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Abstract 

Climate warming has the potential to alter carbon (C) and nitrogen (N) cycling affecting 

greenhouse gas (GHG) emissions and a range of other ecosystem functioning in 

grasslands. This will be particularly important for the sustainability of agricultural 

ecosystems due to its role in global food security and soil C sequestration. The 

interaction between climate warming and grassland management is highly important 

and needs to be addressed as it may change the direction and strength of the effects on 

GHG emissions by changing plant productivity (either above and/or below-ground) and 

plant-soil properties. Plant species composition also plays a key role affecting the 

nutrient cycling thus GHG emissions in grasslands. The aim of this thesis is to 

understand how grassland management will influence C and N cycling under future 

climate change. The interactive effect of climate warming and grassland management 

is investigated in a field experiment over two growing seasons with varied microclimate 

effects, and the effect of plant composition manipulation in a controlled temperature 

mesocosm experiment. Overall, interactions between warming and management 

significantly affected GHG fluxes and plant-soil properties with important single 

treatment effects. The role that below-ground components plays on GHG emissions was 

less evident, becoming unclear the mechanisms related to gas releases to the 

atmosphere. Increases in legume proportions in grass-legume mixtures reduced 

ecosystem respiration in fertilised soils, with no effects in unfertilised soils. N cycling 

was not affected by increases in legume proportions. Plant productivity including 

above- and below-ground biomass had a non-linear relationship with relative legume 

proportion. Either grassland management or different plant species compositions 

approach may improve C sequestration and reduce GHG emissions. 
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1 General Introduction 

Grasslands are an important land-use globally, particularly due to their potential to hold 

very large carbon (C) stores and as a notable source of greenhouse gas (GHG) 

emissions. Global warming is expected to increase surface temperatures but the 

consequences for plant productivity (Wu et al., 2012), microclimate conditions (soil 

temperature and moisture) (Brzostek et al., 2012), length of growing seasons (Post et 

al., 2009) and biodiversity (O'Neill et al., 2017) in grassland ecosystems are still 

unclear. Climate change is also likely to affect C and nitrogen (N) cycling, with the 

magnitude of impacts and feedbacks altered under different grassland management 

strategies. It is therefore crucial to understand these consequences of climate change for 

grasslands in order to maintain or increase productivity whilst mitigating GHG 

emissions from soil. This thesis investigates how climate change and grassland 

management strategies alters nutrient cycling in soil and the release of GHGs to the 

atmosphere. Specifically, it considers how the interactive effect of climate warming and 

grassland management changes C and N cycling and CO2, N2O and CH4 emissions from 

soils. 

1.1 A changing world and grasslands 

Global climate is changing, with increasing atmospheric carbon dioxide (CO2), and an 

estimated increase in the average surface temperature of 1.5 to 2 °C by the end of the 

century (IPCC, 2014). A 1 °C increase in the average surface temperature has already 

been detected since the industrial revolution (WMO, 2016). Projections also point to 

changes in the rainfall pattern where drought and flooding could be more frequent and 

extreme. Increases in GHG emissions, CO2, N2O and CH4 concentration, are driving 

these global climate changes (Lal, 2004). CO2 is the most important anthropogenic 

GHG in the atmosphere, and its concentration increased 44% of the pre-industrial level 

(before 1750), an increase of 2.08 ppm y-1 (WMO, 2016). The main contributor is the 

combustion of fossil fuels and deforestation associated with other land-use change (Lal, 

2004). Although, N2O and CH4 have lower concentrations in the atmosphere compared 

to CO2, their global warming potential (GWP) is 298 and 34 times higher than CO2 over 

a 100-year time horizon (IPCC, 2013). The concentration of CH4 in the atmosphere has 

increased by 6 ppb y-1 and reached 156% of the pre-industrial level (WMO, 2016). 
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Anthropogenic sources account for 60% of emissions, including enteric fermentation 

in ruminants, agriculture, fossil fuel exploitation, while natural sources, such as 

decomposition of organic matter in wetlands, account for the remaining 40% of 

emissions. N2O is the third most important anthropogenic gas and has become the prime 

emission breaking down and depleting stratospheric ozone (Duxbury et al., 1993). 

Atmospheric N2O concentrations have also been steadily rising and increased by 21% 

since pre-industrial era with an average of 0.89 ppb y-1 (WMO, 2016). Increases in N2O 

concentrations are strongly linked to anthropogenic emissions over the decades, and 

agriculture accounts for 56-70% of the total N2O emissions produced by the terrestrial 

ecosystem (Syakila and Kroeze, 2011). Agriculture accounted for an estimated 

emission of 49 Mt CO2 equivalent in 2015 in the UK, 33% of N2O emissions, and 56% 

of CH4 emissions (BEIS, 2017). 

Grasslands are estimated to occupy between 20-40% of the Earth land cover (FAO, 

2015), and 36% of UK land cover area (Carey et al., 2008). Grasslands, as one of the 

main global ecosystems, are under pressure by these global changes and anthropogenic 

activities (Gibson, 2008). The pressures include increases in food production to feed 

the unprecedented population growth (Lutz and KC, 2010), and to deliver concomitant 

ecosystem services via sustainable management intensification (Garnett et al., 2013). 

Among the ecosystem services provided by grasslands, soil C storage is particularly 

important as, for example, temperate grasslands store approximately 304 Pg C, 

corresponding to 12% of global C (Read et al., 2001). However, grasslands can be a 

source of GHG emissions, especially N2O, which is produced through animal manure 

(faeces and urine deposition) and N-fertiliser application. Although most of CH4 

emissions occur through enteric fermentation of the ruminant animals, grassland soils 

can act as a sink of CH4. Grassland soil C and GHG emissions has been shown to 

respond to changes in agricultural management such as fertiliser application, livestock 

grazing, mowing/cutting in hay meadow systems, and plant composition manipulation, 

with consequences for soil C stocks (De Deyn et al., 2011, Smith et al., 2008a, Ward et 

al., 2016). 

The processes underpinning soil C and N cycles are sensitive to these global changes, 

however, the interactive effects of climate warming and management in determining 

response of above- and below-ground biomass, nutrient cycling and, consequently, 
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GHG emissions, are poorly understood. In this way, there is an urgent need to better 

understand these processes to improve predictions of the impacts of climate change on 

ecosystem functioning and biodiversity (Ostle et al., 2009a). A range of agriculture 

management strategies have the potential to reduce C losses, increase C sequestration, 

reduce N2O emissions and increase CH4 uptake. This thesis, therefore, focuses on the 

impact of climate warming and grassland management on the C and N cycling and 

GHG emissions from soil. 

1.2 Carbon and nitrogen cycling in grasslands 

1.2.1 Carbon cycling 

The C cycle between atmosphere, land and water is essential for sustaining life. Soils 

have a very high C storage capacity (FAO, 2015), approximately equal to the 

atmospheric and terrestrial vegetation pools combined (Lal, 2004). This soil C cycle is 

dependent on the balance between photosynthetic assimilation of CO2, soil respiration 

and decomposition of soil organic matter (Trumbore, 2006). Photosynthesising plants, 

and also photo- and chemoautotrophic microbes, are primarily responsible for 

transferring C from the atmosphere (as CO2) to organic pools into the soil (Lu and 

Conrad, 2005, Trumbore, 2006). These C inputs occurs mainly via plant litter above-

ground, root litter, root exudation and through microbial turnover below-ground 

(Gougoulias et al., 2014). A proportion of the C stored in the soil returns to the 

atmosphere through root respiration, or via the decomposition of organic material by 

heterotrophic microorganisms, which is dependent on the C use efficiency (Liang and 

Balser, 2011). Thus, the production of CO2 in soils is almost entirely from root 

respiration and microbial decomposition of organic matter. 

Emissions of CO2 can be lower in waterlogged soils such as rice paddies, peatlands and 

landfills (Liang and Balser, 2011, Trumbore, 2006) where CH4 emissions depend on 

the balance between the production by methanogenic bacteria and the consumption by 

methanotrophic bacteria (Chistoserdova et al., 2005, Le Mer and Roger, 2001). 

Methane is produced in anoxic environments by methanogenic bacteria during the 

anaerobic digestion of soil organic matter, and can be also produced by microbial 

oxidation in the aerobic zone of methanogenic soils (Le Mer and Roger, 2001). 

Grassland soils generally act as a sink of CH4 contributing to a global CH4 uptake 
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ranging from 1.32 to 3.03 kg ha−1 y−1 (Curry, 2007, Yu et al., 2017, Zhuang et al., 2013) 

mainly due to well-aerated soil conditions (Hartmann et al., 2011, Wang et al., 2014b). 

In view of these changes in air temperature and rainfall events, climate conditions have 

uncertain consequences for grassland C cycling. Temperature and soil water content 

are important drivers of C cycle processes, mainly affecting microbial respiration and 

mineralisation rate in the soil, and consequently affecting the release of CO2 to the 

atmosphere (Davidson and Janssens, 2006). In addition, temperature and soil water 

content can affect plant productivity (Olesen and Bindi, 2002), with potential 

consequences for CO2 emissions (Wu et al., 2012). These changes in climate are also 

predicted to increase CH4 uptake by up to 1.69 g ha-1 y-1 (Yu et al., 2017), and may 

affect the net CH4 flux from soils through altering soil gas diffusivity by changes in soil 

porosity and water content (Gougoulias et al., 2014, Hartmann et al., 2011). 

Uncertainties will largely increase due to the interaction between intensified grassland 

management and climate change. 

1.2.2 Nitrogen cycling 

Although N is an abundant element in the atmosphere, it is commonly limited in many 

ecosystems affecting plant growth and productivity as plants can only acquire reactive 

N forms (Galloway et al., 2014). In grasslands, leguminous plant access N through the 

biological fixation of atmospheric N2, while farmers use the addition of manures and 

fertilisers to increase N inputs. Increases in N availability in soils may, however, result 

in N losses to the environment indirectly via agricultural activity (volatilisation, 

leaching and erosion processes), and directly via N2O production by cycling the reactive 

N (Butterbach-Bahl et al., 2013). Ammonia (NH3) volatilisation is highly related to the 

ammonium (NH4
+) concentration in the soil, causing acidification and eutrophication 

of natural ecosystems (Asman et al., 1998) and accounting for up to 42% of farmers 

surplus N (Burchill et al., 2016). High nitrate (NO3
-) concentration in soils may lead to 

greater N leaching losses from soil to water with the potential to cause severe health 

problems and groundwater contamination (Di and Cameron, 2002). 

Production of N2O is mainly mediated by microbial activities, with two well-studied 

processes: nitrification and heterotrophic denitrification. Nitrifying bacteria oxidise 

NH4
+ or NH3 to nitrite and nitrate by nitrification. Denitrification by denitrifying 
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bacteria is the stepwise reduction of NO3
- to N2, with an intermediates nitrite, nitric 

oxide and N2O (Butterbach-Bahl et al., 2013, Wrage et al., 2001). N2O is a regular 

intermediate of denitrification and not nitrification (Wrage et al., 2001). These 

processes may occur simultaneously in different microsites of the same soil (Stevens et 

al., 1997), but there is often uncertainty associated with which process are 

predominantly contributing to N2O emissions. Recently, researchers have found other 

processes related to N2O emissions from soils including nitrifier-denitrification (Wrage 

et al., 2001) and codenitrification (Spott et al., 2011). The first is related to 

denitrification by autotrophic nitrifiers and it is a pathway of nitrification. 

Codenitrification produces a hybrid N2O (N2OCO) and N2 (N2CO) formed from an 

inorganic N source and another nucleophilic N atom from a co-substrate, but it is rarely 

studied in soil N processes in the field (Selbie et al., 2015). 

The microclimate is recognised to be important for changes in N-processes in the soil. 

Exponential increases in N2O emissions with increasing temperature have been 

reported, with the two main N2O-formation processes being highly dependent on 

temperature (Butterbach-Bahl et al., 2013). Changes in soil moisture directly affect 

oxygen availability to soil microbes, thus controlling the contribution of nitrification 

and denitrification processes for the production of N2O (Bateman and Baggs, 2005). 

Additionally, other factors such as soil C availability and soil pH, are also important 

drivers for changes in N2O emissions (Shcherbak et al., 2014). The regulating factors 

of many N processes remain unclear and further studies are required, especially to 

identify hotspot emissions from soil mainly given the high spatial and temporal 

variability. This suggests more work is required to determine the effect of different 

grassland management strategies and the altered climate conditions. 

1.2.3 Relationship between below-ground components and C and N cycling 

In the soil, N cycling relies on soil organisms to recycle nutrients for use by plants while 

C from microbial turnover and metabolism is important for C sequestration (Kallenbach 

et al., 2016). In grasslands, an important component of the soil microbial community is 

arbuscular mycorrhiza (AMF) fungi. AMF fungi are obligate symbionts, only obtaining 

C from the host plant, and can colonise roots of 85% of land plant families (Smith and 

Read, 2008, Wang and Qiu, 2006). Studies suggested that between 20 and 30% of total 

C assimilated by plants may be transferred to these fungi (Drigo et al., 2010, Gavito 
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and Olsson, 2003, Johnson et al., 2002b, Nakano-Hylander and Olsson, 2007), 

increasing the rhizodeposition (Jones et al., 2004). AMF can also increase the CO2 

uptake with 14% increase in photosynthetic rate in plants associated with AMF 

(Kaschuk et al., 2010). Another important role of AMF fungi is for soil C sequestration; 

AMF may improve soil aggregation, providing the C protection below-ground (Rillig 

and Mummey, 2006). Additionally, AMF fungi can also contribute to soil C by chitin 

and glomalin production; the last accounts for 30-60% of C in undisturbed soils (Rillig 

and Mummey, 2006, Treseder and Allen, 2000). 

Soil N availability has the potential to alter C concentration in the AMF fungi. When N 

is available, the host plant limits C translocation to its mycorrhizae, directly reducing 

C storage in fungal tissues and its residual organic matter (Treseder and Allen, 2000). 

However, AMF can enhance decomposition of organic matter liberating inorganic N 

forms to the soil (Hodge et al., 2001), such that AMF fungi may account for 30-50% of 

N transfer from soil to plants (Govindarajulu et al., 2005, Jin et al., 2005) with the 

potential to improve plant N nutrition (Blanke et al., 2011, Cavagnaro et al., 2012). 

The importance of soil below-ground components, particularly AMF fungi for C and N 

cycling (Johnson et al., 2006, Veresoglou et al., 2012) and their role in GHG emissions, 

is currently appears understudied in the literature. Two recent studies have investigated 

the effect of AMF on CO2 fluxes (Heinemeyer et al., 2012) and its importance on 

vegetation at large scale (Vargas et al., 2010). To date, there is no evidence of any study 

which has evaluated the effect of AMF fungi on CH4 fluxes, whilst only a few have 

determined the importance of mycorrhizae fungi on N2O fluxes (Bender et al., 2015, 

Cavagnaro et al., 2012). Studies point out that mycorrhizae fungi are potentially a key 

determinant on soil conditions influencing aggregate stability (Rillig et al., 2002b), pH 

(Li et al., 1991), nutrient availability (Hodge et al., 2010) and soil moisture (Lazcano et 

al., 2014). In a forest study, Holz et al. (2016) found that the presence of root and 

mycelium reduced N2O emissions and N leaching, despite mineralisation increasing. In 

addition, it was suggested that an increase of labile C inputs by roots enhance microbial 

activity and N immobilisation leading to a potential limitation of N2O production. 

One of the challenges to measure GHG emissions from below-ground components is 

the difficulty to separate fluxes from root and mycelium, which can result in under- or 

over-estimated fluxes. In-growth core methods have been used to control the presence 
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of different soil components in the field and to determine the relative contribution of 

each soil below-ground components to soil respiration (Heinemeyer et al. (2007). Only 

a few studies have investigated the interactive effect of climate and management on the 

different components of below-ground respiration (Graham et al., 2014, Heinemeyer et 

al., 2007). Additionally, to our knowledge, there are no studies which evaluated the 

presence of root and/or mycelium on CH4 emissions in grasslands, and only a few 

evaluated the effect on N2O emissions (Bender et al., 2015, Bender et al., 2014). 

Therefore, this thesis presents an in-growth core approach nested within the main field 

experiment to examine the interactive effects of warming and grassland management 

on C and N cycling, focusing on the below-ground effects and the consequence for 

plant/root productivity and GHG emissions. 

1.2.4 Plant functional trait and plant composition 

Nutrient cycling in grasslands results from a complex interaction between soil 

microbes, plant traits (leaf and root) and environmental factors. Plant traits relate to 

aspects of plant function, plant strategies and ecosystem functioning (Abalos et al., 

2018, Baxendale et al., 2014, Craine et al., 2001, Lavorel and Garnier, 2002), and may 

modulate the responses to climate change and grassland management (de Vries et al., 

2012). 

Ecologists widely use trait-based approaches to characterise plant strategies for nutrient 

acquisition and plant growth rates. Thus, studies indicate that plant communities 

dominated by contrasting plant traits may affect soil conditions, which can in turn 

feedback to influence plant growth (Baxendale et al., 2014). The most commonly 

studied plant trait trade-off is in relation to nutrient acquisition, specifically fast and 

slow-growing species. Fast-growing species demonstrate a rapid recycling of nutrients, 

and thus contain high leaf N content and have higher specific leaf area. These species 

can be associated with bacterial-based soil food webs and intensively managed 

grasslands (de Vries et al., 2012). Whereas slow-growing species are related to a slower 

rates of nutrient cycling, have low leaf N content and lower specific leaf area, and are 

likely to be associated with more fungal-based food webs and extensively managed 

grasslands (de Vries et al., 2012, Lavorel and Garnier, 2002, Orwin et al., 2010). 

Community dynamics and ecosystem processes such as C and N cycling and 

consequently the production/consumption of GHGs from soil (De Deyn et al., 2008, 
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Lavorel et al., 2013) might therefore be modulated by the predominant strategy of plant 

species and their associated plant traits, however this concept has been lacking in the 

current literature (Abalos et al., 2018). 

Furthermore, changes in plant functional composition may alter the communities’ root 

traits, which can influence nutrient cycling via their exudates. Fast-growing species are 

known to have higher exudate quality, which might promote C and N cycling (De Deyn 

et al., 2008, van der Krift et al., 2001). Conversely, increases in root exudates may 

reduce N cycling due to an increase in N immobilisation (Kuzyakov and Bol, 2006). 

Specific root length (SRL), which is a function of root diameter and root length, is also 

used for the prediction of nutrient availability and may be different between fast and 

slow growing species. In particular, SRL usually characterises the economic aspects of 

the root systems and is often linked to root-nutrient uptake efficiency (Eissenstat, 1992, 

Eissenstat et al., 2000). In a meta-analysis which summarised the effect of SRL on 

fertility, soil water content and elevated temperature, Ostonen et al. (2007) suggested 

that the increase in nutrient availability due to fertilisation, reduced relative root length 

growth and consequently SRL. It might be possible to correlate this phenomenon to an 

increase of N2O production and use SRL as an indicator of potential changes in the 

release of gases to the atmosphere. Although root traits are less regularly studied than 

leaf traits, both traits can respond to changes in plant productivity and soil properties, 

with effects on grassland ecosystem functions (Orwin et al., 2010). 

Improved understanding of how plant traits alter community functions may help predict 

vegetation response to climate change. Soudzilovskaia et al. (2013) found that species 

with high resources inputs (e.g. thick leaves, low SLA, high C content in roots) 

increased in abundance at warmer climate allowing their increase for the next season. 

Additionally, root developmental might change in response to increased temperature, 

directly, or indirectly by changing in soil moisture (Gray and Brady, 2016). Studies 

indicate that the root morphology response to increased atmospheric CO2 concentration 

(Anderson et al., 2010) and warming (Bjork et al., 2007), are intrinsically linked to root 

lifespan and turnover. Additionally, Pilon et al. (2013) found out that the changes in 

root growth rate under different climatic drivers responded differently depending on 

root diameter size class. Studies, thus, suggest that plant traits may be used to predict 

below-ground changes due to future climate change, but more work is required. 
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Management intensification can also change the plant functional composition in 

grasslands, such as shifting the composition from slow- to fast-growing species. These 

changes, in turn, can alter soil nutrient cycling and C dynamics (de Vries et al., 2012, 

Grigulis et al., 2013, Manning et al., 2015). Nevertheless, contradictory effects were 

found in relation to a relationship between plant traits and soil C; Ward et al. (2016) did 

not find a relationship between soil C and leaf traits (SLA and leaf dry matter content - 

LDMC), while Manning et al. (2015) noted a relationship with labile C fractions in the 

soil surface. Even though studies have advanced the understanding of the role of plant 

traits on the C and N cycling, and how they may modulate responses to climate change 

in grasslands with differing management, further studies are needed to appraise 

potential uncertainties and contribute to finding a consensus (Carrillo et al., 2014). 

1.3 Impacts of climate warming on C and N cycling in grassland 

Climate change including changes in the soil temperature and moisture could alter C 

and N cycling and processes in the soil with feedback to plant growth and soil C 

sequestration thereby affecting rate and direction of GHG exchange with the 

atmosphere. Studies addressing these changes will improve the understanding of soil C 

and N and ecosystem function responses to climate change. 

In general, most studies have identified that warming may increase soil microbial 

activities, and consequently the decomposition of soil organic C and mineralisation 

(Bardgett et al., 2008). In order to ameliorate water stress by warming, there may be 

increases in C storage below-ground which might increase root productivity and below-

ground root biomass (Bai et al., 2010). These changes in C pool processes might 

modulate the C released to the atmosphere, affecting respiration rates and CO2 

concentration. Wang et al. (2014a) suggested that, on average, warming by 2 °C 

increased ecosystem respiration by 12%, with the indirect effect of drought offsetting 

this result. Lu et al. (2013) agreed with this finding and showed that a warming of 1.8 

°C increased ecosystem respiration by 6%. These authors also highlighted that soil 

respiration increased by 9% while its autotrophic and heterotrophic components 

increased 9.4% and 7.5%. However, these effects are contradictory, with either no 

effect of warming on ecosystem respiration (Xia et al., 2009) or an adaptation of the 

ecosystem to warming (Kirschbaum, 2004, Luo et al., 2001, Oechel et al., 2000) being 

often reported. Chen et al. (2016a) suggested that the contrasting results might be 
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occurred due to differences in soil respiration components, with above-ground increases 

relating to autotrophic respiration and microbial biomass C changes relating to 

heterotrophic respiration. CH4 uptake might be changed due to increases in temperature, 

or due to changes in soil moisture. Dijkstra et al. (2013b) observed that warming by 1.5 

°C reduced in 15% the cumulative CH4 uptake in a semi-arid grassland, while 

Blankinship et al. (2010) showed no effect in another grassland study. The variation in 

CH4 uptake can be related to the soil moisture (Dijkstra et al., 2011), affecting oxidation 

by methanotrophs in the soil and the production by methanogens (Phillips et al., 2001). 

Studies suggested that warming might also affect N cycling in grassland soils. Rustad 

et al. (2001) in a meta-analysis study found that warming increased the net N 

mineralisation rates by 46%. Similarly in a more recent study, Bai et al. (2013) noticed 

an increase of 32% of the N mineralisation rate, and an increase of 52% on average net 

nitrification. Although N mineralised has increased, Bai et al. (2013) found that 

microbial N immobilisation was not increased by warming, probably because microbes 

are generally C-limited. A few studies have assessed that warming might not affect N 

mineralisation (Beier et al., 2008, Niklińska et al., 1999). Variations in the warming 

effect on nutrient cycling may be due to a result of the interaction of temperature with 

other abiotic and biotic factors. 

The increase of N mineralisation can potentially change the N uptake by plants and/or 

increase N loss by leaching and/or denitrification as the concentration of NH4
+ and NO3

- 

increases in the soil (Ma et al., 2017). Wu et al. (2012) found out that warming 

significantly increased above-ground net primary productivity, although it declined 

over time. It suggests that more rapid N soil turnover, plant N uptake and N loss were 

associated with a slower decline in the plant productivity response to long-term 

warming. Ma et al. (2017) observed that warming increased N mineralisation, probably 

due to an increase of soil microbial biomass and activity. However, soil N availability 

was not affected evidencing that N could be immobilised by soil microbes or lost 

through N-leaching or gases N emissions. Turner and Henry (2010) found that warming 

increased N leaching, mainly due to increases in NO3
- availability in soils. Additionally, 

N loss through increases in N2O emissions may increase exponentially with increase in 

temperature, while temperature below 10 °C might decrease N2O formation. Both N2O-

formations processes, nitrification and denitrification, has its optimal temperature for 
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microbial growth between 20 to 35 °C (Ussiri and Lal, 2012). In contrast, Niboyet et 

al. (2011) and Zhang et al. (2015b) did not find any warming effect on N2O emissions 

in grassland. There are, therefore, many studies, which addressed climate impact in 

particular warming on C and N cycling. However, studies are not consistent and rarely 

consider interaction effects with grassland management (cutting and N addition). 

Studies considering these interactions are required to determine the real effect under a 

climate change scenario. 

1.4 Impact of grassland management strategies on C and N cycling 

1.4.1 Nitrogen fertilisation 

The application of mineral-N fertiliser in grassland is a standard practice to raise crop 

productivity and N yield (Suter et al., 2015), but its principles are more complex 

compared to croplands. According to Ussiri and Lal (2012), N requirements in 

grassland ecosystems vary throughout the growing season (including changes in the 

climate conditions); mainly based on changes in species’ growth, and due to grazing 

management and its intensity, influencing grassland C and N cycling. 

Nitrogen fertilisation might affect C cycling (Reich et al., 2006), with increases in CO2 

and CH4 production (Craine et al., 2001, Melillo et al., 2011) and soil C sequestration 

(van Groenigen et al., 2006). Zhang et al. (2014a) investigating the effects of N addition 

(9.2 g N m-2 y-1) found an increase in CO2 fluxes through both microbial and root 

respiration after two years in a grassland ecosystem. Low N application rates (2.3 g m-

2 y-1) increased only microbial respiration, in particular during the growing season. 

Likewise, Ambus and Robertson (2006) applying a similar application rate (1-3 g N m-

2 y-1) over two years did not find an effect on CO2 flux in grassland. Graham et al. 

(2014) studying the effect of N application of 5 g N m-2 y-1 found an increase of 12% 

in respiration from grassland soil, while Zhu et al. (2016) observed an increase of 19% 

after similar N application rate (5.6 g N m-2). In contrast, an overdose of 22.4 g N m-2 

reduced the respiration by approximately 12% from grassland soils (Zhu et al., 2016). 

As evidenced before, these variations can be potentially related to N addition rate, but 

also might depend on changes in environmental conditions (soil temperature and 

moisture) and/or different soil conditions (low pH and/or low C/N ratio) (Ward et al., 

2017). The soil C sequestration can also be affected, as Fornara and Tilman (2012) 



31 

 

highlighted with 27 years of N application (10-20 kg N ha-1 y-1) to a prairie grassland 

which promoted an increase of soil C sequestration of 0.11 Mg C ha-1 y-1 compared to 

unfertilised grassland, mainly as a result of an increase in root biomass. 

Nitrogen addition might also influence the CH4 uptake in grasslands. Zhang et al. 

(2017) investigating the effect of N addition in semi-arid grasslands found a reduction 

of CH4 uptake by 5.2 ± 0.9 mg C m-2 after three years of experimental manipulation. 

Similarly, Rime and Niklaus (2017) noticed that CH4 uptake reduced including a 

reduction in the methanotrophic activity in grassland soils. However, Ambus and 

Robertson (2006) did not find any effect of N addition on CH4 oxidation in grasslands. 

According to Yue et al. (2016), studying the impact of N addition on methane uptake 

in a five-year experiment, an increase in CH4 uptake was observed due to increases of 

N application (0, 1, 3, 9 g N m-2) up to 11.5% in 2011, and then reduced by 2014. The 

great variability between years was based on the variation of precipitation and 

temperature, which were shown to be the main drivers of CH4 flux rather than soil N 

availability. Yet, other studies suggest that the NH4
+ concentration in the soil is also 

highly important due to changes in the microsite affecting CH4 production in soils 

(Mosier et al., 1996, Zhao et al., 2017). 

As expected, N cycling in grasslands affect N availability in soils. The N transformation 

rate in the plant-soil system may determine the N availability to plants and the losses 

of N to the environment. N-losses to the environment may occur via NH3 volatilisation 

(Misselbrook et al., 2000), and via N-leaching (Fu et al., 2017). Denitrification as the 

final step of N cycle, simplified return N2 to the atmosphere. As previously explained 

(see Section 1.2.2), nitric oxide and N2O are produced at intermediate steps before the 

reduction to N2. Saggar et al. (2013) found out that globally, temperate grassland can 

lose 5.6 Tg of N per year via denitrification. According to Cardenas et al. (2010) and 

Rees et al. (2013), the cumulative N2O emissions from the UK grazed grasslands range 

from 0.85 to 51.3 kg N2O-N ha-1. Additionally, Kim et al. (2013) in a meta-analysis 

study the majority of studies had a nonlinear relationship (exponential model) between 

direct N2O emissions and N-fertiliser inputs. This response can be associated with an 

excessive N supply beyond plant demands, leading to a lower plant N uptake efficiency, 

resulting in soil residual N for N2O production. It is important then to determine the 
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appropriate N-fertiliser rate to both improve productivity and diminish the N losses to 

the environment. 

1.4.2 Grazing and cutting/mowing in hay meadows systems 

Human disturbance associated with agriculture has been recognised as one of the main 

contributors for changes of the ecosystem diversity and productivity. These 

disturbances include grazing in uncultivated grasslands (Gillson and Hoffman, 2007) 

and mowing for hay (Foster et al., 2009). Both grazing and mowing are important 

grassland management practices, which can modify the C and N cycles by changing the 

quantity and quality of C inputs to the soil. These changes may greatly affect plant 

productivity, C allocation, and biodiversity, as well as GHG emissions. 

Wang et al. (2016), in a meta-analysis, showed that grazing reduced C stock above-

ground by an average of 19% with no changes for shoot N content. Furthermore, 

grazing may contribute to a reduction of energy allocation to the roots, and root growth 

enhancing by 5% and 11% of soil C and N pools, respectively, in the top 15 cm soil 

depth (Wang et al., 2016). Similarly, in a study of the effect of N and mowing in a 

grassland soil, Wang et al. (2015) also found an increase of 39% in soil total organic C, 

with no effect on total N, although nitrification rates was increased by 106%. 

The limitation of above- and potentially the below-ground biomass due to a reduction 

of C inputs, may also directly affect soil respiration (Bremer et al., 1998, Curiel yuste 

et al., 2004). Although many studies has been conducted evaluating the impacts of 

mowing on soil respiration, the findings are not consistent. Bremer et al. (1998) found 

that clipping reduced by approximately 18% soil respiration in tallgrass prairie, and 

Zhou et al. (2007) reported a reduction of about 9% in the clipped plots in grasslands. 

Contrarily, Antonsen and Olsson (2005) observed higher soil respiration in mowed 

plots stressing that this could be stimulated by AMF fungi. Han et al. (2012) studying 

the effect of mowing once a year suggested that the lack of effect on soil respiration in 

their experiment was due to unaltered soil moisture and plant growth controlling 

temporal and spatial availability in CO2 fluxes. 

Continued cutting may enhance above and below-ground biomass due to acceleration 

of plant growth and root exudation (Leriche et al., 2001) and acceleration of the N cycle 
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(Gusewell et al., 2005) by stimulating microbial mineralisation of soil organic matter 

and liberating mineral-N (Hamilton and Frank, 2001, Yoshitake et al., 2015). Li et al. 

(2017a) studying different mowing managements suggested that mowing once a year 

was the optimal management strategy due to enhanced soil organic matter 

accumulation, while mowing twice a year should be avoid in a semi-arid grassland. 

Hamilton and Frank (2001) found that defoliation by grazing promoted an increase 

plant N uptake due to an increase in the net N mineralisation and soil N availability. 

However, Zhang et al. (2015b) recorded a non-linear decrease in N2O emissions with 

decreases in mowing height. Their results state that a long-term mowing would possibly 

decrease grassland N2O emissions from soil. Nonetheless, Gao et al. (2008a) observed 

an increase of net N mineralisation together with an increase in denitrification, with 

consequences to N2O emissions. Likewise, other studies indicated that mowing might 

affect CH4 uptake in grasslands. For example Zhang et al. (2012) noticed that mowing 

increased CH4 uptake compared to no-mowing plots, with greater increases found 

during the dry and warm periods in the growing season. 

Indirectly, cutting and/or mowing can also alter ecosystem microclimate (soil 

temperature and soil moisture), increasing evaporation and decreasing transpiration 

resulting in an unpredictable effect on soil water content (Wan et al., 2002). Such 

disturbance would in turn influence many of the C and N microbial processes in the 

soil. Wang et al. (2016) found a reduction of soil moisture (7%) in grazed topsoil, 

mainly related to the compaction, reducing the infiltration rates through the soil. 

Additionally, according to Wang et al. (2015), mowing lead to an increase of soil 

temperature by 0.8 °C over 4 years. Therefore, there are different mechanisms and 

processes by which mowing may affect C and N cycling in grasslands, and it may vary 

as a function of vegetation type and soil texture (Han et al., 2012). 

1.4.3 Plant composition manipulation - seeding with legumes 

Plant-soil interactions have been the focus of many ecological studies due to their 

effects on global biogeochemical and hydrological cycles in the world (Ostle et al., 

2009b). Plant species with different functional groups may modify soil properties, 

influencing the whole plant community and other ecological processes. The use of plant 

mixtures with different functional traits might allow the exploration of resources in 

varied ways (Spehn et al., 2005, Tilman et al., 2001), affecting nutrient cycling and the 
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plant community productivity. There is a need to understand the plant-soil processes to 

improve predictions of the impacts on ecosystem functioning and biodiversity, 

determining potential ways of mitigation (Ostle et al., 2009b). 

Manipulation of plant composition in grasslands has mainly been done by seedling of 

legumes, due to their importance in fixing atmospheric N2. N2-fixation by legumes can 

range from 100 to 380 kg ha-1 y-1 in northern temperate regions (Carlsson and Huss-

Danell, 2003, Ledgard and Steele, 1992), thus improving the N cycling and efficient N 

utilisation in the whole grassland community, while reducing N inputs via N-fertiliser 

(Suter et al., 2015). Nyfeler et al. (2009) studying grass-legume mixtures with a legume 

proportion of about 50 to 70% and plots fertilised with 50 kg N ha−1 y−1 led to forage 

yields comparable to grass monocultures fertilised with a rate of 450 kg N ha−1 y−1. 

Further, other studies suggest that soil total N is increased in grass-legume mixtures. Li 

et al. (2015) found that soil total N and available N are positively related to legume 

proportion in grass-legume mixtures, but declines when further legumes were added. It 

is suggested that the increase in legumes promotes an increase of biological N fixation, 

stimulating nutrient transfer between species (Pirhofer-Walzl et al., 2012). However, 

further increases in legume proportion might promote an increase of intraspecific 

competition (Gilad, 2008), limiting the N2 fixation by legumes species. 

Different species composition has been shown to be an important driver enhancing CO2 

uptake and below-ground allocation (Bardgett, 2011, De Deyn et al., 2009), affecting 

primary productivity and C sequestration (De Deyn et al., 2008). In this sense, De Deyn 

et al. (2011) highlight that biodiversity restoration practices that align with the 

promotion of legumes can lead to soil C and N sequestration in a rate of 317 g C m-2 y-

1 and 35 g N m-2 y-1, respectively. 

Although many studies have addressed the impact of grass-legumes mixtures on the C 

and N cycling, it is still poorly understood regarding the processes underlining N2O and 

CH4 production and plant species composition (Abdalla et al., 2014, Niklaus et al., 

2006, Sun et al., 2013). Niklaus et al. (2006) suggested that high diversity communities 

lead to a reduction of N2O emissions due to increasing capture of available mineral-N. 

Besides, it is highlighted that effects on CH4 production are changed by high plant 

composition, and the mechanism underlying is based on the NH4
+ concentration in the 

soil. CH4 oxidation is supposed to be inhibited by NH4
+ due to substrate competition at 
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the enzymatic level (Dunfield and Knowles, 1995) or due to complex competitive 

interactions between nitrifiers and methanotrophs (Powlson et al., 1997). However, it 

is still unclear the effect of plant manipulation (e.g. different legume proportions) on 

the GHG emissions, and how the effect would differ with nutrient availability. 

1.5 Mathematical modelling approaches 

As highlighted in previous sections, measurements of GHG emissions from soil can be 

particularly difficult due to a range of processes that contribute to the emissions of each 

gas, and due to the high spatial and temporal variability (e.g. variation in soil 

temperature and moisture). Besides that, resource limitations can be a considerable 

barrier to conducting more extensive assessments. To address these issues, 

mathematical models are used to provide a robust way to estimate GHG emissions, and 

to interpret the details of the mechanisms behind them. Modelling also gives the 

opportunity to test different scenarios for various mitigation options (Giltrap et al., 

2010). Furthermore, models can be used to predict GHG emissions under different 

future climate change scenarios, according to IPCC (2000) climate predictions (Abdalla 

et al., 2014). A range of different models are being used to estimate GHG emissions 

from soil (e.g. Daycent, ECOSSE, DNDC) requiring basically the same inputs (i.e. soil 

temperature and moisture content, nutrient availability, soil type, soil pH, vegetation 

types), but they differ in which variables they take into account. 

DNDC (DeNitrification DeComposition) is a dynamic simulation model of C and N 

biogeochemistry in agro-ecosystems (Fig. 1.1) (Li, 2013). Besides simulating diverse 

processes of the C and N cycle (Smith et al., 2010), it can also predict crop growth, soil 

C dynamics, N leaching, and trace gas emissions (Li, 2013). The model was initially 

developed with three sub-models (climate, decomposition, and denitrification) (Li et 

al., 1992), and a later version of the model was developed including another sub-model 

(crop growth) (Li et al., 1994). Finally, in 2000, another two sub-models were added to 

the model: nitrification and fermentation sub-models (Gilhespy et al., 2014). The soil 

climate profile is calculated based on the daily climate, soil physical conditions and 

vegetation inputs, predicting soil temperature and water content. Decomposition sub-

model is calculated based on quantity and quality of soil organic C pools, soil climate 

and soil N availability, calculating C and N pools in the soil. The denitrification sub-

model is based on the previous sub-models to estimate the dynamics of dissolved 
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organic C, N inorganic (NH4
+, NO3

-), NO, N2O. The plant growth is estimated by 

DNDC based on accumulative temperature, water, N demand, and uptake, simulating 

the relationships of C and N between plant and soil (Gilhespy et al., 2014). The 

nitrification sub-model simulates NO and N2O production via nitrification process, 

based on nitrification rate and temperature, while the fermentation sub-model simulated 

the processes related to CH4 production (Li, 2000, Li et al., 2000). After these daily 

sequence processes, the DNDC calculates day-by-day until the end of the year, at a site 

or regional scales. 

The DNDC model is well-established and used by a number or research groups across 

the globe for predictions of GHG emissions with papers published for more than 20 

years in, for example, Canada (Smith et al., 2010), across Europe (Abdalla et al., 2009, 

Kesik et al., 2006), China (Li et al., 2001), and across the world (Giltrap et al., 2010). 

It has also been widely used in grasslands, showing a reasonable GHG emissions 

estimation (Brown et al., 2001, Giltrap et al., 2010, Levy et al., 2007, Saggar et al., 

2007a), although some modifications are being done to apply to the UK (Brown et al. 

(2002); UK-DNDC). Effects of grassland management strategies can also be included 

in the model, e.g. grazing/cutting (Li et al., 2014) and N-fertiliser application (Hsieh et 

al., 2005), being able to relate this to changes in air temperature and rainfall events. 

Modelling can then assist experimental researchers by evaluating GHG changes due to 

a range of interactions between management and climate, determining a real effect over 

the world. Additionally, it provides the opportunity to estimate emissions inventories 

due to climate change, and predict for future scenarios. 
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Figure 0.1 DNDC model structure (Li, 2013). 

1.6 Thesis aims and objectives 

The overarching aim of this research was to investigate and quantify how C and N 

cycling responds to the interactive effect of climate warming and temperate grassland 

management, and understand the mechanistic response of plant mixtures with feedback 

to GHG emissions. Using a field-based experiment, the study aimed to examine the 

effect of climate warming and grassland management as well as the short-term effect 

of these interactions on the below-ground response. Additionally, we use a controlled 

temperature mesocosm experiment to evaluate the mechanistic response of plant 

composition manipulation on the C and N cycling. Finally, a process-based model 

DNDC was used to validate the outcomes from the field experiment, the sensitivity 

analysis of the model, and to predict GHG long-term effect due to the interaction 

between climate and grassland management. The result could improve our 

understanding of long-term changes in GHG emission and CO2 budgets. This thesis 

comprises three experimental chapters plus one modelling approach chapter. 

Ultimately, this research addresses the following questions: 

 

 



38 

 

How do climate warming and management interact to affect C and N cycling and GHG 

emissions from temperate grassland soils? 

There is increasing concern for grasslands which require a management intensification 

in order to provide food and fuel for the growing population. At the same time, global 

warming is expected to increase temperature with further uncertainties for grassland 

ecosystems. Climate change might then affect C and N cycling in grasslands, but its 

feedback under different grassland management is still unknown. Improved 

understanding of the impact of nutrient cycling is important to increase productivity 

while mitigating GHG emissions and increase soil C sequestration. Chapter 2 

investigates if an interactive effect between climate warming and grassland 

management affect plant-soil properties, plant productivity, C and N cycling and GHG 

emissions in a field experiment over two growing seasons. Additionally, this chapter 

identifies key parameters (plant-root traits, biotic-abiotic) which might explain 

variations in ecosystem GHG emissions. This chapter has focused on the effect on the 

ecosystem responses. Chapter 3 investigates the interactive effect of warming and 

management on the contribution of soil below-ground components (roots, mycorrhizal 

fungi, soil microbes) to ecosystem respiration, and specifically how each of the below-

ground components might affect C and N cycling and its response to the ecosystem 

overall. Additionally, the effect of root and/or mycorrhizal fungi in the soil on N2O and 

CH4 emissions are evaluated. Improving this understanding of below-ground C and N 

cycling is important in grassland ecosystems where evidence is limited. 

How does plant manipulation affect C and N cycling and GHG emissions, and does this 

depend on nutrient availability? 

Studies have shown that an increase of plant diversity might improve a range of 

ecosystem functions, in particular, plant productivity. However, its influence on GHG 

emissions remains largely unexplored. Additionally, little is known about the effect of 

changes in plant species proportions in the plant community on nutrient cycling in 

grasslands. Chapter 4, therefore, investigates how different proportions of legumes in 

grass-legume mixtures affect C and N cycling including GHG emissions, in fertilised 

and unfertilised soils and examine the potential to act as a mitigation option on a farm 

scale. Plant-soil interactions govern a range of processes, which a need to be further 

addressed. 
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How do future climate change scenarios change GHG balance under an interaction 

between climate warming and grassland management? 

Mathematical models have been shown to reliably simulate GHG fluxes in 

agroecosystems, allowing the extrapolation of field measurements over different 

climate scenarios and managements. Chapter 5, therefore, simulates GHG emissions 

under interactions between climate and grassland management using a process-based 

model (DNDC model) compared to outcomes of field measurements. Additionally, 

some “what if” scenarios for future climate change and its response in long-term 

changes in GHG balance are evaluated. 

Chapter 6 provides a general discussion of the three experimental chapters. It is a 

general synthesis discussing the contribution of the work in a broader perspective and 

the identification of future research needed to improve our understanding how grassland 

management will influence C and N cycling under future climate change.
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2 Interactive effects of climate warming and management on 

temperate grassland productivity and greenhouse gas emissions 
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2.1 Abstract 

Globally populations are expected to increase by 2050 meaning that intensification of 

agricultural land for food and fuel will increase. At this same time global changes 

including climate warming are likely to impact on terrestrial carbon (C) and nitrogen 

(N) cycling. Grassland ecosystems will be highly affected, with consequences to soil C 

sequestration and greenhouse gas (GHG) emissions. Improved understanding of the 

mechanistic response to these drivers of change, including their interactions, is 

therefore required and rarely investigated. We used a two-year, full-factorial design 

field experiment to investigate how climate warming and grassland management 

interact to affect plant-soil properties, C and N cycling, and GHG emissions from the 

soil. During the first year, a synergistic interaction occurred; warming increased the N 

effect increasing ecosystem respiration rates, with no effects on plant productivity. 

While in the second year, above-ground biomass (AGB) removal interacted with N to 

reduce ecosystem respiration. Warming decreased the N effect (first year), in an 

antagonist interaction reducing N2O fluxes. In addition, AGB removal increased the N 

effect, increasing N2O emissions from the soil. Grassland soil was consistently a sink 

of CH4; N-only increased the sink by 45% (first year), AGB removal reduced the CH4 

consumption by 44% (second year) as well as warming-only. N availability was an 

important factor affecting the C fluxes in grasslands. Changes in ecosystem respiration 

can be explained by microclimate variables, plant productivity and root N content. Soil 

moisture, specific root length and N pools were responsible for changes in N2O and 

CH4 emissions. Despite single drivers showing greater effects, interactions are crucial 

to predict for future climate and should be addressed in studies. 
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N cycling, GHG emissions 

2.2 Introduction 

According to the latest report by the Intergovernmental Panel on Climate Change 

(IPCC, 2013), the average global surface temperature is likely to rise 1.5-2 °C by the 

end of the century. Consequently, it is expected that increases in soil temperature and 

reduced soil moisture (Brzostek et al., 2012) will affect the length of the growing season 

(Post et al., 2009). These changes may greatly affect carbon (C), and nitrogen (N) 

cycling and emissions of greenhouse gases (GHGs): carbon dioxide (CO2), nitrous 

oxide (N2O) and methane (CH4) from terrestrial ecosystems. 

These global changes are particularly important for the sustainability of agricultural 

ecosystems such as grasslands that support global food security and soil C sequestration 

(De Deyn et al., 2008, Erb et al., 2016, Garnett, 2009). In order to meet the demand for 

food by growing populations, sustainable grassland management practices are being 

intensified to increase yields while reducing environmental impacts (Taube et al., 

2014). Intensification through increases in N-fertiliser addition and animal stocking 

rates are known to affect plant-soil nutrient cycling with feedbacks to productivity and 

GHG emissions (Garnett, 2009). Global changes including climate warming are also 

likely to have interactive effects with these intensified grassland production practices 

with uncertain outcomes. Improved understanding of the mechanistic response to these 

drivers of change, including their interactions and the potential for synergistic or 

antagonistic effects, is therefore critical. 

The application of mineral-N fertiliser is standard practice in many temperate grassland 

ecosystems, as it raises crop productivity (Kidd et al., 2017, Lee et al., 2010). However, 

there are environmental impacts as N additions which can augment N2O emissions from 

soil by increasing N availability and stimulating microbial nitrification and 

denitrification processes (Firestone and Davidson, 1989, Ussiri and Lal, 2012). Many 

underlying drivers influence these processes, including temperature that affects the 

regulation of microbial N2O-formation and N-mineralisation rates (Cantarel et al., 

2012). In addition, changes in soil water-filled pore space (WFPS) affects oxygen 

availability to microbes involved in nutrient cycling and GHG production. Climate 



42 

 

warming can change both soil temperature and soil water content with potential for 

interactions with N additions. Increases in temperature can accelerate N mineralisation 

with potential for synergetic interactive effects on plant available N (Rustad et al., 

2001), with consequences for N2O production. The application of N-fertiliser may also 

alter C cycling increasing CO2 emissions (Melillo et al., 2011) and/or affect soil C 

stocks (van Groenigen et al., 2006). However, studies have found large variations in the 

effects of N addition; with increases or decreases in soil respiration (depending on N 

addition levels) (Zhu et al., 2016) or no effects (Ambus and Robertson, 2006). The 

combined effect of N and warming can increase respiration rates due to raised metabolic 

cycling (Graham et al., 2014). Emissions of CH4 can also be affected by increases in N 

availability, changing the CH4 uptake by soils (Mosier et al., 1996, Zhang et al., 2017). 

Warming effects on methane are rarely studied, with no effect observed in both 

multiyear warming experiments (Rustad and Fernandez, 1998, Torn and Harte, 1996), 

or a decreased in CH4 uptake early in the growing season observed in a multifactor 

experiment (Blankinship et al., 2010). Although few studies have examined the 

influence of warming and N addition (Graham et al., 2014, Jiang et al., 2010), their 

interaction is far from confirmed and remains uncertain about the consequences of GHG 

emissions from a grassland soil. 

Clipping and its intensity is a critical element of temperate grassland management and 

function with significant regulatory effects on plant-soil properties and GHG emissions 

by directly affecting C and N inputs to the soil and net primary production (Fetzel et 

al., 2017, Petz et al., 2014). Clipping or harvesting the sward has been shown to 

accelerate plant regrowth and enhance root exudation (Leriche et al., 2001) with 

impacts on N cycling (Gusewell et al., 2005). This, in turn, can affect soil organic matter 

dynamics to liberate mineral-N with feedbacks to plant productivity (Hamilton and 

Frank, 2001, Yoshitake et al., 2015), and N2O emissions. Clipping will also have an 

effect on C cycling, decreasing temporarily ecosystem respiration (Bahn et al., 2008). 

Furthermore, the interactive effect of clipping and N addition may augment even more 

N2O emissions due to increase of N available in the soil, and contrary may increase soil 

respiration due to increase of plant photosynthate production and root exudates trigging 

soil microbial activity and C cycling (Bahn et al., 2006, Guitian and Bardgett, 2000). 

The effect of clipping on CH4 uptake is more related to changes in the microclimate 

e.g. increasing evaporation and decreasing transpiration, reducing water content in the 
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soil (Wang et al., 2015). Consequently, lower soil moisture is likely to increase 

methanotrophy activities, stimulating microbial CH4 oxidation (Dijkstra et al., 2012). 

However, clipping interacted to N addition may increase mineral-N availability in the 

soil, decreasing CH4 uptake. Studies reflecting the interactive effect between clipping 

and N addition is scarce in the literature. 

There is no evidence of the interactive effect of warming and clipping in grassland soils, 

although it will depend on the frequency and duration of cutting (Zhou et al., 2007) 

affecting differently soil components (Bahn et al., 2006), and its effect magnitude on 

the microclimate (Luo et al., 2001), affecting then nutrient cycling and GHG releases 

to the atmosphere. Both warming and clipping may also affect nutrient mineralisation, 

directly affecting the release of GHG emissions. Although single drivers might be 

important to understand C and N cycling and its feedback on GHG emissions, the 

interactive effects of these drivers are even more important as it reflects the real world 

scenario and has been scanting investigated. 

Nutrient cycles in grasslands involve complex feedbacks between environmental 

conditions, plants and soil microbes. There is, however, a lack of experimental studies 

examining nutrients feedbacks to plant productivity-traits and ecosystem GHG 

emissions. Microbes and microclimate are well correlated and dominate a variety of 

processes at the plant-soil-atmosphere interface (Thomson et al., 2013, Zhang et al., 

2005), and, plant traits can explain aspects of plant function, plant strategies and 

ecosystem functioning (Craine et al., 2001, Lavorel and Garnier, 2002). 

The challenge for this century is to develop innovative agricultural management 

approaches, which protect and/or enhance ecosystem biodiversity and functions, 

including soil C sequestration and the mitigation of GHG, whilst delivering more food 

sustainably (Ostle et al., 2009b). To address this, most studies have studied only single 

factors, despite the likelihood that many drivers operate concurrently. Considering the 

growing expectation for grasslands to supply globally important ecosystem goods, it is 

important to determine whether the combined effects of multiple factors counteract or 

strengthen one another as regulators of plant-soil C and N cycling GHG emissions and 

the consequences for plant productivity. 
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The aim of this study was to investigate and quantify how climate warming and 

temperate grassland management, specifically N additions and above-ground biomass 

(AGB) removal, interacted to affect key plant-soil properties and ecosystem GHG 

emissions. A second aim was to identify key soil, plant and environmental parameters 

that explained variation in ecosystem GHG emissions. We predicted that ecosystem 

perturbations (warming, N addition, AGB removal) would interact to alter plant and 

soil properties regulating C and N cycling and GHG emissions. Specific hypotheses for 

this temperate grassland are: 

i) N addition and warming interact synergistically to increase plant productivity and 

GHG emissions, enhancing N2O and CO2 fluxes, 

ii) AGB removal and N addition interact antagonistically to decrease N2O emissions 

and CO2 release due to C-limitation, 

iii) AGB removal and warming interact antagonistically to reduce root productivity and 

diminish overall GHG fluxes, lowering ecosystem respiration and N2O fluxes. 

2.3 Material and methods 

2.3.1 Site description 

The experimental site was located at Lancaster University, Lancaster, UK (54º 1’50’’ 

N, 2.7º 46’30’’W, 94.1 m a.s.l.) adjacent to Hazelrigg Weather Station 

(www.lancaster.ac.uk/lec/about-us/facilities/hazelrigg-weather-station). This site is a 

61 ha area of permanent unfertilised grassland intermittently grazed by sheep and used 

as a hay meadow. The vegetation is dominated by grasses including Holcus lanatus, 

Anthoxanthum odoratum, Alopecurus pratensis, Poa Trivialis, Agrostis capillaris, with 

Ranunculus repens, Ranunculus acris, and Achillea ptarmisa also present. The site is 

under maritime temperate climatic conditions, and the mean annual temperature is 13 

°C between 1981-2010 with January being the coldest month (7 °C) and July the 

warmest (19.5 °C). The mean annual precipitation is 1049 mm 

(http://www.metoffice.gov.uk). The soil is semi-permeable, seasonally wet, acidic, 

loamy and clayey according to the National Soil Resources Institute (NSRI), UK soil 

classification survey (Farewell et al., 2011), and classified as Stagnosols according to 

FAO classification (FAO, WRB). Initial analyses of the properties of the upper 10 cm 
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of the soil profile were: total N content 0.3%, total C content 3.5% (inorganic C was 

negligible), C/N ratio of 12, pH of 5.3 and bulk density of 1.06 g cm-3. 

2.3.2 Experimental design 

The field experiment used a full-factorial design to test the interactive effects of 

warming, N addition and above-ground biomass removal totalling eight treatment 

combinations with five replicates (one within each block). The treatments consisted of: 

soil-only control, warming-only, N addition-only, above-ground biomass (AGB) 

removal-only and the interactions N + warming, AGB removal + N, AGB removal + 

warming, and AGB removal + N + warming. Each block is comprised of 25 plots (3 

m2) in a 5 x 5 grid. For this study, four plots were randomly selected and split to give 

eight nested treatments (Fig. A1.1 and A1.2, Appendix 1). 

The warming treatment was accomplished using an open-top passive conical chamber 

with an upper opening of 0.66 m, diameter of 1.12 m and a height of 0.40 m based on 

International Tundra Experiment design (ITEX: Marion et al. (1997), Fig. A1.3, 

Appendix 1). The transparent material was 2 mm thick polycarbonate sheet 

(Polycarbonate Shop, Broughton Astley, UK) which allows 92% of the 

photosynthetically active radiation. The ITEX warming chambers were installed in the 

field one month prior the beginning of the measurements (April-2015). 

Nitrogen addition was applied in May as ammonium nitrate (NH4NO3) at a rate of 100 

kg N ha-1 y-1 (consistent with general grassland management recommendation for hay 

meadows in the UK). For each N addition plot, the fertiliser was dissolved in 5 L 

deionised water and distributed using a watering can over both plants and soil. No-N 

plots received an equivalent amount of deionised water only. AGB removal was created 

manually by cutting and removing the aboveground plant biomass when it reached 5 

cm height (i.e. continuous clipping during the growing season). 

2.3.3 Greenhouse gases fluxes measurements 

A closed static chamber method was used to measure greenhouse gas fluxes (CO2, N2O 

and CH4) (Ward et al., 2009). A 30 cm diameter, 20 cm high gas sampling base ring 

was fitted in place to 5 cm soil depth one month prior to the measurements. For each 
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flux measurement, the chamber was attached to the base ring and 20 mL of chamber air 

samples were taken via septa using a syringe at 0, 15, 30 and 45 minutes and 10 mL of 

the chamber air was transferred into a pre-evacuated 3 mL exetainer vial (Labco, 

Lampeter, UK). The samples were analysed using a PerkinElmer AutoSystem XL Gas 

Chromatograph (GC) (PerkinElmer, Waltham, MA, USA) with a Flame Ionisation 

Detector (FID) fitted with a methaniser and Electron Capture Detector (ECD) operating 

at 130 °C. The GC was fitted with a stainless steel Porapak Q 50-80 mesh column 

(length 2 m, outer diameter 3.17 mm) maintained at 60 °C. Three calibration gas 

standards (500 ppm, 1000 ppm, 4000 ppm CO2) (Air Products, Waltham on Thames, 

UK) were run every 14 samples (Case et al., 2012). Gases fluxes were calculated by 

fitting linear regressions through sampling time points and were corrected using the 

temperature and barometric pressure following the ideal gas law (Chadwick et al., 2014, 

Holland et al., 1999). Microclimate conditions were recorded during each gas sampling 

date; air and soil temperature were taken using a Tiny Tag temperature logger with 

integral stab probe (Gemini Data Loggers, UK) and soil moisture was taken using 

ML2x Theta Probe and Meter HH2 (Delta T Devices, UK). Greenhouse gas fluxes were 

measured from the beginning of May 2015 to October 2016. The gases sampling in 

each year was made immediately after N application in May (approximately 9 a.m.) 

and then sampling was daily during the first week, then twice a week during the second 

week followed by every month until October for both experimental years. 

2.3.4 Soil sampling and analyses 

Three soil cores (Ø = 1 cm, height = 4.5 cm) were taken from each treatment in each 

plot and kept for the following analysis. Soil samples were taken on days 3, 32 and 72 

after N application in 2015 and on days 6, 14 and 63 in 2016 (May, June and July 

2015/2016). Days for sampling were determined by rainfall events. Soil gravimetric 

moisture content was determined after drying at 105 °C for 24 h. Mineral-N (NH4
+ + 

NO3
-) was assessed with 1M KCl in a 1:5 (soil weight: extractant volume) ratio 

extraction by analysis with a spectrophotometer (Auto Analyser 3 Digital colorimeter 

BRAN + LUEBBE). Net mineralisation (net NH4
+ + NO3

- production) and net 

nitrification (net NO3
- production) rate were determined by incubating the soil at 25 °C 

for 14 days analysing the final mineral-N content as described above, then calculating 

the daily mineral-N production rate as the difference between final and initial N content, 
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divided by the incubation period. Soil C and N were determined on dried (60 °C), finely 

ground soil samples, using an elemental analyser (TruSpec® CN, St. Joseph, MI) with 

furnace temperature at 950 °C. 

2.3.5 Plant and root sampling and analyses 

For the AGB removal treatment (which was continuous clipping during the growing 

season), plant matter within the GHG measurement chamber was cut and dry matter 

yield determined by drying at 105 °C for 24 h, on days 8, 22, 42, 72, 120 and 156 (in 

2015) and 6, 14, 35, 62, 109 and 155 (in 2016) after N application. 

On day 72 and 63 in 2015 and 2016 respectively, all plots were harvested to simulate 

hay meadow management and plant tissue samples were ground and analysed for total 

C and N content using an elemental analyser (TruSpec® CN, St. Joseph, MI) at furnace 

temperature 950 °C. Ethylenediaminetetraacetic acid (EDTA) was used as a reference. 

Plant traits were also assessed by measuring plant height, leaf dry matter content 

(LDMC), leaf N content (LNC), leaf C content (LCC) and leaf C/N ratio. 

On the day of the final harvest in each year, a soil core (Ø = 5 cm, height = 10 cm) was 

taken from each plot to determine the below-ground biomass after washing all roots. 

Before drying the roots at 60 °C to determine the biomass, roots were stored in the 

fridge with 10% ethanol solution to measure the following root traits: specific root 

length (SRL), root dry matter content (RDMC), root N content (RNC), root C content 

(RCC) and root C/N ratio. Root length and diameter were analysed using WinRhizo® 

root analysis software (Regent Instruments Inc., Sainte-Foy-Sillery-Cap-Rouge, QC, 

Canada) coupled to an Epson flatbed scanner. Root total C and N content were 

determined on dried root samples, ground and analysed using an elemental analyser 

(TruSpec® CN, St. Joseph, MI) with furnace temperature at 950 °C. 

Ethylenediaminetetraacetic acid (EDTA) was used as a reference. 

2.3.6 Statistical analyses 

Linear mixed effects models (LME) were used for microclimate data, plant and soil 

properties and GHG emissions responses to warming, N addition and AGB removal 

treatments. Fixed effects were warming, N addition and AGB removal and their 
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interactions. The random effect was split-plot nested within block to take account of 

the experimental split-plot design. For all LME models, data were checked for 

normality and equal variances using residual plots method and log-transformed where 

necessary before analysis. Weight functions were used to account for unequal variances 

following Zuur et al. (2011). The significance of the fixed effects was determined by 

comparing models with and without the factor of interest using a likelihood ratio test 

(LRT). All statistical analysis was carried out in the R programming language 3.4.3 (R 

Development Core Team, 2017) using the additional packages nlme (Pinheiro et al., 

2017) and plyr (Wickham, 2011). 

Multiple regression approaches were used to determine the drivers of changes in GHG 

emissions and the relationship between the plant-soil properties and microclimate 

variables on GHG emissions. Firstly, data were checked for collinearity using the 

variance inflation factor (VIF) and scatterplots. Collinear variables were removed from 

the analysis. Model selection was applied using the remaining variables in both forward 

and backward selection searching for the lowest AIC (Akaike information criterion). 

The best-fitted model for each GHG was then checked for normality using a residual 

plot method. Variables were included in groups and the variation partition was 

conducted with the R package vegan (Oksanen et al., 2017) to determine which groups 

of variables are most likely to explain CO2, N2O and CH4 emissions. 

2.4 Results 

2.4.1 Local climate 

Climate data from the Hazelrigg weather station showed mean annual air temperature 

of 9.8 oC in 2015 and 10 oC in 2016, with soil temperature of 9.4 oC and 9.6 oC in 2015 

and 2016, respectively. Total rainfall was 1332 mm and 1193 mm in 2015 and 2016, 

respectively. Mean air temperature during the experimental period from May to 

October was 12.3 oC in 2015 and 14 oC in 2016 (Fig. 2.1). The hottest recorded air 

temperature was 23.7 °C in mid-July 2016. The coolest air temperature was 5.8 °C in 

early May 2015. Mean soil temperature was 14.2 °C in 2015 and 15.7 °C in 2016, an 

increase of 1.5 °C. In 2016, 569 mm of rain fell in total; 138 mm more rain than 2015. 

During the month of N addition, 131 and 42 mm of rain fell in 2015 and 2016 
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respectively. Most rainfall events were less than 5 mm per day and the largest daily 

rainfall was 50 mm in the end of August 2016 (Fig. 2.1). 

 

 

Figure 2.1 Mean daily air temperature (grey lines) and daily rainfall totals (black bars) at 

Hazelrigg site. Data were collected during the growing season from May to October in a) 2015 

and b) 2016.
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2.4.2 Seasonal variation in treatment microclimate 

Data from the microclimate measurements taken at each sampling time during the 

experimental period showed the mean air temperature was increased by 2.3 and 2.6 °C 

in 2015 and 2016 in the warming plots relative to the non-warmed plots (LRT= 58, 

P<0.0001; LRT= 47, P<0.0001, Table 2.1, Fig. 2.2). Warming also increased soil 

temperature in both years (4.4% and 2%, respectively), having a greater effect in 2015. 

Soil temperature was also increased by AGB removal treatment by 2% and 3.7%, 

respectively for both years; AGB removal left the ground more susceptible to incoming 

solar radiation. In contrast, nitrogen increased above-ground biomass whilst soil 

temperature was decreased by 1% and 3.2%, in 2015 and 2016, respectively. Warming 

had a synergistic interaction with AGB removal, increasing soil temperature in both 

years. Soil moisture was consistently affected by warming, decreasing by 11% and 17% 

in both years, respectively (Fig. 2.2). Nitrogen decreased soil moisture, and also 

interacted with AGB removal increasing soil moisture in 2016.
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Figure 2.2 Seasonal variation in the warmed and no-warmed plots.  Mean air temperature (°C), 

and soil water content (m3 m-3), at 100 mm depth in a) 2015 and b) 2016.
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Table 2.1 The effect of warming (WARM), AGB REMOVAL and nitrogen addition (NADD) on air and soil temperature and soil moisture over 2015 and 2016. 

Significance tests using likelihood ratio test (LRT) comparing models with or without parameter of interest where degree of freedom (d.f.) shows the difference 

in degrees of freedom between the models. Significant effect (P < 0.05) are shown in bold. 

 

 

 

 

 

 

 

 

 

 

 

 

2015  Air temperature (oC) Soil temperature (oC) Soil moisture (%) 

 d.f. LRT P LRT P LRT P 

WARM 1 58.21 <0.0001 45.59 <0.0001 11.96 0.0005 

NADD 1 0.06 0.81 5.84 0.02 0.01 0.92 

AGB REMOVAL 1 1.70 0.19 12.66 0.0004 0.64 0.42 

WARM x NADD 1 0.08 0.77 0.02 0.87 0.11 0.73 

AGB REMOVAL x NADD 1 0.48 0.49 0.05 0.82 5.55 0.02 

WARM x AGB REMOVAL 1 0.26 0.60 14.42 0.0001 1.68 0.19 

WARM x NADD x AGB REMOVAL 1 0.00 0.93 1.17 0.28 4.11 0.04 

2016  Air temperature (oC) Soil temperature (oC) Soil moisture (%) 

 d.f. LRT P LRT P LRT P 

WARM 1 47.52 <0.0001 5.09 0.02 31.33 <0.0001 

NADD 1 0.14 0.70 9.35 0.002 12.64 0.0004 

AGB REMOVAL 1 0.17 0.67 26.21 <0.0001 3.15 0.08 

WARM x NADD 1 1.90 0.16 0.215 0.64 1.83 0.18 

AGB REMOVAL x NADD 1 3.90 0.05 1.48 0.22 11.40 0.0007 

WARM x AGB REMOVAL 1 1.13 0.29 13.17 0.0003 0.96 0.33 

WARM x NADD x AGB REMOVAL 1 0.00 0.97 0.40 0.53 4.32 0.04 
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2.4.3 Greenhouse gas emissions 

Ecosystem respiration was reduced by 21% and 32% in AGB removal plots in both 

years (LRT= 28, P<0.0001, LRT= 46, P<0.0001, respectively) (Fig. 2.3, Table 2.2). 

Nitrogen addition-only increased CO2 fluxes by 19% and 24% in both years (LRT= 16, 

P=0.0001, LRT= 24, P<0.0001, respectively) (Fig. 2.3, Table 2.2), with warming-only 

also increasing fluxes by 9% and 10% each year (LRT= 12, P=0.0004, LRT= 12, 

P=0.0006, respectively) (Fig. 2.3, Table 2.2). During the first year, a synergistic 

interaction was observed between warming and N addition whereby CO2 fluxes 

increased (LRT= 4, P=0.04). In the second year, AGB removal had a greater 

antagonistic effect reducing the effect of N on ecosystem respiration rates (LRT= 4, 

P=0.04) (Fig. 2.3; Table 2.2). Different interactions were observed with N depending 

on the year. 

Nitrogen-only consistently and significantly increased N2O emissions with the increase 

being more pronounced in the first year (LRT= 51, P<0.0001, LRT= 19, P<0.0001, 

respectively) (Fig. 2.4; Table 2.2). AGB removal-only increased N2O fluxes by 84% 

and 154% in each year, however, it was not statistically significant (Fig. 2.4; Table 2.2). 

Warming-only did not affect N2O fluxes in the first year, while increased fluxes by 30% 

after two years (LRT= 6, P=0.01) (Fig. 2.4; Table 2.2). 

In the first year, warming decreased the effect of nitrogen, with an antagonist interaction 

reducing N2O fluxes (LRT= 4, P=0.04) (Fig. 2.4; Table 2.2). In addition, AGB removal 

synergistically interacted with nitrogen, with a greater increase in N2O emissions from 

the soil (LRT= 6, P=0.02) (Fig. 2.4; Table 2.2). After two years, no interaction effects 

were observed on N2O emissions. 

All treatments were consistent sinks of CH4. In the first year, nitrogen-only increased 

the sink by 45% (LRT= 6, P=0.01) (Fig. 2.5; Table 2.2), and after two years AGB 

removal-only promoted lower consumption of CH4 by 44% (LRT= 5, P=0.02) (Fig. 2.5; 

Table 2.2) and warming-only reduced the CH4 uptake (LRT= 4, P=0.04) (Fig. 2.5; 

Table 2.2). No interactive effects were found for CH4 emissions. 
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Figure 2.3 Ecosystem respiration in response to warming, nitrogen addition and AGB removal 

(mg CO2-C m-2 h-1) over (a) 2015 and (b) 2016.  Data are mean for all sampling dates ± SE 

(n=14).
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Figure 2.4 Nitrous oxide emissions in response to warming, nitrogen addition and AGB 

removal (µg N2O-N m-2 h-1) over a) 2015 and b) 2016. Data are mean for all sampling dates ± 

SE (n=14).
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Figure 2.5 Methane emissions in response to warming, nitrogen addition and AGB removal 

(µg CH4-C m-2 h-1) over a) 2015 and b) 2016.  Data are mean for all sampling dates ± SE (n=14).
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Table 2.2 The effect of warming (WARM), AGB REMOVAL and nitrogen addition (NADD) on CO2, N2O and CH4 fluxes over 2015 and 2016.  Significance tests 

using likelihood ratio test (LRT) comparing models with or without parameter of interest where degree of freedom (d.f.) shows the difference in degrees of 

freedom between the models. Significant effect (P < 0.05) are shown in bold. 

2015  
CO2 emissions 

mg CO2-C m-2 h-1 

N2O emissions 
µg N2O-N m-2 h-1 

CH4 emissions 
µg CH4-C m-2 h-1 

 d.f. LRT P LRT P LRT P 

WARM 1 12.35 0.0004 2.91 0.09 0.94 0.33 

NADD 1 16.37 0.0001 51.57 <0.0001 6.07 0.01 

AGB REMOVAL 1 28.05 <0.0001 2.62 0.10 2.02 0.15 

WARM x NADD 1 4.18 0.04 4.24 0.04 0.18 0.67 

AGB REMOVAL x NADD 1 2.74 0.10 4.70 0.03 0.00 0.99 

WARM x AGB REMOVAL 1 0.02 0.88 1.41 0.23 0.69 0.40 

WARM x NADD x AGB REMOVAL 1 1.02 0.31 0.10 0.74 0.36 0.55 

2016  
CO2 emissions 

mg CO2-C m-2 h-1 

N2O emissions 
µg N2O-N m-2 h-1 

CH4 emissions 
µg CH4-C m-2 h-1 

 d.f. LRT P LRT P LRT P 

WARM 1 11.77 0.0006 5.99 0.01 4.36 0.04 

NADD 1 23.97 <0.0001 19.09 <0.0001 0.02 0.89 

AGB REMOVAL 1 46.16 <0.0001 3.77 0.05 5.11 0.02 

WARM x NADD 1 0.79 0.37 0.11 0.73 1.70 0.19 

AGB REMOVAL x NADD 1 4.27 0.04 1.41 0.23 0.78 0.37 

WARM x AGB REMOVAL 1 1.94 0.16 0.01 0.92 1.30 0.25 

WARM x NADD x AGB REMOVAL 1 1.28 0.26 2.19 0.14 0.09 0.76 
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2.4.4 Plant productivity 

As a result of AGB removal treatment, AGB was expectedly reduced by 64% and 68% 

in both years (LRT= 67, P<0.0001; LRT= 58, P<0.0001, respectively) (Fig. 2.6, Table 

2.3). Plant biomass increased 46% and 60% by N addition in both years, (LRT= 22, 

P<0.0001; LRT= 32, P<0.0001, respectively) (Fig. 2.6, Table 2.3). Warming increased 

above-ground biomass by 3.7% in the first year (LRT= 10, P=0.001) (Fig. 2.6, Table 

2.3), however, no effect was observed in 2016. Below-ground biomass was less 

influenced by changes in climate warming and management; however, it was observed 

to increase with AGB removal by 6.3% in 2015, whereas warming decreased below-

ground biomass by 16% in 2016 (LRT= 11, P=0.0009; LRT= 11, P=0.001) (Fig. 2.6, 

Table 2.3). 

Root/shoot ratio increased by AGB removal in both years (LRT= 68, P<0.0001, LRT= 

74, P<0.0001, respectively) (Fig. 2.6, Table 2.3). Nitrogen decreased root/shoot ratio in 

both years (LRT= 12, P=0.0006, LRT= 23, P<0.0001) (Fig. 2.6, Table 2.3). Warming 

had no effect during the first year, while it decreased the root/shoot ratio in the second 

year (LRT= 9, P=0.002). During the first year, warming and AGB removal interacted 

antagonistically, decreasing root/shoot ratio (LRT= 5, P=0.03), while AGB removal 

synergistically interacted with nitrogen (LRT= 5, P=0.02) (Fig. 2.6, Table 2.3).
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Figure 2.6 Above- and below-ground biomass and root/shoot ratio in response to warming, 

AGB removal and nitrogen addition over 2015 (a, c and e) and 2016 (b, d and f).  White bars 

show without warming and black bars with warming. Data are mean ± SE (n=5).
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Table 2.3 The effect of warming (WARM), AGB REMOVAL and nitrogen addition (NADD) on above-ground and below-ground biomass and root/shoot ratio over 

2015 and 2016.  Significance tests using likelihood ratio test (LRT) comparing models with or without parameter of interest where degree of freedom (d.f.) 

shows the difference in degrees of freedom between the models. Significant effect (P < 0.05) are shown in bold. 

2015  
Above-ground biomass 

g m-2 

Below-ground biomass 
g m-2 

Root/shoot ratio 

 d.f. LRT P LRT P LRT P 

WARM 1 10.39 0.001 2.88 0.09 0.48 0.49 

NADD 1 22.06 <0.0001 0.15 0.69 11.89 0.001 

AGB REMOVAL 1 66.63 <0.0001 11.09 0.001 67.59 <0.0001 

WARM x NADD 1 1.20 0.27 0.30 0.58 1.88 0.17 

AGB REMOVAL x NADD 1 1.85 0.17 2.32 0.13 5.34 0.02 

WARM x AGB REMOVAL 1 0.04 0.84 2.16 0.14 4.78 0.03 

WARM x NADD x AGB REMOVAL 1 0.76 0.38 3.34 0.07 0.17 0.67 

2016  
Above-ground biomass 

g m-2 

Below-ground biomass 
g m-2 

Root/shoot ratio 

 d.f. LRT P LRT P LRT P 

WARM 1 0.00 0.93 10.76 0.001 9.18 0.002 

NADD 1 32.46 <0.0001 0.12 0.73 23.53 <0.0001 

AGB REMOVAL 1 58.32 <0.0001 1.98 0.16 73.81 <0.0001 

WARM x NADD 1 0.53 0.46 0.15 0.69 0.93 0.33 

AGB REMOVAL x NADD 1 3.76 0.06 0.03 0.87 2.91 0.09 

WARM x AGB REMOVAL 1 1.59 0.21 0.18 0.66 0.54 0.46 

WARM x NADD x AGB REMOVAL 1 0.08 0.77 0.18 0.66 0.00 0.94 
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2.4.5 Plant leaf and root traits 

The response of plant leaf and root traits was dependent on climate and grassland 

management and differed temporally. Warming-only and nitrogen-only treatments 

decreased LDMC, while AGB removal increased LDMC in both years (P<0.005, Fig. 

2.7; Table 2.4). After one year, nitrogen antagonistically interacted with warming and 

AGB removal decreasing LDMC (P<0.05, Table 2.4). 

RDMC decreased with AGB removal and a synergistic interaction with warming 

increased RDMC (Fig. 2.8; Table 2.5). No effect was observed in the second 

experimental year. SRL was influenced differently during the first year by warming; it 

synergistically interacted with AGB removal increasing SRL and antagonistically 

interacted with N addition decreasing SRL (Fig. 2.8, Table 2.5). Nitrogen-only 

decreased SRL in 2016 (Fig. 2.8; Table 2.5). 

Leaf and root N content was dependent on N addition and increased in both years 

(P<0.05, Fig. 2.7 and 2.8, Table 2.4 and 2.5). Warming had a synergistic interaction 

with nitrogen increasing N content in the leaf and root compartments during the first 

year only (P<0.05, Table 2.4, Table 2.5). AGB removal interacted antagonistically with 

nitrogen decreasing N content in the leaf and root in the first year (P<0.05, Table 2.4, 

Table 2.5). Warming-only had no effect in the first year while it increased leaf N content 

in the second year. Warming had an antagonistic interaction with AGB removal 

decreasing leaf N content (Fig. 2.7; Table 2.4). 

Root C content was not influenced by any of the treatments. Leaf C content was 

decreased by warming in the first year, and then decreased by AGB removal and 

increased by N addition in the second year (P<0.05, Fig. 2.8, Table 2.5).
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Figure 2.7 Plant leaf traits in response to warming, AGB removal and nitrogen additions over 

2015 (a, c, e and g) and 2016 (b, d, f and g).  White bars show without warming and black bars 

with warming Data are mean ± SE (n=5).
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Figure 2.8 Root traits in response to warming, AGB removal and nitrogen addition over 2015 

(a, c, e, g and i) and 2016 (b, d, f, h and j). White bars show without warming and black bars 

with warming. Data are mean ± SE (n=5).
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Table 2.4 The effect of warming (WARM), AGB REMOVAL and nitrogen addition (NADD) on plant leaf traits over 2015 and 2016.  Significance tests using 

likelihood ratio test (LRT) comparing models with or without parameter of interest where degree of freedom (d.f.) shows the difference in degrees of freedom 

between the models. Significant effect (P < 0.05) are shown in bold. 

2015  
LDMC 

mg g-1 
Plant N content 

mg g-1 dry leaf 
Plant C content 

mg g-1 dry leaf 
Plant C/N ratio 

 d.f. LRT P LRT P LRT P LRT P 

WARM 1 13.1 0.00 0.8 0.30 4.7 0.04 0.2 0.62 

NADD 1 16.6 <0.0001 19.2 <0.0001 0.1 0.78 19.3 <0.0001 

AGB REMOVAL 1 36.6 <0.0001 43.8 <0.0001 0.0 0.88 43.0 <0.0001 

WARM x NADD 1 1.3 0.25 5.6 0.02 0.0 0.91 7.9 0.00 

AGB REMOVAL x NADD 1 0.0 0.98 6.0 0.01 0.4 0.51 8.0 0.00 

WARM x AGB REMOVAL 1 1.0 0.30 4.3 0.03 1.7 0.19 5.1 0.02 

WARM x NADD x AGB REMOVAL 1 3.8 0.05 0.5 0.46 3.3 0.07 1.7 0.19 

2016  
LDMC 

mg g-1 
Plant N content 

mg g-1 dry leaf 
Plant C content 

mg g-1 dry leaf 
Plant C/N ratio 

 d.f. LRT P LRT P LRT P LRT P 

WARM 1 8.7 0.00 5.3 0.02 3.2 0.07 6.9 0.01 

NADD 1 44.4 <0.0001 36.1 <0.0001 9.2 0.00 42.0 <0.0001 

AGB REMOVAL 1 79.6 <0.0001 57.3 <0.0001 10.2 0.00 53.0 <0.0001 

WARM x NADD 1 6.3 0.01 3.1 0.07 0.3 0.61 1.8 0.18 

AGB REMOVAL x NADD 1 4.6 0.03 0.5 0.49 0.6 0.43 0.2 0.67 

WARM x AGB REMOVAL 1 0.2 0.63 2.2 0.14 0.6 0.45 1.2 0.27 

WARM x NADD x AGB REMOVAL 1 0.7 0.39 1.2 0.28 0.0 0.87 1.2 0.28 
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Table 2.5 The effect of warming (WARM), AGB REMOVAL and nitrogen addition (NADD) on root traits over 2015 and 2016.  Significance tests using likelihood 

ratio test (LRT) comparing models with or without parameter of interest where degree of freedom (d.f.) shows the difference in degrees of freedom between 

the models. Significant effect (P < 0.05) are shown in bold. 

2015  
RDMC 

mg g-1 
SRL 

m g-1 
Root N content 

mg g-1 dry root 
Root C content 

mg g-1 dry root 
Root C/N ratio 

 d.f. LRT P LRT P LRT P LRT P LRT P 

WARM 1 0.0 0.88 0.0 0.96 2.5 0.11 0.3 0.56 0.7 0.40 

NADD 1 0.4 0.50 3.5 0.06 8.4 0.00 2.2 0.14 8.6 0.00 

AGB REMOVAL 1 3.8 0.05 1.5 0.21 1.4 0.24 0.0 0.88 0.2 0.64 

WARM x NADD 1 2.7 0.10 5.2 0.02 6.4 0.01 1.6 0.21 3.0 0.08 

AGB REMOVAL x NADD 1 1.8 0.18 3.0 0.08 3.9 0.04 1.5 0.22 1.7 0.19 

WARM x AGB REMOVAL 1 5.4 0.02 4.7 0.03 0.2 0.69 0.3 0.59 0.0 0.99 

WARM x NADD x AGB REMOVAL 1 0.0 0.87 0.3 0.6 1.3 0.26 0.7 0.39 1.4 0.22 

2016  
RDMC 

mg g-1 
SRL 

m g-1 
Root N content 

mg g-1 dry root 
Root C content 

mg g-1 dry root 
Root C/N ratio 

 d.f. LRT P LRT P LRT P LRT P LRT P 

WARM 1 2.1 0.14 0.2 0.68 1.1 0.29 0.7 0.41 0.7 0.41 

NADD 1 0.1 0.71 7.0 0.01 29.7 <0.0001 0.3 0.60 39.4 <0.0001 

AGB REMOVAL 1 0.2 0.65 0.0 0.90 0.6 0.44 0.4 0.53 0.3 0.56 

WARM x NADD 1 0.8 0.37 0.0 0.83 2.3 0.13 0.6 0.42 5.1 0.02 

AGB REMOVAL x NADD 1 0.4 0.51 1.2 0.27 0.5 0.45 3.2 0.07 0.0 0.90 

WARM x AGB REMOVAL 1 1.0 0.31 3.4 0.06 0.8 0.36 0.8 0.37 0.4 0.53 

WARM x NADD x AGB REMOVAL 1 0.1 0.76 0.9 0.33 1.4 0.22 0.5 0.49 1.2 0.28 
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2.4.6 Soil chemical properties 

Total soil C content did not change under any of the treatments during over two years 

(P>0.05, Table 2.6). Total soil N and mineral-N were increased by N addition in both 

years (P<0.05, Table 2.6). In the second year, warming decreased soil mineral-N 

however, this effect was mitigated with N addition. AGB removal increased soil 

mineral-N (P<0.05, Table 2.6). Mineralisation and nitrification rates also increased 

after N addition in the first year but had no effect in the second year when warming had 

a positive effect increasing in both years (P<0.05, Table 2.6).
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Table 2.6 The effects of warming (WARM), AGB REMOVAL and nitrogen addition (NADD) on soil chemical properties over 2015 and 2016. Significance tests 

using likelihood ratio test (LRT) comparing models with or without parameter of interest where degree of freedom (d.f.) shows the difference in degrees of 

freedom between the models. Significant effect (P < 0.05) are shown in bold. 

2015  
Soil N 
g kg-1 

Soil C 
g kg-1 

Soil mineral-N 
mg kg-1 

Net Mineralisation 

rate 
g kg-1 d-1 

Net Nitrification 

rate 
g kg-1 d-1 

 d.f. LRT P LRT P LRT P LRT P LRT P 

WARM 1 0.3 0.57 0.3 0.61 0.0 0.96 0.5 0.46 0.3 0.58 

NADD 1 5.2 0.02 1.3 0.26 56.3 <0.0001 5.1 0.02 4.3 0.04 

AGB REMOVAL 1 1.8 0.17 1.4 0.24 1.7 0.19 0.0 0.84 0.1 0.79 

WARM x NADD 1 0.0 0.94 0.2 0.64 0.0 0.88 0.1 0.70 0.0 0.98 

AGB REMOVAL x NADD 1 1.1 0.28 0.1 0.79 0.3 0.58 0.0 0.87 0.0 0.97 

WARM x AGB REMOVAL 1 1.3 0.25 0.2 0.67 2.0 0.15 2.6 0.11 3.0 0.08 

WARM x NADD x AGB REMOVAL 1 0.4 0.48 0.7 0.39 0.04 0.8 0.1 0.72 0.3 0.61 

2016  
Soil N 
g kg-1 

Soil C 
g kg-1 

Soil mineral-N 
mg kg-1 

Net Mineralisation 

rate 
g kg-1 d-1 

Net Nitrification 

rate 
g kg-1 d-1 

 d.f. LRT P LRT P LRT p LRT P LRT P 

WARM 1 0.0 0.98 0.0 0.82 4.6 0.03 4.6 0.03 9.1 0.00 

NADD 1 9.5 0.002 1.0 0.82 69.2 <0.0001 0.2 0.62 0.1 0.75 

AGB REMOVAL 1 0.8 0.36 0.4 0.54 5.0 0.03 0.4 0.54 0.7 0.41 

WARM x NADD 1 1.0 0.31 0.2 0.64 8.1 0.00 2.3 0.13 0.6 0.44 

AGB REMOVAL x NADD 1 3.4 0.06 0.0 0.87 1.5 0.22 0.7 0.40 0.2 0.63 

WARM x AGB REMOVAL 1 0.3 0.54 0.2 0.66 1.4 0.24 0.2 0.62 0.4 0.53 

WARM x NADD x AGB REMOVAL 1 0.6 0.41 0.8 0.38 0.02 0.8 0.4 0.53 1.5 0.22 
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2.4.7 Relationship between plant leaf and root traits, and GHG emissions 

Using multiple regression, where all variables were treated independently of the 

treatment, a model was selected for each of the GHGs using the minimised AIC (Table 

2.7). The best model describing ecosystem respiration contained seven variables (AGB, 

LDMC, root diameter, root N content, air temperature, soil temperature and soil 

moisture) explaining 77% of the variation found in CO2 emissions. Using variance 

partitioning, significant variables were divided into three groups (Above-ground: AGB, 

LDMC; Below-ground: root diameter, root N content; Environmental: air temperature, 

soil temperature and soil moisture) with 62% of the variation being be explained by 

above-ground variables, 4.5% by below-ground variables and 3.8% by environmental 

variables (Fig. 2.9). 

The best model for describing N2O fluxes contained four variables (soil mineral-N, 

SRL, soil moisture and N mineralisation rate) and explained 49% of the variation (Table 

2.7). Dividing variables into three groups (Soil: soil mineral-N, mineralisation rate; 

Below-ground: SRL; Environmental: soil moisture) 22% of variation in fluxes can be 

explained by soil variables, 4.8% by SRL and 5.3% by soil moisture, with 50% 

remaining unexplained by variables measured in this study (Fig. 2.10). 

The best model describing CH4 fluxes contained six variables (AGB, SRL, soil mineral, 

RDMC, air temperature and soil moisture) explaining 24% of the variation found in the 

CH4 fluxes (Table 2.7). Using variation partition and dividing variables into four groups 

(Soil: soil mineral; Below-ground variables: SRL, RDMC; Environmental: soil 

moisture, air temperature; Above-ground: AGB), 15% can be explained by 

environmental variables, 5.5% by below-ground variables, 3.6% by above-ground and 

3.1% by soil mineral-N, with 76% of variation remaining unexplained (Fig. 2.11).
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Table 2.7 P-values obtained from multiple linear regressions constructed with significant 

predictors for CO2, N2O and CH4 emissions. AGB=above-ground biomass; BGB=below-

ground biomass; LDMC=leaf dry matter content; LNC=leaf N content; LCC=leaf carbon 

content; SRL=specific root length; RDMC=root dry matter content; RNC=root nitrogen 

content; RCC=root carbon content. 

Predictor Variables CO2 N2O CH4 

AGB 8.09e-14 ― 0.038 

BGB ― ― ― 

LDMC 0.026 ― ― 

LNC ― ― ― 

LCC ― ― ― 

Root diameter 0.162 ― ― 

SRL ― 0.006 0.027 

RDMC ― ― 0.016 

RNC 0.001 ― ― 

RCC ― ― ― 

Soil N ― ― ― 

Soil C/N ― ― ― 

Soil mineral-N ― 7.28e-06 0.050 

Net Mineralisation rate ― 0.001 ― 

Net Nitrification rate ― ― ― 

Air temperature 0.011 ― 0.0002 

Soil temperature 0.065 ― ― 

Soil moisture 0.024 0.004 0.0003 

    

Model significance P < 2.2e-16 P=3.099e-11 P=0.0002033 

 Adj R2 = 0.7758 Adj R2 = 0.4947 Adj R2 = 0.2401 

 AIC = 786.606 AIC = 1135.95 AIC = 647.141 
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Figure 2.9 Multiple model approach to predict CO2 fluxes based on plant, root, soil, climate 

variables.  X1 represents above-ground variables (AGB and LDMC); X2 represents below-

ground variables (root N content) and X3 represents environmental variables (air and soil 

temperature and soil moisture). Residuals are variables not measured in this study.
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Figure 2.10 Multiple model approach to predict N2O fluxes based on plant, root, soil, climate 

variables.  X1 represents soil variables (soil mineral-N and net mineralisation rate); X2 

represents below-ground variable (SRL) and X3 represents environmental variable (soil 

moisture). Residuals are variables not measured in this study.

X1 X2

X3

0.220 0.048

0.053

   

0.0790.089

0.027

Residuals = 0.505

Values <0 not shown
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Figure 2.11 Multiple model approach to predict CH4 fluxes based on plant, root, soil, climate 

variables.  X1 represents soil variables (soil mineral-N); X2 represents below-ground variable 

(SRL and RDMC), X3 represents environmental variable (soil moisture and air temperature) 

and X4 represents above-ground variable (AGB). Residuals are variables not measured in this 

study.
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2.5 Discussion 

The aim of this study was to investigate how climate warming, N addition and AGB 

removal interact to affect plant-soil properties with feedback consequences for 

ecosystem GHG emissions. Above-ground biomass, root traits (such as root N content 

and SRL), soil mineral-N and air and soil temperature were identified as key drivers of 

changes in GHG emissions from a grassland soil. Despite the fact that single factors 

showed greater effects, driver’s interactions are crucial and important to predict for 

future climate world and should be addressed in studies. 

Warming increased ecosystem respiration in both study years, although the effect on 

productivity was only evidenced in the first year. Many factors may be responsible for 

this, such as soil mineral-N and soil moisture. N2O and CH4 emissions were also 

increased by warming, however only after one year of the experiment. Nitrogen 

addition as expected raised N2O emissions, and ecosystem respiration in both years. 

Methane was only influenced in the first year. AGB removal as expected decreased 

ecosystem respiration in both years, while N2O and CH4 emissions were only 

influenced after one year of the experiment. 

2.5.1 Warming effect 

The warming treatment increased air and soil temperature in this study by 2 °C and 0.5 

°C, respectively - similar to changes predicted for global air temperature over the next 

decade (IPCC, 2013). Increasing temperature with open-top chambers may lead to 

stronger effects due to lower precipitation and extreme temperature spikes (Aronson 

and McNulty, 2009). Nevertheless, the results found line up well with findings from 

the literature. As in other studies (Graham et al., 2014, Rustad et al., 2001), climate 

warming promoted an increase in soil respiration rates of 8% in both years of the 

experiment. However, increases in above-ground biomass due to increases in 

ecosystem respiration was only observed in the first year (Fig. 2.6). Warming-induced 

increases in plant productivity may be directly promoted by higher photosynthesis rates 

or indirectly affected by increases in nutrient availability (Rustad et al., 2001) or higher 

soil moisture (Xue et al., 2015). In year 2, soil mineral available N was 50% lower than 

in year one and soil moisture was 68% lower (in May, after N addition) which may 
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have been a limiting factor in plant growth (3.8% of CO2 fluxes variations could be 

explained by environmental factors, Fig. 2.9). 

Warming alone raised N2O emissions only in the second year, implying that N2O 

production from soil is a range of complex processes and may be affected by many 

factors varying between years (Zhou et al., 2016). Increases in temperature besides 

increasing N2O emissions may promote an increase in nutrient supply by mineral-N 

(Jones et al., 2007, Skiba and Smith, 2000) due to stimulation of nitrifiers and 

denitrifiers (Tian et al., 2015). 

Warming was expected to increase CH4 uptake (Blankinship et al., 2010, Dijkstra et al., 

2013b, Zhu et al., 2015) primarily due to a reduction in soil moisture proving more 

aerobic conditions to promote CH4 oxidation (Jones et al., 2005b, Livesley et al., 2009) 

and higher CH4 diffusivity (Dijkstra et al., 2012). Conversely, in this study, there was 

no warming effect in the first year, while a reduction of CH4 uptake was observed in 

the second year. Studies suggested that other factors than soil moisture alone may also 

affect CH4 emissions including soil texture, soil nutrients, physical diffusion, microbial 

activity, and the duration of N addition (Carter et al., 2011, Dijkstra et al., 2013b). For 

instance, increased temperature may cause lower methanotrophic activity, decreasing 

CH4 uptake from the soil (Blankinship et al., 2010), which is also showed to decrease 

the abundance of Type II methanotrophic bacteria in grasslands (Horz et al., 2005). 

Dijkstra et al. (2012) in a summarised study from field experiments propose that 

grassland methane emissions are dependent on combined effects of soil temperature 

and moisture (15% of CH4 variation is explained by these two variables, Fig. 2.11). 

Furthermore, a warming effect reduced below-ground biomass (in the second year) 

probably as part of ecosystem acclimation, which may have reduced soil CH4 uptake. 

The below-ground effect can also be related to root traits as SRL and RDMC which 

accounted for 5.5% of methane emission variation observed in our study, which may 

be related to changes of root exudation of organic C compounds. 

2.5.2 Nitrogen addition effect 

In this grassland ecosystem experiment, a positive effect of nitrogen-only addition was 

observed with increasing respiration rates and enhanced primary productivity in both 

years (Fig. 2.3; 2.6). Numerous other studies have demonstrated that N addition 
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stimulates plant growth (Högberg et al., 2006) and plant productivity (Kidd et al., 2017) 

thus enhancing C inputs to the soil and promoting increased respiration rates (Davidson 

et al., 2004). The multiple regression also confirmed that plant biomass and LDMC 

explained most of the ecosystem respiration variations in this study (Fig. 2.9). 

Nitrogen addition also promoted a step increase in N2O emissions in both years, with 

2015 being 60% higher than emissions in 2016. The same nitrogen rate was applied in 

both years, suggesting an ecosystem controlling effect. During the growing season, 

WFPS in 2015 was higher than 60% while in 2016 it achieved values between 35-40%. 

N2O emissions are highly dependent on soil moisture and oxygen availability in the soil 

(Ussiri and Lal, 2012), suggesting that the main process of N2O formation 

(denitrification) was limited in 2016 interrupting mineralisation and nitrification rates 

(Table 2.6). The greater effect of N addition in the first year could also be due to lack 

of N application (over 30 years) in the permanent grassland experimental area. Soil 

mineral-N and soil moisture accounted for 5.3% and 22% of the variation in N2O 

emissions after our multiple regression approaches (Fig. 2.10). 

Nitrogen addition may also have an influence on CH4 uptake. Studies suggest that 

nitrogen addition suppresses CH4 uptake (Jiang et al., 2010, Zhang et al., 2017), 

however in this study, during the first year, N increased methane oxidation (Fig. 2.5). 

During the first year, nitrogen increased NO3
- concentrations (data not shown) in the 

soil, which could have contributed to an increase of soil CH4 uptake as suggested by 

Jang et al. (2011). Most of the variations in CH4 fluxes (76%, Fig. 2.11) might be 

attributed to microbial communities with their activities driving most of methane 

changes. It is well known that methane dynamics occur due to bacterial methanotrophs 

and archaeal methanogens, however, unexpected community associations not yet 

explored might account for greater variations as well (Le Mer and Roger, 2001). 

2.5.3 AGB removal effect 

AGB removal treatment reduced the above-ground biomass by 21% and 31% in both 

years, and the ecosystem respiration, therefore significantly reducing C inputs to the 

soil, limiting substrate availability to microbes (Wan and Luo, 2003). As in other studies 

(Rafique et al., 2012, Rafique et al., 2011a, Zhu et al., 2015), cutting or grazing-induced 

increased N2O emissions in the second year mainly due to changes in N cycling 
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(Bardgett et al., 1998), accelerating N mineralisation and soil mineral-N (Hamilton and 

Frank, 2001), consequently augment N2O emissions from soil. 

As suggested by others (Liu et al., 2007, Saggar et al., 2007b), AGB removal treatment 

decreased CH4 uptake in the second year which is probably related to the increase in 

soil mineral-N after cutting, with studies suggesting that raised NH4
+-N and NO3

--N 

concentrations can inhibit soil CH4 oxidation (Kahkonen et al., 2002, Steinkamp et al., 

2001). Ambus and Robertson (2006) suggest a substrate competition theory when 

methanotrophs compete for NH4
+ and CH4 as a substrate. The negative correlation 

between soil mineral-N and CH4 can be observed in the multiple model approach, which 

showed that about 3% of the CH4 variation could be explained by soil mineral-N (Fig. 

2.11). 

Accordingly, with our hypothesis, grassland management (N addition and AGB 

removal) interacted with climate warming; altering soil and plant properties thus 

regulate C and N cycling and GHG emissions. Below, we will discuss the effect of each 

interactive factor of grassland management and climate warming. 

2.5.4 Interactive effect between N addition and warming 

Many studies demonstrate the effects of warming and N addition in diverse ecosystems, 

however, interactive effects in grasslands are rarely investigated (Graham et al., 2014, 

Zhu et al., 2015). In partial agreement with our hypothesis, during the first year of the 

study nitrogen interacted synergistically with warming increasing ecosystem 

respiration and antagonistically reducing N2O emissions from soil. No effects on plant 

productivity were observed. 

Warming in a non N-limiting ecosystem was expected to promote greater N2O 

emissions due to the acceleration of microbial activity and nutrient cycling (Hoyle and 

Murphy, 2011) leading to an increase of N mineral transformation in the soil. However, 

the results showed that warming reduced the effect of N addition, reducing N2O 

emissions (Fig. 2.4). This might be related to a reduction of soil water content due to 

increased temperature (Table 2.1), limiting denitrification processes that favour 

anaerobic conditions (Ussiri and Lal, 2012). Denitrification is generally considered as 

the major process driving N2O emissions from soils (Saggar et al., 2013, Saggar et al., 
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2009); however, in this study, the conditions of WFPS lower than 60% may favour 

nitrification more often than denitrification. Limited denitrification may also be related 

to lower net nitrification rates in the interaction between warming and N addition, which 

limited N2O releases from the soil. Besides denitrification, nitrogen not released may 

be processed in two ways: i) allocated in the plant leaf and roots, which showed an 

increased N uptake in warmer conditions (Fig. 2.7, 2.8, Bai et al. (2013)), or ii) 

increased N uptake by microbes (data not measured). Warming may lead to an increased 

competition for N, which was limiting in the ecosystem, between plants and microbes 

(Hodge et al., 2000, Kaye and Hart, 1997), although soil microbes are highly limited 

by C sources (Bai et al., 2013). Grassland is known to be less affected by warming due 

to its indirect effect on soil moisture, offsetting temperature effect (Bai et al., 2013). 

These mechanisms together or separately may be the key factors occurring with a 

reduction in N2O emission after N addition in warmer conditions. This could be a 

climate change positive feedback; nitrogen might be less likely to be released as N2O. 

In agreement with our hypothesis, a synergistic interaction between warming and N 

addition enhanced ecosystem respiration but no effects were observed on above-ground 

biomass. In contrast, Gill (2014) did not find an effect on respiration rates after three 

years of warming and N addition although plant productivity above-ground was 

increased in a subalpine meadow. The authors suggest that three years was not a 

sufficient time to change the soil organic matter pools under temperate conditions. In 

this study, it is possible that N addition increased N uptake by roots (Table 2.5), which 

requires greater maintenance respiration, since up to half of the root respiration is 

associated with protein turnover (Scheurwater et al., 2000), enhancing ecosystem 

respiration and showing no effects on plant productivity. This effect was only observed 

in the first year, perhaps because soil moisture was reduced in association with N 

addition in the second year, possibly limiting N diffusion and cycling in the soil. 

2.5.5 Interactive effect between N addition and AGB removal 

The interactive effect of N addition and AGB removal partially confirmed our 

hypothesis as ecosystem respiration was antagonistically diminished in the second year, 

however, N2O emissions were synergistically raised in the first year, with a 

consequence for root/shoot ratio which was increased. Zhu et al. (2015) studying the 

effect of cutting, N-fertilisation and warming in an alpine meadow also found an 
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increase N2O emissions in N-fertilised plots interacted to cutting, but it was varied with 

year. Besides, Wang et al. (2015) observed that mowing and N addition affected 

ammonification and net N mineralisation rates, which could have an effect on N 

releases to the atmosphere. 

After two years of the experimental treatments, AGB removal reduced the effect of 

nitrogen on ecosystem respiration (Fig. 2.3) mainly due to the removal of the canopy 

(Fig. 2.9) which could have increased soil moisture (Table 2.1) (excluding oxygen in 

the system), promoting a decrease of ecosystem respiration. It is possible that cutting 

limited N effect on soil microbial communities by reducing labile C sources and root 

exudation, and reducing microbial activities (Wang et al., 2015). The importance of 

root N on CO2 variations over the experimental period accounts for 4.5% according to 

the multiple regression analyses (Fig. 2.9). 

Contrasting from our previous hypotheses, AGB removal interactively increased the 

effect of N addition during the first year, enhancing N2O emissions from the soil. 

Hamilton and Frank (2001) and Yoshitake et al. (2015) suggested that grazing triggers 

plant growth increasing organic matter input to the soil by plant exudation thereby 

stimulating microbial mineralisation of soil organic matter and liberating mineral-N, 

leading to greater N2O emissions. Cutting stimulates the increase of N in the plant leaf 

due to rapid use of N to restructure the plant. However, in the presence of N, plant 

removal decreases plant leaf and root N content (Fig. 2.7; 2.8) promoting a release of 

N by microbial N2O production. 

Specific root length explained 22% of the variation of N2O emissions. This suggests 

that this metric could be used in the future to predict N2O emissions in grasslands. As 

SRL usually characterise the economic aspects of the root systems, it is linked to root-

nutrient uptake efficiency (Eissenstat, 1992, Eissenstat et al., 2000). Ostonen et al. 

(2007) and Du et al. (2013) implies that fertiliser application increases nutrient 

availability and then reduces explorative root growth, decreasing SRL. In this study, 

higher N2O emissions showed higher SRL, suggesting that the system had lower 

nutrient availability due to its release to the atmosphere as N2O. Almost half of the 

variation was unaccounted for by our study variables. Some of this unexplained 

variation might be related to changes in microbial communities of nitrifiers and/or 

denitrifiers and/or nitrifier denitrifies (Kool et al., 2011, Selbie et al., 2015). 
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2.5.6 Interactive effect between AGB removal and warming 

Contrary to our hypothesis and agreeing with Zhu et al. (2015), there was no interactive 

effect of AGB removal and warming on GHG emissions overall (Table 2.2), showing 

that changes in plant (leaf and root) traits and soil chemical properties over the 

experiment did not influence ecosystem GHG emissions. Differences in plant traits 

were greater during the first year of the experiment, and can be due to differences in 

rainfall over the two years (89 mm more in 2015 after N addition), increasing water 

content in the soil influencing plant-soil properties and C and N cycling (water 

influence microbial activities and soil properties). 

The interactive effect of cutting and warming on GHG emissions will be determined by 

the balance of i) the rate of above-ground biomass removal and labile C to the soil 

which will affect ecosystem respiration – soil and microbial respiration (Cao et al., 

2004, Raiesi and Asadi, 2006) and N2O emissions (Dijkstra et al., 2012), and ii) the 

proportion of increases in soil temperature by cutting (Luo et al. (2010), Dijkstra et al. 

(2012), Table 2.1). 

In terms of plant-soil properties, AGB removal could led to an increase of N available 

in the soil (Hamilton and Frank, 2001), while warming led to an increase of the N 

mineralisation (Rustad et al., 2001) leading to a reduction of N availability in the 

ecosystem (evidenced by the reduction of plant leaf C/N ratio, Fig. 2.7). It also could 

have affected the root system, increasing SRL (Fig. 2.8) which is known to be increased 

in N limiting ecosystem, by which roots invest in their structure to acquire N in the soil 

(Ostonen et al., 2007). 

2.6 Conclusions 

This study demonstrates that plant productivity and plant-soil properties are strong 

determinants of GHG feedback emissions. It further concluded that there was an 

interaction effect between N addition, AGB removal and warming on CO2, N2O and 

CH4 fluxes although the interactive effect varied among years and background climate 

condition. Warming interacted with N addition to produce temporal variations in N2O 

emissions between years, mainly due to differences in microclimate and increases in N 

competition. Ecosystem respiration also responded to warming and N interaction 

enhancing emissions without responses on above-ground biomass. AGB removal 
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interacted synergistically with N additions, increasing N2O emissions, and 

antagonistically reducing ecosystem respiration in the second year. Warming may have 

resulted in ecosystem adaptation by decreasing below-ground biomass and reducing 

CH4 uptake with no effects on above-ground biomass after two years. Plant and root 

traits offer an alternative means to predict GHG fluxes, mainly N2O and CH4 fluxes; 

however, other studies may be required to access the potential to use traits to estimate 

ecosystem functional changes. Overall findings show that interactive effects of climate 

warming and management practices are significant for nutrient cycling in grasslands. 

Together this means that there is potential to mitigate warming effects with 

management approaches that improve C sequestration by reducing GHG emissions. 
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3 Effects of climate and management on grassland soil respiration 

partitioning 
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J. Ostle 1 
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3.1 Abstract 

Grasslands are important ecosystems for the provision of food, fuel and fibre. They 

represent globally important carbon (C) reservoirs that are under pressure from 

intensive management and ongoing climate change. How these drivers of change will 

interact to affect grassland soil C and nitrogen (N) cycling and resultant greenhouse gas 

(GHG) emissions remain uncertain. The presence of root and/or mycelia in grassland 

soil is a critical regulator of ecosystem functioning and likely to be an influential 

determinant of GHG responses to global change. The aim of this study was to 

investigate the interactive effect of climate warming and grassland management on soil 

respiration originating from roots rhizosphere, mycelia and free-living microbes. 

Additionally, we aimed to evaluate the effect of root and/or mycelium on soil C and N 

cycling and resultant on nitrous oxide (N2O) and methane (CH4) fluxes. An in-growth 

core method was used to partition below-ground respiration. The experiment was 

conducted in a fully-randomised design to evaluate the interactive effect of warming, 

N addition, above-ground biomass (AGB) removal and below-ground biotic 

compartments on GHG emissions and C and N pools in a grassland ecosystem. Results 

showed that respiration from basal (free-living microorganisms) respiration was highest 

followed by that from mycelia and roots across all treatments. Warming reduced 

microbial respiration whilst AGB removal increased it, and CH4 uptake was reduced 

by warming overall. N2O emissions was only affected by N addition, which increased 

it. Interactive treatments showed an antagonistic interaction between warming and N 

reducing root respiration, and a three-way interaction between warming, N addition and 

AGB removal affecting mycelial respiration. The results of this study emphasise the 

importance of understanding the mechanistic processes where C and N cycling differed 
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between below-ground components, and how interactions between climate change and 

grassland management may strengthen or not the effect on soil below-ground 

respiration. 

Keywords: grassland ecosystem, autotrophic and heterotrophic respiration, GHG 

emissions, N addition, cutting, warming, interactive effects. 

3.2 Introduction 

Soil contains 4.5 times as much carbon (C) as biotic pools (Lal, 2004, Schlesinger and 

Andrews, 2000) with biology being influential for this stock (Davidson et al., 2002, 

Giardina et al., 2003). Specifically, roots and fungal mycorrhizae are important 

regulators of nutrient cycling and the availability of nitrogen (N) and other elements 

essential for plant productivity (Johnson et al., 2006, Rillig, 2004). In grasslands, 

different soil components including plant roots, mycorrhizal associations and soil 

microbes may also affect nutrient cycling with feedback to greenhouse gas (GHG) 

emissions (Dijkstra et al., 2013a, Paterson, 2003, van Groenigen et al., 2015) and C 

storage below-ground (Büscher et al., 2012, Johnson et al., 2006). However, studies on 

the contribution of specific below-ground biotic components to grassland soil 

respiration and C and N cycling, in particular, the contribution of mycorrhizae fungi is 

limited (Heinemeyer et al., 2012, Johnson et al., 2002a) and rarely consider the effects 

of interactions between climate change and management. Studies have considered only 

one driver of change (e.g. temperature/moisture; Heinemeyer et al. (2007), liming; 

Johnson et al. (2002a)) which does not translate the real world scenario. 

In general, intensively managed grasslands, such as by N fertilisation and 

mowing/grazing can alter temperate grassland ecosystems by altering e.g. plant 

productivity and nutrient cycling (Giese et al., 2013, McSherry and Ritchie, 2013). 

These effects might affect directly the below-ground C and N storage, by changing 

below-ground biomass and net primary productivity (Bai et al., 2015, Gao et al., 2011, 

Gao et al., 2008b). Climate warming might further emphasise these effects, with 

consequences, in particular, for C and N cycling and different GHG emissions from the 

below-ground component. In view of this, it is crucial to understand how these below-

ground compartment will be affected by interaction between management and climate 

change for the grassland sustainability. 
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Heterotrophic respiration results from soil organic matter decomposition by microbes 

while autotrophic respiration is related to the respiratory activity of roots and associated 

microbes. The former primarily controls soil C storage and nutrient dynamics whereas 

the latter reflects plant activity and the supply of organic compounds to roots from the 

plant canopy (Hanson et al., 2000). Soil respiration is derived from roots, fungal 

mycelium (mostly found as arbuscular mycorrhizal (AMF) fungi in grasslands, Johnson 

et al. (1992)) and free-living microorganisms. There is a large uncertainty associated 

with the amount of respiration originating from each of these sources due to variations 

in ecosystem properties and the interactive effects of climate change and 

management/land use (Jones et al., 2009, Nguyen, 2003). There are some studies which 

evaluate the partitioned soil below-ground respiration into roots, mycorrhizae and 

microbes (e.g. in forest: Heinemeyer et al. (2007) , in barley field; Moyano et al. 

(2007)), but there are only a few to date in grasslands ecosystems due to difficulty in 

separating root from mycorrhiza hyphal respiration. Heinemeyer et al. (2012) in a 

grassland study found that mycelium respiration contributed to 27% of soil respiration, 

while root respiration contributed to 11% however, they varied considerable across the 

experimental period. Considering mycorrhizae and root together, Graham et al. (2014) 

and Zhang et al. (2014a) both found that heterotrophic respiration formed the largest 

contribution to grassland overall soil respiration and this was due to microbial 

communities being able to access both old (C resident in the soil for decades, Trumbore 

(2000)) and recent soil C (Dijkstra et al., 2013b). Yet the assessment of each below-

ground component (in particular mycorrhizae and roots) as distinct sources is required 

given that they may respond somewhat independently to environmental changes 

(Alberton et al., 2005). 

Whilst relatively under researched soil nitrous oxide (N2O) and methane (CH4) fluxes 

are also likely to be affected by the presence of roots and/or mycelium. Roots and/or 

mycelium may have an indirect effect on N2O fluxes through alteration of soil nutrient 

availability, affecting plant growth and nutrient acquisition (Bender et al., 2015, 

Cavagnaro et al., 2012), and CH4 uptake by changes soil conditions and microclimate 

(Hodge et al., 2010, Rillig and Mummey, 2006). Thus, it is important to evaluate the 

key role of each soil below-ground compartment on the C and N cycling. 
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Increases in temperature, due to climate change, may affect both autotrophic and 

heterotrophic soil respiration, affecting, directly and indirectly, ecosystem respiration 

(Chen et al., 2016a, Graham et al., 2014, Peng et al., 2015). Directly, warming can 

affect mycorrhiza and its colonisation (Heinemeyer and Fitter, 2004), and indirectly the 

C allocation from the host plant (Heinemeyer et al., 2006, Rillig et al., 2002b). 

According to Smith and Read (2008), autotrophic respiration is highly dependent on 

substrate supply from photosynthesis; therefore, it will influence C inputs and cycling 

in the soil. Additionally, warming is expected to accelerate nutrient mineralisation, and 

fine root growth could decrease due to less C needing to be allocated to below-ground 

under increased N availability (Dieleman et al., 2012). Heterotrophic respiration, in 

turn, can be affected by warming due to an increase in microbial biomass (Lu et al., 

2013) and decomposition of stable organic matter (Hopkins et al., 2012). 

As part of intensified grassland management N-fertiliser addition, for increasing 

biomass productivity, can effect soil respiration and its component contributions, 

however studies show a great variability and a lack of consistent results (Tu et al., 2013, 

Zhang et al., 2014b, Zhou et al., 2014). The application of N-fertiliser may increase soil 

microbial biomass and activity (Allison et al., 2010) or decrease enzyme activity and 

soil organic matter decomposability (Treseder, 2008), resulting in corresponding 

changes in heterotrophic respiration. Likewise, N addition may stimulate autotrophic 

respiration due to increased plant growth and root biomass (Cleveland and Townsend, 

2006) or suppress it by reducing below-ground C allocation (Giardina et al., 2004, 

Kuzyakov, 2002, Wang et al., 2017b) resulting in changes in autotrophic respiration. 

Additionally, increases in cutting/grazing or harvesting for biomass has been shown to 

negatively affect soil respiration and its components (Bremer et al., 1998, Wei et al., 

2016) especially in the short term (Bahn et al., 2006). Autotrophic respiration might be 

less affected due to existing carbohydrate reserves which sustain root metabolism whilst 

heterotrophic respiration strongly responded negatively to short-term changes in 

assimilate supply (Bahn et al., 2006). Grazing is also suggested to affect mycorrhizae 

fungi due to C limitation (Heyde et al., 2017, Sonnemann et al., 2016) by the reduction 

of above-ground biomass (AGB). 

Although studies of the effects of single drivers (abiotic or biotic) on soil functions are 

valuable, ecological drivers occur simultaneously in the real world interacting in ways 
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that may be difficult to predict and rarely tested experimentally. For example, studies 

have shown that interactions between warming and N showed no effect on the 

partitioned respiration in a grassland ecosystem (Graham et al., 2014) whereas changes 

in nitrification processes were recorded in a forest ecosystem (Liu et al., 2011b). In 

other grassland experiments warming interacted with AGB removal did not result in 

significant changes in partitioned soil respiration (Zhou et al., 2007), whereas Zong et 

al. (2017) discovered that N and cutting increased below-ground biomass but did not 

affect the partitioning of soil respiration. 

A range of methods have been used to partition soil respiration, and these include the 

use of stable isotopes, trenching to remove roots, and in-growth cores (Hanson et al., 

2000, Johnson et al., 2001, Trumbore et al., 2006). There is still no generally accepted 

method as all have caveats leading to over and underestimations of soil respiration 

(Neil, 1992). In-growth mesh-cores are often used because of their simplicity of design 

(Chen et al., 2016b, Milchunas, 2009), allowing the free movement of water, bacteria 

and nutrients through the mesh (Moyano et al., 2007). These cores also have the 

advantage of enabling the separation of soil respiration from the root and mycorrhiza 

fungi soil components (Heinemeyer et al., 2007, Johnson et al., 2001). 

Given that the ecosystem respiration on the ecosystem level (Chapter 2) was 

significantly altered by treatments, but the response on below-ground biomass was less 

clear, the aim of this study was to investigate the interactive effects of warming, N 

addition and AGB removal on the partitioned grassland soil respiration derived from 

roots, mycelia and free-living microbes in the field. Additionally, we evaluated the 

effect of roots and mycelia on soil C and N cycling and resultant N2O and CH4 fluxes. 

As mycorrhizal respiration is normally accounted together with root respiration, we 

hypothesised that in general, it represents a substantial component of below-ground 

respiration, which needs to be considered. Respiration from root and mycorrhizae might 

respond differently either to abiotic or biotic ecosystem changes. Additionally, i) 

warming or N addition will increase both autotrophic (root and mycelia) and 

heterotrophic respiration and productivity due to increase in root biomass, ii) while 

cutting will affect negatively heterotrophic respiration with no response on the 

autotrophic respiration, due to their influence on C storage below-ground. Whereas 

interactive effects may change the direction of the effects on soil respiration: a) 



 

86 

 

warming and N addition will interact synergistically, increasing both autotrophic and 

heterotrophic respiration and plant productivity, due to an increase in root biomass, b) 

a synergistic interaction between warming and AGB removal will increase both 

autotrophic and heterotrophic respiration mainly due to the effect of warming on the 

root biomass and the effect of C limitation for soil microbes; and c) N addition will 

synergistically interact to AGB removal, increasing both heterotrophic and autotrophic 

respiration, due to increase N availability in the soil. 

To test these hypotheses, a field study was conducted using in-growth cores nested 

within the individual and interactive warming, N addition and AGB removal treatments 

of the main experiment (described fully in Chapter 2). In each treatment, three soil in-

growth manipulation cores were inserted to either exclude roots and hyphae or allow 

ingress of roots and hyphae, and hyphae only. Soil respiration was thus partitioned 

between each below-ground component, and N2O and CH4 emissions were also 

measured. Soil properties and nutrient availability were evaluated to determine the 

effect on C and N cycling in a grassland ecosystem. 

3.3 Material and Methods 

3.3.1 Site Description 

The experimental site was located at Lancaster University, Lancaster, UK (54º 1’50’’N, 

2.7º 46’30’’W, 94.1 m a.s.l.) adjacent to Hazelrigg Weather Station. This site is a 61 ha 

area of permanent unfertilised grassland which is owned and managed by Lancaster 

University and has been intermittently grazed by sheep and used as a hay meadow. The 

site is under maritime temperate climatic conditions, and the mean annual air 

temperature was 13 °C between 1981-2010 with January being the coldest month 

(average of 7 °C) and July the warmest (average of 19 °C). The mean annual 

precipitation is 1049 mm. The soil is semi-permeable, seasonally wet, acidic, loamy 

and clayey according to the National Soil Resources Institute, UK soil classification 

survey (Farewell et al., 2011), and classified as Stagnosols according to FAO 

classification (FAO, WRB). Initial analyses of the properties of the upper 10 cm of the 

soil profile are total N content 0.3%, total C content 3.5% (inorganic C was negligible), 

C/N ratio of 12, pH of 5.3 and bulk density of 1.06 g cm-3. 
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3.3.2 Experimental in-growth core design 

The in-growth core experiment was nested within the main experiment (Chapter 2, 

Section 2.2.2) totalling eight treatment combinations with five replicates (one within 

each experimental block). The treatments were soil-only control, warming, N addition 

and AGB removal, and the interactions AGB removal + warming, N addition + 

warming, AGB removal + N addition and AGB removal + N addition + warming. In 

each main treatment, three soil in-growth manipulation cores were inserted to allow 

either ingress of roots and hyphae, hyphae only or no hyphal or root inputs. 

The soil in-growth cores were made based on the design of Johnson et al. (2001), which 

consists of plastic drainage pipe (6.8 cm diameter and 15 cm depth) with two slots (5 

and 10 cm) cut into the sides to adhere exclusion mesh for the given in-growth 

treatments. For excluding roots or mycelium, or both, nylon closed-bottom mesh bags 

(Plastok Associates Ltd, Birkenhead, Wirral, UK) were adhered to the pipe (Fig. A2.1, 

Appendix 2). The three types of in-growth cores (40 of each type) were filled with 

approximately 500 g of fresh (soil moisture approx. 49%), sieved (through 4 mm mesh) 

and root-free soil taken from within each main treatment (120 in-growth cores in total). 

Root/mycelia cores allowed root and mycelial in-growth using a 2 mm mesh; mycelia 

cores excluded roots but allowed mycelial in-growth (35 µm mesh) and no in-growth 

was achieved through using 1 µm mesh (Fig. A2.2, Appendix 2). One core of each mesh 

size was inserted in each plot to 15 cm depth in the soil and nylon top-covered mesh. 

The cores were installed in May 2015 and allowed to settle for one year before GHG 

measurements were made during May and June 2016. 

3.3.3 Soil respiration and GHG flux measurements 

Measurements of soil respiration, N2O and CH4 fluxes were made on each root in-

growth cores in May and June 2016. GHG sampling lids were made using drainage pipe 

(6.8 cm diameter and 9 cm depth, Screwfix, UK) fitted with a lid and septum for gas 

sampling (Fig. A2.3, Appendix 2). For each flux measurement, the lid was secured to 

the in-growth core and 5 mL gas samples (t_0) were taken immediately and then after 

30 minutes (t_30) using a 10 mL syringe. Gas samples were transferred to 3 mL pre-

evacuated exetainer vials (Labco, Lampeter, UK) for storage until analyses. Gas 

samples were analysed using a PerkinElmer Autosystem XL Gas Chromatograph (GC) 
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(PerkinElmer, Waltham, MA, USA) with a Flame Ionisation Detector (FID) fitted with 

a methaniser and Electron Capture Detector (ECD) operating at 130 °C. The GC was 

fitted with a stainless steel Porapak Q 50-80 mesh column (length 2 m, outer diameter 

3.17 mm) maintained at 60 °C. Three calibration gas standards (500 ppm, 1000 ppm, 

4000 ppm CO2) (Air Products, Waltham on Thames, UK) were run every 14 samples 

(Case et al., 2012). Gas fluxes were calculated by the difference in (t_0) and (t_30) gas 

concentrations corrected for air temperature and barometric pressure following the ideal 

gas law (Holland et al., 1999). Air and soil temperature were taken using a Tiny Tag 

temperature logger with integral stab probe (Gemini Data Loggers, UK) and soil 

moisture was taken using ML2x Theta Probe (Delta T Devices, UK) at each gas 

sampling date inside each main treatment (and outside the exclusion cores). Following 

N additions in May 2016, CO2, N2O and CH4 measurements were made between 3rd 

June and 23rd June, totalling 11 sampling occasions. 

3.3.4 Soil and root analyses 

Soil cores were removed from each plot for physical and chemical analyses at the end 

of the GHG measurement period on the 24th June 2016. Soil gravimetric moisture 

content was determined after drying 5 g of soil at 105 °C for 24 h. Soil bulk density and 

water-filled pore space (WFPS) was calculated. Ammonium (NH4
+) and nitrate (NO3

-) 

were extracted with 1M KCl in a 1:5 (soil weight: extractant volume) and analysed with 

a spectrophotometer (AutoAnalyser 3 Digital colorimeter BRAN + LUEBBE). Soil C 

and N were determined on dried (60 °C), finely ground soil samples, using an elemental 

analyser (TruSpec® CN, St. Joseph, MI) with furnace temperature at 950 °C. From the 

remaining soil, the below-ground biomass was determined after washing all root and 

dried at 60 °C. 

3.3.5 Calculations and statistical analyses 

Linear mixed effects models (LME) were used to test for treatment effects on soil 

properties and GHG emissions (i.e. to account for the overall effect of the main 

treatments and in-growth cores, n=11) to the responses to warming, N addition, AGB 

removal, and in-growth cores. Fixed effects were warming, N addition, AGB removal, 

and in-growth cores and their interactions. The random effect was split-plot nested 

within block to take account of the experimental split-plot design. For all LME models, 
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data were checked for normality and equal variances using residual plots method and 

log-transformed where necessary before statistical analysis. Weight functions were 

used to account for unequal variances following Zuur et al. (2011). The significance of 

the fixed effects was determined by comparing models with and without the factor of 

interest using a likelihood ratio test (LRT). Being the fixed term “partitioned below-

ground PBP” significantly different, Tukey post-hoc analyses were carried out and a 

significant effect was determined at P≤ 0.05. All statistical analyses and graphs made 

using R 3.4.3 (R Development Core Team, 2017) using the additional packages nlme 

(Pinheiro et al., 2017) and plyr (Wickham, 2011). 

To account for the effect of different below-ground components on ecosystem 

respiration rates, the absolute contribution of fine roots, mycelial and free-living soil 

microbes was calculated and partitioned according to Moyano et al. (2007): 

i.e. 

Total below-ground respiration flux = 2 mm mesh cores 

Root rhizosphere respiration = (2 mm – 35 µm) 

Mycelial respiration = (35 µm – control) 

Basal respiration = control (1 µm mesh core) 

Partitioned ecosystem respiration was analysed as described above. The output showed 

that below-ground components were different and statistical analyses were made for 

each below-ground component. LME were used for each partitioned ecosystem 

respiration and microclimate data response to warming, N addition and AGB removal. 

Fixed effects were warming, N addition, AGB removal, and their interactions. The 

random effect was split-plot nested within block to take account of the experimental 

split-plot design. For all LME models, data were checked for normality and equal 

variances using residual plots method and log-transformed where necessary before 

analysis. Weight functions were used to account for unequal variances following Zuur 

et al. (2011). The significance of the fixed effects was determined by comparing models 

with and without the factor of interest using a LRT. 
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3.4 Results 

3.4.1 Treatment microclimate 

During the experimental period, the absolute maximum air temperature observed was 

29 °C with a minimum of 8 °C, and an absolute maximum soil temperature of 23 °C 

and minimum of 1 °C. Microclimate measurements were taken at each main treatment 

plot to coincide with the 11 GHG sampling occasions in May and June 2016. From this 

period, results showed that mean air temperature was raised by 2.5 °C (LRT=168, 

P<0.0001, Table 3.1), and soil water content was reduced by 18% (LRT=47, P<0.0001, 

Table 3.1) in the warmed plots relative to the non-warmed plots (Fig. 3.1). Mean soil 

temperature was reduced by N-fertiliser application (LRT=7, P=0.01, Table 3.1), and 

increased by AGB removal (LRT=10, P=0.001, Table 3.1). Interactive effects showed 

that N affected soil moisture in the AGB removal plots in an antagonist interaction 

(LRT=10, P=0.001, Table 3.1), while warming, AGB removal and N addition decreased 

soil moisture (LRT=47, P<0.0001; LRT=6, P=0.01; LRT=20, P<0.0001, Table 3.1).
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Figure 3.1 Seasonal variation in the warmed and no-warmed plots. Mean air temperature (°C), 

and soil water content (m3 m-3), at 100 mm depth. Solid lines represent air temperature, while 

dashed lines represent soil water content.
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Table 3.1 Effects of warming (WARM), AGB REMOVAL and nitrogen addition (NADD) on the mean air and soil temperature, and soil moisture over May-June 

2016. Significance tests using likelihood ratio test (LRT) comparing models with or without parameter of interest where degree of freedom (d.f.) shows the 

difference in degrees of freedom between the models. Significant effects (P < 0.05) are shown in bold. 

  

Mean air 

temperature 
oC 

Mean soil 

temperature 
oC 

Soil moisture 

% 

 d.f. LRT P LRT P LRT P 

WARM 1 168.80 <0.0001 1.73 0.19 47.22 <0.0001 

AGB REMOVAL 1 0.22 0.64 10.14 0.001 6.10 0.01 

NADD 1 0.16 0.69 6.87 0.01 19.66 <0.0001 

WARM x AGB REMOVAL 1 0.77 0.38 2.75 0.10 0.75 0.38 

WARM x NADD 1 1.17 0.28 0.10 0.76 1.44 0.23 

AGB REMOVAL x NADD 1 0.74 0.39 0.57 0.45 10.10 0.001 

WARM x NADD x AGB REMOVAL 1 0.01 0.92 0.20 0.65 5.54 0.02 
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3.4.2 Soil physical and chemical properties 

Overall, N addition was the most important treatment affecting soil properties (Fig. 

3.2). The application of N-fertiliser decreased soil bulk density and WFPS (LRT=5, 

P=0.02; LRT=8, P=0.005, respectively, Table 3.2). Total soil C and N was affected by 

an antagonistic interaction between warming and AGB removal (LRT=4, P=0.05; 

LRT=4, P=0.03, Table 3.2). Overall, N increased both total soil C and N (LRT=9, 

P=0.002; LRT=13, P=0.0004, Table 3.2). 

Soil NH4
+-N and NO3

--N concentrations were affected by a synergistic interaction 

between warming and N addition (LRT=11, P=0.0006; LRT=43, P<0.0001, Table 3.2). 

The interactive effect of N and AGB removal decreased soil NH4
+-N (LRT=5, P=0.02). 

The application of N-fertiliser increased both NH4
+-N and NO3

--N (LRT=20, P<0.0001; 

LRT=82, P<0.0001, Table 3.2) and warming increased both NH4
+-N and NO3

--N 

concentrations (LRT=6, P=0.01; LRT=11, P=0.001, Table 3.2). 

The in-growth core approach was successful with minimal root biomass detected in the 

35 µm and 1 µm in-growth cores relative to the 2 mm mesh core (Table 3.3). In line 

with reduced root biomass, soil bulk density and WFPS were significantly higher in 2 

mm in-growth core followed by 35 and 1 µm mesh core (Table 3.3). Soil NO3
--N varied 

in relation to in-growth cores (LRT=10, P=0.002, Table 3.2) and was higher in the 35 

µm in-growth core, followed by 2 mm and 1 µm, with no significant difference between 

2 mm and 1 µm in-growth core (Table 3.3). As a nonsignificant root biomass was found 

in the 35 and 1 µm mesh cores, the interactive effects was only analysed in the 2 mm 

mesh core. Root biomass was decreased by 25% (LRT=5.3, P=0.02) and 14% 

(LRT=5.1, P=0.02) under N addition and warming treatment, respectively (Fig. 3.3).
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Figure 3.2 Interactive effect of warming, AGB removal, nitrogen addition and in-growth cores 

on bulk density, water-filled pore space (WFPS), soil C, soil N, soil NH4
+-N and NO3

--N. Data 

are means ± SE (n=5).
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Table 3.2 Effects of warming (WARM), AGB REMOVAL, nitrogen addition (NADD) and in-growth core (IG) on bulk density, water-filled pore space (WFPS), soil 

C, soil N, soil NH4
+-N and soil NO3

--N. Significance tests using likelihood ratio test (LRT) comparing models with or without parameter of interest where 

degree of freedom (d.f.) shows the difference in degrees of freedom between the models. Significant effects (P < 0.05) are shown in bold. 

  Bulk density WFPS Soil total C Soil total N Soil NH4
+-N Soil NO3

--N 

  g cm-3 % g kg-1 mg N kg-1 dry soil 

 d.f. LRT P LRT P LRT P LRT P LRT P LRT P 

WARM 1 2.56 0.11 3.34 0.07 0.84 0.36 0.89 0.34 6.06 0.01 11.07 0.001 

AGB REMOVAL 1 0.37 0.54 0.05 0.82 0.14 0.71 0.01 0.97 0.04 0.84 0.58 0.45 

NADD 1 5.34 0.02 7.70 0.005 9.44 0.002 12.71 0.0004 20.44 <0.0001 82.09 <0.0001 

IG 1 13.82 0.0002 106 <0.0001 0.00 0.96 0.28 0.59 0.36 0.54 9.64 0.002 

WARM x AGB REMOVAL 1 0.02 0.87 0.18 0.67 3.73 0.05 4.49 0.03 1.94 0.16 0.97 0.32 

WARM x IG 1 0.15 0.70 0.36 0.83 0.12 0.73 0.49 0.48 0.08 0.77 0.30 0.58 

WARM x NADD 1 0.21 0.64 0.07 0.79 2.21 0.14 2.22 0.14 11.81 0.0006 43.03 <0.0001 

NADD x IG 1 0.92 0.34 2.81 0.25 0.001 0.97 0.24 0.62 3.62 0.06 0.48 0.48 

AGB REMOVAL x IG 1 0.92 0.34 3.39 0.18 0.04 0.83 0.12 0.72 0.13 0.71 1.08 0.30 

AGB REMOVAL x NADD 1 0.30 0.58 1.64 0.20 0.99 0.32 0.99 0.32 5.28 0.02 0.39 0.53 

WARM x NADD x AGB REMOVAL 1 1.21 0.27 0.50 0.48 0.62 0.43 2.54 0.11 0.11 0.73 2.08 0.15 

WARM x NADD x IG 1 0.01 0.90 1.23 0.54 0.24 0.61 1.16 0.28 0.12 0.73 0.13 0.71 

WARM x IG x AGB REMOVAL 1 0.07 0.79 1.26 0.53 0.47 0.49 0.77 0.38 1.38 0.24 0.26 0.61 

IG x NADD x AGB REMOVAL 1 0.28 0.59 2.07 0.35 0.88 0.35 0.000 0.99 0.44 0.50 1.35 0.25 

WARM x NADD x AGB REMOVAL x IG 1 0.84 0.36 2.52 0.28 0.07 0.79 0.08 0.77 3.96 0.05 3.03 0.08 



 

96 

 

Table 3.3 Bulk density, water-filled pore space, root biomass and soil NO3
--N for in-growth 

cores measured at the end of the experiment.

In-growth cores 
Bulk Density 

g cm-3 

Water-filled 

pore space 

% 

Root biomass 

g m-2 

Soil NO3
--N 

mg kg-1 

2 mm 0.81 ± 0.015a 53.33 ± 0.85a 21.04 ± 1.63a 9.08 ± 3.06b 

35 µm 0.68 ± 0.014b 39.89 ± 0.77b 0.71 ± 0.15b 9.76 ± 2.27b 

1 µm 0.71 ± 0.016b 41.46 ± 0.77b 0.81 ± 0.21b 12.05 ± 3.26a 

Significant differences between treatments based on Tukey test of significance are indicated by different 

lowercase letters (P < 0.05). Data are means ± SE (n=5). 

 

 

Figure 3.3 Interactive effect of warming, AGB removal and nitrogen addition on root biomass. 

Bars indicate mean ± SE (n=5). The significance of effects indicated by ** = P<0.05.
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3.4.3 GHG emissions from the in-growth cores  

Soil respiration fluxes across all treatments and in-growth cores varied over time from 

37 to 174 mg CO2-C m-2 h-1. Soil respiration was affected by a synergistic interaction 

between warming and AGB removal (LRT=5, P=0.03, Table 3.4), and N addition 

increased ecosystem respiration (LRT=7, P=0.01, Table 3.4). Soil respiration showed 

significant differences between in-growth cores (LRT=16, P=0.0001, Table 3.4), with 

2 mm in-growth cores had exhibiting highest CO2 fluxes followed by 35 µm and then 

by the 1 µm in-growth cores (Fig. 3.4). 

N2O fluxes across all treatments and in-growth cores varied over time from 34 to -0.9 

µg N2O-N m-2 h-1. Application of N-fertiliser induced an increase of N2O emissions 

overall (LRT=49, P<0.0001, Table 3.4), and there was no significant difference 

between in-growth cores (LRT=0.27, P=0.60, Table 3.4, Fig. 3.4). Emissions of CH4 

across all treatments and in-growth cores varied across sampling occasions from -51 to 

3 µg CH4-C m-2 h-1. Warming had an effect by reducing CH4 uptake by the soil in all 

in-growth cores (LRT=5, P=0.03, Table 3.4). Emissions of CH4 showed a significant 

difference between mesh sizes (LRT=5, P=0.03, Table 3.4), and 2 mm and 35 µm in-

growth cores were not different but higher than 1 µm in-growth core (Fig. 3.4).
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Figure 3.4 Interactive effect of warming, AGB removal, nitrogen addition and in-growth cores 

(2 mm, 35 µm and 1 µm mesh) on soil respiration (mg CO2-C m-2 h-1), nitrous oxide emissions 

(µg N2O-N m-2 h-1) and methane emissions (µg CH4-C m-2 h-1). Data are mean for all sampling 

dates ± SE (n=11).
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Table 3.4 Effects of warming (WARM), AGB REMOVAL, nitrogen addition (NADD), in-growth cores (IG) and all interactions on mean CO2, N2O and CH4 emission. 

Significance tests using likelihood ratio test (LRT) comparing models with or without parameter of interest where degree of freedom (d.f.) shows the difference 

in degrees of freedom between the models. Significant effects (P < 0.05) are shown in bold. 

 
 

CO2 emissions 

mg CO2-C m-2 h-1 

N2O emissions 

µg N2O-N m-2 h-1 

CH4 emissions 

µg CH4-C m-2 h-1 

d.f. LRT P LRT P LRT P 

WARM 1 4.31 0.04 0.20 0.65 4.78 0.03 

AGB REMOVAL 1 3.65 0.06 1.02 0.31 2.11 0.15 

NADD 1 6.67 0.01 49.28 <0.0001 1.36 0.24 

IG 1 16.41 0.0001 0.27 0.60 4.95 0.03 

WARM x AGB REMOVAL 1 4.86 0.03 0.30 0.58 0.11 0.74 

WARM x IG 1 0.00 0.97 0.55 0.46 0.18 0.67 

WARM x NADD 1 1.34 0.25 0.24 0.62 0.23 0.63 

NADD x IG 1 0.00 0.98 0.16 0.69 0.02 0.87 

AGB REMOVAL x IG 1 0.00 0.96 3.61 0.06 1.03 0.31 

AGB REMOVAL x NADD 1 1.90 0.17 0.00 0.98 1.10 0.30 

WARM x NADD x AGB REMOVAL 1 0.17 0.68 0.00 0.96 0.27 0.60 

WARM x NADD x IG 1 0.21 0.65 0.69 0.41 2.36 0.12 

WARM x IG x AGB REMOVAL 1 1.25 0.26 0.63 0.43 1.00 0.32 

IG x NADD x AGB REMOVAL 1 0.03 0.87 1.20 0.28 0.79 0.37 

WARM x NADD x AGB REMOVAL x IG 1 1.01 0.31 0.33 0.57 0.01 0.93 
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3.4.4 Partitioned soil respiration  

Respiration fluxes from the below-ground components varied over time with higher 

emissions from soil only compared to mycelial and root cores (Fig. A2.4, Appendix 2). 

The partition of soil respiration across all treatments showed that 61% ± 2.3 (56.4 mg 

m-2) of the ecosystem respiration was due to the basal contribution, 22% ± 1.3 (22 mg 

m-2) from roots, and 20% ± 2.0 (18 mg m-2) from mycelia (Fig. 3.5). Basal respiration 

was higher, and root and mycelial respiration were not statistically different from each 

other (P>0.05) i.e. basal>root rhizosphere=mycelial respiration. 

 

Figure 3.5 Relative contribution of root rhizosphere, mycelial and basal respiration on the total 

soil respiration in response to the interactive effect of warming, AGB removal and nitrogen 

addition.  Bars represent the percentage of total below-ground respiration flux for each main 

treatment. No warm=no warming, warm=warming.
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As there is only difference between partitioned below-ground and no treatments effects 

(Table A2.1, Appendix 2), ecosystem respiration was analysed in each below-ground 

compartment separately (Fig. 3.6, Table 3.5). Main treatments had a range of effects on 

partitioned soil respiration (Fig. 3.6). Root respiration was increased by warming in 

plots without N addition, in a synergistic interaction (LRT=4, P=0.04, Table 3.5). 

Mycelial respiration was marginally affected by the three-way interaction between 

warming, AGB removal and N addition (LRT=4, P=0.04, Table 3.5). Basal respiration 

was reduced by warming (LRT=5, P=0.03, Table 3.5) and increased by AGB removal 

(LRT=4, P=0.03, Table 3.5). 

 

Figure 3.6 Interactive effect of warming, AGB removal and nitrogen addition on the root 

rhizosphere, mycelial and basal respiration. Data are means for all sampling dates ± SE (n=11).
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Table 3.5 Effects of warming (WARM), AGB REMOVAL and nitrogen addition (NADD) on the 

root rhizosphere, mycelial and basal respiration. Significance tests using likelihood ratio test 

(LRT) comparing models with or without parameter of interest where degree of freedom (d.f.) 

shows the difference in degrees of freedom between the models. Significant effects (P < 0.05) 

are shown in bold. 

 

 

Root 

rhizosphere 

respiration 

Mycelial 

respiration 

Basal 

respiration 

 mg CO2-C m-2 h-1 

d.f. LRT P LRT P LRT P 

WARM 1 2.18 0.14 0.68 0.41 4.74 0.03 

AGB REMOVAL 1 2.50 0.11 0.99 0.32 4.56 0.03 

NADD 1 1.75 0.18 0.42 0.51 2.44 0.12 

WARM x AGB REMOVAL 1 0.24 0.62 1.84 0.17 0.05 0.81 

WARM x NADD 1 3.92 0.04 0.17 0.67 1.02 0.31 

AGB REMOVAL x NADD 1 0.02 0.90 0.15 0.69 1.06 0.30 

WARM x NADD x AGB REMOVAL 1 1.67 0.19 4.26 0.04 0.41 0.52 
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3.5 Discussion 

3.5.1 Partitioned soil respiration from grassland 

Mycorrhizae have been widely studied, however it is still not fully understood their 

importance on the terrestrial ecosystems (Pendall et al., 2004), despite evidence of their 

key role e.g. on the soil C and N cycling (Heinemeyer et al., 2007, Nottingham et al., 

2010). Besides mycorrhizae are also related to mediate changes in soil structure and 

plant nutrient foraging (Rillig et al., 2002a, Staddon et al., 2002). This work showed 

that mycelial respiration contributed 20% of total grassland soil respiration during the 

growing season, similar to root respiration (22% of total respiration, Fig. 3.5). With 

these in-growth cores being left in the ground for one year prior to commencing GHG 

measurements (mycelia growth rate is 10 mm day-1; Donnelly et al. (2004), Leake et al. 

(2004)), it is likely that hyphae would have sufficiently grown to reflect mycelial 

respiration of undisturbed soils (Nottingham et al., 2010). There are only a few studies, 

which partition soil respiration in grasslands, and they found similar contribution of 

mycorrhizae and roots (27% and 11 % of mycorrhizal and root respiration, respectively, 

Heinemeyer et al. (2012)). Experiments in forests, using in-growth cores method, found 

higher mycelial contribution relating to 25% (ectomycorrhizal: 26 mg C m-2 h-1, 

Heinemeyer et al. (2007)) and 14% of total soil respiration (AMF: 17.3 mg C m-2 h-1, 

Nottingham et al. (2010)). Our results are in line with these studies despite being made 

in different ecosystems with mycorrhiza contributing to respiration in equal measure to 

roots. Estimates of mycelial and root-rhizosphere respiration may be subject to several 

sources of error e.g. mycelia (especially AMF in grasslands) are also found inside roots 

(counting for an estimated 20% of root weight, Smith and Read (2008)). Moreover, for 

the same reason, root respiration might be overestimated. In addition, the in-growth 

core method does not account for differences in the presence of any mesofauna (e.g. 

earthworms, mites, collembolans) in the 2 mm mesh, which could promote respiration. 

Even so, in-growth cores techniques are recognised to be an accurate and a simple 

approach to make these measurements. These results show the great importance of 

mycorrhizae fungi on the C cycle, emitting CO2 approximately at the same amount of 

root-only. 

Basal respiration (microbial or heterotrophic respiration) represented the largest 

proportion of respiration accounting for 61 ± 2.3% of total respiration, while Graham 
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et al. (2014) and Zhang et al. (2014a) studying a grassland ecosystem found 71% and 

50%, respectively. In a forest ecosystem, Heinemeyer et al. (2007) found a contribution 

of 65% of total respiration. Microbes can be responsible for the decomposition of both 

recent and older C in soil organic matter and by rhizosphere priming (heterotrophic 

respiration) (Dijkstra et al., 2013a, Ryan and Law, 2005, Trumbore, 2000). Again, our 

measures of basal respiration may be overestimated as we assumed that our control core 

(1 µm mesh) contained exclusively microbes. 

Although there is no significant effect of below-ground component on the total soil C 

and N (Fig. 3.2), studies suggest that mycorrhizae has a great contribution on the C 

sequestration in the soil, due to the production of chitin, and in particular in AMF fungi, 

glomalin production (approx. 30-60% of C in soil) (Treseder and Allen (2000). Johnson 

et al. (2002a) also showed a highly dependency of AMF on photosynthetic activity; 

approximately 4-6% of photo-assimilates were from the mycelium respiration. 

Nevertheless, the short duration of the experiment may be the reason for a lack of 

significant differences on the total soil C and N. 

3.5.2 N2O and CH4 emissions in the presence of root and/or mycelium 

Only a few studies have examined the effect of soil below-ground components on N2O 

fluxes (Bender et al., 2015, Bender et al., 2014, Veresoglou et al., 2012). During the 

growing season, N2O emissions did not differ between below-ground inputs. It has been 

suggested that mycelium associated to roots might decrease the N availability in the 

soil and reduce N2O emissions (Bender et al., 2015, Rillig, 2004). Although soil NO3
--

N decreased in the presence of root and/or mycelium (Table 3.3), it did not affect the 

N2O emission. The reason may be due to a decrease in WFPS (below 40%) in the cores 

without roots (Table 3.3), affecting the nitrification process of N transformation in the 

soil (Ussiri and Lal, 2012). Likewise, Lazcano et al. (2014) stated that more important 

than the N uptake by mycorrhiza is water uptake, with decreases in soil moisture 

limiting N2O-formation via denitrification (an anaerobic process). In addition, Holz et 

al. (2016) suggest that roots associated with mycorrhiza significantly decrease N2O 

emissions due to an input of labile C accelerating N turnover and microbial activity. 

There is no evidence to date in the literature about the effect of the presence of root 

and/or mycelium on the CH4 emissions from the soil. However, it is very unlikely that 



 

105 

 

mycorrhizal fungi alter the production or either consumption of CH4 from soils directly, 

although there is a possibility for indirect effects. AMF fungi can change soil structure 

(soil aggregation), water retention and C, N and phosphorous status of soils (Hodge et 

al., 2010) due to the production of glomalin which is a glycoprotein (Rillig and 

Mummey, 2006). In addition, with the respiration of mycorrhiza, oxygen availability 

can be reduced increasing anaerobic microsites in the soil, changing the balance 

between methanotrophic and methanogenic organisms, potentially altering the soil 

grassland emissions of CH4. This can explain the reduction of CH4 uptake in soils where 

root and/or mycelium were present (Table 3.4). Despite these possible effects, there is 

no difference on bulk density and WFPS on the 35 and 1 µm mesh core suggesting that 

the lack of roots in the cores were leading these differences. The presence of roots 

enhance soil porosity as well as soil aggregation through entanglement of particles, 

adhering them together (Six et al., 2004, Tisdall and Oades, 1982). Furthermore, it is 

very likely that other controlling factors were responsible for the reduction of CH4 

uptake in soils where root and/or mycelium were present, such as C and oxygen 

availability (Hodge et al., 2010), and soil pH (Li et al., 1991). 

3.5.3 Effect of warming, N addition and AGB removal on soil respiration 

partitioning 

A significant climate effect was observed with warming decreasing basal respiration 

and reducing the soil CH4 uptake (Table 3.4), whilst diminishing soil NO3
--N 

availability (Table 3.2) and root biomass (Fig. 3.3). Several studies suggest an increase 

in soil respiration and component autotrophic and heterotrophic sources under warming 

scenarios (Rustad et al., 2001). There are several explanations for the reduction of soil 

basal respiration in our study. Firstly, the warming effect might be transient (Luo et al., 

2001, Melillo et al., 2002), with longer-term ecosystem acclimation explained by 

reduction of the root respiration rate (Burton et al., 2008) due to a reduced root biomass 

(Fig. 3.3, Zhou et al. (2011)). Secondly, an indirect effect of warming leading to drier 

soil (Fig. 3.1, Table 3.1), limiting soil respiration (Pendall et al., 2004). Thirdly, soil 

warming may have led to an increase in N-mineralisation and higher NO3
- leaching or 

immobilisation (Table 3.2) affecting microbial respiration (Fig. 3.5c) due to limited 

labile C supply (Hillstrom et al., 2010). Lastly, warming could have forced the 

conversion of a portion of the CO2 to CH4 (Pendall et al., 2004), explaining a reduction 
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of respiration and a reduction of CH4 uptake from the soil (Table 3.4), although it is an 

unlikely mechanism, unless the soil were very wet. 

Although evidenced in some studies (Rustad et al., 2001) and in one of our hypothesis, 

increases in temperature did not affect mycorrhizal respiration. In a review by Mohan 

et al. (2014), warming showed a decrease in mycorrhizae activity (71% of studies), 

although mycorrhizae abundance was found to be increased in 63% of the evaluated 

studies. The lack of response on the mycorrhizae respiration could be attributed to an 

indirect effect of warming. Warming is supposed to increase net N mineralisation 

(Melillo et al., 2011, Rillig et al., 2002a), thus causing a warming-induced indirect 

“fertilisation effect” (Mohan et al., 2014). In this way, AMF fungi can be “inhibited” 

by fertilisation (Blanke et al., 2012), as N availability increases in the soil, grassland 

plant hosts became less dependent on mycorrhizae for N acquisition (Mohan et al., 

2014). Again, contrary to our hypothesis, N addition did not affect soil respiration in 

either of the soil components. Lilleskov et al. (2011) suggest that AMF abundance is 

not consistently affected by increased N availability, although N addition is highly 

related to increase of plant productivity. The direct role of mycorrhizae on increases in 

productivity is not clear. Nevertheless, a three-way interaction between warming, N 

addition and AGB removal was found in our study (Table 3.5), suggesting that warming 

in some way interacted to grassland management, affecting mycorrhizal respiration. 

As reported in many experiments, AGB removal or clipping negatively affects total soil 

respiration (Bremer et al., 1998, Wan and Luo, 2003, Zhou et al., 2007) however, its 

effect may differ in each below-ground component. As hypothesised, the short-term 

effect of clipping is evidenced in the basal respiration rather than root-rhizosphere 

respiration. The main reason is that roots have more carbohydrate reserves to continue 

the metabolism under limited C supply to the system (Bahn et al., 2006), thus root-

rhizosphere respiration may not be affected by clipping in a temperate grassland. The 

effect of AGB removal on the basal respiration may be due to the availability of fresh 

C (derived from rhizodeposition) affecting microbial decomposition of soil organic 

matter (Fontaine et al., 2004, Kuzyakov, 2002, Subke et al., 2004) and/or due to an 

increase of soil respiration affected by clipping (Table 3.5). Thus, according to 

McSherry and Ritchie (2013), grazing intensities, grazing duration or climatic 

conditions can be reasons of variable results of different studies. 
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Contrary to our hypothesis, an interaction between warming and N negatively affected 

root respiration in our experiment (Fig. 3.5), with no effects for mycorrhizal and 

microbial respiration. Graham et al. (2014), studying the effect of N and warming in 

grassland, found an additive effect, as warming drove the interactive effect. In our 

study, warming could have induced the mineralisation of the N added to the system and 

increased root N uptake, lowering soil mineral-N (Fig. 3.2). This could led to a C 

limitation to the system, reducing root respiration. As discussed before, the increase of 

N availability in the soil leading by the interaction between warming and N could be 

inhibited the mycorrhizal respiration, showing no effect (Table 3.5). Although a 

reduction in root respiration was found in the below-ground compartment level, 

warming and N increased total soil respiration in the ecosystem level (Chapter 2, Fig. 

2.2). 

Warming interactions with AGB removal did not result in significant changes in 

partitioned grassland soil respiration and agreed with findings from Zhou et al. (2007) 

and Chapter 2. Zhou et al. (2007) investigated the effect of warming (2 °C) and yearly 

clipping over 5-years in tallgrass prairie ecosystem, and did not find an interaction 

effect between warming and cutting on the soil respiration contribution. However, our 

study found that this interaction reduced total soil C and N (Fig. 3.2) which might be 

explained by a reduction of canopy photosynthesis, slowing the translocation of C to 

the rhizosphere, counteracting the effect of warming. Recently, Wang et al. (2017a) 

found that grazing over the growing season (warmed conditions) did not affect soil 

respiration and its components over 5 years measurements, however, cold-grazing 

occurred on the non-growing season enhanced autotrophic (23.2%) and heterotrophic 

(4.9%) respiration. In this study, the authors suggest that the decrease of AGB due to 

grazing might be offset the increase of temperature over the growing season. 

The interaction between AGB removal and N addition did not affect either any of the 

soil component respiration. To date, there is no study, which evaluates this interaction 

in the field, thus it is very difficult to predict responses to these changes. Despite this, 

it was observed an increase of soil moisture (Table 3.1) under the interaction between 

AGB removal and N addition. Studies suggest that extremes in soil moisture, high or 

low, may result in a reduction of root and/or microbial respiration, which consequently 

will inhibit soil respiration (Wang et al., 2003, Xu et al., 2004). This may be the reason 
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by which the interaction between AGB removal and N addition did not affect soil 

respiration in the compartment level. Besides, Kuzyakov et al. (2002) found that after 

cutting CO2 efflux was lowered in the fertilised compared to unfertilised plants in a 55 

days incubation experiment. The authors then suggest that N fertilisation might lower 

the C losses, especially during the regrown plants after cutting (due to reduction of C 

assimilation), limiting soil respiration. 

3.6 Conclusions 

This study demonstrates that microbial respiration accounted for 61% of grassland soil 

respiration, whilst mycorrhizal respiration represents also a great contribution on the 

total soil respiration (20%) similar to root respiration (22%). The contribution of soil 

respiration did not differ under interactions between climate warming and grassland 

management. Warming may have an effect in promoting the acclimation of soil below-

ground respiration as well as of the ecosystem respiration (Chapter 2), due to the 

decrease of basal respiration and decreased soil CH4 uptake, while also decreasing soil 

NO3
- availability. There were no differences in N2O fluxes between below-ground 

compartments. However, CH4 uptake was decreased in the presence of both roots and 

mycelia compared to control plots (1 µm mesh cores), mainly due to changes in soil 

structure and microclimatic conditions. Warming interacted with N addition decreasing 

root-rhizosphere respiration and mineral-N in the soil. Warming and AGB removal did 

not affect soil respiration and its components while reduced nutrients input to the soil. 

Overall findings show that, despite important individual effects, interactive effects of 

climate warming and management practices are often complex and difficult to predict. 

Additionally, soil N2O and CH4 fluxes were found to be less responsive to changes in 

ecosystem drivers, as well as in the soil components, than respiration. Future 

experiments will need to include longer temporal and larger spatial scales (world 

temperate grasslands), different intensities of cutting, N addition rates and degrees of 

warming, including grazing events which might differ due to trampling, dung and urine 

deposition in soil. Grassland management, e.g. which affect nutrient availability in 

soils, and soil structure, will be likely to impact on below-ground compartments, with 

direct responses on C and N cycling, and GHG emissions from soils. Improved 

knowledge of the effects of interactive drivers of change on grassland C and N and 
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GHG fluxes and their sources is needed to improve modelling and forecasting of 

feedbacks to and from the climate system.
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4.1 Abstract 

Grasslands are important production systems with functions and services that are 

affected by interactions between different land management practices. In temperate 

environments, grass-legume mixtures are commonly employed to increase productivity 

via symbiotic N2 fixation by legumes, reducing the need for nitrogen (N) fertiliser. The 

aim of this study was to investigate the interactions between the proportion of legumes 

in grass-legume mixtures and N-fertiliser addition on carbon (C) and N cycling, 

including greenhouse gas (GHG) emissions. The hypotheses were that i) an increase in 

the relative proportion of legumes will increase plant productivity and decrease GHG 

emissions, and ii) the magnitude of these effects will be reduced by N addition. To test 

these hypotheses a mesocosm experiment was conducted in a controlled temperature 

room with one grass and one legume species grown in mixtures in different proportions, 

with or without N-fertiliser addition. The effects on C and N cycling processes in grass-

legume mixtures were assessed by measurement of above- and below-ground plant 

productivity and biomass, total soil C and N, soil mineral-N, N mineralisation and 

nitrification, shoot N uptake and GHG emissions (CO2, N2O and CH4). We found no 

effect of legume proportion in fertilised and unfertilised soil on N2O emissions, contrary 

to the hypothesis. However, ecosystem respiration was decreased by an increase in 

legume proportion only in the fertilised soils, probably relating to a reduction of below-

ground biomass. CH4 emissions decreased non-linearly with legume proportion. Plant 

productivity and above- and below-ground biomass had a non-linear relationship with 

relative legume proportion. Total soil N and mineral-N were not affected by increases 

in relative legume proportion. This study shows that the proportion of legumes in grass-

legume mixtures affected plant productivity above and below-ground, and the C cycle 

(CO2 and CH4 emissions), however soil properties and N cycle were unaffected in this 
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short-term experiment. Improving our understanding of the individual and interactive 

effects of legumes and N addition on GHG emissions and C and N stocks is important 

to inform the development of grassland management strategies to mitigate climate 

change. 

Keywords: species mixtures, legumes, N-fertiliser, C and N cycling, plant productivity, 

GHG emissions. 

4.2 Introduction 

Grasslands provide important ecosystem services worldwide. These include, but are not 

limited to, sequestering carbon (C) in plant biomass and soil organic matter and 

producing the majority of forage for ruminants (De Deyn et al., 2008). Grassland 

species composition has been shown to be an important driver of these ecosystems 

functions (Bardgett, 2011, De Deyn et al., 2009, Loreau and Hector, 2001, Tilman et 

al., 2001) due to plant-plant and plant-soil interactions. The plant-diversity-productivity 

relationship can affect plant-soil feedbacks, e.g. direct effects of soil resource 

availability through combination and availability of mineral nutrients in the soil. While 

the effects of grassland species composition has been widely studied in relation to a 

range of ecosystem services, its influence on greenhouse gas (GHG) emissions remains 

largely unexplored, especially for nitrous oxide (N2O) and methane (CH4) (Abalos et 

al., 2014, Abalos et al., 2018, Niklaus et al., 2006, Sun et al., 2013). 

Grass-legume mixtures are commonly used for grazing because they offer the potential 

to increase productivity without the use of costly and polluting nitrogen (N) fertilisers. 

Legumes provide high quality forage due to their high fibre and protein content 

(Mortenson et al., 2004). More importantly, they promote symbiotic N2 fixation, being 

able to utilise atmospheric N2 for their requirements and thereby produce more protein 

with less N inputs (Suter et al., 2015). N2 fixation by legumes can be substantial ranging 

from 100 to 380 kg ha-1 y-1 in northern temperate regions (Ledgard et al., 2001). In 

grass-legume mixtures, legumes acquire 80% of their N requirement via symbiosis 

(Boller and Nösberger, 1987, Carlsson et al., 2009, Oberson et al., 2013) transferring 

and making N available for grasses, thus reducing plant competition for nutrients and 

diminishing the need for inorganic N-fertiliser additions. The use of mixtures has also 

been shown to increase plant community productivity due to increases in the resource 
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uptake efficiency by: i) N transfer from legumes to grasses (Høgh-Jensen and 

Schjoerring, 1997, Pirhofer-Walzl et al., 2012), and/or ii) due to species differences in 

root structure increasing the exploitation of soil resources (Mueller et al., 2013, van 

Ruijven and Berendse, 2005). Besides decreasing the use of N-fertiliser and energy use 

in the system, legume-based cropping could also contribute to the reduction of C and N 

losses, potentially improving the global nutrient balance (Drinkwater et al., 1998, Li et 

al., 2016) and increasing C sequestration (De Deyn et al., 2011). Increases in legume 

proportions in grass-legume mixtures may, therefore, affect plant productivity (Nyfeler 

et al., 2011, Suter et al., 2015) and influence plant-soil GHG emissions, something 

scarcely addressed in experimental studies. 

The effect of grass-legume mixtures on GHG emissions from soil is likely to differ in 

unfertilised and fertilised soils, due to changes in mineral-N availability in the soil 

(Oertel et al., 2016), but also C availability for microbes, soil pH, and microbial 

community composition (Bardgett et al., 1999, Thomson et al., 2012). In unfertilised 

soils, legumes may enhance plant productivity, reducing the mineral-N available in the 

soil with effects on GHG emissions, especially for N2O emissions. In addition, 

biological N fixation in an unfertilised soil is considered a small source of N2O 

emissions (Carter and Ambus, 2006). Contrary, increases in legumes would increase 

the symbiotic N2 fixation, liberating N-mineral (Niklaus et al., 2006), augmenting N2O 

emissions from soil. Thus, the effect of increases in legume proportions on N gases 

release to the atmosphere will potentially reflect the balance between N uptake by plants 

and the mineral-N availability in the soil. 

In fertilised soils, the effect of increasing legume proportion on N2O emissions can be 

contradictory. Legumes species may be suppressed by N applications, which promote 

the dominance of grasses (De Deyn et al., 2011, Ledgard, 2001, Smith et al., 2008b), 

with the effect on N2O emissions driven by N addition rather than legume proportion 

itself. On the other hand, increase in legume proportion may reduce plant N uptake (due 

to increase N2 fixation), leading to higher mineral-N in the soil (Niklaus et al., 2006). 

In addition, increased N2-fixation by legumes may increase residues rich in N (and 

hence a low C:N ratio) which may be decomposed and large quantities of mineral-N 

may be released to the soil, increasing soil mineral-N availability and affecting 

nitrification and denitrification (Huang et al., 2004). Legumes could thus result in 
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substantial N2O production due to residue decomposition, but emissions from the N2-

fixation itself are less certain (Rochette and Janzen, 2005). 

Mixtures of grasses and legumes, besides influencing plant productivity, may alter the 

quality and quantity of plant inputs to the soil, affecting not only N but also C 

sequestration in grasslands (De Deyn et al., 2009, Fornara and Tilman, 2008). These 

changes may influence C cycling and ecosystem respiration, and also CH4 uptake in 

grassland soils. Increases in legume proportion in the community composition is 

supposed to reduce microbial and root respiration (De Deyn et al., 2011), with a 

reduction of ecosystem respiration. Besides, changes in the proportion of legumes may 

also affect organic matter inputs to the soil (Mortenson et al., 2004), directly affecting 

CO2 release from the system (Drinkwater et al., 1998). Given that C cycling and N are 

closely related, CH4 fluxes in the fertilised soil can also be affected by grass-legume 

mixtures, mainly due to increases of ammonium (NH4
+) concentration in the soil. NH4

+ 

competes with CH4 at enzymatic levels or as a competitive effect of nitrifiers and 

methanotrophs (Topp and Pattey, 1997). Thus, the effect of grass-legume mixtures will 

depend on intra- and inter-specific plant competition and facilitation, which in turn may 

affect biological N fixation, community productivity (Kirwan et al., 2007, Nyfeler et 

al., 2011) and plant-soil GHG emissions. 

Improved understanding of the effects of interactions between grassland management 

practices on GHG emissions is required to inform sustainable production. The aim of 

this study was to investigate how the interaction between grassland legumes and N-

fertiliser addition affects plant-soil properties, and C and N cycling, including GHG 

emissions, in a factorial mesocosm experiment. The following key hypotheses were 

tested: 

In unfertilised pots, a higher proportion of legumes in grass-legume mixtures will i) 

increase plant productivity and ecosystem respiration, and ii) promote plant N uptake 

and reduce N2O emissions as a result of lower soil N availability. In fertilised pots, N 

addition will iii) reduce legume biomass production whilst favouring grass productivity 

and increasing ecosystem respiration, and iv) contribute to higher N2O emissions with 

greater soil N availability irrespective of legume biomass. 

To test these hypotheses a controlled temperature experiment was conducted using one 

grass and one legume species grown in mixtures with different proportions, with or 
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without N-fertiliser application. The effects of grass-legume mixture on plant-soil C 

and N cycling processes were then assessed through the measurement of above- and 

below-ground plant productivity, soil nutrient availability and GHG emissions. 

4.3 Material and methods 

4.3.1 Experimental design 

A controlled temperature mesocosm experiment was conducted at Lancaster 

Environment Centre, Lancaster University in October 2016 to quantify the effects of 

changing legume proportion, in a grass-legume mixture, on plant-soil C and N cycling 

and GHG emissions (Fig. A3.1, Appendix 3). A fast-growing legume species, Trifolium 

pratense L. (Tr), and a grass species, Agrostis capillaris L., were used in this 

experiment (both commonly occurring in managed temperate grasslands across 

Europe). These plant species are known to differ in their functional traits including 

average root diameter, specific root length, root dry matter content, leaf N content, and 

leaf dry matter content (Table 4.1). A factorial experiment examining the effects of 

legume proportion and N addition was established. Five legume-grass mixtures with 0, 

25%, 50%, 75% and 100% legume abundance were superimposed with N addition 

giving a total of 10 treatments. N was applied at an equivalent rate of 100 kg N ha-1 as 

NH4NO3 (consistent with general grassland management for hay meadows in the UK). 

Realised legume proportion was determined using legume above-ground biomass of 

each mixture (Fig. 4.1). The experiment was arranged in a full-randomised design with 

five replicates per treatment (50 pots in total).
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Table 4.1 Plant and root traits of the grass and legume species based on own measured values collected at final harvest, for non-nitrogen addition (NoNADD) 

and nitrogen addition (NADD). Data are mean ± SE (n=5). 

Plant species 
Specific root length 

m g-1 

Root dry matter 

content 

mg g-1 

Leaf nitrogen content 

mg g-1 DM 

Leaf dry matter content 

mg g-1 

 NoNADD NADD NoNADD NADD NoNADD NADD NoNADD NADD 

Agrostis 

capillaris 
30 ± 5 31 ± 0.01 222 ± 9 223 ± 17 26 ± 2 73 ± 6 381 ± 12 361 ± 6 

Trifolium 

pratense 
22 ± 3 18 ± 0.7 204 ± 9 222 ± 14 428 ± 3 415 ± 4 342 ± 6 412 ± 17 
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Figure 4.1 Legume above-ground biomass (g dry weight m-2) within grass-legume mixtures at 

the end of the controlled temperature mesocosm experiment. Data are mean ± SE (n=5). 

Plastic (PVC) pots (13 cm diameter and 9 cm depth) were filled with 800 g soil at 70% 

water-filled pore space (WFPS). Topsoil (0-10 cm depth) was collected from a 

permanent temperate grassland at Hazelrigg, Lancaster University, UK (54º 1’50’’N, 

2.7º 46’30’’W, 94.1 m a.s.l.). The soil contained 25.6 g total C kg-1, 2.3 g total N kg-1, 

and had a pH (H2O) of 5.9. Roots and plant fragments were removed, soil was sieved 

through 8 mm screen, thoroughly mixed and air-dried at 20 oC to 70% WFPS. Soil 

moisture was gravimetrically maintained every two days in all mesocosm pots. 

Seeds of T. pratense and A. capillaris were sourced from Emorsgate Seeds (Kings 

Lynn, UK). Prior to the start of the experiment, seeds were surface-sterilised by dipping 

them in diluted bleach (1% v: v) for 1 min and thoroughly rinsing them with sterile 

distilled water. Seeds were initially sown in sterilised potting soil (John Innes No. 2, 

Westland Garden Health, UK), germinated in a greenhouse and grown for four weeks, 

receiving water daily. The seedlings were then transplanted into pots and, after one 

week, dead plants were replaced. Each mesocosm pot contained a total of 12 plants. 

Pots were maintained in a controlled environment room (temperature, 19 °C day, 16 °C 

night; light between 08:00 h and 20:00 h daily). 
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4.3.2 Greenhouse gas fluxes measurements 

Measurements of CO2, N2O and CH4 were made on mesocosm pots using opaque plastic 

chambers (13 cm diameter and 12 cm depth) with septa to allow headspace gas 

sampling (Fig. A3.2, Appendix 3). For each gas flux measurement, the chamber was 

attached with clip seal to the mesocosm and a 10 mL headspace sample was taken 

immediately (t0) with a gas syringe. 5 mL of the gas was then injected into a pre-

evacuated 3.5 mL exetainer vial (Labco, Lampeter, UK). Further headspace samples 

were taken 15 (t15) and 30 (t30) minutes after chamber closure. Chambers were then 

removed. Gas samples were analysed using a PerkinElmer Autosystem XL Gas 

Chromatograph (GC) (PerkinElmer, Waltham, MA, USA) fitted with a methaniser with 

a Flame Ionisation Detector (FID) and Electron Capture Detector (ECD) operating at 

130 °C. The GC was fitted with a stainless steel Porapak Q 50-80 mesh column (length 

2 m, outer diameter 3.17 mm) maintained at 60 °C. Three calibration gas standards (500 

ppm, 1000 ppm, 4000 ppm CO2) (Air Products, Waltham on Thames, UK) were run 

every 14 samples to enable calibration and drift correction (Case et al., 2012). Gas 

fluxes were calculated using linear regressions through sampling time points and were 

corrected for temperature and barometric pressure following the ideal gas law 

(Chadwick et al., 2014, Holland et al., 1999). Gases were sampled immediately after N 

application and daily during the first 14 days of the experiment, then three times a week 

up to day 40. Cumulative GHG fluxes were calculated by linear interpolation of the 

average GHG emissions between the measurements to integrate the fluxes over the total 

experimental period. 

4.3.3 Plant and soil analyses 

At the end of the experiment (40 days), grass and legume above-ground biomass were 

harvested and separated, with dry matter content determined by drying in an oven at 

105 °C for 24 h. Sub-samples were dried at 60 °C, then ground and analysed for total 

C and N content using an elemental analyser (TruSpec® CN, St. Joseph, MI) with a 

furnace temperature of 950 °C. Ethylenediaminetetraacetic acid (EDTA) was used as a 

reference. To determine shoot N uptake per plot, values of N content (%) were 

multiplied by total dry matter content. 
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Soil was taken from the pots at the end of the experimental period. Gravimetric moisture 

content was determined after drying at 105 °C for 24 h. Mineral-N (NH4
+ and NO3

-) 

was extracted with 1 M KCl in a 1:5 (soil weight: extractant volume) ratio and analysed 

with a spectrophotometer (Auto Analyser 3 Digital colorimeter BRAN + LUBBE). Net 

mineralisation (net N production: NH4
+-N + NO3

--N) and net nitrification (net NO3
--N 

production) rate were determined by incubating the soil at 25 °C for 14 days, analysing 

the final mineral-N content as described above, then calculating the daily mineral-N 

production rate as the difference between final and initial inorganic N content, divided 

by the incubation period. Soil C and N were determined on dried (60 °C), finely ground 

soil samples, using an elemental analyser (TruSpec® CN, St. Joseph, MI) with furnace 

temperature at 950 °C. Soil pH was measured on 10 g fresh soil with 25 mL deionised 

water, left to stand for 30 minutes and then tested with 210 pH Meter (Hanna 

Instruments, RI, USA). 

Plant roots were separated from the soil from each mesocosm pot to determine below-

ground biomass/productivity after washing and drying at 105 °C for 24 h. A subset of 

roots was stored in the fridge with 10% ethanol solution to measure specific root length 

(SRL) and root dry matter content (RDMC). Root length and diameter were analysed 

using WinRhizo® root analysis software (Regent Instruments Inc., Sainte-Foy-Sillery-

Cap-Rouge, QC, Canada) coupled to an Epson flatbed scanner. 

4.3.4 Statistical analyses 

Generalised least squares models (GLS) were used to test the significance of treatment 

effects on plant productivity, plant-soil properties and GHG emissions. As most 

variables did not fit a linear regression, quadratic and cubic regressions were included 

in the model with the following formulae, where LEG refers to legume proportion and 

NADD to N addition: 

y ~ LEG*NADD + I(LEG^2)*NADD + I(LEG^3)*NADD)    Equation 1 

Fixed effects were LEG, LEG^2, LEG^3, NADD and their interactions. For all GLS models, 

data were checked for normality and equal variances using residual plots method, and 

log-transformed where necessary before analysis (i.e. for cumulative CO2, below-

ground biomass, shoot N yield, shoot C:N, shoot:root ratio, soil mineral-N, N 
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mineralisation and nitrification). Weight functions were used to account for unequal 

variances following Zuur et al. (2011). The same model parameters were found to be 

significant when legume proportion (%) was replaced with legume biomass (Table 

A3.1, Appendix 3). The proportion of legumes and biomass legumes were very highly 

correlated (r2=0.80, Variance inflation factors (VIF) > 5). Additionally, the model with 

legume proportion showed the lowest Akaike information criterion (AIC). All statistical 

analysis and graphs were made using R programming language 3.4.3 (R Development 

Core Team, 2017) with the additional packages nlme (Pinheiro et al., 2017) and plyr 

(Wickham, 2011). 

4.4 Results 

4.4.1 Greenhouse gas fluxes 

GHG fluxes over time are shown in Fig. A3.3-A3.5, Appendix 3. Cumulative CO2 

fluxes (ecosystem respiration) decreased with increases in legume proportion 

(P<0.0001, LEG*NADD, Table 4.2, Fig. 4.2) when N was added (Fig. A3.6, Appendix 

3). Increased legume proportion did not increase cumulative N2O emissions, regardless 

of N addition (P>0.05, Table 4.2, Fig. 4.2). N-fertilised treatments augmented N2O 

emissions by approximately four times compared to unfertilised control treatments 

(P<0.0001, Table 4.2, Fig. 4.2). Cumulative CH4 emissions were affected by legume 

proportion with a significant cubic regression (P=0.01, Table 4.2), and by N addition 

which increased CH4 emissions by up to 50 times compared to unfertilised soils 

(P<0.0001, Fig. 4.2).
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Figure 4.2 Cumulative N2O (mg N2O-N m-2) (a), CO2 (g CO2-C m-2) (b) and CH4 (mg CH4-C 

m-2) (c) emissions in response to legume proportion and nitrogen addition in the controlled 

temperature mesocosm experiment. Data are mean of cumulative emissions for all sampling 

dates ± SE (n=18).
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Table 4.2 Effects of legume proportion (LEG) and nitrogen addition (NADD) on cumulative 

emissions of N2O, CO2, CH4. Significant effects (P < 0.05) are shown in bold. 

  
N2O emissions 

mg N2O-N m-2 

CO2 emissions 

g CO2-C m-2 

CH4 emissions 

mg CH4-C m-2 

 d.f. F value P F value P F value P 

LEG linear 

(LEG) 
1 0.93 0.34 21.3 <0.0001 3.19 0.08 

NADD 1 65.22 <0.0001 1.1 0.30 35.54 <0.0001 

LEG quadratic 

(LEG2) 
1 1.81 0.18 3.4 0.07 0.11 0.74 

LEG cubic 

(LEG3) 
1 0.03 0.86 0.6 0.45 7.12 0.01 

LEG x NADD 1 0.43 0.52 26.2 <0.0001 0.006 0.94 

LEG2 x NADD 1 0.33 0.57 1.9 0.17 0.18 0.67 

LEG3 x NADD 1 2.83 0.10 0.9 0.35 0.15 0.69 
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4.4.2 Plant productivity 

There was a non-linear relationship between the proportion of legumes and above-

ground biomass in the unfertilised and fertilised soil (P=0.02, LEG
2*NADD, Table 4.3, 

Fig. 4.3a). However, fertilised soils showed higher above-ground biomass compared to 

unfertilised soils in all treatments except for the legume monoculture (Fig. A3.6, 

Appendix 3). Below-ground biomass decreased non-linearly with increases in legume 

proportion in both unfertilised and fertilised soil (P=0.03, LEG
3*NADD, Table 4.3, Fig. 

4.3b). Nevertheless, in unfertilised soils there is a small increase when legume 

proportion was 25%, showing a sharp decrease with increase in legume proportions 

(Fig. A3.6, Appendix 3). In fertilised soils, below-ground biomass showed a constant 

biomass under mixtures, with decrease under legume monoculture (Fig. A3.6, 

Appendix 3).
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Figure 4.3 Total above- (a) and below-ground (b) biomass (g dry weight m-2) in response to 

legume proportion and nitrogen addition in the controlled temperature mesocosm experiment. 

Data are mean ± SE (n=5).
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Table 4.3 The effect of legume proportion (LEG), nitrogen addition (NADD) and interactions 

on above- and below-ground biomass. Above-ground biomass corresponds to the legume+grass 

biomass. Significant effects (P < 0.05) are shown in bold. 

  
Above-ground 

biomass 
g dry weight m-2 

Below-ground 

biomass 
g dry weight m-2 

 d.f. F value P F value P 

LEG linear (LEG) 1 61.70 <0.0001 58.96 <0.0001 

NADD 1 14.93 0.0004 3.77 0.06 

LEG quadratic (LEG 2) 1 511.44 <0.0001 5.19 0.03 

LEG cubic (LEG 3) 1 0.57 0.45 0.15 0.70 

LEG x NADD 1 18.29 0.0001 0.03 0.85 

LEG 2 x NADD 1 5.77 0.02 0.37 0.54 

LEG 3 x NADD 1 1.60 0.21 4.97 0.03 
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Shoot N uptake (g N m-2) which consists of the total N uptake by grass and legumes, 

had a significant non-linear relationship with increasing proportion of legumes 

(P<0.0001, LEG*NADD, Table 4.4), with greater effects on fertilised soil compared to 

unfertilised (Fig. 4.4). In fertilised soil, shoot N uptake decreases with legumes 

proportion greater than 75%, while in unfertilised soil, legume proportions had a 

smaller effect on total shoot N uptake (Fig. A3.6, Appendix 3). Total shoot uptake 

reflects the changes on the above-ground biomass (Fig. 4.3a). 

The N content (%) of the grass and legume decreased linearly with increases in legume 

proportion in the fertilised soils, but not in unfertilised treatments (P=0.03 and P=0.001, 

LEG*NADD, in grass and legume species respectively, Table 4.4, Fig. 4.4). The N (%) 

in grass and legumes was greater in fertilised soil, compared to unfertilised (Fig. A3.6, 

Appendix 3). Total N content in legume monoculture was 26% higher than grass 

monoculture in the absence of N addition, but 34% lower than grass monoculture with 

N addition (Fig. 4.4). 

Shoot CN ratio decreased with increases in legume proportion (P<0.0001, LEG* NADD, 

Table 4.4, Fig. 4.4), only in the unfertilised soils (Fig. A3.1, Appendix 3), while 

shoot/root ratio were increased by increases in legume proportion (P=0.01, LEG* NADD, 

Table 4.4, Fig. 4.4), and even higher in fertilised soils (Fig. A3.6, Appendix 3).
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Figure 4.4 Interactive effect of legume proportion and nitrogen addition on a) total shoot N 

uptake, b) N content (%) in grass, c) N content (%) in legume, d) shoot CN ratio, and e) 

shoot/root biomass ratio in the controlled temperature mesocosm experiment. Data are mean ± 

SE (n=5).
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Table 4.4 Effects of legume proportion (LEG), nitrogen addition (NADD) and interaction on shoot N uptake, N content in grass and legume species, shoot CN 

ratio and shoot/root ratio. Significant effects (P < 0.05) are shown in bold. 

  
Shoot N uptake 

(g m-2) 
N content in grass 

(%) 
N content in legume 

(%) 
Shoot CN ratio 

Shoot/Root 

biomass ratio 

 d.f. F value P F value P F value P F value P F value P 

LEG linear (LEG) 1 21.04 <0.0001 1.10 0.30 0.21 0.65 8.35 0.006 14.0 0.0005 

NADD 1 1401.12 <0.0001 2238.94 <0.0001 1124.8 <0.0001 1948.7 <0.0001 4.12 0.05 

LEG quadratic (LEG 2) 1 307.83 <0.0001 0.10 0.76 0.70 0.41 0.84 0.36 32.75 <0.0001 

LEG cubic (LEG 3) 1 12.53 0.001 0.50 0.48 0.02 0.88 1.72 0.20 0.47 0.50 

LEG x NADD 1 70.77 <0.0001 5.30 0.03 12.94 0.001 36.95 <0.0001 6.41 0.01 

LEG 2 x NADD 1 8.17 0.007 0.17 0.68 0.01 0.91 0.00 0.99 1.94 0.17 

LEG 3 x NADD 1 1.87 0.18 0.04 0.85 0.55 0.46 0.33 0.57 1.22 0.14 
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4.4.3 Soil parameters  

Soil pH was not affected by increases in legume proportion (P>0.05, Table 4.5) but it 

was significantly affected by N addition (P<0.05), decreasing soil pH from an average 

value of 6.1 to 5.4 (Table 4.5). Total soil C was non-linearly affected by legume 

proportion (P=0.04, LEG
3
*NADD, Table 4.5), mixtures showed higher total soil C in 

fertilised soils compared to unfertilised (Fig. A3.6, Appendix 3). Total soil N, NO3
--N 

and net nitrification rates were not significantly affected by legume proportion (P>0.05, 

Table 4.5), but were greater under N addition (P<0.05, Table 4.5). Soil NH4
+-N had a 

non-linear relationship with increasing legume proportion (P=0.001, LEG 2*NADD, 

Table 4.5) but only in fertilised treatments (Fig. A3.6, Appendix 3). Net mineralisation 

rate increased non-linearly with increases in legume proportions (P=0.006, LEG 

3*NADD, Table 4.5), on the fertilised soils only (Fig. A.3.6, Appendix 3).
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Table 4.5 Effects of legume proportion (LEG), nitrogen addition (NADD) and interaction on soil parameters. Data are mean ± SE (n=5). Significant effects (P < 

0.05) are shown in bold. 

 
Soil pH 

Total soil C Total soil N Soil NH4
+-N Soil NO3

--N 
Net mineralisation 

rate 

Net nitrification 

rate 

 mg kg-1 mg kg-1 mg kg-1 d-1 

Without nitrogen        

0% Legume 6.04 ± 0.17 25.87 ± 2.08 1.89 ± 0.20 1.00 ± 0.09 0.43 ± 0.22 0.48 ± 0.08 0.39 ± 0.07 

25% Legume 6.2 ± 0.10 27.00 ± 1.97 2.20 ± 0.25 0.84 ± 0.04 0.45 ±0.67 0.54 ± 0.14 0.44 ± 0.13 

50% Legume 6.2 ± 0.04 29.39 ± 0.32 2.10 ± 0.11 0.92 ± 0.10 0.30 ±0.12 0.60 ± 0.09 0.52 ± 0.08 

75% Legume 6.0 ± 0.14 25.59 ± 1.69 1.96 ± 0.19 0.87 ± 0.05 0.46 ± 0.18 0.50 ± 0.05 0.42 ± 0.04 

100% Legume 6.2 ± 0.07 30.21 ± 1.23 2.25 ± 0.15 1.20 ± 0.11 0.83 ±0.29 0.56 ± 0.07 0.51 ± 0.06 

With nitrogen        

0% Legume 5.4 ± 0.11 28.66 ± 1.00 2.41 ± 0.06 296.5 ± 9.40 109.20 ± 8.80 2.50 ± 0.39 2.25 ± 0.29 

25% Legume 5.5 ± 0.77 30.02 ± 0.79 2.57 ± 0.07 307.9 ± 6.57 102.92 ± 9.78 1.75 ±0.92 2.94 ± 0.60 

50% Legume 5.5 ± 0.95 27.77 ± 0.37 2.48 ± 0.19 312.9 ± 21.90 114.25 ± 21.33 2.71 ± 0.89 2.43 ± 0.66 

75% Legume 5.0 ± 0.05 29.32 ± 0.39 2.45 ± 0.15 328.7 ± 23.50 131.40 ± 26.17 3.75 ± 0.78 2.81 ± 0.61 

100% Legume 5.5 ± 0.09 28.74 ± 0.76 2.49 ± 0.12 260.5 ± 28.03 78.16 ± 6.59 1.11 ± 0.34 2.90 ± 0.32 

LEG linear (LEG) F=0.45, p=0.50 F=0.93, p=0.34 F=0.29, p=0.59 F=5.39, p=0.02 F=0.79, p=0.38 F=0.20, p=0.66 F=0.49, p=0.48 

NADD F=110, p<0.0001 F=1.4, p=0.25 F=16.10, p=0.0002 F=27724, p<0.0001 F=1068, p<0.0001 F=70.54, p<0.0001 F=172, p<0.0001 

LEG 2 x NADD F=0.01, p=0.92 F=2.01, p=0.16 F=0.02, p=0.87 F=11.98, p=0.001 F=2.90, p=0.09 F=2.76, p=0.15 F=0.15, p=0.70 

LEG 3 x NADD F=0.01, p=0.94 F=4.81, p=0.04 F=0.59, p=0.44 F=0.88, p=0.35 F=1.27, p=0.27 F=8.45, p=0.006 F=0.19, p=0.66 

        Some parameters not reported as non-significant.
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4.5 Discussion 

The aim of this study was to investigate how grassland legume proportion and N 

addition interact to affect plant-soil properties with feedback consequences for 

ecosystem GHG emissions. Plant-soil properties and GHG emissions showed 

significant interactions between legume proportions and N-fertiliser aplication. 

However, greater diffences were observed under unfertilised and fertilised soils. Below, 

we will discuss the effect of grass-legume mixture on plant productivcity and shoot N 

uptake, and how legume proportions affect GHG emissions in the presence or absence 

of N, linking them with plant productivity and plant-soil properties. 

4.5.1 Effect of grass-legume mixtures and N addition on plant productivity and shoot 

N uptake 

Agreeing with our hypothesis, increases in legume proportion in grass-legume mixtures 

enhanced plant productivity and shoot N uptake, with fertilised soil showing greater 

effects (Fig. 4.3, 4.4). The increase was non-linear i.e. plant productivity was higher in 

grass-legume mixtures compared to monocultures (either only grass or only legumes) 

and many mechanisms can explain these changes. 

Leguminous species can significantly affect grassland biomass production (Spehn et 

al., 2000) due to their ability to fix atmospheric N2 in the soil providing N rich organic 

matter (Mulder et al., 2002, Spehn et al., 2002). Studies suggest that mixtures 

containing legumes produce three times greater biomass compared to mixtures without 

legumes (Spehn et al., 2000). Besides the increase of N pools in biomass (due N2 

fixation), legumes in a mixture with non-leguminous species can increase plant 

productivity by spatial or temporal complementarity of resource use in soil, increasing 

N use efficiency (van Ruijven and Berendse, 2005) and facilitating N transfer from 

legumes to grasses (Høgh-Jensen and Schjoerring, 1997, Laidlaw et al., 1996). 

Grasses and legumes have different functional traits, including leaf/root morphology, 

which may be responsible for different strategies of resources use (Table 4.1). Clovers 

(Trifolium spp) are known to have thicker, shorter, and less branched root system 

(Haynes, 1980) i.e. lower SRL, and exhibit weak competition for nutrients with low 
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mobility in the soil. While Agrostis spp are more soil exploitative species, which invest 

more energy in the development of roots to acquire nutrients from the soil, higher root 

uptake capacity (Maire et al., 2009), exuding more C compounds than conservative 

species (De Deyn et al., 2008). The response of mixtures in biomass and productivity 

may be due to different species functional traits and their priority in investments and 

complementarity in resource use. 

N-use efficiency did not increase in mixtures as shown by shoot CN ratio (Fig. 4.4), but 

were greater in grass monoculture. This could be explained due to higher investment in 

stems (especially considering Agrostis spp), which have higher CN ratio (Spehn et al., 

2000, van Ruijven and Berendse, 2005). The increase of N transfer from legumes to 

grasses, affecting biomass production (McElroy et al., 2017) is another important 

mechanism. As shown by the N content in the grass in monoculture and mixtures, N 

transfer to grasses from legumes in mixtures was not significantly different (Fig. 4.4), 

suggesting it is not the main mechanism by which N yield was increased in mixtures. 

N transfer between plants is highly dependent on mineral-N in the soil, environmental 

stresses, and the quality and quantity of root exudates (McElroy et al., 2017, Paynel et 

al., 2001). 

Shoot N uptake was non-linearly affected by legume proportion (Fig. 4.4), showing that 

with a higher percentage of legumes, N yield did not continue to increase (Fig. 4.4). 

Grassland field experiments suggest that most of the benefits on plant productivity of 

legumes in mixtures are evident at around 30-50% of legume proportion (Suter et al., 

2015). This correlates well with our findings, where legume proportions between 25-

50% showed higher productivity and N uptake, and were significantly greater than 

either grass or legume monoculture in both unfertilised an fertilised soils (Fig. 4.3, 4.4). 

However, there is only a small difference between the three grass-legume mixture 

treatments. Although legume proportions treatments are described as 25, 50 and 75%, 

these numbers are based on sown legume abundance (Fig. 4.1), and not legume biomass 

and this might explain why differences in productivity between the three mixture 

treatments were not much significant as we expected. 
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4.5.2 Effects of legume proportion on GHG emissions in unfertilised soils 

In unfertilised soils, despite the increase in plant productivity and total N uptake with 

increasing legume proportion, there was no significant effect of legume proportion on 

ecosystem respiration or N2O emissions but there is a significant effect on CH4 

emissions. 

In relation to the lack of significant effect on N2O under N-limiting conditions, it has 

been suggested that the flux rate through N pools (Jones et al., 2005a) is arguably more 

important than the actual size of the relative N pools. It has been shown that fast-

growing species such as T. pratense and A. capillaris increase N mineralisation from 

soil organic matter to a greater extent than more conservative species, with consequent 

increases in their growth (Personeni and Loiseau, 2005, Van Der Krift and Berendse, 

2001). This finding may in part explain the higher biomass production of mixtures of 

these species in this study. In addition, the higher N availability may temporarily 

enhance N2O emissions, given that soil microbes such as nitrifiers and denitrifiers are 

good competitors for both NH4
+ and NO3

- (Hodge et al., 2000). However, as found in 

many studies, the rate of net N uptake is four- to six-fold higher for faster growing 

species compared to slower growing plant species (Poorter et al., 1991). This fast flux 

between soil N supply and N use by both plants and microorganisms would result in no 

build-up of a soil mineral-N pool (Abalos et al., 2014), agreeing with the results 

obtained by Jackson et al. (1989) in unfertilised grassland, and would explain the 

decoupling between biomass production and N2O emissions. As a consequence, under 

N-limiting conditions, the acceleration of the N cycle caused by these two fast-growing 

species (Orwin et al., 2010) is likely to offset the production-induced reduction in N2O 

emissions that we hypothesised. In this context, the presence of these two fast-growing 

species might increase the input of C and N root exudates especially from legumes, 

which typically stimulate the growth of soil microbes (Denton et al., 1998, Mawdsley 

and Bardgett, 1997). Increases in microbial biomass may have increased microbial 

respiration and offset the decrease in ecosystem respiration, and therefore not be 

affected by increases in legume proportion (Fig. 4.2). 

Increases in legume proportion affected CH4 uptake in both unfertilised and fertilised 

soils (Fig. 4.2), and legumes and/or grass monocultures did not differ from each other; 

however, the three grass-legume mixtures showed different patterns (Fig. 4.2). Species 
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interactions might have altered root densities and architecture, which may lead to 

change in soil aeration, spatio-temporal organic C deposition, or N use pattern (Niklaus 

et al., 2016). The increased productivity by mixtures might translate into the supply of 

organic substrates to soil microbial community, increasing its activity, augmenting 

oxygen consumption and soil diffusive conductance (Grosso et al., 2000, Smith et al., 

2003), these will be in turn determine the CH4 production from soil (Ball et al., 1999). 

Additionally, interaction between grasses and legumes might affect the microbial 

community structure (Suwanwaree and Robertson, 2005), thus changing the biomass 

and activity of methanotrophs and methanogenic in the soil. 

The use of species with contrasting plant traits may affect the N release and uptake by 

plants (Fig. 4.4), consequently affecting the NH4
+ concentration in the soil (Table 4.5). 

Many studies suggest that NH4
+ may inhibit CH4 oxidation (Hütsch, 1998, Rime and 

Niklaus, 2017), however it may not affect if NH4
+ occur in a different spatial niche 

active methanotrophs (Hartmann et al., 2011). The effect of NH4
+ on CH4 oxidation is 

related to the competitive enzymatic process between methanotrophy and nitrification 

in soils (Baggs and Blum, 2004). 

The effect on CH4 emissions can be, therefore, an indirect effect of legume proportions, 

i.e. related to the interaction between grasses and legumes specifically. It shows that 

plant diversity can affect CH4 fluxes, but there are many ecological interactions to 

consider, thus is difficulty to define only one possible mechanism. In general, the short 

duration of the experiment, the low level of plant diversity and the lower realised 

legume proportion (Fig. 4.1) may be contributed to the limited effect on N2O and CO2 

emissions from the soil. 

4.5.3 Effects of legume proportion on GHG emissions in fertilised soils 

In fertilised soils, contrary to our hypothesis, N2O emissions were not affected by 

increases in legume proportion and it can be largely explained by legume species 

production. The presence of N in the system was a determining factor for a reduction 

and/or suppression of legumes biomass (De Deyn et al., 2011, Smith et al., 2008b), and 

probably to a decrease of N2 fixation (Ledgard et al., 2001). It may also affect the nodule 

production or induce a reduction of N fixation, which is shown, by the reduction of N 

content in legumes species with increasing legume proportion. 
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The most likely N2O-forming processes in legume-based cropping are the 

decomposition of legumes residues after harvest and then from the N release through 

root exudates during the growing season (Rochette and Janzen, 2005). However, as the 

experiment was only short-term (40 days) and conducted in a controlled condition, 

residue decomposition and N release may be negligible, and no effect was found on 

N2O emissions from the soil. Many different abiotic and biotic factors may be changing 

the ecosystem processes, relating indirectly to N2O emissions. In this study, emissions 

are dominating by the mineral-N applied as N-fertiliser, and its availability in the soil. 

Contrary to our hypothesis, ecosystem respiration was decreased by increases in legume 

proportion under non-N-limiting conditions. N addition might promote a reduction of 

legume biomass (favouring grasses) (McElroy et al., 2017) reducing total biomass, 

which may be the reason for the decrease in ecosystem respiration. Nyfeler et al. (2011) 

also showed that grasses benefited from N transfer from legumes in fertilised soil (150 

kg N ha-1). Additionally, some research suggest that root biomass is reduced in fertiliser 

treatments compared to no fertiliser (Chirinda et al., 2012), due to higher root 

exploitation of soil to overcome the low nutrient availability in unfertilised soils. This 

reduction in root biomass might also decrease root respiration and the overall ecosystem 

respiration. In addition, the reduction in ecosystem respiration may be related to less 

energy needed (especially by legumes) to acquire N in grass-legume mixtures 

(Drinkwater et al., 1998). Although our study did not find significant differences in soil 

C stock (perhaps due to the short-term of the incubation experiment), other studies have 

suggested that legumes increase soil C and N stock, reducing nutrient losses to the 

atmosphere (De Deyn et al., 2011). Li et al. (2016) also suggested that grass-legume 

ratio of 1:1 increased both total soil C and N at 0-40 cm depth, leading to an increase 

of use efficiency. 

4.5.4 Implications for grassland management and climate change 

It is important to highlight that results from incubation experiments need to be used 

with caution because they are mainly used to investigate mechanistic processes and 

findings must be evaluated in the field for an accurate result. Furthermore, our observed 

effects may vary as a function of soil type and moisture content. The use of grass-

legume mixture showed to be efficient in increase plant productivity either in 

unfertilised or fertilised soils. This brings a potential strategy of reducing N-fertiliser 
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use in the field, an opportunity for climate change mitigation. Besides that, the use of 

legumes in grass-legume mixtures might also reduce nitrate leaching to soil (Ledgard 

et al., 2009, Loiseau et al., 2001, Nyfeler et al., 2009). It is also important to determine 

the adequate proportion of legume in mixtures used in the field without compromising 

plant production, since legumes in excess would result in a reduction in productivity 

(Suter et al., 2015). Including legumes in grasslands may deliver equivalent 

productivity to fertiliser, and although we did not find a reduction in N2O emissions in 

this short-term experiment, in the long-term including legumes and reducing N-

fertiliser inputs would result in a more closed efficient N cycle with environmental 

benefits. 

4.6 Conclusions 

Plant productivity and shoot N uptake showed to be higher in grass-legume mixtures 

compared to either grass or legume monocultures. This increase in plant productivity 

showed to have an important effect on ecosystem respiration in grass-legumes mixtures 

under non-N limiting conditions. In unfertilised and fertilised soils, increases in legume 

proportion did not affect N2O emissions from soil, although there is an increase under 

fertilised soil due to higher soil mineral-N itself rather than legume effect in mixtures. 

Mixtures with different functional traits suggest a great opportunity to balance C and N 

cycle, with effects on GHG emissions from soil. Increases in legumes proportion did 

effect non-linearly CH4 emissions from soil either with or without N-fertiliser addition. 

Interactions between grass and legumes seem to be responsible for these changes, 

affecting soil aeration, spatial-temporal organic C deposition, or N use pattern. The 

general lack of responses of GHG emissions under increases in legume proportion may 

be attributed to the short duration of the experiment, the low level of plant diversity and 

the lower realised legume proportion. Other studies are needed to confirm the findings 

in this study, although it was a great step to improve our knowledge referring the 

interaction effect of legume proportion and N addition on N and C cycle in grasslands 

and its potential effect on climate change.
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5.1 Abstract 

Field management activities and their interactions with climatic variables have 

significant impacts on greenhouse gas (GHG) emissions from grassland soils. 

Mathematical models can be used to simulate management and potential changes in 

climate beyond the temporal extent of shorter-term field experiments. In this study, 

field measurements of N2O, CO2, and CH4 emissions were used to validate the DNDC 

(DeNitrification-DeComposition) model. The model was then used to predict changes 

in GHG emissions with interactions between climate warming and grassland 

management in a 30-year simulation. Validations suggest that N2O emissions were well 

described by N-fertilised treatments, while non-fertilised treatments showed higher 

variation between measured and simulated values. Ecosystem respiration was well 

described prior to hay meadow cutting but afterwards emissions were much higher than 

those simulated. Fluxes of CH4 were on average negative and largely negligible for both 

simulated and measured values. Some discrepancies in the model fit to measurements 

might be improved with further site-specific calibration and parameterisation. The long-

term scenario projections suggested that net GHG balance would be positive under all 

treatments and their interactions. Interactions between warming and N addition showed 

the most positive impact on GHG emissions from grassland soils. Overall, the results 

of the modelling confirm that the interactive effects of grassland management and 

climate warming could increase GHG feedbacks. 
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5.2 Introduction 

Grasslands are a major contributor to the exchange of greenhouse gases (GHG) in the 

biosphere, with their fluxes being intimately linked to prescribed management 

practices. Depending on the magnitude of GHG exchanges into and out of grassland 

systems, and considering interactions of climate and management, these systems can 

either be a net source or sink for GHG’s. Therefore, understanding the future trajectory 

of GHG emissions from grassland soil is important for developing mitigation options 

in a changing world. 

Studies demonstrate considerable variation in temporal and spatial GHG emissions, 

especially for nitrous oxide (N2O), from a range of managed systems including 

grasslands (Imer et al., 2013, Rees et al., 2013). Over the last decade considerable 

progress has been made using mathematical models to simulate processes responsible 

for production, consumption and transport of GHG’s e.g. DNDC, Daycent, ECOSSE 

(Abdalla et al., 2016, Abdalla et al., 2009, Fitton et al., 2017). These models can be 

used to predict GHG emissions from current management practices and to simulate 

alternative management scenarios such as differing grazing intensity or nutrient 

management (Smith et al., 2016). Mathematical models can be applied in different ways 

including at the site-scale to interpolate missing measurements, to extrapolate results 

from experimental plots spatially and temporally for agriculture GHG inventories, and 

to look at past and future time periods (Smith et al., 2012). These models include similar 

components (soil physics, decomposition, plant growth and nitrogen (N) 

transformations), but in some cases, use different algorithms to represent these key 

processes. 

The DeNitrification DeComposition (DNDC) model is a process-oriented simulation 

model of soil C and N biogeochemistry at a sub-daily time step, developed to assess 

N2O, NO, N2 and CO2 emissions from agricultural soils (Li et al., 1992, Li et al., 1994, 

Li, 2000). It was originally developed in the USA but it has been used to study systems 

in China (Li et al., 2001), Canada (Smith et al., 2010) and across Europe (Abdalla et 

al., 2009, Kesik et al., 2006). It has been applied to grassland (Brown et al., 2001, 

Giltrap et al., 2010, Levy et al., 2007, Saggar et al., 2007a), cropland (Cai et al., 2003, 
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Li et al., 2007, Li et al., 2017b) and forest ecosystems (Lu et al., 2008, Tang et al., 

2006). The model has reasonable data requirements (see Section 5.3.2, Table 5.1) and 

is suitable for simulations at a range of temporal and spatial scales depending on its 

configuration (site-specific, Abdalla et al. (2010), Landscape DNDC, Molina-Herrera 

et al. (2016)). 

The aims of this study were: i) to assess the reliability of the DNDC-model for 

estimating GHG (N2O, CO2 and CH4) fluxes from a temperate grassland under different 

management and climate warming treatments, including their interactions, using GHG 

measurements from the Hazelrigg grassland field experiment (as described in Chapter 

2); ii) to explore the effects of management, climate and their interactions, on grassland 

GHG emissions in a 30-year simulation. 

5.3 Material and Methods 

5.3.1 Model and field experiment description 

The latest version of the DNDC model (version 9.5; www.dndc.sr.unh.edu) was tested 

against the data obtained from the Hazelrigg grassland field experiment (Chapter 2) and 

then used to predict future scenarios for the interactions between grassland management 

and climate warming. Briefly, the field experiment was a full-factorial design for 

evaluating the interactive effects of warming, N addition and cutting on grassland net 

GHG emissions (section 2.3.2, Chapter 2). Warming was achieved using open-top 

chambers, which increased air temperatures by on an average of 2 °C. Nitrogen addition 

was applied at a rate of 100 kg N ha-1 y-1, and cutting was carried out when plants 

reached 5 cm height (total of six times per year). 

The DNDC model contains four main sub-models: soil climate, crop growth, 

decomposition and denitrification (Li et al., 1992, Li, 2000). The soil climate sub-model 

calculates hourly and daily soil temperature and moisture as water-filled pore space 

(WFPS). The crop growth sub-model simulates crop biomass accumulation and 

partitioning; the decomposition sub-model calculates decomposition, nitrification, NH3 

volatilisation and CO2 production (heterotrophic and autotrophic respiration). The 

denitrification sub-model tracks the sequential biochemical reduction from nitrate 

(NO3) to NO2
-, NO, N2O and N2 based on soil redox potential and dissolved organic C. 
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5.3.2 DNDC-model initialisation, validation and sensitivity tests 

The model was initialised using site-specific features including soil texture, bulk 

density, pH and soil organic C (SOC) from the Hazelrigg study site. Meteorological 

parameters including daily temperature (minimum and maximum), daily precipitation 

and wind speed were obtained from the Hazelrigg Weather Station 

(www.lancaster.ac.uk/lec/about-us/facilities/hazelrigg-weather-station) for the period 

from 1977 to 2016. Details of climate and soil property input data for the DNDC model 

are listed in Table 5.1.
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Table 5.1 DNDC model input parameters. 

Input parameters 
Hazelrigg 

Grassland 

Climate data  

Latitude (degree) 54° 1’ N 

Yearly maximum of average 12.8 

Daily temperature (°C)  

Yearly minimum of average 6.7 

Daily temperature (°C)  

Yearly accumulated precipitation (mm) 1333 

N concentration in rainfall (mg N L-1) 2a 

Atmospheric CO2 concentrations (ppm) 385* 

Annual increase rate of atmospheric CO2 concentration (ppm y-1) 2 

  

Soil properties (0-10 cm)  

Vegetation type Moist pasture 

Soil texture Clay loam 

Bulk density (g cm-3) 1.06 

Clay fraction 0.41* 

Soil pH 5.3 

Initial organic C content at surface soil (kg C kg-1) 0.038 

Harvest Sheep grazing/ hay 

cutting 

WFPS at field capacity 0.57* 

WFPS at wilting point 0.27* 
a Neal et al. (2004) 

* Defaults values 
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The model was initialised (pre-run) for 30 years under the historic site management i.e. 

30 sheep per hectare (James Heath and Brian Davison, personal communication). 

Following this initialisation step, simulation scenarios were carried out to reflect the 

management strategy from each experimental treatment (warming, N addition, cutting 

and interactions) for the field measurement years of 2015 and 2016. The model was run 

with perennial grassland specified using the vegetation parameters default (e.g. grass 

yield, root fraction, water demand) in the DNDC model. 

The scenario validation of the DNDC model was made with data collected from the 

full-factorial field experiment described in Chapter 2 over the two growing seasons. 

The model testing was conducted by: (1) comparing the measured and modelled 

temporal pattern of N2O, CO2 and CH4 fluxes, and (2) comparing the measured and 

modelled cumulative GHG fluxes. Seasonal cumulative fluxes were calculated as the 

sum of daily fluxes divided by the number of measured/modelled days (Cai et al., 2003). 

In order to test the general behaviour of the DNDC model a sensitivity analysis was 

executed (Li et al., 1992). The response of the model and its constituent sub models to 

a range of model parameters were tested by varying a single parameter whilst fixing 

others during one cycle of the model. The tested parameters were air temperature, 

rainfall, initial SOC and N-fertiliser application rate. 

5.3.3 Long-term scenarios 

In order to project forward over a longer time series than measured in this study, and to 

test the range of interactions, a climate dataset from Hazelrigg weather station (1977-

2016) was obtained. For this projection historic daily air temperature and rainfall were 

used, assuming no climate change or variation in atmospheric CO2 concentrations. This 

component of the work predicted 30-year changes (up to 2047) in GHG (N2O, CO2 and 

CH4) emissions under management (cutting and N addition) with interactions with 

climate warming. 

5.3.4 Statistical analysis 

The DNDC model accuracies and performance were evaluated by calculating the root 

mean square error (RMSE), relative deviation (RD) and regression coefficient (r2) 
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between measured and simulated values. The RMSE measured absolute prediction error 

as suggested by Smith et al. (1997), but in a quadratic sense, and is, therefore, more 

sensitive to outliers (Eq. 1). The RD of the simulated flux from measured flux values 

was calculated by the following Eq. (2). 

𝑅𝑀𝑆𝐸 = √
∑  (𝑃𝑖−𝑂𝑖)2𝑛

𝑖=1

𝑛
      Equation (1) 

𝑅𝐷 =
(𝑃𝑖−𝑂𝑖)

𝑂𝑖
𝑥 100       Equation (2) 

Where Oi are the observed values, Pi are the simulated values, n are the total number 

of observations and i the current observation. 

5.4 Results 

5.4.1 Simulation of GHG (N2O, CO2 and CH4) emissions from the full-factorial field 

experiment over two growing seasons 

Daily N2O emissions from the field treatments were described by the DNDC-model 

(Fig. 5.1-5.7 and Fig. A4.1-4.10, Appendix 4) with an r2 between simulated and 

measured of 0.39, and RMSE of 3.15. The modelled cumulative emissions showed a 

better fit (Table 5.2, r2=87, RMSE=206), although the r2 has been overestimated due to 

high noise in the data (lower and higher values), leading to overfitting the modelled 

values. 

The direction of deviation was different between 2015 and 2016, and this is likely 

because the model under-estimated N2O fluxes in 2015 when measured emissions were 

much higher (Table 5.2). The simulation of N2O with N-fertiliser treatments (100 kg N 

ha-1) gave a relative deviation from measured data of -48 and 51% for 2015 and 2016, 

respectively. Emissions from the no-N fertiliser plots were poorly described by the 

DNDC-model, with relative deviations from the measured ranging from -102% to 65% 

(Table 5.2). The average relative variation for all fertilised treatments was 2%, while 

for all non-N fertilised was -26%. 

Simulation of ecosystem respiration was consistent with field measurements prior to 

200 Julian days but then overestimated after the hay meadow cutting which occurred 
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on the 195 (14th July 2015) and 185 Julian days (3rd July 2016) (Fig. 5.1-5.7 and Fig. 

A4.1-4.10, Appendix 4, r2=0.34, RMSE=6.1). Differences between simulated and 

measured seasonal emissions for all treatments ranged from -1.68 to 9.83 kg CO2-C ha-

1. Modelling output for CO2 emissions for all treatments was overestimated by an 

average of 34 and 28% for the 2015 and 2016 season, respectively. Differences in the 

temporal pattern of CO2 effluxes between measured and simulated values were also 

particularly large after the hay meadow cutting in both years. 

Model simulations predicted low or negative CH4 fluxes, which agree with the 

experimental measurements (Fig. 5.1-5.7 and Fig. A4.1-4.10, Appendix 4, r2=0.21, 

RMSE=3.6) regardless of the treatment effect. Differences between simulated and 

measured seasonal emissions for all treatments ranged from 6.15 to 2.03 g CH4-C ha-1. 

Model output predicted a higher CH4 sink compared to measured values and the 

difference between simulated and measured seasonal emissions for all treatments was 

-2.68 g CH4-C ha-1. Differences in seasonal CH4 fluxes were larger under warming 

treatments.
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Figure 5.1 Measured (filled circle) and simulated (solid line) N2O, CO2 and CH4 emissions 

from soils of the cutting treatment from the growing season of 2015. Error bars are standard 

deviations for 5 repetitions.
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Figure 5.2 Measured (filled circle) and simulated (solid line) N2O, CO2 and CH4 emissions 

from soils of the nitrogen treatment from the growing season of 2015. Error bars are standard 

deviations for 5 repetitions.
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Figure 5.3 Measured (filled circle) and simulated (solid line) N2O, CO2 and CH4 emissions 

from soils of the nitrogen treatment from the growing season of 2016. Error bars are standard 

deviations for 5 repetitions.
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Figure 5.4 Measured (filled circle) and simulated (solid line) N2O, CO2 and CH4 emissions 

from soils of the warming treatment from the growing season of 2015. Error bars are standard 

deviations for 5 repetitions.
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Figure 5.5 Measured (filled circle) and simulated (solid line) N2O, CO2 and CH4 emissions 

from soils of the warming treatment from the growing season of 2016. Error bars are standard 

deviations for 5 repetitions.
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Figure 5.6 Measured (filled circle) and simulated (solid line) N2O, CO2 and CH4 emissions 

from soils of the interaction between nitrogen and warming treatment from the growing season 

of 2015. Error bars are standard deviations for 5 repetitions.
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Figure 5.7 Measured (filled circle) and simulated (solid line) N2O, CO2 and CH4 emissions 

from soils of the interaction between nitrogen and warming treatment from the growing season 

of 2016. Error bars are standard deviations for 5 repetitions.
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Table 5.2 Measured and DNDC-simulated cumulative N2O emissions (g N2O-N ha-1) for the 

full factorial experiment over two growing seasons.

Treatments 
Cumulative N2O emissions (g N2O-N ha-1) Deviation between 

measured and simulated 

(%) Measured Simulated Difference 

2015 season     

Control 0.33 0.28 -0.05 -15 

Cutting (D) 1.63 0.57 -1.06 -65 

Warming (W) 0.32 0.28 -0.03 -11 

Nitrogen (N) 252.11 132.38 -119.74 -47 

N x W 141.67 73.99 -67.68 -48 

D x N 488.22 245.94 -242.28 -50 

D x W 0.84 0.92 0.08 10 

D x N x W 245.09 132.82 -112.26 -46 

     

2016 season     

Control -0.30 0.01 0.31 -102 

Cutting 0.01 0.01 0.00 -5 

Warming 0.23 0.33 0.10 41 

Nitrogen 1.21 1.71 0.50 42 

N x W 3.04 4.71 1.67 55 

D x N 5.13 5.84 0.71 14 

D x W 0.84 0.33 -0.51 -61 

D x N x W 3.34 6.48 3.14 94 
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Table 5.3 Measured and DNDC-simulated cumulative CO2 emissions (kg CO2-C ha-1) for the 

full factorial experiment over two growing seasons.

Treatments 
Cumulative CO2 emissions (kg CO2-C ha-1) Deviation between 

measured and simulated 

(%) Measured Simulated Difference 

2015 season     

Control 16.30 22.21 5.91 36 

Cutting (D) 15.67 22.21 6.54 42 

Warming (W) 20.53 30.36 9.83 48 

Nitrogen (N) 22.05 22.90 0.86 4 

N x W 26.71 27.33 0.62 2 

D x N 16.35 22.90 6.55 40 

D x W 16.32 26.00 9.68 59 

D x N x W 19.48 27.33 7.85 40 

     

2016 season     

Control 15.87 18.31 2.44 15 

Cutting 11.74 18.31 6.57 56 

Warming 20.34 22.99 2.65 13 

Nitrogen 19.88 22.99 3.11 16 

N x W 26.95 25.27 -1.68 -6 

D x N 15.95 19.83 3.88 24 

D x W 14.85 22.99 8.14 55 

D x N x W 16.95 25.27 8.32 49 
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Table 5.4 Measured and DNDC-simulated cumulative CH4 emissions (g CH4-C ha-1) for the 

full factorial experiment over two growing seasons.

Treatments 
Cumulative CH4 emissions (g CH4-C ha-1) Deviation between 

measured and simulated 

(%) Measured Simulated Difference 

2015 season     

Control -2.10 -3.70 -1.60 76 

Cutting (D) -2.47 -3.90 -1.43 58 

Warming (W) -2.41 -5.86 -3.45 144 

Nitrogen (N) -3.53 -3.69 -0.17 5 

N x W -5.84 -6.21 -0.37 6 

D x N -2.13 -3.69 -1.56 73 

D x W -0.15 -6.30 -6.15 4155 

D x N x W -2.17 -5.46 -3.29 152 

     

2016 season     

Control -6.75 -7.06 -0.30 5 

Cutting -4.06 -6.46 -2.40 59 

Warming -5.30 -11.17 -5.87 111 

Nitrogen -8.79 -6.75 2.03 -23 

N x W -4.68 -9.00 -4.32 92 

D x N -4.28 -6.75 -2.47 58 

D x W -5.53 -11.04 -5.50 99 

D x N x W -4.13 -10.08 -5.95 144 
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5.4.2 Sensitivity analysis to GHG emissions 

Given the reasonable fit of the model to the treatments, the sensitivities of the model 

were also investigated. In this procedure, the following parameters were tested: 

i) Air temperature 

ii) Rainfall 

iii) Initial SOC  

iv) N-fertiliser application rate 

The DNDC model was highly sensitive to changes in these input parameters for 

predicting N2O and CO2 emissions (Fig. 5.8, 5.9); however, it was not sensitive for net 

CH4 emission. Increases in air temperature by 3 °C doubled N2O emission while a 

decrease of 3 °C reduced emissions by 33%. Changes in rainfall were the most 

influential parameter (Fig. 5.8) with a 73% increase in N2O emission when rainfall was 

increased by 30% and a decrease of 46% when rainfall was reduced by 30%. SOC was 

also important parameter promoting changes in N2O emissions. An increase of 30% in 

SOC doubled N2O emission, while the same decrease reduced emissions by 40%. An 

increase of N-fertiliser rate application of 30%, augment N2O emissions by 46%, 

however, a decrease of 20 or 30% reduced it only by 26%. 

Ecosystem respiration was sensitive to changes in air temperature and SOC but largely 

invariant with changes to N-fertilisation and rainfall (Fig. 5.9). An increase of 3 °C 

increased CO2 emissions by 70%, while a decrease of 3 °C reduced it by 50%. As 

expected, changes in SOC strongly influenced CO2 emissions; an increase of 30% in 

SOC increased emissions by 49%, while the corresponding decrease reduced emissions 

by 63%. Changes in rainfall did not significantly alter CO2 emissions; increasing or 

decreasing rainfall by 30% led to changes in CO2 emissions by +14% and -12%, 

respectively. Increases of the N-fertiliser application rate by 30% reduced emissions by 

16% and decreasing N-fertiliser application rate by the same amount had a negligible 

effect.
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Figure 5.8 Sensitivity of the DNDC-model to changes in climate (temperature and rainfall), in 

soil characteristics (soil carbon) and in management practice (nitrogen fertiliser rate) on N2O 

emissions at the nitrogen treatment at Hazelrigg grassland. Dotted line represents the baseline 

threshold (annual average maximum temperature 12.8 ºC, average daily precipitation 4 mm, 

soil carbon 0.0038 kg C kg-1 soil, N-fertiliser rate applied 100 kg N ha-1).
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Figure 5.9 Sensitivity of the DNDC-model to changes in climate (temperature and rainfall), in 

soil characteristics (soil carbon) and in management practice (nitrogen fertiliser rate) on CO2 

emissions at the nitrogen treatment at Hazelrigg grassland. Dotted line represents the baseline 

threshold (annual average maximum temperature 12.8 ºC, average daily precipitation 4 mm, 

soil carbon 0.0038 kg C kg-1 soil, N-fertiliser rate applied 100 kg N ha-1).
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5.4.3 Simulation of GHG changes under field treatments in a long-term scenario 

The DNDC model was used to estimate GHG (N2O, CH4), SOC and net GHG balance 

under a long-term 30-year simulation for all field treatments (Table 5.5). Emissions of 

N2O and CH4 were converted to use the concept of global warming potential (GWP) 

(IPCC, 2007), where the GWP value for CH4 (based on a 100-yr time horizon) is 34 and 

for N2O is 298 (IPCC, 2013). Results showed that under all treatments, except for the 

warming treatment, the net GHG balance was increased over time (Table 5.5), including 

all three gases. The warming treatment, with a 2 °C increase in air temperature, 

decreased the net GHG balance by 15% compared to the control treatment. The effect 

of N-fertiliser application had the greatest impact on the net GHG balance for the main 

effect treatments. Changes in the net GHG balance in the cutting treatment were 6% 

higher when compared to the control treatment. Interactive effects showed greater 

increases in the net GHG balance compared to singular main effect treatments. The 

interaction between N addition and warming was increased by 30%, cutting interacted 

to N addition by 1% and the three-way interaction by 34% compared to the N-fertiliser 

treatments, while cutting interacted to warming was increased by 25% compared to the 

control treatment (Table 5.5). Emissions of N2O were the greatest determinant of 

changes in net GHG balance, and showed that when N is interacting with climate 

(warming) or management (cutting) the net emission of N2O was greater (1.2 and 1.6 t 

CO2eq ha-1 y-1, respectively, Table 5.5). Similarly for warming (0.161 t CO2eq ha-1 y-1) 

or cutting (0.119 t CO2eq ha-1 y-1) versus warming or cutting + interaction (0.179 t 

CO2eq ha-1 y-1).
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Table 5.5 Long-term DNDC-estimated (30 years) mean annual GHG (N2O, CH4), SOC fluxes 

and net GHG balance for each field treatment including interactions.

Treatments 
N2O CH4 SOC 

The net GHG 

balance 

t CO2eq ha-1 y-1 

Control (C) 0.116 -0.085 0.012 0.043 

Cutting (D) 0.119 -0.086 0.012 0.045 

Warming (W) 0.161 -0.100 -0.025 0.036 

Nitrogen (N) 1.213 -0.082 0.020 1.151 

N x W 1.597 -0.096 -0.002 1.499 

D x N 1.222 -0.083 0.020 1.159 

D x W 0.179 -0.101 -0.025 0.053 

D x N x W 1.639 -0.098 -0.002 1.539 
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5.5 Discussion 

In this work, the reliability of the DNDC-model for estimating N2O, CO2 and CH4 

fluxes from grassland was validated against field GHG measurements over two growing 

seasons (May to October) of 2015 and 2016 (Chapter 2). Two main management 

practices (N-fertiliser application and cutting) were examined including their 

interactions with climate warming. Sensitivity analysis of the model was conducted to 

determine potential impacts on GHG emissions. Finally, using a historic climate (1977-

2016) dataset from the Hazelrigg weather station, we explored changes in GHG 

emissions from the individual and interactive treatments under a longer-term 30-year 

simulation (up to 2047). 

5.5.1 DNDC effectiveness on simulating GHG emissions 

Seasonal emissions of N2O from the N-fertilised treatments were fairly described by 

the DNDC-model, with differences between measured and modelled values ranging 

from 3.14 to 242 g N ha-1 and with simulated over and underestimated emissions (Table 

5.2). The average relative variation between simulated and measured fluxes for the N-

fertilised treatments was -2%. Similar deviations using the DNDC model for medium 

and high N-fertiliser input scenarios have been reported in arable fields by Abdalla et 

al. (2009) (79 kg N ha-1; 20% deviation and 159 kg N ha-1; 6% deviation) and for grass 

by Hsieh et al. (2005) (337 kg N ha-1; 33% deviation). The deviation between simulated 

and measured for the annual N2O emissions were also high from managed European 

grasslands being approximately 100% (De Vries et al., 2005). Deviations increase 

significantly, as fertiliser input is reduced (Abdalla et al., 2009). 

In general, the temporal pattern of N2O emissions was different between simulated and 

measured data; DNDC extended the influence of added N-fertiliser over a wider time 

period and produced smaller peaks (e.g. Fig. 5.3, 5.7, more pronounced in 2016). In 

most cases the model captured N2O peaks but these often occurred earlier than in the 

observed (1-2 days before, e.g. Fig. 5.2, Fig. 5.6). This difference in peak times can be 

explained in part due to the representation of WFPS in the model, which overestimated 

in some parts of the 2015 growing season. The difference between simulated and 

measured WFPS was 26% and 15% for 2015 and 2016, respectively. WFPS is a critical 

determinant of N2O emissions after N-fertiliser application (Dobbie and Smith, 2001), 
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as it affects the microbial activity in the soil, changing the aerobic to anaerobic 

microorganisms activity in the soil. Denitrification is considered the major process of 

N2O production from soils (Saggar et al., 2013) with higher WFPS (<70%), while 

nitrification is the main process when the WFPS decreases to 60% (Ruser et al., 2006). 

Similar discrepancies between DNDC simulations and field measurements of soil water 

content were also observed by Abdalla et al. (2009), Kröbel et al. (2010) and Chirinda 

et al. (2011). Sensitivity analysis of the model highlights the importance of soil moisture 

in driving N2O emission with a 20% increase in rainfall approximately doubling the 

N2O emission (Fig. 5.8) and most likely associated with the stimulation of 

denitrification (Butterbach-Bahl et al., 2013). Denitrification is also known to be highly 

sensitive to changes in temperature, as an increase in 3 °C in air temperature doubled 

N2O emission (Fig. 5.8). Increases in temperature can enhance soil respiration and 

microbial activity, leading to an increase of anaerobic sites, which favour the 

denitrification process (Butterbach-Bahl et al., 2013). Nitrification is also affected by 

temperature and has a close relationship with the seasonal variation in soil and air 

temperature; N2O emissions have been observed to increase exponentially with 

increasing soil temperature (Liu et al., 2011a). Overall, changes in soil moisture and 

temperature have been shown to explain up to 95% of the temporal changes in N2O 

emissions from soil (Butterbach-Bahl et al., 2013). 

In the non-N fertiliser treatments, the small range of emissions (0.01 to 0.92 g N2O-N 

ha-1) was only weakly described by DNDC model (RD from simulated and measured 

values of -26%). Part of the reason for these observed differences may be associated 

with the DNDC model not predicting negative fluxes, which may lead to the 

overestimation of the modelled N2O flux. These results are similar to other studies 

where larger relative variation has been observed between simulated and measured 

fluxes under unfertilised conditions (Abdalla et al., 2009, Rafique et al., 2011b). 

Nevertheless, on occasions, the model was very effective in simulating smaller N2O 

peaks (e.g. Fig. 5.1, cutting treatment). 

As discussed in Chapter 2, N-fertiliser treatments were the greatest driving force of N2O 

flux from soils and this was reflected in the outputs of the DNDC-model. Annual fluxes 

increased by 20% when N-fertiliser was increased by 10%, and by 42% when the rate 

of N-fertiliser was 30% higher (Fig. 5.8). Similarly, N2O emissions decreased with a 
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reduction in N-fertiliser application rate (Fig. 5.8). The application of N-fertiliser 

directly influences the amount of NH4
+ and NO3

- available in the soil, reflecting on N2O 

emissions from soils. The model was also very sensitive to SOC (Abdalla et al., 2009); 

with a 20% increment in SOC corresponding to a 40% increase in N2O emissions (Fig. 

5.8). This agrees with findings from Beheydt et al. (2007) who found a difference on 

average of a 20% increase in N2O emission between the highest (+15%) and lowest 

(15%) SOC content. The availability of soil C has a great impact on the activities of 

microorganisms, consequently affecting cycling and turnover of nutrients and linking 

to N2O emissions from soils. 

The DNDC model simulated changes in ecosystem respiration (CO2 emissions) over 

time and across the field treatments fairly well but overestimated by on average 21% 

compared to measured data. The simulated and measured CO2 emissions were higher 

in the year 2015 compared to 2016. The difference between simulated and measured 

was 30% in 2015 and 23% in 2016. This might be due to the increase in simulated soil 

temperature causing consumption of organic matter by microbes, increasing microbial 

and root activity (Bond-Lamberty and Thomson, 2010). Temperature showed to be 

highly important for driving changes in CO2 fluxes (3 °C increase, increased by 70%; 

Fig. 5.9, Abdalla et al. (2014)) no matter how other input parameters were modified. 

Likewise, soil moisture was an important driver for CO2 emissions e.g. a 14% increase 

in CO2 flux after a 30% increase in rainfall (Fig. 5.9). It is likely that soil moisture might 

impact C mineralisation, by providing improved conditions for microbial activities, 

increasing microbial oxygen consumption and CO2 production from the soil (Jabro et 

al., 2008). 

Differences between simulated and measured CH4 fluxes was marginal and consistent 

with the overall low CH4 fluxes observed at Hazelrigg for all treatments (Table 5.4). 

Cumulative CH4 differences between measured and simulated were particular higher 

under warming treatments compared to the other treatments (e.g. Fig. 5.4, 5.5). As 

pointed out previously, a higher simulated soil temperature compared to the measured 

data may be the reason for the difference in CH4 uptake in soils. Although there is a 

lack of correlation between soil temperature and CH4 uptake, many measurements show 

that CH4 oxidation is sensitive to temperature variation (Zhuang et al., 2013). However, 

the warming treatment simulation did not consider the potential changes in the 
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measured soil moisture. Therefore, the differences between simulated and measured 

CH4 uptake might be due to the indirect effect of warming (decreases in soil water 

content). 

5.5.2 Long-term effect of the interactions between grassland management and 

climate warming 

Whist DNDC showed some limitations by over- or underestimating absolute values of 

GHG fluxes under the various treatments it is still a very useful tool for exploring 

scenarios. In this context, the model was used to estimate longer-term effects of the 

treatments on GHG emissions over 30 years into the future. The net GHG balance 

estimated for Hazelrigg grassland soils range between 0.04 to 1.5 t CO2eq ha-1 y-1 from 

all the field treatments (Table 5.5). Extrapolated to the UK grassland cover area, this is 

equivalent to a CO2 source of 7.2 Mt CO2eq y-1, i.e., 5% of the UK energy supply 

emissions based on 2015 estimation (BEIS, 2017). It is important to note that the net 

GHG balance estimation is not taking into account the effect of grazing animals, so it 

may be an underestimate. Grazing animals are estimated to emit 24 and 3.5 Mt CO2eq 

(BEIS, 2017) via enteric fermentation and deposition of urine and faeces to the soil, 

respectively. The N2O emissions estimated for the long-term simulation (0.11 t CO2eq 

ha-1 y-1) are similar to other grasslands soils in Europe (0.14 t CO2eq. ha-1 y-1, Soussana 

et al. (2007)) and in the UK (0.13 t CO2eq ha-1 y-1 , Levy et al. (2007)). 

Warming effect per se decreased the net GHG balance by 15% in 2047, contradicting 

studies which suggest that an increase in air temperature would increase CO2 emissions 

(Emmett et al., 2004, Fang and Moncrieff, 2001), although studies indicate a reduction 

in above-ground productivity over nine years of warming (Wu et al., 2012). However, 

there are a large of uncertainties around this result, as the simulation is not accounting 

for differences in rainfall events and consequently to changes in soil moisture under 

warming treatments which might have a larger impact on N2O emissions (Bai et al., 

2013). Further, recent studies (Crowther and Bradford, 2013, Kirschbaum, 2004, Yuste 

et al., 2010) demonstrate an acclimation of ecosystems whereby microbes over-ride the 

increase in temperature, limiting substrate mineralisation and consequently soil 

respiration. The SOC fluxes changed from source to sink under warming treatments 

and including with interactions. 
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The effect of N treatment showed a greater increase in the net GHG balance over 30 

years of simulation compared to control plots and especially in relation to N2O 

emissions, agreeing with findings of Hsieh et al. (2005). Similar results was also found 

by Saggar et al. (2007a) who showed that N2O remained elevated in N-fertilised 

treatments for 10 years, even ceasing N-fertiliser application. The simulations indicate 

then that long-term N-fertiliser application have a greater impact on N2O emissions 

compared to a short-term effect (Schmid et al., 2001). The N2O fluxes have a threshold 

response to N i.e. the amount of N lost to the atmosphere depends on the N uptake by 

plants (McSwiney and Robertson, 2005). 

Interestingly, the increase of cuttings per year did not show a great long-term effect on 

the net GHG balance (+6%, Table 5.5), although observed changes were found for 

ecosystem respiration and N2O emissions from the field measurements (Chapter 2). 

Similarly, LeCain et al. (2002) did not find any changes in photosynthetic, soil 

respiration and net CO2 exchange rates in grazed compared to no-grazed pastures. Study 

from Kang et al. (2013) found in a 30-year simulation a reduction of 17% in ecosystem 

respiration with moderate grazing. The authors related this to a reduction of above-

ground litter input directly affecting soil respiration (decreased by 34%). Although 

mowing or grazing would have a pronounced impact at a large temporal-spatial scale, 

Li et al. (2014) did not find that these were sensitivity parameters for soil N storage. 

Grazing could act as a net source in a 29-year simulation in China, according to Han et 

al. (2014). Therefore, the effect of cutting/grazing on long-term carbon dynamics is still 

a gap in knowledge as well as its interactions with future climate. 

Although seasonal significant differences were found in the interactions between 

management and climate (N addition x warming, and cutting x N addition) in Chapter 

2 over 2015 and 2016, longer-term simulations showed that overall differences were 

higher compared to singular treatments (in particular for the N treatments). Interaction 

effects, mainly relating the N-fertiliser application and the increase of air temperature, 

showed greater impacts in N2O, CH4 and SOC change from grassland soils (Table 5.5). 

This is an important outcome as it reflects the real-world scenarios where many drivers 

co-occur at the same time. The impacts on GHG balance leads us to think on the 

mitigation options for the future climate change scenarios. Studies from IPCC 

suggested different climate scenarios where it takes an account the industrialisation and 
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population growth, determining temperature-sensitive scenarios namely as low, 

medium, and high (IPCC, 2000). It would be very useful to use these scenarios to 

predict the effect of these managements (cutting and N-fertiliser) with respect to 

changes in temperature and rainfall events. Studies have demonstrated that there are 

small differences between these scenarios (i.e. low and high) in relation to GHG 

emissions, however they can vary about 3 to 17% compared to baseline scenarios 

(Abdalla et al., 2014, Abdalla et al., 2010, Gulzari et al., 2017) where no future climate 

is analysed. In conclusion, these models offer a means to compare different climate 

scenarios under different grassland management. Nevertheless, interpretation should be 

cautious as the models still need to be improved, especially calibration of the crop 

module to site-specific features. Saggar et al. (2007a) also point out dramatic changes 

in simulations in the first 10 years before model stabilisation. It has been suggested that 

DNDC still requires further refinement, in particular refereeing to long-term farm-

managements effects. 

5.6 Conclusions 

The DNDC-model was able to estimate GHG fluxes from the grassland field 

experiment, although revealed some divergences regarding different treatments and 

over two growing seasons. The discrepancies indicate limitations to the model and a 

need for calibration and parametrisation for specific conditions in order to determine its 

suitability in providing reasonable estimates, e.g. using real values where the default 

ones have been used. Nevertheless, it is important to consider that there is a great 

variability in measured GHG emissions from soil, which also needs to be considered 

when comparing modelling results (Ambus and Christensen, 1995, Schelde et al., 2012, 

Smith et al., 2016, Wei et al., 2015). Changes in air temperature, rainfall, N-fertiliser 

rates and SOC seems to be sensitive parameters of changes mainly in relation to N2O 

and CO2 emissions. Longer-term scenarios showed that interactions between climate 

warming and grassland management were highly affected compared to a single drivers 

of change. Overall results show that interactions between grassland management and 

climate warming are likely to increase GHG emissions making the need to define 

mitigation options. Further studies could be done to evaluate the impact of different N-

fertiliser application rate and timing, varying cutting frequency and its interaction with 

climate to choose potential mitigation options for future climate change scenarios.
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6 Overall discussion 

It is estimated that human population will grow by two to three billion within the next 

few decades (Lutz and KC, 2010), meaning that intensification of agricultural land for 

food and fuel will increase. Climate change and global warming will further emphasise 

these effects, as the global temperature is expected to increase 1.5-2 °C by the end of 

the century (IPCC, 2014). There is an urgent concern about the combined impacts of 

agricultural intensification and global warming on carbon (C) and nitrogen (N) cycling 

in agricultural ecosystems including grasslands, with consequences for soil C 

sequestration and greenhouse gas emissions (GHG). Grasslands cover 20-40% of the 

terrestrial land surface and supply food, fuel and fibre to 7.6 billion people (FAO, 2015). 

It is, therefore, important to find ways to mitigate increased agricultural GHG emissions 

in the face of predicted changes. However, there is still much uncertainty about the 

impact of interactions between climate and management on biogeochemical cycling in 

grassland ecosystems (Arneth et al., 2010). 

The overarching aim of this thesis was to improve understanding of the interactive 

effects of grassland management and climate warming on plant productivity, plant-soil 

properties, C and N cycling and GHG emissions. Additionally, to determine the impact 

of plant community manipulations under different nutrient availabilities on C and N 

cycling. Finally, to examine the interactive effect of climate warming and grassland 

management on longer-term GHG balances using a mathematical modelling approach. 

This chapter discusses the main findings of this thesis, their implications and the 

potential for future research. 

There are five key findings from this study. First, warming affected GHG emissions 

and plant productivity differently. Second, interactions between climate warming and 

grassland management affected GHG emissions. Third, plant-root traits and plant-soil 

properties were strong determinants of changes in GHG emissions. Fourth, N2O and 

CH4 fluxes were less affected by the presence of roots and/or mycorrhiza fungi than 

CO2 fluxes. Fifth, C and N cycling and GHG emissions were altered by changes in plant 

proportions in mixtures and under different nutrient availability. 
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6.1 Warming, GHG emissions and plant productivity 

Climate warming has the potential to enhance nutrient mineralisation and nitrification 

(Bai et al., 2013) and alter the length of the growing season (Post et al., 2009), directly 

affecting plant growth. Warming can also stimulate microbial and plants metabolism 

and increase GHG emissions to the atmosphere. In this study, a warming effect was 

observed on ecosystem respiration, enhancing CO2 emissions. However, changes 

associated with plant productivity varied between years. First, warming increased 

above-ground biomass (AGB) and decreased below-ground biomass. After two years 

of experimental treatments, warming also decreased N2O emissions and increased CH4 

uptake (Chapter 2) while decreasing basal soil respiration (Chapter 3). 

Some studies have found that the length of warming can cause an acclimation and 

different ecosystem functions can be altered (Kirschbaum, 2004). Warming may affect 

root respiration indirectly due to the reduction of soil moisture reducing root and 

microbial activity, and substrate limitation (Chen et al., 2016a, Luo et al., 2001, Rustad 

and Fernandez, 1998). Other studies are required to determine the real effect of 

warming in a multiyear experiment as changes to soil C pools may take longer to occur 

whereas changes in the activity and composition of soil microbes and roots can occur 

more rapidly. 

To simulate global warming, open-top chambers (OTCs) (Marion et al., 1997) were 

used in this study (Chapter 2, 3). OTCs are widely utilised in experimental warming 

studies and can increase air and soil temperature although they may have an indirect 

effect on soil moisture (Brzostek et al., 2012). In this study, these chambers increased 

air temperature by 2 ºC which is expected by the end of the century according to the 

latest report from IPCC (2014). Soil temperature was increased by 0.5 ºC and soil 

moisture reduced by 18%. Although OTCs may have confounding effects on 

microclimatic variables, it is still a valid and useful method for a passive increase of air 

temperature in grasslands, and has been used in many studies (Walker et al., 2016, Ward 

et al., 2013, Zhang et al., 2015a). 
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6.2 Interactions between climate warming and grassland management affected 

GHG emissions. 

This thesis confirms the need to study multi-factor rather than single drivers to 

determine real scenarios for future global changes. Interactions between climate 

warming and grassland management (i.e. N addition and AGB removal) were found in 

this study, varied among years and background climate conditions (Chapter 2), and 

were increased in long-term projections (Chapter 5). Interactive effects changed plant 

productivity, plant-soil properties, C and N cycling and GHG emissions (Chapter 2). 

In the first year of the field experiment, warming interacted with N addition increasing 

ecosystem respiration, and decreasing N2O emissions from the soil. During the second 

experimental year, these interactive effects were not observed, although a decrease of 

root rhizosphere respiration (Chapter 3) was found. Differences found between growing 

seasons can be related to changes in microclimate and nutrient availability (Chapter 2). 

Changes in N2O emissions over years has been shown to relate to differences in soil 

moisture and nutrient availability (Butterbach-Bahl et al., 2013, Ussiri and Lal, 2012). 

The reduction of soil moisture may affect N transformation in the soil, leading to higher 

N uptake rates by plant roots (Chapter 2). Likewise, warming and N addition may 

reduce microbial biomass (Graham et al., 2014) affecting the activity of soil nitrifiers 

and denitrifiers. 

The effect of AGB removal and N addition shows a synergistic interaction, increasing 

N2O emissions from soil, and antagonistically reducing ecosystem respiration over both 

study years. Studies show that clipping or grazing promotes a reduction of canopy 

photosynthesis, slowing the translocation of C to the rhizosphere, ultimately affecting 

ecosystem respiration. However, the intensity and duration of this effect determines the 

relative effect on GHG emissions. The simulation of clipping also accelerates root 

exudation production, liberating nutrients to the soil, increasing for instance mineral-N 

availability. Although, clipping may result in C limitation to the system, higher soil N 

concentration promotes an increase of N2O emissions from soil, due to an increase of 

microbial substrates for nitrification and denitrification. These effects are only observed 

at the ecosystem level (Chapter 2), showing no effect on each below-ground component 

when examined separately (root, mycorrhiza fungi, microbes) (Chapter 3). 
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Warming interactions with AGB removal did not affect soil or ecosystem GHG 

emissions or soil properties. However, this interaction may promote changes in C and 

N proportion in soil and plants mainly in the first year associated with changes of 

microclimate conditions (Chapter 2). Although soil temperature was increased by the 

interaction in the two years, this effect may be more evident in the first year due to the 

difference in soil moisture between years. In addition, the effect of clipping on soil 

temperature could also be important, as it increased soil temperature (Dijkstra et al., 

2012, Luo et al., 2010), which may affect C and N cycling by microbes. Additionally, 

soil N availability may be increased by cutting (Hamilton and Frank, 2001), and 

mineralisation stimulated by warming (Rustad et al., 2001), leading to increased N 

uptake by plants and N limitation in the soil (as shown by an increase of specific root 

length, Ostonen et al. (2007)). Nevertheless, C and N changes in the ecosystem did not 

affect GHG emissions overall. Similarly, at the below-ground compartment level 

(Chapter 3), cutting might reduce canopy photosynthesis, slowing the translocation of 

C to the rhizosphere (as shown by a reduction of total soil C and N), reflecting the lack 

of effect on microbial activity and at the ecosystem overall. The interactive effect of 

warming and AGB removal on GHG emissions will be determined by the balance of 

AGB removal and labile C input to the soil (Cao et al., 2004, Dijkstra et al., 2012, Raiesi 

and Asadi, 2006). 

Modelling approaches were used to estimate changes in GHG balance under different 

grassland management and climate warming scenarios in a 30-year simulation (Chapter 

5). The DNDC model is a reliable model which already showed reasonable estimation 

in grasslands and in the UK (Brown et al., 2002, Levy et al., 2007). Although further 

model parameterisation (in particular for crop growth) is required, the results showed a 

good estimate of CO2, N2O and CH4 changes (Chapter 2 and 5). The DNDC model was 

very sensitive to changes in air temperature, soil moisture, soil organic C and N-

fertiliser application rate for CO2 and N2O, with no changes in relation to CH4. Long-

term scenarios showed greater impacts on GHG emissions under interactions compared 

to singular drivers of change. These findings showed the importance to study 

interactions between management and climate, which will help to predict mitigations 

options for this changing world. 
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6.3 Root traits were strong determinants of changes in GHG emissions 

Trait-based approaches are used widely by ecologists to characterise plant strategies for 

nutrient acquisition and plant growth rates. Root traits can reflect community dynamics 

and ecosystem processes (De Deyn et al., 2008, Lavorel et al., 2013) such as GHG 

emissions from the soil (Abalos et al., 2018). In our study, root traits were highly 

correlated to changes in C and N cycling in temperate grasslands (Chapter 2), as it 

reflects the economic aspects of the plants due to the C and N availability in the 

ecosystem (Eissenstat et al., 2000, Kuzyakov and Bol, 2006). Changes in CO2, N2O and 

CH4 emissions were related to root traits such as N content; specific root length and 

root dry matter content explaining around 5% of the variation (Chapter 2). For instance, 

Ostonen et al. (2007) suggested that specific root length can be used as an indicator of 

environmental change when nutrient availability is manipulated. Root traits offer an 

alternative to predict GHG fluxes, due to their correlation; however, further studies are 

required to determine the potential to use traits to estimate ecosystem functional 

changes in a variety of climatic conditions and ecosystems. 

6.4 N2O and CH4 fluxes were less affected than CO2 emissions by different soil 

below-ground compartments. 

In our study, N2O fluxes were not affected by the presence or absence of roots and/or 

fungal mycelium (Chapter 3). As reported in other studies (Hodge et al., 2010, Lazcano 

et al., 2014), the direct effect of the soil below-ground component on N2O emissions 

was weak, although indirect effects of changes in soil moisture and N availability are 

likely. Soil NO3
- was decreased in the presence of root and/or mycelium but did not 

affect N releases to the atmosphere. This can be explained by the not optimum 

microclimate conditions (WFPS below 40%) to promote N transformation in the soil 

(Ussiri and Lal, 2012). 

Additionally, the presence of arbuscular mycorrhiza (especially in grasslands, Johnson 

et al. 2001) may also affect indirectly CH4 uptake from soil, via changes in soil structure 

(soil aggregation), water retention (Rillig and Mummey, 2006) and C, N and P status 

of soils. These can be the possible indirect effects reducing CH4 uptake in the presence 

of root and/or mycelium in the soil (Chapter 3). Furthermore, other factors may be 

influencing this effect such as soil pH, C and O2 availability (Hodge et al., 2010). 



 

170 

 

The consequence of these results is that N2O and CH4 are less affected by root and 

mycorrhiza than expected. Other studies are required with longer experimental 

duration, other drivers, and higher resolution GHG measurements over time. 

6.5 C and N cycling and GHG emissions were altered by changes in plant 

proportions in mixtures and under different nutrient availability 

Plant productivity had an important effect on soil GHG emissions in grass-legume 

mixtures, especially under non-N limiting conditions (Chapter 4). Grass-legume 

mixtures increased plant productivity and shoot N uptake due to the presence of 

legumes (which can increase biomass three-fold, Spehn et al. (2000), Chapter 4). This 

increase can be probably related to enhance spatial and temporal use of soil resources 

(different functional traits, van Ruijven and Berendse (2005)), and due to augment the 

nutrient transfer between legumes and grasses in mixtures (Høgh-Jensen and 

Schjoerring, 1997, Laidlaw et al., 1996). 

In unfertilised grassland soils, the increase of legume proportion increased biomass 

production and shoot N uptake; however, it did not reduce N2O emissions and did not 

increase ecosystem respiration as we expected (Chapter 4). This can be explained by 

the higher mineralisation of N from soil organic matter by fast-growing species (T. 

pratense and A. capillaris), increasing plant growth. In addition, the acceleration of the 

N cycle caused by these two fast-growing species (Orwin et al., 2010) is likely to offset 

the production-induced reduction in N2O emissions that was hypothesised. Similarly, 

the presence of these two fast-growing species might increase the input of C and N root 

exudates stimulating microbial biomass (Denton et al., 1998, Mawdsley and Bardgett, 

1997) and microbial respiration, acting to offset the total respiration (Chapter 4). 

In fertilised soils, when N availability was higher, the effect of an increase in legume 

proportion on N2O emissions was highly related to the availability of mineral-N in the 

soil. First, N addition is related to a suppressing of legumes and its biomass (De Deyn 

et al., 2011, Smith et al., 2008b) and N2-fixation (Ledgard et al., 2001), leaving N 

content in the soil. The quantity of N applied and not used by the grass-legume mixtures 

will probably determine the N2O emissions from the soil. Ecosystem respiration was 

decreased by increases in legume proportion under non-N limiting conditions, and the 

reason may be due to the increase plant productivity in grass-legume mixtures. 
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This study suggests that in unfertilised soils, legume species (fast-growing species) may 

be combined with a conservative species to slow down the N and C cycles, thereby 

reducing N2O emissions and enhancing soil C sequestration. Conversely, in fertilised 

soils, fast-growing species might be combined as the effect on N2O emissions is highly 

influenced by changes in soil mineral-N, and it promoted a reduction in ecosystem 

respiration overall. Other studies are needed to confirm the findings in this study, such 

as field experiments with a variety of N addition treatments over a range of different 

environmental conditions on grassland ecosystems. However, it was a step to improve 

knowledge regarding legume proportion and N and C cycling in grasslands. 

6.6 Conclusion 

The interactive effects of climate warming and grassland management can have 

different impacts on C and N cycling in grassland plants and soils. This thesis highlights 

that singular management drivers alter C and N cycling and GHG emissions, but that 

effect direction might be changed by the interaction with climate warming and/or other 

management strategy. Field measurements in nutrient cycling generally depend on 

microclimatic conditions, plant productivity (above- and below-ground) and soil 

properties, altering the short-term effect. However, modelling simulations showed that 

over longer-term there will be interactions between climate warming and grassland 

management, with potential feedbacks to future climate change. Although roots, 

mycorrhizal fungi and microbes are important components of nutrients cycling, when 

examined separately, their contribution to respiration was generally resistant to changes 

to climate warming and management. The release of C and N as GHG emissions to the 

atmosphere was mainly related to changes in soil structure by the below-ground 

components in grassland soils. Plant C and N cycling responses to different grass-

legume proportions differed depending on the nutrient availability in grassland soils. 

The response of grassland biogeochemical cycles to species proportions are related to 

differences in plant functional traits, which may determine the plant strategy to acquire 

nutrients from soil. The research offers insight into potential means by which grassland 

management could be used to mitigate GHG emissions, depending on N availability. 

Overall, this thesis shows some of the mechanisms by which interactions between 

climate warming and grassland management may alter C and N cycling with feedbacks 

to GHG emissions, and to determine the real impact over the future climate change. 
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6.7 Future research 

This thesis has investigated changes in C and N cycling under interactions between 

climate warming and grassland management, and under interactions between plant 

species proportions and nutrient availability. This study raises key questions, which 

could be addressed through further research. 

First, future predictions of climate change estimate that besides changes in air 

temperature, there will be alteration of rainfall events and an increase of CO2 

concentration in the atmosphere. Studies integrating changes in temperature, soil 

moisture and CO2 concentration would give a more accurate prediction of GHG balance 

and the interaction with grassland management. This could be done, for instance, by 

experimental studies and/or using modelling approaches with the inclusion of IPCC 

scenarios for future climate change. 

Second, a recent and simple method was used to partition the below-ground component 

respiration, and the impact of the presence or absence of roots and/or mycorrhiza fungi 

on N2O and CH4 emissions from grasslands, but with no clear effects on emissions. 

Field experiments could be done for longer-time periods to find out the impact of each 

below-ground component on the C and N cycling. Further insight could be gained from 

the evaluation of the respiration contribution of each below-ground component and its 

correlation with mycorrhiza and microbial biomass. Determining then if the interactive 

effect influence biomass and/or nutrient cycling below-ground. Additionally, soil 

temperature and moisture should be taken in each below-ground component to 

determine, for instance, the temperature response of the component respiration flux, 

and microclimate influence on the nutrient cycling. 

Third, this thesis evaluates the plant composition effects on GHG emissions from 

grassland soil using one grass and one legume species in differed plant proportions. 

Given the importance of plant composition in defining gas exchange between soil and 

the atmosphere, and its importance on soil properties, further studies could extend the 

number of species in plant composition. An increase of plant composition would 

therefore improve our knowledge about plant functional trait and ecosystem functions. 

Additionally, it would provide an opportunity to define mitigation options, by 
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increasing plant composition of specific species and diminishing nitrogen application 

in grassland soils. 

Fourth, the modelling chapter of this thesis estimates the GHG change under interaction 

between climate warming and grassland management. Besides showing a reasonable 

estimation compared to the field measurements, model parameterisation is required to 

comprise crop features and conditions at the specific experimental site. As warming 

was included in the model simulation, other changes as rainfall and CO2 concentration 

should be included to have an accurately long-term scenario. Additionally, comparison 

with other models, e.g. Daily Daycent, could be done to evaluate the effectiveness of 

the models in predict GHG emissions from soils. 
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Appendix 

Appendix 1 

 

Figure A1.1 Randomised field experiment in a full-factorial design at Hazelrigg Field Station, 

Lancaster University, UK. Treatments consisted of: soil-only control, warming-only, nitrogen 

addition-only, above-ground (AGB) removal-only and the interactions AGB removal + 

warming, nitrogen + warming, AGB removal + nitrogen, AGB removal + warming + nitrogen, 

with five replicates (one within each block). There is a warming chamber in each of the selected 

plots (20 warming chambers in total). 
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Figure A1.2 Experimental area at Hazelrigg Weather Station, Lancaster, UK comprising of 

twenty-five plots in each of the five blocks (125 plots in total). 

 

 

Figure A1.3 Open-top passive conical chamber to test warming effect, based on International 

Tundra Experiment design (ITEX: Marion et al., 1997). 
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Appendix 2 

 

 

 

Figure A2.1 In-growth cores used to partition soil below-ground components: a) 1 µm mesh; 

b) 35 µm mesh and c) 2 mm mesh installed in the main treatments design (Chapter 2). 

 

 

Figure A2.2 In-growth core design used to partition below-ground components. Root/mycelia 

cores allowed root and mycelial in-growth using a 2 mm mesh; mycelia cores excluded roots 

but allowed mycelial in-growth (35 µm mesh) and no in-growth was achieved through using 1 

µm mesh.

A B C 
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Figure A2.3 Greenhouse gas chamber lids were made using drainage pipe fitted with a lid 

containing a septum for gas sampling of each in-growth core over May-June 2016. 
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Figure A2.4 Root rhizosphere, mycelial and basal respiration over the growing season. Data 

are mean of all treatments and repetitions (n=40). 
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Table A2.1 Effects warming (warm), AGB removal, nitrogen addition (nadd) and partitioned 

below-ground (PBG) on ecosystem respiration. Significance tests using likelihood ratio test 

(LRT) comparing models with or without parameter of interest where degree of freedom (d.f.) 

shows the difference in degrees of freedom between the models. Significant effect (P<0.05) are 

shown in bold. 

 
 

CO2 emissions 

mg CO2-C m-2 h-1 

d.f. LRT P value 

Warm 1 2.64 0.10 

AGB removal 1 2.66 0.10 

Nadd 1 3.19 0.07 

PBG 1 72.28 <0.0001 

Warm x AGB removal 1 0.48 0.49 

Warm X PBG 1 0.34 0.56 

Warm x Nadd 1 1.37 0.24 

Nadd x PBG 1 0.01 0.83 

AGB removal x PBG 1 0.54 0.46 

AGB removal x Nadd 1 0.46 0.50 

Warm x Nadd x AGB removal 1 0.01 0.93 

Warm x Nadd x PBG 1 0.13 0.72 

Warm x PBG x AGB removal 1 0.03 0.86 

PBG x Nadd x AGB removal 1 0.01 0.92 

Warm x Nadd x AGB removal x PBG 1 1.73 0.19 
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Appendix 3 

 

Figure A3.1 A controlled temperature mesocosm experiment to quantify the interactive effect 

legume proportion and nitrogen addition, in a grass-legume mixture. One legume and one grass 

species grown in mixtures in different proportions (0, 25%, 50%, 75% and 100% legume 

abundance) were superimposed with N addition, giving a total of 10 treatments (50 pots). 

 

Figure A3.2 Details of mesocosms pots and click seal lids for GHG measurements in the 

controlled temperature mesocosm experiment. 
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Figure A3.3 N2O emission from the soil in response to legume proportion and nitrogen addition 

in the controlled temperature mesocosm experiment; a) without nitrogen and, b) with nitrogen. 

Data are mean (n=5). 
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Figure A3.4 Ecosystem respiration in response to legume proportion and nitrogen addition in 

the controlled temperature mesocosm experiment: a) without nitrogen and, b) with nitrogen. 

Data are mean (n=5). 
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Figure A3.5 CH4 emission from the soil in response to legume proportion and nitrogen addition 

in the controlled temperature mesocosm experiment; a) without nitrogen and, b) with nitrogen. 

Data are mean (n=5). 
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Table A3.1 Effects of legume biomass (LEG_BIOM) and nitrogen addition (NADD) on the 

cumulative emissions of N2O, CO2, CH4. Significant effects (P < 0.05) are shown in bold. 

  
N2O emissions 
mg N2O-N m-2 

CO2 emissions 
g CO2-C m-2 

CH4 emissions 
mg CH4-C m-2 

 d.f. F value P F value P F value P 

LEG linear 

(LEG_BIOM) 
1 3.73 0.06 6.2 0.017 2.65 0.11 

NADD 1 59.07 <0.0001 0.4 0.51 32.25 <0.0001 

LEG quadratic 

(LEG_BIOM 2) 
1 1.09 0.30 2.1 0.15 0.97 0.33 

LEG cubic 

(LEG_BIOM 3) 
1 0.33 0.57 3.4 0.07 5.81 0.02 

LEG_BIOM x NADD 1 0.05 0.82 15.6 0.0003 0.02 0.89 

LEG_BIOM2 x NADD 1 0.13 0.72 3.4 0.071 1.78 0.19 

LEG_BIOM3 x NADD 1 0.94 0.34 0.3 0.58 0.32 0.57 
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Figure A3.6 Interactive effect of legume proportion and nitrogen addition on a) above-ground 

biomass, b) below-ground biomass, c) ecosystem respiration, d) shoot N uptake, e) N (%) in 

grass, f) N (%) in legumes, g) shoot CN ratio, h) shoot/root ratio, i) total soil C, j) soil NH4
+-N 

and k) net mineralisation rate.
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Appendix 4 

 

Figure A4.1 Measured (filled circle) and simulated (solid line) N2O, CO2 and CH4 emissions 

from soils of the control treatments from the growing season of 2015. Error bars are standard 

deviations for 5 repetitions. 

.
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Figure A4.2 Measured (filled circle) and simulated (solid line) N2O, CO2 and CH4 emissions 

from soils of the control treatment from the growing season of 2016. Error bars are standard 

deviations for 5 repetitions. 
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Figure A4.3 Measured (filled circle) and simulated (solid line) N2O, CO2 and CH4 emissions 

from soils of the cutting treatment from the growing season of 2016. Error bars are standard 

deviations for 5 repetitions. 
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Figure A4.4 Measured (filled circle) and simulated (solid line) N2O, CO2 and CH4 emissions 

from soils of the warming treatment from the growing season of 2016. Error bars are standard 

deviations for 5 repetitions. 
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Figure A4.5 Measured (filled circle) and simulated (solid line) N2O, CO2 and CH4 emissions 

from soils of the interaction between nitrogen and cutting treatment from the growing season 

of 2015. Error bars are standard deviations for 5 repetitions. 
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Figure A4.6 Measured (filled circle) and simulated (solid line) N2O, CO2 and CH4 emissions 

from soils of the interaction between nitrogen and cutting treatment from the growing season 

of 2016. Error bars are standard deviations for 5 repetitions. 
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Figure A4.7 Measured (filled circle) and simulated (solid line) N2O, CO2 and CH4 emissions 

from soils of the interaction between warming and cutting treatment from the growing season 

of 2015. Error bars are standard deviations for 5 repetitions. 
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Figure A4.8 Measured (filled circle) and simulated (solid line) N2O, CO2 and CH4 emissions 

from soils of the interaction between warming and cutting treatment from the growing season 

of 2016. Error bars are standard deviations for 5 repetitions. 
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Figure A4.9 Measured (filled circle) and simulated (solid line) N2O, CO2 and CH4 emissions 

from soils of the interaction between warming, cutting and nitrogen treatment from the growing 

season of 2015. Error bars are standard deviations for 5 repetitions. 
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Figure A4.10 Measured (filled circle) and simulated (solid line) N2O, CO2 and CH4 emissions 

from soils of the interaction between warming, cutting and nitrogen treatment from the growing 

season of 2016. Error bars are standard deviations for 5 repetitions. 
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