissions (Mosier et al., 

2004; Smith et al., 2008) and is therefore highly important for N2O mitigation (IPCC, 

2013; Smith, 2017). Most agricultural N2O emissions arise from inputs of nitrogen (N), 

either as synthetic fertilizer or manures, being out of synchrony with crop or pasture 

demand resulting in the applied N being susceptible to losses through leaching or gaseous 

emissions including N2O (Davidson and Kanter, 2014). 

Emissions of N2O from grasslands are significant because of their large extent Ð 

grassland systems cover about 40% of the EarthÕs land surface and a quarter of these are 

in the temperate zone (White et al., 2000). Besides fertilizer amendments in mineral or 

organic form (solid manures, liquid slurry) (Flechard et al. 2007; Smith et al. 2012; 

Hšrtnagl et al. 2018), recycling of N through the excreta of grazing animals (Saggar et 

al., 2004), aerial N deposition (Well and Butterbach-Bahl, 2010) and biological nitrogen 

fixation (BNF) via legumes (Jensen et al., 2012) deliver important N inputs to grasslands 

and thereby have the potential to increase N2O emissions. Nitrogen rate, type of N input, 

timing, and placement of organic and mineral nitrogen fertilizers are important factors 

that influence, together with environmental variables, the magnitude and duration of the 

subsequent N2O fluxes (Baggs, 2011; Flessa, 2012; Shcherbak et al., 2014; Smith et al., 

1997, 2012).  

Nitrous oxide mitigation strategies for grassland soils mainly focus on an increased N 

use efficiency (NUE) (Smith et al., 1997) by adjusting the amount, type and timing of 

fertilizer (Bolan et al., 2004; de Klein and Eckard, 2008; Eckard et al., 2010; Li et al., 

2013; Luo et al., 2010; Saggar et al., 2013) to better match plant N demand. In addition, 

other mitigation strategies aim to alter conditions in the soil with a view to manipulating 

microbial production of N2O; approaches here include liming of acid soils, and the 
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application of nitrification inhibitors (Cahalan et al., 2015; Galbally et al., 2010; Lam et 

al., 2017).  

The use of legumes has often been raised as a potential mitigation strategy (Jensen et al., 

2012; Rochette and Janzen, 2005). Legumes can potentially a) substitute symbiotically 

fixed N (Nsymb) from the atmosphere for artificial fertilizer which has high GHG costs in 

its manufacture (1.6Ð6.4 kg CO2-eq per kg fertilizer N; Brentrup & Palli•re, 2008) and 

b) provide an N source for plants that is better synchronized to plant demand than the 

alternative which is infrequent applications of N fertilizer. In addition, there is evidence 

to suggest that mixtures of legumes and grasses can produce higher yields than 

monocultures of grasses or legumes (ÒoveryieldingÓ) across a wide range of soils and 

climates across Europe (Finn et al., 2013; Kirwan et al., 2007; LŸscher et al., 2014). The 

potential to sustain or even increase yields would be a highly desirable characteristic of 

any mitigation both in terms of adoption of the technology and the benefit this would 

produce in reducing GHG emissions per area of land and per unit of product, referred to 

as ÔN2O emissions intensityÕ (N2O-Int) (van Groenigen et al. 2010).  

Despite its theoretical advantages, the potential to mitigate N2O emissions with legumes 

is still relatively untested (Flessa et al., 2014; Osterburg et al., 2013). Only few field 

experiments have measured N2O emissions for different legume proportions in 

permanent grassland systems and these have shown mixed results (Klumpp et al. 2011; 

Li et al. 2011a; Schmeer et al. 2014, Ingram et al., 2015) (Figure 5.1). A study carried 

out in the lowlands of northern Germany found lower N2O fluxes of 2.5 kg N2O-N ha-1 

yr-1 in an unfertilized alfalfa-grass mixture (~70% legumes) compared to a fertilized 

grass-dominated mixture (~85% grass; 360 kg N ha-1 yr-1) with 13.3Ð8.7 kg N2O-N ha-1 

yr-1 (Schmeer et al. 2014; non-grazed plots). Klumpp et al. (2011) found no significant 

differences in N2O emissions from different grass-clover mixtures (clover percentages 

of 19% and 35% both receiving 157 kg N ha-1 yr-1 fertilizer, with no grazing). Sporadic 

measurements in plots containing various legume proportions were conducted by 

Niklaus et al. (2016) in the Jena biodiversity experiment (http://www.the-jena-

experiment.de/) but no general trend between N2O emissions and legume proportions 
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was observed (Niklaus, pers. comm. 7th November 2017). In contrast, unfertilized grass-

clover mixtures in the boreal zone emitted more N2O (6.4Ð7.6 kg N2O-N ha-1 yr-1; mainly 

associated with large springtime N2O emissions) compared to a fertilized grass sward 

with an N input of 220 kg N ha-1 yr-1 (3.2Ð4.1 kg N2O-N ha-1 yr-1) (VirkajŠrvi et al. 2010, 

non-grazed plots). 

Although N2O emissions across these studies were highly variable, a smooth fit suggests 

that they were constant across the small range of clover proportions used in these studies 

(referring to all studies shown in Figure 5.1). In order to test the robustness of legumes 

as a N2O mitigation it would valuable to extend the testing to a wider range of legume 

proportions where we could examine, for example, the potentially interesting 

combination of a low N fertilizer level and relatively high (30Ð80%) clover proportion 

(Figure 5.1). 

Costs and workload constrain experimental measurements to a few locations and seasons, 

with restrictions on the number of treatments and replicates. Overall, experiments 

investigating N2O emissions in swards of different clover proportions are limited by the 

temporal coverage and/or by the number of treatments (clover-fertilizer combinations). 

Studies applying the eddy covariance (EC) technique to acquire data of high temporal 

coverage and resolution can clearly resolve N2O emission peaks at the field-scale (Fuchs 

et al., 2018; Hšrtnagl et al., 2018). However, the number of simultaneously observed 

treatments in EC studies is usually limited. Studies with more treatments tend to use 

manual GHG chambers to investigate N2O emissions, but these are generally limited by 

a coarse temporal resolution (e.g. Niklaus et al. 2016), and therefore less capable of 

resolving temporal dynamics. If sampling frequency is too low, these data are less 

suitable for annual total N2O flux estimates (Barton et al., 2015). Manual and automatic 

GHG chamber studies with higher sampling frequency (Klumpp et al., 2011; D. Li et al., 

2011) covering a full growing season have then been limited to two to five different 

clover-fertilizer combinations only as found in our literature review. In addition, chamber 

studies are limited to small sampling areas (usually a few m-2). While any in-situ 

measurement delivers valuable data, a systematic assessment of the effect of different 
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clover proportions on N2O emissions at different sites is lacking and unlikely to be 

resolved experimentally. 

Biogeochemical process models allow for the ex-ante and ex-post estimation of GHG 

emissions (including N2O emissions) under conventional and changed management. In 

particular, they can be used for a systematic assessment of mitigation strategies across 

 

Figure 5.1: Observed data from literature (source = colour) with documented N2O emissions, clover 
proportions and fertilizer amounts. Panel (a) relates observed clover proportions (horizontal axis) and 
fertilizer levels (vertical axis) at different sites to N2O emissions (bubble area). The plots at the margins 
relate (b) clover proportion to N2O emissions across all fertilizer levels and (c) fertilizer amendments on 
N2O emissions across all clover proportions. The dashed blue line indicates N2O emissions according to 
the IPCC emission factor (1% of Nfert), black lines indicate locally-weighted regression (loess) fits of the 
displayed data and their confidence intervals (Cleveland & Devlin, 1988). All studies are from the 
temperate zone except VirkajŠrvi et al. (2010) which was in boreal grasslands characterized by freeze-
thaw cycles. 
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several sites, investigating several rates of N fertilizer and levels of legume proportion 

simultaneously, which has so far not been achieved in field N2O measurements. Models 

can predict these different scenarios over a long time-span and reveal important long-

term effects (e.g. Lugato et al. 2018).  

In this study we use the biogeochemical models APSIM (Holzworth et al., 2014a) and 

DayCent (Parton et al. 1998, 2001; Del Grosso et al. 2001). These models have the 

facility to simulate key processes of C and N cycling, including the most important 

processes of N2O production, nitrification and denitrification and, importantly, have been 

validated with field data at the study sites used with respect to biomass yields (Ehrhardt 

et al., 2018), N2O emissions (Ehrhardt et al., 2018) and Nsymb (Fitton et al., 2018).  

We conducted a simulation study at five temperate grassland sites using the 

biogeochemical models APSIM and DayCent, each with two variants. Our specific 

objectives were: (1) to systematically assess the effects of a wide range of legume 

proportions and N fertilizer amounts on yields, N2O emissions and N2O emission 

intensities (N2O-Int), and (2) to identify the optimal mitigation strategy. 
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A set of theoretical scenarios, combinations of legume proportion (0Ð100%) and N 

fertilizer amount (Nfert; 13 levels 0Ð600 kg N ha-1 yr-1) in a full factorial design, was run 

at five temperate grassland sites across the globe for a simulation period of 30 years 

(1981-2010) (Figure 5.2). Grass-clover mixtures of two species Lolium perenne and 

Trifolium repens were modelled as examples of species that are widespread across the 

temperate climatic zone. Two different types of fertilizer, mineral fertilizer in form of 

ammonium nitrate and organic fertilizer in form of slurry, were modelled. For simplicity, 

the first part of the paper shows only the results for mineral fertilizer scenarios (section 

5.3.1Ð5.3.4), while we present the overall outcomes of the mitigation scenarios also for 

 

Figure 5.2: Overview of the modelled scenarios: 13 levels of varying fertilizer amount (0Ð600 kg N ha-1 
yr-1) and >11 levels of clover proportion (0Ð100%) were simulated. Fertilizer types included both organic 
fertilizer (OF), and mineral fertilizer (MF). All simulations were run at five sites G1 (USA), G2 (New 
Zealand), G3 (France), G4 (United Kingdom) and G5 (Switzerland) by the biogeochemical process 
models: APSIM and DayCent, both in two variants. In order to obtain the response variables on a 
homogeneous grid and exclude inter-annual variability, surfaces were fitted to model outputs (yield, N2O 
emissions) per model-site combination on the surface expanded by actual clover percentage and annual 
fertilizer amount. 
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organic fertilizer scenarios (section 5.3.5). The starting point for this study was the final 

stage of an international modelling program described by Ehrhardt et al. (2018) in which 

a wide range of biogeochemical models were assessed against experimental data from 

USA, New Zealand, France, United Kingdom and Switzerland. For simplicity, and in 

order to exclude the confounding effects of grazing by further enhancing variability, we 

performed the study on non-grazed grassland systems. Mitigation of N2O emissions via 

changes in grazing practices (i.e. livestock density and N fertilizer inputs) have 

previously been investigated in S‡ndor et al. (2018). 

" "<+,$(2"-2$,")%"*0)2"2*-,6 "

This exercise was performed by a consortium of modelers with the biogeochemical 

models APSIM (Holzworth et al. 2014, in two variations) and DayCent (Parton et al. 

1998; Del Grosso et al. 2001, in two variations) according to an agreed protocol. Models 

were previously calibrated (corresponding to stage 5 in Ehrhardt et al. 2018), and model 

uncertainties of the respective models were evaluated in an international model inter-

comparison (Ehrhardt et al., 2018). Biological nitrogen fixation and yields in grass-clover 

mixtures were validated at one site by Fitton et al. (2018) recently. The scenarios required 

modelers to manipulate the legume proportion of the pastures. In a physical experiment 

this would be managed by sowing or over-sowing the desired species, with the ultimate 

legume proportion resulting from the sowing, grazing and other management factors, and 

growing conditions (see Fuchs et al., 2018). APSIM simulates pastures similar to a 

physical experiment in which the modeler can influence, but not directly control, the 

legume proportion (dynamic legume proportion), while in DayCent the legume 

proportion was specified by the modeler (Fitton et al., 2018). Biological nitrogen fixation 

from grasslands with varying legume proportion can be simulated by APSIM directly as 

the dependency of BNF on species composition is represented in the model. In contrast, 

DayCent requires the user to specify a potential maximum Nsymb that should, sensibly, 

vary with the specified legume content. Methods to overcome this limitation in DayCent 

were developed and validated in a recent study by Fitton et al. (2018) 
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APSIM (v7.8 r3972), short for Agricultural Production Systems sIMulator (Holzworth 

et al. 2014), is a process-oriented simulation framework comprising several modules. 

The model primarily operates on a daily time-step, but several individual modules work 

with shorter internal time discretization. APSIM was used for this study in two variants 

differing in their soil water modules, the SWIM module based on RichardsÕ equation 

(here named AP1; Huth et al., 2012; SWIM for Soil and Water integrated Model), and 

the capacitance-based Soil Water module (here named AP2; Probert et al., 1998). Pasture 

growth was simulated with the AgPasture module (Li et al. 2011) with recent additions 

to model reallocation of N reserves (Vogeler and Cichota, 2016) and an implementation 

of the Penman-Monteith equation designed for intermingled canopies (Snow and Huth, 

2004). Soil organic matter and nitrogen transformations were simulated with the SoilN 

module (Probert et al., 1998) with a derivation of the N2:N2O ratio adapted from DayCent 

(Thorburn et al., 2010) and a simple routine to calculate volatilization losses (Vogeler et 

al., 2010). APSIM simulates N2O production from nitrification and denitrification. 

Nitrification is implemented with a Michaelis-Menten approach, with a fixed fraction of 

NH4
+ for nitrification. N2O production via nitrification is down-regulated at suboptimal 

temperature, moisture and pH in the respective layer. Denitrification depends on NO3
- 

and active C in the respective layer. The maximum denitrification rate is regulated 

downwards dependent on temperature and soil moisture (for further details on the 

simulation of BNF and N2O emissions in APSIM see Text S1). 
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DayCent, the daily time step model that has evolved from the Century model (Parton et 

al. 1998; Del Grosso et al. 2001), was used in this study in the variants DayCent v4.5 

2010 (here named DC1) and DayCent v4.5 2013 (here named DC2). DayCent includes 

four major sub-models; (1) the plant growth sub-model calculates biomass production 

and allocates net primary production (NPP) to various plant pools; (2) the soil organic 

matter (SOM) sub-model simulates decomposition of dead plant material (litter) and 

SOM and allocates soil carbon to three SOC pools and the litter pool; (3) the soil water 
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sub-model simulates water flow between different layers and (4) the trace gas flux sub-

model simulates gaseous emissions. DayCent simulates N2O losses based on the leaky 

pipe metaphor where nitrification and denitrification are conceptualized as leaky pipes 

through which N is cycling but losing some gaseous N through a hole (Parton et al., 

2001). Nitrification and denitrification rates depend on NH4
+ (for nitrification) and NO3

- 

concentrations and labile carbon availability (for denitrification), soil water content and 

temperature. Further, soil water content and soil characteristics affect diffusion rates 

(Parton et al., 2001). While the proportion of the nitrification and denitrification rate 

escaping as gaseous N as either (NOx, N2O or N2) is fixed, the ratio of N2O with respect 

to NOx and N2 depends on soil water content and soil properties regulating soil gas 

diffusivity (Parton et al., 2001; please find further details in the Text S2). 
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The sites used for the simulations were five grassland sites in the temperate zone 

(Ehrhardt et al. 2018). Daily weather data for 1980-2010 was supplied by A. Ruane from 

the AgMERRA data set (Ruane et al., 2015). Each modelling group used the pasture 

model parameterizations, with the exceptions noted below, as developed in the fully-

informed or calibrated (Stage 5) modelling reported by Ehrhardt et al. (2018). The 

exception to the parameterization was in relation to the grass-legume ratio and symbiotic 

N fixation. 
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Management events included cutting and fertilization. Cutting events were simulated 

monthly during the growing season (May-Oct for the European sites G3Ð5, May-Sep for 

G1 in North Dakota; and SepÐMay for G2 in New Zealand; each on the 1st day of the 

month) and followed by fertilization on the 5th day of the month. In line with agricultural 

practices, the exception deviating from this scheme was that there was no fertilizer 

applied after the last harvest of the season and fertilization in spring started in the month 

before the first cut in each year. The residual biomass after all cuts was 1200 kg DM ha-

1 and all cut biomass was removed from the simulation. The total amount of N to be 
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applied annually was split equally between the individual applications. Both, mineral N 

and slurry were surface applied. The mineral N was applied as ammonium-nitrate (NH4-

NO3), the slurry had a C:N ratio of 10. Aerial deposition of N was set to zero. The sites 

were presumed to be flat hence there were no N losses via run-off. Model outputs 

included yields, harvested C and N, plant N uptake, N2O emissions, soil organic carbon 

(SOC), soil organic nitrogen (SON), nitrate and ammonium concentrations, as well as 

nitrate leaching. 
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The dynamic simulation of clover proportions in APSIM resulted in clover proportions 

that were not regularly distributed between 0 and 100% and therefore not suitable for 

direct analysis. In order to (1) obtain a response value for any clover-fertilizer 

combination per site, model and fertilizer type on a regular grid and to (2) exclude the 

inter-annual variability and thus an aggregated outcome across years, we fitted response 

surfaces on the area spanned by clover proportion and fertilizer amount (Figure 5.2). 

These smooth surfaces can be interpreted as an interpolation. We used the tensor product 

smoother to include two dimensions, suitable due to its scale-invariant properties (Wood, 

2006). We prescribed a fixed number of knots for both dimensions (k = 4, resulting in 42 

= 16 knots) in order to hold the number of parameters consistent across all fits. We had 

also investigated surface responses using a linear model with second order polynomials 

for both predictors and an interaction. However, residual analysis of the results from that 

approach showed that the polynomial fits violated the assumptions of the linear model 

(i.e. residual distribution showed no normality and homogeneous variance) in most site-

model combinations. Concluding, from visual inspection and residual analysis, the 

chosen method using the tensor product smoother better represented the characteristics 

of the data and was therefore chosen for this purpose. Daily model outputs were 

aggregated to annual values before the fitting. The surface fitting and statistical analyses 

were carried out using the open source software R (R Core Team, 2016), and specifically 

the ÒmgcvÓ package (Wood, 2011) for fitting smoothing splines, building the tensor 

product of the predictors (Nfert and clover %) with the function te() and fitting the 
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smoothing splines on this tensor product with gam() (Wood, 2011). Further, the 

Òdata.tableÓ package (Dowle and Srinivasan, 2017) was used for efficiently handling the 

large datasets. ANOVA was used in order to systematically asses the effects of clover 

proportion, fertilizer amount, model and site on yields, Nsymb, N2O emissions and N2O 

emission intensities (N2O-Int calculated as mass unit of N2O emissions per mass unit 

biomass yield). For the statistical analysis the post-processed dataset (after surface 

fitting) was used as this had the advantage of a balanced design. The ANOVA was 

performed separately for APSIM and DayCent, since the patterns varied between models 

such that averaging across model types would make it impossible to address model-

specific behaviors and their implications on the results. To compare the effect of clover 

proportion and fertilizer amount on a response variable (e.g. yield, N2O emissions, N2O-

Int) across several sites, the response variable was presented as normalized response. 

Here the normalization is consistently defined as the response variable divided by the 

maximum of the respective response variable across all scenarios (combinations of 

clover proportion and fertilizer amount) per site and model.  

l …
U;† ;‡ &

l U;† ;‡
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l ‹U;† ;‡ is the normalized response variable for scenario i, fixed model m and fixed site s 

and l U;† ;‡ is the original response variable. The results are presented per model (DayCent, 

APSIM) across model variants in order to assess the general pattern rather than the 

individual model variantsÕ differences. Mean values and ranges given in the text and 

figures refer to the mean and range across variants not the inter-annual which was 

excluded by the surface fitting procedure. 

A baseline scenario of no clover with 300 kg N ha-1 yr-1 fertilizer applied was used for 

comparing mitigation scenarios. This baseline reasonably represents intensively used 

cut-and-carry systems, corresponding to N recommendations for fertilized grassland 

present in several countries, e.g. UK fertilizer recommendations: up to 310 kg N 

(Ministry of Agriculture, Fisheries and Food - Agriculture and Horticulture Development 
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Board, 2017); German fertilizer recommendations: 350 kg N with 6 cuts or 310 kg N 

with 5 cuts (Bundesministerium der Justiz und fŸr Verbraucherschutz, 2017). Here, we 

were not trying to mimic the actual management at the sites, nor intending to address 

site-specific optima (species, N rates, grazing). Instead we conceptually prescribed fixed 

management schedules in order to look at the response surfaces of fixed comparable 

setups across sites. While corresponding approximately to actual fertilizer amounts at the 

G5 site, which was the highest input system of any of the sites in this study, this baseline 

deviated from the actual fertilizer amendments on other sites. Nevertheless, we used this 

as baseline because we were interested in the general patterns using the sites as 

ÒgeneralizableÓ examples. 

In order to present model results in the context of empirical findings we displayed 

example data from two studies for the dependency of yields on fertilizer N (Reid, 1983, 

here E1) and clover proportion (Nyfeler et al., 2009, here E2) in Figure 5.3. These can 

be regarded as case studies with the purpose of showing the reader what patterns we 

would expect.  

" C$2-(*2 "

" "HK'&,"5&+,-.*)9)*6 "

Annual yields of the grass-clover mixtures ranged between 0.9 and 15.7 t DM ha-1 yr-1 

across models and sites, clover and fertilizer combinations (Figure 5.3a,Table 5.1). For 

APSIM, average yields across scenarios (i.e. variations in fertilizer inputs and clover 

proportion) ranged between 8.3 t DM ha-1 yr-1 at site G1 and 11.9 t DM ha-1 yr-1 at site 

G2 (Table 5.2). DayCent simulated lower average yields ranging between 5.0 t DM ha-1 

yr-1 (G1) and 8.8 t DM ha-1 yr-1 (G5) across scenarios (Table 5.2). Variability between 

scenarios (within model) was higher for APSIM (Mean sum of squares MSQNfert = 890; 

MSQClover% = 238.4) compared to DayCent (MSQNfert = 24.6, MSQClover% = 24.6). The 

models agreed that highest productivity levels were simulated at G2 and G5, medium 
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productivity at G3, while lower productivity was simulated at G4 and G1 (Figure 5.3a, 

Table 5.2). 

WROR!R!" A11$.*2"+1"1$&*)()M$&"'4+-%*"+%"6)$(,"

Yields of grass monocultures significantly increased with the amount of fertilizer added. 

Yields were lowest for scenarios without fertilizer (5.3 t DM ha-1 yr-1 in APSIM and 5.8 

t DM ha-1 yr-1 in DayCent) and reached up to 13.3 t DM ha-1 yr-1 in APSIM and 7.3 t DM 

ha-1 yr-1 in DayCent at 600 kg N input when averaged across sites and clover proportions 

(Table 5.2). While ASPIM suggested that increased fertilization still increased yields at 

highest fertilizer levels (i.e. significant yield differences between 450 and 600 kg Nfert), 

DayCent simulated yields levelling off above ~200 kg N fertilization (i.e. no significant 

yield increase at the fertilizer levels 2 300 kg N compared to the 150 kg N, Table 5.2, 

Figure 5.3b). In unfertilized grass monocultures, APSIM simulated yields of 2.0 t DM 

ha-1 yr-1 (0.9Ð3.6 t DM ha-1 yr-1 across sites, Table 5.1) corresponding to 13% (7Ð21%) 

of the maximum site yields. In contrast, DayCent simulated higher yields of 3.2 t DM ha-

1 yr-1 (1.6Ð4.2 t DM ha-1 yr-1) or 36% (20Ð46%) of maximum site yields without any 

fertilization (reflected in the offset in Figure 5.3b).  

The effect of fertilizer depended on the clover proportion. In APSIM, a fertilizer response 

was found for grass-clover mixtures of 0Ð80% clover; e.g. Grass-clover mixtures of 50% 

in APSIM largely benefited from fertilization and increased yields from 3.9 t DM ha-1 

yr-1 without fertilization to 12.2 t DM ha-1 yr-1 at 300 kg N fertilization, while high-clover 

mixtures >=75% and clover monocultures did not benefit from fertilization above 300 

kg N (Figure 5.3b, Table 5.1). DayCent showed a fertilizer response for mixtures of 25% 

clover, but little fertilization effect on for mixtures of 2 50% clover (Figure 5.3b, Table 

5.1), e.g. for 50% clover an increase in yield from 7.0 t DM ha-1 yr-1 without fertilization 

to 7.4 t DM ha-1 yr-1 at 300 kg N fertilization (Figure 5.3b, Table 5.1). Legume 

monocultures produced similar yields regardless of fertilizer level, consistently for all 

models (n.s. in Table 5.2), while the absolute amount of legume monoculture yields 

varied largely across models and sites i.e. APSIM on average 10.7 t DM ha-1 yr-1 ranging 
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from 7.0Ð12.8 t DM ha-1 yr-1 across sites and DayCent 6.5 t DM ha-1 yr-1 with site range 

of 4.9Ð8.5 t DM ha-1 yr-1 Table 5.1). 

WROR!R:" A11$.*"+1".(+9$&"5&+5+&*)+%"+%"6)$(,2"

Species mixtures were significantly more productive than grass monocultures in 

unfertilized swards (Table 5.1, Figure 5.3c). Transgressive over-yielding, i.e. higher 

yields for mixtures than for the highest-yielding monoculture were observed for DC1 and 

for APSIM (both variants) above 50 kg N fertilization. Without fertilization, maximum 

yields were found at 100% clover. When increasing fertilizer levels, the clover proportion 

for maximum production (Òoptimal clover proportionÓ Ð Cloopt) shifted to lower clover 

proportions. For example, Cloopt in APSIM was 82% (site-median) at 150 kg N 

decreasing to 47% at 450 kg N, and in DayCent Cloopt decreased from 58% at 150 kg N 

to 43% at 450 kg N. 

" H64>)+*).'((6"1)3$,"%)*&+8$%"

The total Nsymb ranged between 0 and 559 kg N ha-1 yr-1 across sites and scenarios. Note 

that only APSIM variants were able to report Nsymb as model output. With increasing 

clover proportion, Nsymb increased up to a maximum (above 71% clover) and decreased 

at higher clover proportions. This pattern results from high productivity in mixtures due 

to the complementarity between the growth of grass and clover, which becomes less 

beneficial at higher clover proportions, resulting in less total growth and less Nsymb. The 

higher the amount of fertilizer, the lower was the clover proportion of maximal Nsymb. 

For example, maximum Nsymb at 150 kg Nfert was found at 86% clover (median across 

sites) while at fertilizer levels of 300 kg N highest amounts of Nsymb were found at 79% 

clover proportion. Fertilization increased Nsymb for clover mixtures (below 71Ð79% 

clover) at moderate fertilizer levels as N addition stimulated growth. For example, grass-

clover mixtures of 50% clover showed maximum fixation at 171Ð267 kg N ha-1 yr-1 

fertilization (G1, G4), while Nsymb decreased with further fertilizer increment. Nsymb in 

clover monocultures decreased with increasing fertilization, as fertilized clover swards 

acquire their N from fertilization if available. 
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Figure 5.3: (a) Boxplots of yields across all mineral N scenarios (clover-fertilization combinations) per 
site (G1-G5) for APSIM (top) and DayCent variants (middle); (b) Dependency of normalized yield 
(vertical axis) on fertilizer amount (horizontal axis) at 0% clover percentage (dot-dashed) 50% clover 
percentage (dashed) and 100% clover percentage (solid line) and (c) on clover percentage (horizontal axis) 
for the fertilizer levels 0 kg N (dot-dashed), 150 kg N (dashed) and 450 kg N (solid line) (APSIM: top, 
DayCent: middle). Yields in b,c were normalized with the maximum yields per modelÐsite combination. 
Lines display the mean across sites, shaded areas indicate the range across sites per model family. The 
bottom panels display conceptually our expectations from empirical findings. For the effect of fertilization 
(b) we displayed the empirical-derived regression equation from Reid (1983) (E1) and refer to both 
equation and coefficients in Table 3 in their publication. In contrast to our model outputs, grass-clover 
mixtures in Reid (1983) did not contain exactly 50% clover in dry biomass. Besides Reid (1983), see also 
further studies of Prins (1983), Sparrow (1979) and Whitehead (1995) for comparable data. For the effect 
of clover percentage (c) we used the empirical-derived equation from Nyfeler et al. 2009 (E2), equation 1 
with the coefficients according to their Table S3 for mixtures of T. repens and L. perenne, excluding the 
other species. The Nyfeler study had 50 kg N as the minimum fertilizer rate, displayed dot-dashed, not 0 
kg N. For the empirical studies in the bottom panel, the line indicates the mean, and the shaded area the 
range across years. 
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Table 5.1: Average and range of yields, N2O emission and N2O-Int for different combinations of Nfert and 
clover proportion across sites and model variants for APSIM and DayCent for mineral fertilizer N 
scenarios. For comparison we include the IPCC N2O emission estimate with its 95% confidence intervals 
as well as the empirical estimates by Shcherbak et al. 2014. 

 
APSIM Yield (t DM ha-1 yr-1). 

 

 

APSIM 

 
N 0 

 

N 150 

 

N 300 

 

N 450 

 

N 600 

 
0% Clover 2.0 (0.9Ð3.6) 6.5 (5.4Ð7.6) 9.7 (8.7Ð11.2) 11.7 (9.7Ð13.8) 13.4 (9.7Ð16.0) 

25% Clover 2.2 (1.2Ð3.4) 7.2 (6.1Ð8.7) 10.8 (9.4Ð12.1) 12.9 (10.9Ð14.1) 14.2 (11.2Ð15.8) 

50% Clover 3.9 (2.6Ð5.3) 9.1 (7.5Ð10.9) 12.2 (10.6Ð13.7) 13.6 (11.6Ð15.0) 14.5 (16.4Ð15.7) 

75% Clover 7.5 (4.9Ð9.9) 11.8 (10.1Ð13.4) 13.1 (10.9Ð14.8) 13.1 (10.5Ð14.6) 13.6 (10.5Ð15.7) 

100% Clover 11.1 (8.5Ð13.3) 10.9 (7.3Ð13) 10.7 (7.0Ð12.9) 10.7 (7.0Ð12.9) 10.7 (7.0Ð12.8) 

DayCent Yield (t DM ha-1 yr-1) 

 

DayCent 

 N 0 

 

N 150 

 

N 300 

 

N 450 

 

N 600 

 
0% Clover 3.2 (1.6Ð4.2) 5.8 (4.9Ð7.3) 6.8 (5.8Ð8.6) 7.0 (5.5-8.9) 7.6 (5.8Ð9.7) 

25% Clover 5.9 (3.7Ð7.6) 7.0 (5.2Ð8.9) 7.4 (5.6Ð9.4) 7.5 (5.4Ð9.5) 7.7 (5.5Ð9.9) 

50% Clover 7.0 (4.8Ð9.1) 7.3 (5.2Ð4.9) 7.4 (5.3Ð9.5) 7.5 (5.3-9.6) 7.5 (5.3Ð9.7) 

75% Clover 6.9 (5.0Ð9.0) 6.9 (5.1Ð9.0) 7.0 (5.1Ð0.1) 7.0 (5.1Ð9.1) 7.1 (5.1Ð9.2) 

100% Clover 6.5 (4.6Ð8.6) 6.5 (4.9Ð8.6) 6.5 (4.9Ð8.6) 6.5 (4.9Ð8.5) 6.5 (4.9Ð8.5) 

APSIM N2O emission (kg N2O-N ha-1 yr-1) 

 N 0 

 

N 150 

 

N 300 

 

N 450 

 

N 600 

 
0% Clover 0 (0-0) 0.2 (0.1-0.3) 0.6 (0.3-1.0) 1.1 (0.6-1.9) 1.7 (0.9-3.1) 

25% Clover 0 (0-0) 0.2 (0.10.3) 0.6 (0.3-1.0) 1.1 (0.5-2.0) 1.8 (0.8-3.2) 

50% Clover 0 (0-0) 0.2 (0.1-0.3) 0.6 (0.2-1.0) 1.2 (0.5-2.1) 2.0 (0.8-3.5) 

75% Clover 0 (0-0) 0.2 (0.1-0.3) 0.6 (0.3-1.1) 1.3 (0.6-2.4) 2.3 (1.0-4.3) 

100% Clover 0 (0-0) 0.2 (0.1-0.4) 0.8 (0.4-1.5) 1.8 (0.7-3.6) 3.4 (1.0-6.7) 

DayCent N2O emission (kg N2O-N ha-1 yr-1) 

 

DayCent 

 N 0 

 

N 150 

 

N 300 

 

N 450 

 

N 600 

 
0% Clover 1.9 (0.4-4.3) 4.6 (2.3-7.6) 7.5 (3.7-13.5) 10.0 (4.7-19.8) 11.9 (5.1-22.9) 

25% Clover 2.4 (0.5-5.3) 5.0 (2.3-7.9) 7.9 (3.8-14.4) 10.4 (4.6-20.6) 12.2 (5.1-23.4) 

50% Clover 2.6 (0.6-5.6) 5.2 (2.4-8.0) 8.1 (3.8-14.6) 10.6 (4.6-20.7) 12.4 (5.1-23.5) 

75% Clover 2.6 (0.6-5.6) 5.2 (2.4-8.0) 8.0 (3.7-14.4) 10.6 (4.6-20.5) 12.4 (5.1-23.3) 

100% Clover 2.6 (0.6-5.6) 5.1 (2.3-7.9) 8.0 (3.7-14.3) 10.6 (4.6-20.3) 12.4 (5.1-23.0) 

Empirically estimated N2O emission+ (kg N2O-N ha-1 yr-1) 

 

 

N 0 

 

N 150 

 

N 300 

 

N 450 

 

N 600 

 
IPCC 0.0 (0.0Ð0.0) 1.5 (0.5Ð4.5) 3.0 (0.9Ð9.0) 4.5 (1.4Ð13.5) 6.0 (1.8Ð18.0) 

Shcherbak et al. 2014* 0.0 2.0 5.5 10.6¤ 17.4¤ 

+ For models empirically estimating N2O emission no distinction between different clover proportion is available. 
* Empirical model for perennial grass/forage in Table S3 of Shcherbak et al. (2014); Emission of N2O-N = 1.067 + 
(7.76 + 0.0353*Nfert)* Nfert) *10-3  
¤ Even if Shcherbak et al. 2014 displayed N2O emission estimates only N up to 300 kg N in their paper, fertilizer 
ranges in grasslands used for deviating the empirical relationship covered the higher levels and we thus included levels 
up to 600 kg here 
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Nitrous oxide emissions ranged between 0.01 and 1.9 kg N2O-N ha-1 yr-1 (0.1Ð0.4% of 

Nfert) across scenarios for APSIM variants and between 1.8Ð9.6 kg N2O-N ha-1 yr-1 (1.4Ð

5.5% of Nfert) for DayCent model variants averaged across sites (Table 5.2). The 

emissions varied significantly between models, sites and fertilizer levels (Table 5.2). 

Clover proportion did not affect N2O emissions in DayCent (Table 5.2) and did not affect 

N2O emissions in APSIM at 0Ð75% clover, but significantly increased N2O emissions at 

the 75Ð100% clover level (Table 5.2) due to increased N2O emissions at high fertilizer 

levels of 450Ð600 kg N ha-1 yr-1 in clover-rich grasslands (Table 5.1). The N2O emissions 

depended not only on the amount of N input, but also on the N source (Figure 5.4a). For 

the same total N input (here defined as Nfert + Nsymb), lower N2O emissions were found 

Continuation of Table 5.1: Average and range of yields, N2O emission and N2O-Int for different 
combinations of Nfert and clover proportion across sites and model variants for APSIM and DayCent for 
mineral fertilizer N scenarios. For comparison we include the IPCC N2O emission estimate with its 95% 
confidence intervals as well as the empirical estimates by Shcherbak et al. 2014. 

APSIM N2O-Int (g N2O-N kg-1 DM-1) 

 N 0 

 

N 150 

 

N 300 

 

N 450 

 

N 600 

 

0% Clover 0.010 (0.003-0.034) 0.028 (0.019-0.043) 0.059 (0.040-0.096) 0.097 (0.061-0.159) 0.134 (0.079-0.220) 

25% Clover 0.006 (0.001-0.018) 0.027 (0.018-0.04) 0.057 (0.033-0.090) 0.093 (0.051-0.149) 0.131 (0.069-0.210) 

50% Clover 0.002 (0.000-0.006) 0.023 (0.013-0.034) 0.052 (0.025-0.082) 0.092 (0.045-0.149) 0.140 (0.073-0.228) 

75% Clover 0.001 (0.001-0.002) 0.017 (0.010-0.026) 0.049 (0.03-0.079) 0.105 (0.063-0.177) 0.179 (0.108-0.313) 

100% Clover 0.001 (0.001-0.006) 0.025 (0.016-0.037) 0.075 (0.048-0.128) 0.172 (0.108-0.315) 0.311 (0.166-0.585) 

DayCent N2O-Int (g N2O-N kg-1 DM-1) 

 N 0 

 

N 150 

 

N 300 

 

N 450 

 

N 600 

 

0% Clover 0.63 (0.41-1.05) 0.82 (0.45-1.18) 1.09(0.55-1.57) 1.34 (0.70-2.12) 1.49 (0.80-2.35) 

25% Clover 0.42 (0.26-0.84) 0.73 (0.38-1.11) 1.05(0.52-1.51) 1.33 (0.66-2.09) 1.50 (0.78-2.34) 

50% Clover 0.37 (0.22-0.78) 0.72 (0.36-1.11) 1.07(0.51-1.50) 1.36 (0.65-2.10) 1.57 (0.79-2.39) 

75% Clover 0.41 (0.25-0.82) 0.78 (0.38-1.15) 1.16(0.52-1.56) 1.49 (0.67-2.19) 1.73 (0.81-2.77) 

100% Clover 0.41 (0.25-0.84) 0.84 (0.38-1.20) 1.29(0.54-1.83) 1.68 (0.70-2.75) 1.99 (0.85-3.57) 
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when a larger fraction of the N input came from symbiotic N fixation (as Nsymb) rather 

than fertilization (Nfert) (Figure 4a). The mitigation option would be ineffective if N2O 

emissions were independent of the source of N, thus this finding shows that an important 

precondition for effectiveness of the mitigation strategy was met. The N2O emissions 

were highest at the maximal fertilizer levels and generally minimized in the absence of 

fertilizer.  

WROROR!" A11$.*"+1"1$&*)()M'*)+%"+%"%)*&+-2"+3),$"$4)22)+%2"

In the absence of fertilization, models simulated average N2O emissions of 0.01 kg N2O-

N ha-1 yr-1 (APSIM) and 1.83 kg N2O-N ha-1 yr-1 (DayCent) across clover proportions 

(Table 5.2). At 150 kg N fertilization levels, N2O emissions increased to 0.31 kg N2O-N 

ha-1 yr-1 (APSIM) and 4.35 kg N2O-N ha-1 yr-1 (DayCent) (Table 5.1). At maximal 

fertilization levels (600 kg N) N2O emissions reached 1.9 kg N2O-N N ha-1 yr-1 (APSIM) 

and 9.6 kg N2O-N ha-1 yr-1 (DayCent), averaged across clover scenarios, model variants 

and sites (Table 5.2). Fertilization increased N2O emissions for all model-site-

combinations. However, different types of relationships were observed. The APSIM 

models showed what appeared to be an exponential increase of N2O with fertilization, 

but the DayCent models simulated approximately linear relationships, and in some cases 

(e.g. G3) lower N2O emission increments at higher fertilizer rates (levelling-off). 
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In general, clover proportion did not affect N2O emissions across models and sites (Table 

5.1, Table 5.2) between 0Ð75% clover (Table 5.2). As an exception, APSIM simulated 

N2O emissions significantly increased at a clover proportion of 100% in the higher 

fertilized scenarios (2 450 kg Nfert,), depicting the effects of high N inputs at these 

scenarios, while these white clover-fertilizer combinations are rather artificial and of no 

practical importance. A notable characteristic was that DayCent simulated background 

N2O emissions of 1.8 (0.4Ð4.3) kg N2O-N ha-1 yr-1, without N fertilization or clover in 

the field. APSIM showed no N2O fluxes without N fertilization independent of clover 

level. APSIM simulated significantly higher N2O emissions for mineral fertilizer (0.52 

kg N2O-N ha-1 yr-1) compared to organic fertilizer (0.08 kg N2O-N ha-1 yr-1), while no 



5.3 Results 147 

significant differences were found for DayCent simulations (5.3 for mineral and 4.8 kg 

N2O-N ha-1 yr-1). 

  

 

Figure 5.4: Dependency of (a) N2O emission (vertical axis) (b) N2O emission intensity (vertical axis) on 
%N from symbiosis (horizontal axis) for the following N levels: 50 kg N (orange), 150 kg N (yellow) and 
300 kg N (brown) total N (Ntot), defined as fertilizer N (Nfert) plus symbiotic (Nsymb) according to the output 
of two APSIM versions, because Nsymb is available for APSIM only. N2O emissions were normalized with 
the maximum of the site-model combinations for the analyzed levels. Lines refer to the mean of normalized 
values across sites and model variants, while the shaded areas display the ranges across model variants and 
sites. The %N from symbiosis refers to symbiotic N divided by total N input (Nfert + Nsymb). Cases of no 
total N input were excluded in order to avoid division by zero. 
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Table 5.2: Effects of site, model, fertilizer amount and clover percentage on yield, N2O emission, N2O-Int 
and Nsymb. Predicted values per model (APSIM, DayCent) are shown for mineral fertilizer scenarios. 
Different small letters indicate significant differences between levels (TukeyÕs HSD) per factor (Site, 
Model, Nfert, Clover %). The stars indicate a significant effect for a significance level p<0.001, ns indicates 
no significant differences for the respective factor. 

  Yield 

t DM ha-1 yr-1 

N2O emission 

kg N2O-N ha-1 yr-1 

N2O-Int  

g N2O-N kg-1 DM-1 

Nsymb 

  kg N ha-1 yr-1 

  APSIM DayCent APSIM DayCent APSIM DayCent APSIM 

 Grand mean 10.3 6.8 0.52 5.31 0.04 0.83 137 

Site  ***  ***  ***  ***  ***  ***  ***  

 G1 8.3a 5.0a 0.38b 2.53a 0.034a 0.595a 105a 

 G2 11.9b 7.3b 0.53cd 3.57b 0.034a 0.494a 171b 

 G3 10.7c 6.7bc 0.43a 7.11c 0.028a 1.071b 145bc 

 G4 9.2b 6.3c 0.61de 6.32c 0.054b 1.015b 117ac 

 G5 11.3cb 8.8d 0.78e 10.4d 0.059b 1.231b 143bc 

Model  ***  ***  ns ***  ***  ***  ns 

 AP1 10.8a - 0.55 - 0.037a - 137 

 AP2 9.8b - 0.51 - 0.043b - 136 

 DC1 - 5.8a - 4.91 - 0.917a - 

 DC2 - 7.8b - 5.75 - 0.751b - 

Nfert  ***  ***  ***  ***  ***  ***  ***  

 0 5.3a 5.8a 0.01a 1.83a 0.006a 0.341a 170a 

 150 9.1b 6.7b 0.31b 4.35b 0.025b 0.681a 171a 

 300 11.3c 7.0b 0.66c 6.59c 0.054c 0.989b 141a 

 450 12.4cd 7.1b 1.21d 8.37cd 0.096d 1.232bc 106b 

 600 13.3d 7.3b 1.90e 9.62d 0.145e 1.392c 93b 

Clover %  ***  ***  ***  ns ***  ns ***  

 0 8.7a 6.1a 0.50a 4.80a 0.044a 0.886a 0a 

 25 9.5a 7.1bc 0.48a 5.31a 0.040ab 0.785a 61b 

 50 10.7b 7.3c 0.46a 5.51a 0.034b 0.769a 140c 

 75 11.8b 6.9bc 0.54ab 5.51a 0.034b 0.823a 227d 

 100 10.8b 6.5ab 0.68b 5.46a 0.050ab 0.884a 253d 
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Nitrous oxide emission intensity (N2O-Int), i.e. N2O emissions per unit of biomass yield, 

allow a productivity-based comparison of N2O emissions across sites, scenarios and 

models. N2O-Int ranged between 0.01Ð0.31 g N2O-N kg-1 DM (APSIM) and 0.63Ð1.99 

g N2O-N kg-1 DM (DayCent) across clover proportions and fertilizer levels on average 

across sites (Table 5.1; Figure 5.5). Maximum N2O-Int were reached at 100% clover and 

600 kg Nfert, except for DayCent at the G3 and G1 sites, where the maximum was already 

 

Figure 5.5: (a) Boxplots of N2O emission intensities across all mineral N scenarios (clover-fertilization 
combinations) per site (G1-G5) for APSIM (top) and DayCent variants (bottom); (b) Dependency of 
normalized N2O emission intensity (vertical axis) on fertilizer amount (horizontal axis) at 0% clover 
percentage (dot-dashed) 50% clover percentage (dashed) and 100% clover percentage (solid line) and (c) 
on clover percentage (horizontal axis) for the fertilizer levels 0 kg N (dot-dashed), 150 kg N (dashed) and 
450 kg N (solid line) (APSIM: top, DayCent: bottom). N2O emission intensities in b,c were normalized 
with the maximum N2O emission intensity per modelÐsite combination. Lines display the mean across 
sites, shaded areas indicate the range across sites per model family. 
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reached at 440 and 260 kg Nfert due to the levelling-off in N2O emissions at higher 

fertilizer levels. Without fertilizer input, N2O emissions intensities maximized in grass 

monocultures which was primarily due to the small denominator (low yields) without 

fertilizer or Nsymb. Significant variation in N2O-Int between models, fertilizer inputs and 

sites were observed. Models agreed that N2O-Int were significantly lower for the sites 

G1 and G2 compared to G4 and G5 (Table 5.2). Increasing fertilizer inputs strongly 

increased N2O emission intensity from 0.006 g N2O-N kg-1 DM in unfertilized swards to 

0.096 g N2O-N kg-1 DM at 450 kg N fertilization for APSIM and from 0.341 g N2O-N 

kg-1 DM at unfertilized sward to 1.232 g N2O-N kg-1 DM at 450 kg Nfert for DayCent 

(Table 5.2, Figure 5.5). Lower N2O-Int were found for mixtures compared to clover and 

grass monocultures (based on means across fertilizer levels, models and sites, Figure 5.5, 

Table 5.2). Modelled N2O-Int were highest when N input came from fertilizer and 

decreased with increasing fraction of the total N input acquired via symbiosis (Figure 

5.4b). While the pattern of lower N2O intensities at higher fractions of Nsymb was 

independent of the level of total N input, the magnitude (slope) of the effect on N2O 

intensity was such that a great mitigation effect was achieved in systems with higher total 

N input (Figure 5.4b). Variability in N2O-Int between models exceeded variability across 

sites and fertilizer levels meaning that there is considerable uncertainty in the estimated 

magnitude. Still, models agree on the overall patterns of mixtures resulting in lower N2O-

Int compared to monocultures. 

" 7 : ;"4)*)8'*)+%"5+*$%*)'( "

In order to assess a mitigation potential, a baseline scenario is required. Here we selected 

the scenario without clover and with a fertilizer rate of 300 kg N ha-1 yr-1 (N300.Clo0) as 

outlined above (method section). To understand the effect of successive reductions in 

fertilizer input, we assessed the results by three stepwise reductions of fertilizer to 0 kg 

N ha-1 yr-1 and at each of those fertilizer reductions (100 kg N ha-1 yr-1 decrements) found 

the clover proportion that obtained the maximum yield (Cloopt) for each site-model 

combination at the reduced fertilizer input. These were labelled Nx.Cloopt where x is the 

amount of fertilizer input. 



5.3 Results 151 

Simulations suggested that N300.Clo0 soils emitted 0.02Ð1.95 g N2O-N per kg of dry 

matter yield across all models and sites (Figure 5.6a). For the first reduction in fertilizer 

input, N200.Cloopt, models showed consistently lower N2O emissions compared to the 

baseline and similar (DC2) or higher yields (DC1, APSIM) (Figure 5.6d), and therefore 

 

Figure 5.6: N2O mitigation scenarios for (a) mineral fertilizer replacement and (b) organic fertilizer 
replacement: N2O emission intensity; % changes in N2O intensity compared to the reference scenario 
(N300.Clo0); clover percentage associated with maximum yield; and yields are displayed for scenario 
N300.Clo0 (300 kg N, 0% Clover), N200.Cloopt (200 kg N, clover % for maximum yield), N100.Cloopt 
(100 kg N, clover % for maximum yield), N0.Cloopt (no fertilizer, clover % for maximum yield) the points 
display the median and whiskers display the range across sites. 
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lower N2O-Int at all model-site combinations (Figure 5.6a and b, Table 5.2). Even though 

all model results showed that N2O-Int consistently declined as fertilizer inputs were 

reduced, the magnitude of those declines varied strongly across models and considerably 

across sites (Figure 5.6a and b). For N200.Cloopt, APSIM showed reductions in N2O-Int 

of 0.01Ð0.08 g N kg DM-1 yr-1 or 58Ð65%, while DayCent gave reductions of 0.03Ð0.80 

g N kg DM-1 yr-1 corresponding to 2Ð41% lower N2O-Int compared to the baseline. 

Under the mitigation N100.Cloopt, APSIM showed reductions in N2O-Int of 0.014Ð0.104 

g N kg DM-1 yr-1 or 68Ð83%, while DayCent predicts reductions of 0.18Ð1.23 g N kg 

DM-1 yr-1 or 12Ð67% lower N2O emission intensities. 

In order to define a target for the mitigation management, a key question is how clover 

proportions need to be adapted in order to produce maximum yields. Clover proportions 

at which the maximum yields were reached ranged between 66Ð86% (APSIM) and 0Ð

72% (DayCent) for N200.CloOpt. A further decrease in fertilization, N100.Cloopt, gave 

higher optimal clover proportions (72-100% by APSIM and 40Ð100% by DayCent) as 

might be expected. Complete fertilizer omission (N0.Cloopt) resulted in clover 

proportions for optimal yield of 88Ð100% (APSIM) and 46Ð89% (DayCent). 

If a reduction of N2O emissions is accompanied by yield losses, its acceptability among 

farmers is likely to be very low. Thus, our aim was to identify scenarios at which the 

yield was not compromised by the N2O mitigation and distinguish them from scenarios 

with yield losses. Surprisingly, yield reductions compared with N300.Clo0 were only 

found for N0.Cloopt at G1 for DC1 and AP2: yields at the other fertilizer reductions were 

unchanged or exceeded those at N300.Clo0. Thus, these results suggest that a reduction 

of fertilizer from 300 kg N to 0 kg N was possible without yield losses provided it was 

also possible to obtain an optimal clover proportion in the pasture. DayCent results 

showed similar mitigation potentials for both fertilizer types (mineral and organic), while 

APSIM results indicate less reductions in N2O emission intensity with decreasing organic 

fertilizer compared to mineral fertilizer (Figure 5.6b). 
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The general pattern of modelled yields increasing with increasing fertilizer input is 

consistent with experimental data. Yields of grass monocultures and grass-legume 

mixtures in APSIM increased across the whole range of fertilizer levels from 0 to 600 kg 

N ha-1 yr-1; however, in DayCent yields increased only between 0 to 200 kg N ha-1 yr-1 

of fertilizer. Empirical findings show yields levelling off at high fertilizer amounts (400-

500 kg N ha-1 yr-1), depending on the site conditions (Prins, 1983; Reid, 1983; Sparrow, 

1979; Whitehead, 2000), or still increasing at the highest N fertilizer levels (Wilkins et 

al., 2001). We conclude that yield responses to fertilization were realistically simulated 

in APSIM but were unrealistically low in DayCent which showed only marginally 

increased yield with increased fertilizer applications above 200 kg N ha-1 yr-1 at 50% 

clover (Table 5.1) even at the sites with high yield potential (G2ÐG5) (Prins, 1983; 

Whitehead, 2000). Underestimating a fertilizer effect on yields has a consequence for 

calculating mitigation potentials (section 5.3.5) as this would lead to an overestimation 

of potential reductions in N2O-Int. 

Model outputs reflected the influence of clover proportion on yields observed in grass-

clover studies (Kirwan et al., 2007; LŸscher et al., 2014; Nyfeler et al., 2009; Suter et al., 

2015). Yield maxima for DayCent were observed when the proportion of clover was 

between 38-79% across sites at 150 kg N and at relatively lower clover proportions (0Ð

47%) at 300 kg N. APSIM simulated yield maxima at comparably high clover 

proportions of 74Ð87% at 150 kg N and 66-76% at 300 kg N. Measured data showed 

overyielding at 40Ð60% clover for fertilizer levels of 50-450 kg ha-1 yr-1 at a site near G5 

(Nyfeler et al., 2009). APSIM and DayCent largely differed with respect to plant N 

uptake at higher fertilizer levels. APSIM simulated highly efficient N uptake at high 
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fertilizer levels, whereas in DayCent grasslands did not profit from increased fertilization 

above 200 kg N and DayCent simulated increased leaching. 

Modelled Nsymb was 137 kg N on average across all sites and scenarios, within realistic 

ranges (Ledgard and Steele, 1992; LŸscher et al., 2014; Nyfeler et al., 2011) e.g. Nsymb 

of up to 323 kg N ha-1 yr-1 was measured in Nyfeler et al. (2011) and values of up to 545 

kg N ha-1 yr-1 have been observed by Carlsson & Huss-Danell (2003) both with Trifolium 

repens, in line with our findings of maxima ranging between 424Ð559 kg N ha-1 yr-1 

across sites. Grass-clover mixtures of <80% clover have the potential to fix more N2 from 

the atmosphere compared to clover monocultures due to niche complementarity while 

clover proportions >80% are less beneficial due to less growth and therefore less Nsymb 

(Nyfeler et al., 2011), which was also depicted by the models. 

Simulated N2O emissions in APSIM were low compared to N2O emission estimates by 

the IPCC emission factor at all fertilizer levels (i.e. below the IPCC lower confidence 

interval). These low N2O emissions could arise either from APSIM simulating low soil 

organic matter turnover rates or that APSIM simulates N being taken up by plants very 

efficiently, or a combination of both effects. In contrast, N2O emissions in DayCent 

exceeded IPCC mean estimates at all fertilizer levels, but were within the upper 

confidence interval estimates of the IPCC and were similar to estimates from Shcherbak 

et al. (2014) for the upper fertilizer application rates (> 300 kg N). These high N2O 

emissions in DayCent coincided with increased leaching rates at increased fertilization, 

reflecting that plants were not able to benefit from additional N fertilization and the 

biomass yields from DayCent at these fertilizer rates thus seemed to be unrealistically 

low. While the current IPCC emission factor uses a linear increase in N2O emissions with 

N fertilizer amounts, Shcherbak et al. (2014) found Nfert to have a nonlinear effect on 

N2O emissions. They analyzed site data across the globe using multiple N application 

rates, showing that the increase in N2O was higher at higher fertilizer amounts (mean 

+0.0033% change in N2O emitted per additional kg N ha-1 yr-1 of fertilizer added based 

on 41 site-years for grassland, Table S3 in Shcherbak et al. 2014). Greater change in N2O 

emissions per Nfert increment at higher fertilizer input levels imply that N2O emission 
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reductions are more effective in high N input systems compared to systems of moderate 

or low fertilizer N inputs where a reduction in the same amount of Nfert is less effective 

(Figure 5.4a). Kim et al. (2013) conceptualized the relationship between N fertilizer 

amounts and N2O emissions and hypothesized an initial linear increase of N2O 

production at the low fertilizer levels at which microbes compete with plants for available 

N. Additional N fertilizer increase beyond optimal plant N uptake rates would then lead 

to exponential increase in N2O production due to an excess of available N stimulating 

nitrification and denitrification. Eventually, further fertilizer N increment would lead to 

N2O production levelling off, leading to a steady-state where soil C limits N2O 

production (Kim et al., 2013; Rochette et al., 2010). Model outputs showed nonlinear 

(APSIM) and linear (DayCent) effects of N fertilizer amounts on N2O emissions on 

average, while levelling off was observed for some model-site combinations in DayCent.  

In line with the findings reviewed in LŸscher et al. (2014), N2O-Int was lower in grass-

clover mixtures compared to monocultures, which was expected as N2O-Int penalizes 

yield losses (as observed at low N input), and penalizes high N2O emissions (as observed 

at high N inputs). Thus, grassÐclover mixtures optimize the combination of both. As the 

increase in N2O emissions with increases in N fertilizer typically exceed the yield gain 

for the same fertilizer increment, N2O-Int were minimized at the lowest fertilizer levels 

(Table 5.2). The modelled results of yields being maintained under reduced fertilizer 

might be too optimistic. However, in a recent field experiment at site G5 (Fuchs et al., 

2018), N2O-Int was reduced from 0.42 g N kg DM-1 yr-1 on a fertilized control obtaining 

fertilizer N via slurry (240 kg N, 4Ð15% clover) to 0.28 g N kg DM-1 yr-1 at the clover 

treatment (23Ð40% clover and no Nfert) over a two years observation period. The 

modelled results do not consider the difficulty in maintaining clover proportions in the 

presence of pests, grazing or other adverse effects. 

" J+%.(-2)+%"'%,"+-*(++N "

In this study we investigated the effect of reduced fertilizer combined with increased 

clover proportions as a mitigation strategy and provided an understanding of the 
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relationships between the proportion of clover and N2O emissions and emission 

intensities. Simulated results from different models reflected contrasting perspectives on 

N2O emissions of grassland systems, with quite diverse outcome in absolute N2O 

emission intensities but agreement on the overall pattern of N2O emission reductions on 

a per unit area as well as on a per unit product basis. Models predicted relative changes 

in N2O emission and N2O-Int (relative to the overall site-model reference level) much 

more consistently than they predicted the absolute changes in site-specific N2O emission 

intensities. Consequently, a more robust statement on the relative reduction in emission 

intensity than on absolute N2O reduction potential is possible. 

Different biogeochemical models tend to have complementary strengths, leading to their 

multi-model ensemble median performing better compared to individual models (Asseng 

et al., 2013; Ehrhardt et al., 2018). Thus, using an ensemble reduces the overall 

uncertainty of the predictions. However, constructing an ensemble was impossible for 

this exercise because only few models are capable of simulating species mixtures 

(Kipling et al., 2016; Snow et al., 2014). Major challenges were the adequate simulation 

of BNF in grass-clover-mixtures, which finally led to reduced number of participating 

models, as not all were able to represent major patterns. In order to tackle present 

shortcomings, models need to be improved and species-interaction needs to be 

considered in order to better reflect the ongoing processes. Few models simulate 

adequately grazing effects (Snow et al., 2014). We simulated cut-and-carry systems in 

order to tackle the complexity of the modelling and ensure interpretable outputs. In 

reality grazing would impact the productivity, legume content and the N2O emissions. 

However, the reasoning was to first consider the simpler system in order to enable 

understanding without confounding effects. An important next step in this work would 

be to test the mitigation under grazing, however, this would entail first overcoming 

challenges with models and their abilities to reasonably simulate grazed conditions (e.g. 

see Snow et al., 2014).  

Practical limitations potentially restricting the applicability of the investigated N2O 

mitigation strategy were disregarded here. These limitations include the challenge of 
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achieving higher legume proportions and holding these approximately persistent over 

years. Further, clover growth is not suitable at all locations, and local soil conditions such 

as low soil pH and waterlogging can severely limit clover production. 

We here have shown that grass-clover mixtures with the lowest fertilizer input were 

associated with the lowest N2O emission intensities. Experimental studies which 

systematically asses N2O emissions under different clover proportions for different N 

fertilizer regimes would be highly beneficial. While experimental work should focus on 

assessing in detail swards with clover proportions of 30Ð50% and <= 150 kg N input as 

these seem most beneficial with respect to multiple factors such as yields, N yields and 

also feeding values (LŸscher et al., 2014) additional data on the endpoints (i.e. 0% and 

100%) clover would assist in confirming or refuting the modelled outcomes. Legumes 

have been shown to perform better than non-legumes under drought conditions (Hofer et 

al., 2017), which could make them important species for resilience under changing 

climate, highlighting the role legumes could play not only for climate change mitigation, 

but also adaptation. 
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Simulation models quantify the impacts on carbon (C) and nitrogen (N) cycling in 

grassland systems caused by changes in management practices. To support agricultural 

policies, it is however important to contrast the responses of alternative models, which 

can differ greatly in their treatment of key processes and in their response to management. 

We applied eight biogeochemical models at five grassland sites (in France, New Zealand, 

Switzerland, United Kingdom and United States) to compare the sensitivity of modelled 

C and N fluxes to changes in the density of grazing animals (from 100% to 50% of the 

original livestock densities), also in combination with decreasing N fertilization levels 

(reduced to zero from the initial levels). Simulated multi-model median values indicated 

that fertilizer input reduction would lead to an increase in the C sink strength (negative 

net ecosystem C exchange) in intensive grazing systems: ! 64 ± 74 g C m! 2 yr! 1 (animal 

density reduction) and ! 81 ± 74 g C m! 2 yr! 1 (N and animal density reduction), against 

the baseline of ! 30.5 ± 69.5 g C m! 2 yr! 1 (LSU [livestock units] 2 0.76 ha! 1 yr! 1). 

Simulations also indicated a strong negative effect of N fertilizer reduction on N fluxes, 

e.g. N2O-N emissions decreased from 0.34 ± 0.22 (baseline) to 0.1 ± 0.05 g N m! 2 yr! 1 

(no N fertilization). Simulated decline in grazing intensity had only limited impact on the 

N balance. The simulated pattern of enteric methane emissions was dominated by high 

model-to-model variability. The reduction in simulated offtake (animal intake + cut 

biomass) led to a doubling in net primary production per animal (increased by 11.6 ± 8.1 

t C LSU! 1 yr! 1 across sites). The highest N2O-N intensities (N2O-N/offtake) were 

simulated at mown and extensively grazed arid sites. We show the possibility of using 

grassland models to determine sound mitigation practices while quantifying the 

uncertainties associated with the simulated outputs. 
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Finding solutions to emerging ecological and societal challenges (climate change, food 

security, ecosystem sustainability) requires improved knowledge of the underlying 

processes affecting carbon nitrogen (C-N) pools and "#uxes in agricultural systems (West 

and Marland, 2002; Giardina et al., 2014; Campbell and Paustian, 2015). Grassland 

ecosystems have a potentially important role to play in meeting the challenge of climate 

change because they can act as a source or sink for atmospheric carbon dioxide (CO2) 

(Smith et al., 2008; Oates and Jackson, 2014) and are a source of non-CO2 greenhouse 

gases (GHG) such as nitrous oxide (N2O) and methane (CH4). Importantly, these GHG 

emissions can be manipulated by management such as the method of grazing and the 

fertilizer regime (Soussana et al., 2004; Herrero et al., 2016). Several grassland 

experiments have addressed the role of management on the short-term GHG balance and 

global warming potential (e.g. Allard et al., 2007; Soussana et al., 2007; Hšrtnagl et al., 

2018). However, direct measurement of C-N balances should be supplemented by the 

use of simulation models, to support the implementation of effective practices and 

policies in agriculture, e.g. to mitigate GHG emissions (Rosenzweig et al., 2014; Elliott 

et al., 2015; Folberth et al., 2016). Biogeochemical process models address many of the 

complex interactions of weather, soil, vegetation and management practices (Bondeau et 

al., 1999; Churkina et al., 1999; Huntzinger et al., 2012; Warszawski et al., 2014; Chang 

et al., 2015) and can do so over long time intervals that are not feasible with 

experimentation. Existing modelling studies have focused on the determination of the C 

source and sink activity of grasslands (Soussana et al., 2010). Grassland models have 

been shown to provide adequate accuracy in representing observed yield and GHG 

emissions across a wide range of environments and management intensities (e.g. White 

et al., 2008; Chang et al., 2013; Graux et al., 2013; Ben Touhami and Bellocchi, 2015; 

Ma et al., 2015; Senapati et al., 2016; Ehrhardt et al., 2018). 

Models can thus be bene"$cial for decision makers and farmers because they can be used 

to explore the productivity and environmental performances of speci"$c systems as a 

consequence of changed management. However, the effect of management on C and N 
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"#uxes in agriculturally managed permanent grasslands (not re-sown more frequently than 

every "$ve years, which is the focus of this study) is often uncertain (Schulze et al., 2009; 

Ciais et al., 2010), and such uncertainties are re"#ected in the outputs of the models used 

to simulate responses to management (S‡ndor et al., 2017). Grasslands are highly 

complex ecosystems and their behaviour is affected by multifaceted interactions of 

management drivers with water and nutrient availability, soil physics, and vegetation 

dynamics (Rees et al., 2013; Soussana et al., 2013). The dynamic grassland simulation 

models developed since the 1990s (e.g. Challinor et al., 2013; Snow et al., 2014; Calanca 

et al., 2016; J.W. Jones et al., 2017) differ greatly in their treatment of key processes, and 

hence in their response to environmental and management conditions (Brilli et al., 2017). 

A thorough assessment of the variation in the response, or sensitivity, of different 

grassland models to management factors can be critical in determining to what extent 

simulated responses may vary depending on the model used. From a policy perspective, 

it is critically important to identify the extent to which management interventions 

influence C-N fluxes (including productivity) prior to promoting policies that alter 

farming practices. If the impact of a given practice is uncertain, a sensitivity analysis can 

give information on the reliability of the models when representing C-N flux-

management relationships under a variety of conditions. It is thus important to examine 

model behaviour under changed management in order to characterise the types of 

responses estimated, contrast the responses of different models and consider the reasons 

for these differences. In particular, hypotheses about the contribution of grassland 

management to GHG emissions can be tested via simulation models, which allow 

understanding, diagnosing and forecasting complex interactions (Chen et al., 2008; 

Seijan et al., 2011; Graux et al., 2012; S‡ndor et al., 2017, 2018). 

Consequently, using five case studies, we tested the sensitivity of eight grassland models 

to gradients of management intensity that were selected for their potential to mitigate 

GHG emissions (e.g. Soussana et al., 2014; Abdalla et al., 2017). With the aim of 

increasing the reliability and confidence in simulated results, a multi-model ensemble 

approach was adopted to explore patterns of simulated C and N responses against 
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imposed gradients of N fertilization and animal stocking rate (to which grassland models 

are generally sensitive, after Brilli et al., 2017). For this study, we included a range of 

well-known grassland models, and used them to simulate biogeochemical and related 

outputs (productivity and energy measures). The wider ensemble analysis presented in 

Ehrhardt et al. (2018) forms the baseline for the work presented here, which analyses 

factors that may explain the major differences observed in model responses. We further 

explored to what extent multi-model ensembles can be used to help identify farming 

practices that reduce GHG emissions. While restricting the analysis to a limited set of 

management options, this study examines a wide range of output variables and thus 

provides a framework for assessing grassland performance where direct casual links with 

farming practices are not obvious, and changes in performance are difficult to measure. 

As a corollary outcome, viewing and interpreting a variety of model outputs lay ground 

for future model developments. 

" <'*$&)'(2"'%,"4$*0+,2 "

We refer to a subset of the grassland models described in Ehrhardt et al. (2018), in which 

models were initialized and calibrated using vegetation and soil variables, and surface-

to-atmosphere fluxes at four sites worldwide. We used an ensemble of grassland models 

(Table 6.1) and compared their sensitivity to changes in management by comparing 

simulated outputs against gradients of management practices. Model anonymity was 

maintained throughout the process and model results are presented without attributing 

them to specific models or modelling teams. We present multi-model medians and box-

plots, and focus on long-term averages for the same four grassland sites (G1 to G4) 

described in Ehrhardt et al. (2018) plus an additional site (G5) for which full calibration 

was only completed after the initial publication (Figure 6.2). Overall, there is a lack of 

case studies in Asia, Africa and South America (which would have extended the 

comprehensiveness of the research), but sites from G1 to G5 are intended to represent 

situations commonly encountered in temperate grasslands. While the choices made are 

described in Ehrhardt et al. (2018), in summary it was thanks to international 

collaborations that we could pool and share experimental data for five grassland sites 
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(one more than in Ehrhardt et al., 2018). These sites provided high-quality, previously 

published data encompassing climate, soil, agricultural practices, and C and N fluxes. 

 

Table 6.1: The biogeochemical models used for testing the impact of grassland management options. 

Model/version Description/references 
APSIM-SWIM 
v7.7 
APSIM-
SoilWater v7.7 

APSIM (The Agricultural Production Systems sIMulator; Holzworth et al., 2014) 
simulates several systems through the interaction among plants, animals, soil, 
climate and management. The model allows the analysis of the whole-farm system, 
including livestock, crop and pasture sequences androtations. Users can select 
between two soil water models: the capacitance-based SoilWater (Probert et al., 
1998) and SWIM, which is based on Richards' equation (Huth et al., 2012). The 
pasture model was that of Li et al. (2011). 

DayCent v4.5 
2006 
DayCent v4.5 
2010 
DayCent v4.5 
2013 

DayCent is the daily time-step adaptation of the biogeochemical model CENTURY 
(Parton et al., 1998). It simulates biomass growth, soil C dynamics, N leaching, 
gaseous emissions (e.g. N2O, NO, N2, NH3, CH4 and CO2) and C fluxes (e.g. NPP, 
NEE) in croplands, grasslands, forests and savannahs, as affected by management 
practices (such as fertilization, tillage, pruning, cutting and grazing) and specific 
external disturbances (e.g. fires). Different versions of the model result in different 
parameter settings and a few variations in the model structure. DayCent v4.5 2006 
applies grazing on a daily basis as linear impact on aboveground biomass and 
root/shoot ratio, with aboveground biomass removed as a percentage of total 
aboveground biomass. DayCent v4.5 2010 and 2013 apply grazing on a daily basis 
with aboveground biomass removed as a percentage of total aboveground biomass 
rather than as continuous grazing. In DayCent models after 2013, water stress effect 
on biomass production differs from the previous versions. 

LPJmL 
v.3.5.003 

LPJmL (Lund-Potsdam-Jena managed Land) explicitly simulates key ecosystem 
processes such as photosynthesis, plant and soil respiration, Callocation, 
evapotranspiration and phenology of nine plant functional types representing natural 
vegetation at the level of biomes (Sitch et al., 2003), and of 12 plant functional types 
(Bondeau et al., 2007; Rolinski et al., 2018). 

PaSim PaSim (Pasture Simulation model; Riedo et al., 1998; Calanca et al., 2007; Ma et al., 
2015) is a process-based, grassland-specific ecosystem model that simulates 
grassland productivity and GHG emissions to the atmosphere. The model consists 
of sub-models for vegetation, grazing animals, microclimate, soil biology, soil 
physics and management. 

SPACSYS v5.0 SPACSYS (Wu et al., 2007, 2015) is a multi-layer, field scale, weather-driven and 
daily-time-step dynamic simulation model. The current version includes a generic 
plant growth and development, C and N cycling, plus simulation of soil water that 
includes representation of water flow to field drains as well as downwards through 
the soil layers, together with a heat transfer component. The model simulates root 
architecture. 
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Table 6.2: The biogeochemical models used for testing the impact of grassland management options. 

General description Grassland sites     
Site code G1 G2 G3 G4 G5 
Country United States New Zealand France United Kingdom Switzerland 
Location Mandan Flockhouse Laqueuille Easter Bush Chamau 

Climatea 
Dfb (humid 
continental) Cfb (oceanic) Cfb (oceanic) Cfb (oceanic) Cfb (oceanic) 

Latitude 46.77 ! 40.20 45.64 55.52 47.20 
Longitude ! 100.89 175.30 2.74 ! 3.33 8.40 
Elevation a.s.l. (m) 591 30 1040 190 393 

Simulation period 2003Ð2006 1997Ð2008 2003Ð2012 2002Ð2010 2010Ð2013 

Mean annual minimal 
air temperature (¡C)b 0.0 ± 1.0 9.1 ± 0.5 4.0 ± 0.6 4.6 ± 0.9 4.4 ± 0.6 

Mean annual maximal 
air temperature (¡C)b 11.9 ± 1.3 17.6 ± 0.6 11.0 ± 0.8 11.4 ± 0.8 14.7 ± 0.8 

Mean annual 
cumulated 
precipitation (mm)b 

411 ± 128 896 ± 107 1047 ± 144 961 ± 142 1084 ± 143 

Management Type Grazed Grazed Grazed Grazed/mown Grazed/mown 

Animal type Yearling steers Non-lactating sheep Heifers 
Ewes, lambs, 
heifers and calves Sheep 

Mean annual number 
of grazing daysc 

107 22 163 162 14 

Stocking rate (LSU 
ha! 1 yr! 1)c 0.08 1.29 1.34 0.76 0.10 

Vegetation type C3 grasses 
C3 grasses, 
legumes, forbs, C4 
grasses 

C3 grasses, 
legumes, forbs C3 grasses C3 grasses, 

legumes 

Mean annual number 
of cutting eventsc 0 0 0 0.9 6.3 

Total annual N 
fertilization (kg N ha! 1 
yr! 1)c 

0 0 210 220 230 

Soil properties      

Soil typed Calcic Siltic 
Chernozem Mollic Umbrisol Loamic Andosol Eutric Cambisol Gleysol 

Maximum depth of the 
soil profi le (m) 4 0.9 0.9 1.0 1.0 

Number of 
documented layers 6 4 5 5 4 

Soil texture: ~sand 
(%)e 

29.7 93.1 24.6 22.9 57.2 

~silt (%)e 51.0 3.8 55.5 19.0 28.9 
~clay (%)e 19.5 3.1 21.8 58.1 14.0 

Bulk density (g cm! 3)e 1.17 1.20 0.67 1.45 1.34 

References 
Liebig et al. 
(2006, 2010, 
2013) 

References 
Liebig et al. 
(2006, 2010, 
2013) 

References Liebig et al. (2006, 
2010, 2013) 
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To analyse the sensitivity of models with respect to changes in grassland management 

practices, viz. animal stocking density and N fertilization, management scenarios were 

obtained by adjusting the observed baseline management (business-as-usual) for each 

site with systematic decrements over a range of values (Table 6.3). Sensitivity is defined 

as the proportional change in model outputs that results from a change in a given factor 

(here management practices). 

In our study-sites, two major practices are responsible for C and N fluxes from 

grasslands: (1) vegetation removal and (2) fertilizer inputs. The harvesting of vegetation 

was predominantly controlled by grazing animals for the majority of sites. The exception 

was G5 where the grazing was light and vegetation was predominantly removed by 

cutting. Accordingly, a reduction in grassland use was assessed by a limitation of 

Table 6.3: Design of management options (where 100% indicates the baseline - business-as-usual - 
management scenario).  

Action1 Sites Description 

Reduction of livestock density 
(LD) 

G1, G2, G3, 
G4, G5 

The livestock density in the pasture was decreased in 
five steps of 10% (from 100% down to 50% of the 
livestock density indicated by the default standard 
management) 
 
Abbreviations2: LD90, LD80, LD70, LD60, LD50 

Reduction of livestock density 
(LD) and nitrogen (N) 

fertilizer 
G3, G4, G5 

The amount of mineral or slurry N added to the pasture 
was decreased in five steps of 20% (from 100% to 0% 
of the N amount indicated by the default standard 
management), whilst the livestock density in the 
pasture is decreased in five steps of 10% (from 100% 
down to 50% of the livestock density indicated by the 
default standard management) 
 
Abbreviations2: LD90N80, LD80N60, LD70N40, LD60N20, 
LD50N0 

aWhen animal density was decreased, cutting events (if present) were left unaltered. When present, 
supplementary feeding was proportionally reduced along with the animal density. 

bPercent livestock density (90, 80, 70, 60, 50) or N fertilizer (80, 60, 40, 20, 0) against baseline (business-
as-usual). Without assessing all possible LD x N combinations, we focussed on reducing overall levels of 
management intensity through reductions in N inputs and grazing levels (according to most agri-
environment schemes for grassland; Atkinson et al., 2005). 
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livestock density, either alone or together with reduction (down to cessation) of fertilizer 

N in N-fertilised sites (G3, G4 and G5) (Table 6.3). The livestock unit (LSU) based on 

the grazing equivalent of one adult cow was used to compare different animal types 

(yearling steers, non-lactating sheep, ewes, lambs, heifers and calves). 

Impacts of the defined changes in management were calculated on the changes in a set 

of output variables related to biomass production and C-N fluxes (Table 6.4). Fluxes of 

CO2 included emissions from ecosystem respiration (RECO), respiration from plants 

(RPLANT), soil (RSOIL) and grazing animals (RANIMAL ) as well as estimates of the plant 

production of organic compounds from atmospheric CO2 (GPP) and other system 

variables: Net Ecosystem Exchange, NEE = RECO !  GPP; Net Primary Production, NPP 

= GPP !  RPLANT; Net Biome Production, NBP = ! NEE + C losses through enteric CH4 

emissions at pasture, forage harvests and milk production at pasture. 

Methane released from soil and enteric fermentation in animals was included in the list 

of non-CO2 fluxes, along with the gaseous N compounds emitted to the atmosphere: N2 

(N gas), NOx (N oxides: the sum of N monoxide, NO, and N dioxide, NO2), N2O (nitrous 

oxide) and NH3 (ammonia). Nitrogen lost by nitrate (NO3) leaching was also examined. 

The biological information included productivity measures such as the plant biomass 

produced above Ð and below-ground (AB and BB), two outputs of agronomic interest Ð 

the plant biomass consumed by grazing animals (Intake) or otherwise harvested (HAB), 

and their sum (Offtake) Ð and the energy that ultimately is utilised by grazing animals 

(MEOfftake: offtake metabolisable energy). 
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Table 6.4: Model outputs (annual cumulative) generated by each model (! : available; NA: not available) 
and assessed in the study. The identities of models were kept anonymous by using the same model codes 
as in Ehrhardt et al. (2018). 

Variable/Models M05 M06 M07 M08 M16 M22 M24 M28 

C
O

2 f
lu

xe
s 

GPP (gross primary production): 
g C m-2 !  !  !  !  !  !  !  !  

NPP (net primary production): 
g C m-2 !  !  !  !  !  !  !  !  

NEE (net ecosystem exchange): 
g C m-2 !  !  !  !  !  !  !  !  

NBP (net biome production): 
g C m-2 

NA !  NA NA !  NA !  !  

RECO (ecosystem respiration): 
g C m-2 !  !  !  !  !  !  !  !  

RPLANT (plant respiration): 
g C m-2 !  !  !  !  !  !  !  !  

RSOIL (soil respiration): 
g C m-2 !  !  NA !  !  !  !  !  

RANIMAL  (animal respiration): 
g C m-2 

NA !  NA NA !  NA !  NA 

N
on

 C
O

2 f
lu

xe
s1  

CH4 emissions (methane)2: 
g C m-2 

NA !  !  !  !  NA !  NA 

N2O (nitrous oxide) emissions: 
g N m-2 !  !  !  !  !  NA !  !  

NH3 (ammonia) emissions: 
g N m-2 

NA !  NA !  !  NA !  NA 

NOx (nitrogen oxides) emissions: 
g N m-2 

NA NA !  !  NA NA NA NA 

N2 (nitrogen gas) emissions: 
g N m-2 

NA !  !  !  NA NA !  !  

N (nitrogen) leaching: 
g N m-2 

NA !  NA !  !  NA !  !  

P
ro

du
ct

iv
ity

 a
nd

 e
ne

rg
y 

Aboveground biomass (AB): 
g DM m-2 

NA !  !  !  !  !  !  !  

Belowground biomass (BB): 
g DM m-2 

NA !  !  !  !  NA !  !  

Harvested biomass (HAB): 
g DM m-2 

NA !  !  !  !  NA !  !  

Animal intake (Intake): 
g DM m-2 

NA !  NA !  !  !  !  !  

Metabolisable energy of Offtake 
(grazing plus harvesting) 
(MEOfftake): MJ kg-1 DM 

NA !  NA NA NA NA !  NA 

a Fluxes are expressed in units of C (CH4-C) and N (N2O-N, etc.). 

b CH4 emissions include emissions from both animals (enteric) and their manure. The latter were estimated 
for M16, and the former were estimated for M06, M08 and M24; all estimations were based on Clark et 
al. (2003). 
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To estimate the amount of plant biomass available for feeding animals, the annual NPP 

values were normalized by animal stocking rates. We also expressed C and N fluxes 

relative to the overall productivity of the system, so that we could express the intensity 

of GHG emissions on the basis of productivity (i.e. g of emitted C or N per g C of 

harvested or per g C ingested dry matter, DM). This approach is similar to the concept 

of Ôyield-scaled emissionÕ or emissions intensity as definedby Van Groenigen et al. 

(2010) and has important policy significance and delivers results that are relevant to 

stakeholders (Venterea et al., 2011; Valin et al., 2013). For this purpose, three additional 

variables were analysed, representing the ratios of CO2-C, N2O-N and CH4-C emissions 

to the total amount of C biomass (Offtake) consumed by animals (Intake) and harvested 

as fodder (HAB): IntCO2-C = ! NEE/ Offtake, IntN2O-N = N2O-N/Offtake, IntCH4-C = CH4-

C/Offtake. 

Following S‡ndor et al. (2016), we report the proportional change, named effect size of 

mean annual output variables from a change in each factor relative to the baseline 

management at each site. The N2O-N emission factor (EF) for fertilizer was calculated 

as percent ratio of the total yearly N2O-N emissions over the amount of the annual N 

fertilizer. This simplified version of the N2O-N emission factor calculation does not 

consider background emissions because not all the models allowed for a consistent 

estimation of this component. For this reason, following the IPCC (2006) guidelines, 1 

kg N2O-N ha! 1 yr! 1 background emission was subtracted from the simulated values. 

The present study was based on yearly aggregated model outputs. R software (R Core 

Team, 2016) was used for statistical computing and visualization. Accounting for the 

different global warming potential (GWP) of CO2, CH4 and N2O, total GHG balances 

were achieved by converting CH4 and N2O emissions rates to CO2 equivalents (CO2e) 

using the 100-year Global Warming Potential (GWP100) as established in national GHG 

inventories, i.e.: 1 kg N2O = 298 kg CO2e, 1 kg CH4 = 25 kg CO2e (IPCC, 2006; 

https://www.epa.gov/ghgemissions/understanding-global-warming-potentials). Mass 

factors were also applied to model outputs, the latter being expressed in C and N units: 

1 kg CH4-C = 1.33 kg CH4, 1 kg N2O-N = 1.57 kg N2O, 1 kg CO2-C = 3.67 kg CO2. 
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" C$2-(*2"'%,",)2.-22)+% "

Simulated results are presented and discussed separately, with selected graphs, for the 

following groups of variables: CO2 "#uxes, non-CO2 "#uxes, productivity and energy, and 

emission intensities. Additional results are provided in the Supplementary material 

(Figures A to S). 

" J; : "1(-3$2"

In the baseline scenario, GPP showed a wide range of variations in multi-model medians 

(137.2%1732.4 g C m&2), while animal respiration (RANIMA L) was the output with the least 

divergent results among the models (0.0%211.6 g C m&2; Figure 6.1). For the RANIMAL , 

model differences tended to be smaller at lower input levels, especially when animal 

density was reduced without reductions in N fertilization (0.0%143.9 g C m&2). For plant 

respiration (RPLANT), an increase of model variability was associated with the reduced 

in"#uence of the livestock. It is also interesting to note that net ecosystem exchange (NEE) 

values showed large variability among models with intermediate intensi"$cation levels, 

e.g. 70% reduction of LD and 40% reduction of N. The greatest variability was simulated 

under the mowing-dominated G5 site (Figs. A and B in Supplementary material), but the 

model variability was also high under mowing and grazing combined management at G4 

and under intensively grazed (by heifers) management at the G3 site. Reduction in N 

fertilization tended to decrease NEE variability at the G3 and G4 sites. In G5, the analysis 

of proportional changes indicated - with the combined reduction of N fertilization and 

animal density Ð a clear linear decrease in NEE compared to the baseline (Figure C in 

Supplementary material). Since NEE is defined as the difference between ecosystem 

respiration (RECO) and gross primary production (GPP), the variability of its basic 

components has an effect on the spread of NEE values. The ensemble uncertainty of GPP 

and RECO were highest at G2, G3 and G4 sites, associated with the highest animal 

densities (Table 6.2). This suggests that the intensification of grazing management tends 

to increase the variation of GPP and RECO estimates between models, with a smaller 
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uncertainty envelope at the G1 and G5 sites, where altered animal density variation is 

very low (0.1Ð0.04 LSU ha! 1 yr! 1). 

The five grassland sites showed different dynamics in C fluxes with respect to the 

simulated management options, with NEE varying between ! 231.3 and +189.2 g C m! 2 

yr! 1, considering all sites and simulation years. These results suggest higher NEE (! 19.0 

± 75.9 g and ! 47.6 ± 89.8 C m! 2 yr! 1 for baseline and LD50, respectively), or lower C 

uptake, than Soussana et al. (2007) concluded from nine European grassland sites 

 

Figure 6.1: Changes in CO2 fluxes (g C m! 2) calculated over multiple years at five sites, for ten altered 
management scenarios and the baseline (as in Table 6.3; LD: livestock density; N: nitrogen). For each 
management level, triangles show the multi-model (as in Table 6.4) mean, black lines show multi-model 
median. Boxes delimit the 25th and 75th percentiles. Whiskers are 10th and 90th percentiles. Points 
indicate outliers. 
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equipped with eddy-covariance flux measurements, which showed an average net sink 

of atmospheric CO2 with NEE of ! 240 ± 70 g C m! 2 yr! 1 (which is in the range ! 486.3 

to 24.8 g C m! 2 yr! 1, or ! 1783 to ! 91 g CO2 m ! 2 yr! 1, provided by Hšrtnagl et al., 2018 

for managed grasslands in Central Europe). The site-by-site analysis (Figure C in 

Supplementary material) indicated, except at the G5 site, that C uptake was the dominant 

process. At the G5 site, an NEE of b0 only occurred with LD70N40 management options. 

At this site, the greatest model uncertainty in NEE values occurred with the LD70N40 

management option (Figure 6.1), related to differently simulated CO2 release and uptake 

processes. According to the median values, the G5 site reached the highest amount of C 

sequestration (~113.7 g C m! 2 yr! 1) at LD50N0. The general observation from the 

modelled sites of increasingly negative NEE in response to increasing N inputs is 

consistent with experimental observations that report increases in the flow of C to the 

soil in response to long-term fertilizer N use (Ammann et al., 2007; Skiba et al., 2013). 

For the period during which the C is sequestered, it is removed from the atmosphere and 

does not contribute to global warming. This effect is simulated at both grazed (G1, G2 

and G3) and grazing dominated (G4) sites, for all scenarios. Owing to the large quantity 

of harvested aboveground biomass (332.1 ± 62.3 g DM m! 2 yr ! 1 on average for the 

baseline scenario), the G5 site seems to release C from the soil. However, the grazing 

removal (395.8 ± 38 g DM m! 2 yr! 1 on average for the baseline scenario of G3 site) may 

drive less radical changes in the C balance. Overall, these simulation results are 

consistent with eddy-covariance measurement data (Senapati et al., 2014; Koncz et al., 

2017), in which mown treatments were observed to release C, while grazed treatments 

acted as net C sinks. For instance, in Senapati et al. (2014) mown treatments had lower 

annual net C storage (22.7 ± 32.3 g C m! 2 yr! 1, net sink), related to hay removal, than 

grazed plots (140.9 ± 69.9 g C m! 2 yr! 1, net sink) - though the observed site (Lusignan, 

France) was recently converted from cropland to grassland, so would be expected to be 

increasing in soil C (Senapati et al., 2014). 
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Considering all the sites, the estimated average C exchange (net biome productivity, 

NBP) ranged between ! 176.9 (sink) and +140.4 g C m! 2 yr! 1 (source), with its extremes 

at LD50N0 and LD60 management options, respectively. This high variability was caused 

by different management systems at G4 (grazed and mown) site (Figs. A and B in 

Supplementary material), while the extensification combined with N reduction tended to 

increase C storage in some cases, e.g. at G5 site. Owing to the high organic C exports 

(from haycut and/or intensive cattle grazing: 1.34 and 1.21 LSU ha! 1 yr! 1), which could 

be greater than C imports from manure and slurry, the soil processes would be dominated 

 

Figure 6.2: Comparison of the combined effect of livestock density reduction (LD from 90% down to 
50% of initial density) and the N fertilization reduction (N from 80% down to 0% of initial amount) at G3, 
G4 and G5 sites for gross primary production (GPP), ecosystem respiration (RECO) and net ecosystem 
exchange (NEE) using the multi-model median. 
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by C emissions at the G2 site (intensive scenarios). The N mitigation reduced the net 

biome production at G3 site even further. 

Ecosystem respiration (RECO), together with RPLANT and RSOIL, showed a linear decrease 

as LD and N levels simultaneously decreased, but tended to increase with a reduction in 

animal density only. Animal respiration (RANIMAL ) tended to decrease as animal density 

decreased, though the multi-model median line was associated with some uncertainty at 

the baseline and LD70N40 options (i.e. 30% less animals and 60% less N fertilizer). Site-

by-site analyses showed (Figs. A and B in Supplementary material) that the greatest 

simulated RECO occurred with G3 and G4 grazing systems. Reduction in N fertilizer 

tended to decrease RECO, however the variability of soil respiration (RSOIL) increased the 

uncertainty at G4, particularly under sheep-heifer grazing. Based on model simulations, 

the main losses of CO2 at the G4 site were caused by RSOIL and plant respiration (RPLANT). 

Simulated yearly RANIMA L values, and their proportional changes (Figure D in 

Supplementary material) with respect to the baseline management showed a distinct 

emission decrease with extensification (which is not the case with RPLANT and RSOIL, 

Figs. A and B in Supplementary material), at a quasilinear rate (by y = ! 0.56 + 0.05x, 

R2~1 for LD changes and y = ! 0.62 + 0.05x, R2 = 0.99 for N and LD combined options 

at G3 site). The data also suggest that there were substantial differences among models 

in the estimated effects of altered management. These differences were amplified when 

N fertilization was decreased jointly with animal density (e.g. option LD70N40 at G4 and 

G5; Figure D in Supplementary material), which suggests that interactions between the 

two factors may make a sizeable contribution to this variability in the response of 

different models. 

Some relationships between model outputs and management inputs were apparent from 

an analysis of data at each site. GPP decreased strongly with stocking rates while RANIMAL  

increased, with the exception of G2 site (Figure E in Supplementary material). The 

simulated outputs at this site may reflect different and non-linear responses of alternative 

models (Figure F in Supplementary material). Often, the offtake increased and NPP 

decreased with management intensification, albeit with large differences between 
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models. With M06, the highest Offtake was simulated when animal density decreased by 

30%, while this happened at 10% lower animal density with M24. M08 simulated the 

highest NPP value at 30% less livestock density, while with M28 the highest NPP values 

were simulated at the most intensive management condition. 

The influence of N fertilization was investigated at G3, G4 and G5 sites (Figure 6.2) by 

comparing the combined effect of livestock density reduction and N fertilization 

reduction. In terms of GPP (Figure 6.2) and NPP (Figure L in Supplementary material), 

the simulations showed a considerable decrease in GPP with N60% less applied N 

fertilizer at site G4. The RECO (Figure 6.3, middle panel) values also decreased with 

extensification, where the N reduction had a greater effect at the G3 and G4 sites. Animal 

respiration was driven by livestock density (Figure G in Supplementary material), while 

soil and plant respiration were mainly influenced by N inputs (lower RPLANT and RSOIL 

with lower N inputs). In terms of NEE (Figure 6.2, lower panel) and NBP (Figure G in 

 

Figure 6.3: Changes in non-CO2 fluxes (g C m! 2, g N m! 2, log10 g N m! 2) calculated over multiple years 
at five sites, for ten altered management scenarios and the baseline (as in Table 6.3). For each management 
level, triangles show the multi-model (as in Table 6.4) mean, black lines show multi-model median. Boxes 
delimit the 25th and 75th percentiles. Whiskers are 10th and 90th percentiles. Hollow circles indicate 
outliers (LD from 90% down to 50% of initial density, N fertilization from 80% to 0% of initial amount). 
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Supplementary material) the trend was less obvious, owing to differences in management 

and site conditions. 

The effectiveness of the different management strategies such as fertilizer amounts, 

different animal stocking rates, grazing alone or combined with mowing, was also 

influenced by site-specific soil (type and depth) and weather conditions (i.e. 

Precipitation). If we are to distinguish between environmental from management effects, 

then precipitation patterns must be considered as it can also have an influence on the 

results of the CO2 fluxes (e.g. Polley et al., 2010). In our simulation study, the amount of 

precipitation showed a positive correlation with RSOIL and all the other investigated CO2 

fluxes (Figure H in Supplementary material) apart from NEE and NBP. The respiration 

outputs demonstrated higher sensitivity to N fertilization, than to percent livestock 

density changes. NEE values suggested greater respiration in very arid years (such as 

some years at G1 site, where annual mean precipitation was 271 ± 141 mm), where the 

animal density reduction did not reduce the amount of CO2 emissions. A recent review 

highlighted the particular sensitivity of warm and dry climates to change in stocking 

density where increased livestock density was associated with significantly lower rates 

of C sequestration (Abdalla et al., 2018). Gilmanov et al. (2007) pointed out that organic 

and semi-arid grassland sites have the potential to become C sources. With decreasing 

stocking rate, NEE tended to increase above 800 mm annual precipitation. In humid and 

very humid years, the soil may be saturated and anaerobic, and organic C decomposition 

can be slowed or stopped under these conditions (yet anaerobic decomposition of partly 

decomposed organic matter may emit methane, e.g. Bannert et al., 2012). The variability 

of NEE decreased with N reduction, e.g. the most extensive treatment showed the 

smallest difference from zero (Figure H in Supplementary material). 
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A recent IPCC (2014) report and other analyses (Schulze et al., 2009; Tubiello et al., 

2014; Gerber et al., 2015; Hšrtnagl et al., 2018) highlight the importance of the reduction 

of non-CO2 GHGs, as an important element of agricultural mitigation strategies. 
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Particularly methane and nitrous oxide cause long-term warming effects than CO2. There 

were clear trends in model responses, indicating decreases in N2O-N, NH3-N, NOx-N, N2 

and NO3-N leaching with reductions in N fertilizer, while there were no clear trends in 

the response to animal livestock reduction (Figure 6.3, all models and sites confounded). 

Only NO3-N leaching showed a distinctly linear decrease with simultaneous decreases 

of N fertilizer and livestock density, suggesting a close dependence of this output on N 

fertilization input. Methane (CH4-C) emissions tended to decrease with decreasing 

livestock density and also with reductions in N fertilization. 

For N2O emissions, relative effect size analysis (Figure I in Supplementary material) and 

simulated emissions (Figure 6.4 and Figure J in Supplementary material, respectively) 

revealed linear decreasing trends as both livestock density and N fertilizer were reduced 

(sites G3, G4 and G5, Figure 6.4, bottom). The greatest mitigation of N2O-N emission 

was obtained by reductions in N fertilizer at the G4 and G5 sites, where the initial 0.51 

and 0.63 g N2O-N m! 2 were reduced to 0.11 and 0.16 g N2O-N m! 2, respectively. In terms 

of total GHG emissions, using the 100year Global Warming Potential (GWP100), the N 

 

Figure 6.4: Relationship between nitrous oxide emissions (multi-year averages of seven models) given in 
N2O-N and CO2e forms, and increasing animal stocking rate at all sites comparing livestock density 
reductions (top graph) and livestock density and N fertilization reduction (bottom graph), as in Table 6.3. 
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mitigation from baseline to zero would reduce the multimodel median simulated N2O 

emissions by 135.7, 187.1 and 219.9 g CO2e m! 2 yr! 1 at G3, G4 and G5 sites, 

respectively. This corresponds to ~16Ð25% of C sink potential, reported by Soussana et 

al. (2007) across nine European grassland sites, but a larger percentage (~40Ð65%) of 

the sink potentials determined in this study. 

The reduction of N fertilizer logically decreases the N2O-N emissions, as reported here 

(Figure J in Supplementary material) and by experimental studies (Cardenas et al., 2010; 

Bell et al., 2016; Hšrtnagl et al., 2018). Our results at the G3 site showed the same trend 

(Table 6.5), when the N2O-N emissions are compared to the applied N fertilizer amounts, 

the estimated (simplified) N2O-N emission factors (percent ratios of the total yearly N2O-

N emissions over the amount of annually applied N fertilizer, both in kg N ha! 1). Our 

simulated results (varying between 1.0 and 3.5% across sites and treatments) are not far 

from the IPCC (2006) default EF for fertilizer N value, which is 1%. At G4 and G5 sites, 

the EF values tended to increase as grassland management received less N fertilizer 

(Table 6.5), which suggest some nonlinear reduction of N2O under reduced fertilizer 

supply, which can be explained by a decrease of plant N uptake with decreasing N 

fertilizer rate (e.g. LŸ et al., 2014). Negative relationships between N use efficiency and 

soil N availability were observed in a variety of ecosystems, including grasslands (e.g. 

Yuan et al., 2006). Decreased N uptake from the soil and less efficient use of the N 

assimilated by plants leave more N available for microbes in the soil (which is the most 

important factor for N2O-N emissions). Thus, the most intensive systems (G3, G4 and 

Table 6.5: The biogeochemical models used for testing the impact of grassland management options. 

Management option G3 G4 G5 

Baseline 1.3% 1.8% 2.3% 
LD90N80 1.4% 1.2% 2.0% 
LD80N60 1.6% 2.0% 1.9% 
LD70N40 1.4% 2.2% 2.5% 
LD60N20 1.0% 1.7% 3.5% 
LD50N0 - - - 
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G5) had the highest CO2e emission rates while the N2O-N emission factors varied 

between the managements options. There was no trend in median values of simulated 

N2O emissions and LD levels, with the exception of G1 and G4 (Figure I in 

Supplementary material). At the G1 site, a slight decreasing trend was noticeable with 

decreasing grazing intensity, with increasingly diverging results among models as more 

extensive management was introduced. 

Overall, the different N fluxes (Figure 6.4 and Figure K in Supplementary material) 

tended to decrease with reduced N fertilization, mainly after a 60% reduction in the 

amount of N applied in both grazed and combined (mown and grazing) systems. 

Regarding CH4C emissions (Figure 6.5), the G3 site had much higher model uncertainty 

than other sites, mostly due to high estimates from M06 and M24. The simulated multi-

model median values were the highest, with lower livestock density. For example, the 

multi model multi-year average baseline simulation was 4.6 g C m! 2, which was reduced 

 

 

Figure 6.5: Relationship between methane emissions (multi-year averages of five models), expressed as 
CH4-C and CO2e, and increasing animal stocking rate at all sites, comparing livestock density reduction 
(top graph) and livestock and N fertilization reduction (bottom graph) as given in Table 6.3. 
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to 3.6 g C m! 2 with stocking rate reduction alone, and to 3.4 g C m! 2 in combination with 

N reduction at the G3 site (Figure 6.5). The main agricultural source of CH4 at the G3 

site was the intensive heifer grazing system. Other sites were less affected because either 

they had grazing sheep (G2 and G5) or were less intensively grazed (low cattle density 

in G1, combined sheep and cattle grazing in G4). 

Site-specific circumstances, mainly soil properties (particularly soil N availability), and 

precipitation patterns, have considerable effect on the N balance of the grassland sites. 

Our modelled outputs show that soils tended to release more N2O-N and CH4-C (Figure 

L in Supplementary material) in humid and very humid years, while the net N emissions 

were lower during drier years. The highest N2O-N emissions and also N2 and NOx 

emissions (Figure L in Supplementary material) were simulated when annual 

precipitation was around 1000 mm, owing to the more available N, because high rainfall 

rates increase the rate of N transport to deeper soil layers and increase nitrate leaching 

(Figure L in Supplementary material). Also, there would be more anaerobic microsites 

leading to greater rates of denitrification in waterlogged soils (Smith et al., 1998). 

Besides, higher NPP values (Figure H in Supplementary material) were associated with 

elevated precipitation, thus higher organic N inputs to soil may contribute to the larger 

N2O-N emissions. This indicates that the intensity of N losses tends to be associated with 

annual precipitation levels, and N losses can be effectively mitigated by reducing 

livestock density and/or N fertilization rates. Our simulations indicate reductions in N 

fertilization as the most effective option for mitigating non-CO2 fluxes, mainly in humid 

areas, an observation that is consistent with a number of previous studies (Bouwman et 

al., 2002; Rees et al., 2013) but further studies are required considering the high 

variability of model responses. 
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Some decreasing trends with management extensification can be observed in the 

boxplots of Figure 6.6, e.g. for simulated offtake and intake, while aboveground and 

belowground biomass increased with lower stocking rates, combining simulation results 
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from five sites. In terms of harvested aboveground biomass, a drop was simulated with 

no N fertilization (e.g. baseline simulation: 421.7 ± 118.6 g DM m! 2, LD50N0 

management: 200.9 ± 78.8 g DM m! 2 across the multi-year site averages). 

In fertilised sites, where LD levels have been assessed alone and in combination with N 

fertilisation levels, Figure 6.6 and Figure M in the Supplementary material indicate that, 

overall, reducing N fertilizer rate will have more effect on aboveground biomass and 

biomass offtake than reducing livestock density, as data points relative to sites G3, G4 

and G5 tend to stay below the 1:1 line. The effect of N fertilizer reduction starts becoming 

visible at G4 with 60% N reduction, while only with no N fertilization is this effect visible 

at G5. However, livestock density reduction has a greater effect on animal intake, 

belowground biomass and MEOfftake (Figure M in Supplementary material). Animal 

 

Figure 6.6: Changes in productivity and energy outputs (g DM m! 2, MJ kg! 1 DM) calculated over multiple 
years at five sites, for ten altered management scenarios and the baseline (as in Table 6.3). For each 
management level, triangles show the multi-model (as in Table 6.4) mean, black lines show multi-model 
median. Boxes delimit the 25th and 75th percentiles. Whiskers are 10th and 90th percentiles. Points 
indicate outliers. 
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intake decreases considerably with extensification (Figure 6.6 and Figure N in 

Supplementary material). 

The annual NPP values, normalized by animal stocking rates, are shown in Figure 6.7 

for each management option (Figure 6.7). The G5 site (mowing dominated) was excluded 

from this analysis owing to the very low stocking rate practised at this site, thus a 

relationship was established of animal intake (not offtake) with NPP over stocking rate 

ratio. There was a decreasing trend in animal intake with extensification when animals 

have access to more biomass per head. This trend is also supported by the relationship 

between the minimum required amount of biomass per animal and the productivity of 

the sites under different management options. Using 1.5 LSU ha! 1 yr! 1 as an overall 

reference estimate of potential ecological carrying capacity (e.g. UK Rural Payments 

Agency, 2003), which is equal to 1.5 adult cattle on 1 ha pasture field, we see that around 

~46% of the total biomass produced each year is consumed by animals in the most 

intensive grazing systems (baseline) of G2 and G3 sites (Figure 6.7). With 

extensification, this ratio is reduced to ~23% at LD50 (average of G2 and G3 sites). 

Overall, grassland productivity increases with annual precipitation levels, though 

uncertainties can be large (e.g. seasonal waterlogging spells and heat waves may have 

negative effects on grassland productivity also with rainfall N1000 mm yr! 1), indicating 

higher sensitivity to animal density reduction (which has some positive effects) than to 

 

Figure 6.7: Relationship between animal intake (Intake) (multi-year averages of eight models, expressed 
with two units) and the ratio of net primary production (NPP) (multi-year averages of eight models) over 
animal stocking rate for different livestock densities (as in Table 6.3) 
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N fertilization reduction (with even greater negative effects) of MEOfftake, Intake, Offtake, 

AB and BB (Figure O in Supplementary material). 

" J; : Q"JZU"'%,"7 : ;")%*$%2)*)$2"

Extensification, mostly through N input reduction, increased the variability of results in 

the case of methane intensity. Overall, N2O-N intensity reduces with greater 

extensification (Figure P in Supplementary material), mainly driven by N fertilizer 

reduction, while CO2-C intensity shows different patterns at each site. In G4, in 

particular, CO2-C intensity is N1 when animal density was reduced by 60%. Multi-model 

median simulations suggest that reducing N fertilization does not affect methane 

emissions. However, at the G3 site (grazed by heifers), which shows the greatest 

intensities (Figure Q in Supplementary material), CH4-C emissions increase with 

reducing animal density (with cattle having a larger area to graze, and thus more biomass 

available for feeding). 
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For N2O-N intensity (Figure R in Supplementary material), model variability increased 

with reductions in animal density at the G1 and G3 sites (cattle grazing systems). Under 

sheep grazing (G2, G4, G5 sites), different models did not differ much in their output 

when reducing animal density. The intensity of C (in the form of CO2-C and CH4-C) and 

N (in the form of N2O-N) emissions with respect to biomass offtake did not change with 

extensification (Figure P in Supplementary material). The plot of CH4-C intensity values 

 

 

Figure 6.8: Relationship between CO2-C, N2O-N and CH4-C intensity outputs (multi-year averages of 
eight, seven and five models, respectively) and the ratio of net primary production (NPP) output and animal 
stocking rate for different livestock densities (as in Table 6.3). 
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against NPP-stocking rate ratios (Figure 6.8) show the extensification at G3 site 

increased the simulation uncertainty. For sheep grazing systems, methane emissions did 

not vary greatly with management options. However, CO2-C and N2O-N intensities, and 

their simulation uncertainties, increased with extensification, when animals had more 

available biomass. In relation to annual precipitation levels, CO2-C, CH4-C and N2O-N 

intensities (Figure R in Supplementary material) showed different patterns for arid and 

humid conditions. In the case of CO2-C intensity, C sequestration was moving around its 

equilibrium at humid conditions, while for drier years it showed different patterns. N 

fertilization reduction may increase C fixation, with its maximum at 30% less animal 

density and 60% less N fertilization. 

Overall, the carbon sink increased with extensification (baseline: ~ ! 70, LD50: ~! 175 

and LD50N0: ~! 329 CO2eq) (Figure 6.9), but N2O and CH4 emissions decreased. 

Livestock density reduction showed greater effect on CH4-CO2eq reduction (baseline: 

~108, LD50: ~84 and LD50N0: ~75 CO2eq), while N fertilization reduction considerably 

reduced the N2O emission from ~160 and ~152 CO2eq (baseline and LD50, respectively) 

to ~49 CO2eq with no N fertilization. 

 

 

Figure 6.9: Ensemble modelling of carbon sink (C sink), nitrous oxide emissions (N2O) and methane 
emissions (CH4) in CO2eq form using multi-site averages of the multi-model median of eight models under 
grassland mitigation options (as in Table 6.3). 
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This is the first multi-model study to simulate the effect on C and N fluxes of reduced 

grazing intensity and N fertilizer inputs in multiple grassland systems across the globe. 

By mobilizing a multi-model approach, it has provided an improved understanding of 

GHG flux dynamics in pastures. This study confirms that grasslands (which have the 

advantage of potentially acting as a C and N sink compared to many croplands) can be 

exploited for GHG mitigation in beef and dairy production, because C and N 

sequestrations can, under some circumstances, offset GHG emissions. 

Simulated C fluxes indicated that there may be some shift towards a C sink (NEE b 0) 

with decreasing inputs, though it depends on complex, multifaceted processes of C 

fixation (GPP) and release (RECO) occurring in the ecosystem. This is especially true 

for G3 and G4 sites, while grasslands managed with low animal densities may not 

support C sequestration under arid conditions or in the presence of high organic C exports 

from mowing. Simulated N outputs showed the considerable effect of N fertilizer 

reduction on C and N emissions, while changes in animal density only slightly affected 

the N balance. Both simulated CH4-C and N emissions (including leaching) were, as 

expected, highly sensitive to precipitation levels, with higher values being seen under 

humid conditions (annual precipitation N1000 mm). This indicates the importance of 

considering climate patterns when determining budgets of C and N under varying 

management options. With the most intensively grazed systems, ~35Ð40% of the 

simulated net primary production was grazed by animals, with this ratio decreasing to 

~13% with decreasing stocking rates. The greatest enteric CH4-C intensities were 

estimated for intensive grazing systems, while the highest estimates of N2O-N intensities 

were found for mown and extensively grazed arid systems. Considering the dynamic 

behaviour of grassland systems, the amounts of C and N sequestered or released are not 

the same each year. However, uncertainties in the year-to-year variations are not critical 

in this context as our focus was on capturing major trends and levels rather than 

modelling exact annual or seasonal fluxes. 
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While suggesting the possibility of using models to determine sound mitigation practices, 

the present study also showed limitations. Our findings are based purely on simulated 

data and lack evaluation against measured outputs (experimental trials that have appeared 

in the published literature give us, at a minimum, a hint at what comprehensive 

assessment of multi-model ensemble would look like). Although the models used in this 

study are only a subset of the available grassland models, we think that the various model 

types and variants (and related parameterizations) evaluated here are reasonably 

representative of current approaches. Another study limitation is that grassland practices 

other than grazing density and N fertilization were not assessed. For instance, an option 

that has not been accounted for in this study is increasing the proportion of legume 

species in the sward which can allow for reduced use of N fertilizer, and has the potential 

to mitigate GHG emissions (e.g. Lanigan et al., 2013; Fuchs et al., 2018). For an analysis 

of the mitigation potential of legumes, we refer readers to a parallel study underway as 

part of the Model4Pastures project (https://www.faccejpi.com/Research-Themes-and-

Achievements/GHG-Mitigation/multi-partners-call/Models4Pastures). Other options, 

such as organic N fertilization, nitrification inhibitors or supplemental feeding, which are 

common practices in grassland management, have been left out given that state-of-the-

art models are not unambiguously sensitive to such management interventions (Brilli et 

al., 2017). These difficulties, and those associated with model-to-model variability, 

suggest that some development work would be sensible given the importance of 

grasslands in supporting the broader GHG emissions reduction agenda. Despite their 

limitations, biogeochemical models (which evolve with the progress of research) are 

today a valuable tool for evaluating alternative options for mitigation of GHG emissions 

through grassland management. It is still rare for results in support to management 

decisions to be reported by an assessment of uncertainty. Our results show the potential 

for associating quantification of uncertainties with the results of grassland modelling 

under alternative management. 
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In order to assess highly needed strategies for N2O and overall GHG mitigation, this 

doctoral thesis investigated effects of management changes on GHG exchange Ð in 

particular N2O Ð exchange in grassland systems. The replacement of N fertilizer by the 

use of legumes for the mitigation of N2O emissions from grasslands had been suggested 

by scientists before. Though, it had not been recommended for practical application, as 

this strategy entails large uncertainties due to the lack of comprehensive evidence. This 

thesis contributes to reducing these uncertainties and thereby to support decision-making 

as it provides evidence on the effectiveness of the investigated N2O mitigation strategies 

via experimental and modeling studies. 

The investigated management changes were (1) increased clover proportion combined 

with reduced N fertilizer application (substituting fertilizer N with BFN) and (2) reduced 

grazing via reduced animal density. These changes effect multiple target variables, in 

particular N2O emissions and yields. Using these target variables, we assessed the overall 

impact of the applied management changes on N2O fluxes on a per-output basis (N2O 

emissions intensities). For this assessment, in the course of this doctoral project a field-

scale experiment was established, analyzed and evaluated. Moreover, several 

biogeochemical models (i.e. multi-model ensembles) were used to simulate the effects 

of management practices on GHG emissions. 

" ;-*.+4$2"'%,")45().'*)+%2" "

Experimentally determined N2O emissions were unaffected by increased clover 

proportions (Chapters 2), and strongly decreased at reduced N fertilizer amounts 

(Chapters 2). In accordance, the models consistently showed reduced N2O emissions for 

the simulated mitigation management, which comprised the use of legumes instead of N 

fertilizer (for both, mineral fertilizer and liquid slurry; Chapter 5). Measured N2O 

emission reductions were less (42%, data from Chapter 2) than modelled N2O emission 

reductions (62Ð81%, data from Chapter 5, range across models for liquid slurry) 
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simulating the exactly same scenario choice that was tested in the Swiss field experiment. 

N2O emissions were reduced due to the omission of fertilizer, while no counteracting 

effect from increased clover proportions was found. 

The finding of reduced N2O emissions due to reduced fertilizer and unchanged N2O 

emissions at increased clover proportions up to 80% was also consistently predicted 

using multiple models across five globally distributed sites, with varying magnitude 

across sites (Chapter 5). Furthermore, reduced N2O emissions were found at reduced 

livestock densities in pastures (Chapter 6). 

Yields in model outputs under constant fertilizer amounts increased with increasing 

clover proportions from 0% to 30Ð80% clover (Chapter 5). Yields decreased for mixtures 

of constant clover proportion at reduced N fertilizer amounts (Chapter 5). These findings 

were consistent with the results of my field experiment where yields were maintained 

when fertilization was omitted (reduction from 296 and 181 to 0 kg N ha-1 yr-1) combined 

with increased clover proportions from 4Ð15% to 23Ð44% clover (Chapter 2). As a 

consequence of these outcomes, N2O emissions per product, the N2O emission 

intensities, were consistently reduced under the applied mitigation management. 

However, the variability in simulated N2O emissions across individual models (Chapter 

5), as well as considerable deviations of the simulated N2O emissions from the measured 

N2O emissions at the Chamau field site (Chapter 3) showed that individual models are 

limited in their ability to predict N2O emissions. This can be due to limited reliability in 

model inputs (parameters and input variables) but can also be due to the model structure 

or the way processes are implemented, in particular whether they are correctly reflecting 

the real processes using an adequate degree of detail. ÒAll models are wrong but some 

are usefulÓ (Box, 1979). This statement initially referred to statistical models, but it is of 

general applicability. The question can never be if a model is correct, because as being 

only a representation of reality models can never be correct. The question is if the model 

represents observed phenomena in an adequate way and with an adequate level of 

complexity for addressing usefully the question of interest. The question of interest must 
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be addressed with an adequate level of complexity, because the benefits of improving a 

parameterization need to outweigh the disadvantages from including extra degrees of 

freedom into the model and the subsequent possibility of over-tuning. Determining the 

adequate level of complexity with which processes should be implemented into 

biogeochemical models is therefore essential and involves identifying the importance of 

processes and their drivers on the respective scale, which Ð for N2O emissions Ð are not 

yet sufficiently well-characterized. 

A possible approach to minimize uncertainties in model results can be the use of multi-

model ensembles. Uncertainties in modelled N2O fluxes were explicitly evaluated in 

Chapter 3, showing a range from underprediction of N2O fluxes by 46% up to 

overprediction by 49% depending on the model. However, the ensemble average 

achieved a much better prediction of the observed N2O fluxes (underprediction by 8%; 

Chapter 3), and reduced the error in predicted annual fluxes by >60% in comparison to 

the IPCC Tier 1 estimate. This finding suggests that using multi-model ensembles could 

be an approach to reduce uncertainties in national GHG emission inventories. 

" ;- *(++N"

By combining in-situ measurements with multiple model outputs, this thesis yielded a 

better understanding of the effects of using legumes for N2O mitigation. However, the 

experimental research presented was limited to one temperate grassland site and two 

treatments, while for a comprehensive assessment more sites and treatments need to be 

investigated. Future research should therefore extend the presented experiments on N2O 

exchange to multiple grassland systems across the globe, covering a wide range of grass-

legume mixtures in varying proportions in combination with a wide range of fertilizer 

applications. This could strengthen the experimental evidence for the model results 

described in the study of Chapter 5. 

There are still many knowledge gaps left regarding N-cycling in grassland soils. The 

underlying processes for the production of N2O as well as their driver variables are still 

not entirely clear. These facts suggest that future projects should aim at revealing the 
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contributions of different N transformation processes to N2O fluxes under different 

management practices and meteorological conditions. One approach could be to use 

stable isotope experiment (15N18O), which promise to advance process understanding. 

Especially when combined with sophisticated tracer models, a better understanding of 

the contributions by different source processes can be gained, which is essential for the 

further improvement of mechanistic models, also on the landscape scale. 

For a thorough assessment of the impact of the N2O mitigation practice on N pools and 

fluxes, a comprehensive set of additional measurements of the components of the N 

budget would be beneficial. These include N2 (using He), NH3, NO3 leaching and net 

mineralization. Furthermore, after several years of mitigation management a 

quantification of C and N stock changes at the ecosystem scale would gain insights on 

the long-term effects of the tested strategy.  

Moreover, investigating the effect of mitigation strategies on the N balance using the 

farm gate balance could reveal further implications. For the practical application of 

mitigation strategies, it is also essential to prove the feasibility of using the slurry spared 

through the mitigation treatment to replace mineral fertilizer elsewhere at the farm or to 

supply other local users. Increasing the amount of biologically fixed N also implies an 

increase in reactive N in case it is not (directly or indirectly) used as a replacement for 

synthetic fertilizers. In the wider perspective, this strategy seems sensible only if the net 

amount of (biologically or synthetically) fixed N is constant or decreases. Therefore, 

sophisticated plans addressing these aspects need to be developed. 

National emission inventories need to be improved in order to enable targeted policy 

measures, to focus on the main source areas and to effectively implement GHG 

mitigation. The results of the model evaluation in Chapter 3 suggest that a promising 

strategy to reduce uncertainties in national GHG inventories could be the use of model 

ensembles for either Tier 2 (derive input parameters for empirical equations via models) 

or Tier 3 (direct modelling) estimates. Still, the up-scaling of N2O fluxes will remain 

challenging, and therefore further N2O flux observations need to be gathered to get closer 
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to reliable bottom-up estimates. The measured data from the experiment contributes to 

international networks (FLUXNET, ILTER N2O Initiative), enabling a larger use of 

measurements in the scientific community for thorough investigations of GHGs across 

ecosystems.  

In the context of the urgent need for action in agricultural GHG mitigation, we need a 

better understanding of the effect of management practices on GHG exchange and 

productivity. The new experimental and model results presented in this work improve 

this understanding. They thereby contribute to tackle the urgent challenge of advancing 

suitable measures for climate change mitigation in the agricultural sector and help to 

effectively implement agricultural GHG mitigation practices. 
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